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Preface

This habilitation work is a compilation of scientific publications to which | have
contributed as the first author, corresponding author, and co-author. The articles
were published between 2000 and 2014. All these publications have a common
theme related to quantitative description of nucleic acid interactions in relation to
the stability of the genome. The habilitation thesis text is divided into three main

parts:

1. The first part is dedicated to the description of changes in structure and
thermodynamics of DNA induced by the binding of new and clinically used anticancer

drugs derived from metal compounds.

2. The second part describes interaction of telomeric proteins that selectively
bind DNA on chromosomes ends. This part is focused on understanding the
mechanism of selective recognition of telomeric DNA by proteins. The
characterization of binding of telomeric proteins from different species (human,

yeast, plant) is presented.

3. In the final part, it is demonstrated how functional binding studies and
molecular structure data are combined to obtain a more comprehensive view of

mechanism of double-stranded RNA recognition.

A comprehensive information on the studied nucleic acid interactions can be found in

the enclosed original publications.

The accompanying text highlights the author’s contribution to the field of
guantitative description of nucleic acids and protein interactions and also contains a
brief introduction to the studied topic. At the end of each part, publications, where |
am either the first, corresponding or collaborative author, relevant to the research
area are presented together with basic principles of the methodical approaches that
have been used for investigation of the presented scientific objectives. To make the
text more enjoyable for reader, the text is equipped with external links for
publications and interactive materials that could help to make a well-rounded view

on studied research areas.



Introduction

Nucleic acids have been in the center of scientific interest since their discoveries. The
interest has been intensified after the disclosure of DNA structure and genetic code
conservation. The studies of DNA were motivated by a possibility to cure diseases by
modification of DNA structure and sequence. Gradually, proteins that modulate
genetic information transfer were disclosed. The proteins that interact with nucleic
acids directly have been proven to be essential for regulation of nucleic acid
functions. The desire to understand biological mechanisms of how DNA transcription
and translation are regulated led to experimental effort that brought discovery of
new protein groups that have sometimes surprising relations among DNA binding
sites and their functional impacts and phenotypes. The biological studies that
described basic rules governing the transfer of genetic information were
accompanied by studies focused on actual molecular mechanisms that take part in
genome conservation and DNA replication. The detailed studies of interaction
network among biomolecules were carried out using biophysical and biochemical
approaches. The advantage of approaches based on determination of physical
properties is that we obtain “a number”. Then the obtained numerical values could
be used easily when comparing different molecular partners and when identifying
the possible order of interaction cascades. Thus, quantitative biophysical methods
enable a detailed description of biomolecular processes that take place during
formation of highly ordered nucleoprotein complexes. Additionally, quantitative
approaches shed more light into protein-mediated regulation mechanisms of

essential functions of nucleic acids.



1. Effects of heavy metal drugs on DNA thermodynamics and
structure

1.1. Structure of platinum-based anticancer drugs
Cisplatin is a platinum-based drug which is widely used in cancer chemotherapy.
Overall cure rate of cisplatin exceeds 90% for testicular cancer (Bosi 2011). Cisplatin
and carboplatin (Figure 1) have been in widespread use for many years to treat

several other forms of cancer, including ovarian, cervical, head and neck, and non-
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Figure 1. Platinum-based anticancer drugs. Cisplatin, cis-diamminedichloroplatinum(ll); carboplatin,
cis-diammine(cyclobutane-1,1-dicarboxylato)- platinum(ll); oxaliplatin, 1,2-diamino-cyclohexaneoxalato

platinum (Il) (taken from (Wang and Lippard 2005)).

small-cell lung cancer (Twelves et al. 2006). The basic chemical structure of all
clinically used platinum drugs is the same; amine carrier ligands with chlorido,
dicarboxylato or oxalate leaving groups.

The treatment by cisplatin and from cisplatin derived drugs is limited, by side effects
including nephrotoxicity, emetogenesis and neurotoxicity. Nephrotoxicity and
emetogenesis can be substantially managed by hydration combined with the use of
diuretics (2011). A significant dose-limiting toxic effect of cisplatin is still
neurotoxicity, which can result in high-frequency hearing loss. In addition, both
inherent and acquired resistance to the drugs limit their applications. Thousands of
platinum analogues have been synthesized and screened for anticancer activity in an
attempt to overcome these limitations and to broaden the range of treatable tumors.
A very good overview of platinum anticancer drugs in the clinic and clinical trials has
been published recently by Wheate et al. (Wheate et al. 2010). In order to develop
new therapeutic strategies and the rational design of more efficient platinum-based

drugs the understanding of the cellular processing of cisplatin was urgently needed.



1.2. Mechanism of action of platinum drugs

Globally viewed, cisplatin activates cellular pathways involved in regulating drug
uptake, the signaling of DNA damage, cell-cycle checkpoints and arrest, DNA repair
and cell death (Wang and Lippard 2005). However, if we look at cisplatin action from
molecular point of view, we have to take into consideration local environment. In the
blood stream where the chloride concentration is relatively high (100 mM) the
chloride ligands stay attached to the drug although binding to serum proteins, such
as human serum albumin, does occur (Fig. 1) (Kelland 2007). When it reaches the

tumor, cisplatin is thought to be taken up into the cells by three possible
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Figure 2. Mechanisms of cisplatin uptake and efflux. Platinum enters cells using either a copper transporter
(mainly CTR1) or by passive diffusion. Once inside cells, cisplatin is activated by the addition of water
molecules to form a chemically reactive aqua species. This is facilitated by the relatively low chloride
concentrations that are found within cells. In the cytoplasm, the activated aqua species preferentially reacts
with species containing high sulphur levels by virtue of their containing many cysteine or methionine amino
acids. These species include the tripeptide glutathione or metallothioneins. In some platinum-resistant
cancer cells, glutathione and metallothionein levels are relatively high, so activated platinum is effectively
‘mopped up’ in the cytoplasm before DNA binding can occur, thereby causing resistance. Finally, active
export of platinum from the cells through the copper exporters ATP7A and ATP7B as well as through the
glutathione S-conjugate export GS-X pump (also known as MRP2 or ABCC2) can contribute to platinum drug
resistance. GSTs, glutathione S-transferases (Kelland 2007).

mechanisms: passive diffusion, copper transporter proteins (e.g. CTR1) and organic
cation transporters. Once inside the cell, the lower chloride concentration (~15 mM)
results in drug aquation with the loss of one or both of the chloride ligands. When

aquated, cisplatin can go on to bind to its target, DNA.



1.3. Formation of cisplatin adducts on DNA

Cisplatin molecules bind DNA at the N7 position of guanine, and to a lesser extent
adenine, through the formation of a covalent coordinate bond with the lone pair of
the nitrogen atom. Cisplatin forms either monofunctional (via one covalent bond) or
bifunctional adducts (via two covalent bonds) with DNA (Fichtinger-Schepman et al.
1985). There is continued debate as to which of the various platinum—DNA adducts
might be more biologically significant. Most adducts occur on the same DNA strand
and involve bases adjacent to one another, and are therefore known as intrastrand
crosslinks, namely 1,2-d(GpG) intrastrand (60—-65% of all adducts) and 1,2-d(ApG)
intrastrand (20-25%). Other less frequently produced same-strand adducts are the
1,3-d(GpXpG) intrastrand crosslink (where there is another base in between the two
platinated guanines; approximately 2%) and monofunctional adducts on guanines
(approximately 2%). In addition, around 8 % of adducts link guanines on opposite
DNA strands, so-called G—G interstrand crosslinks. In all cases, the two ammine

groups remain bound to platinum.
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Figure 3. Formation of cisplatin adducts on DNA. Once the activated aqua platinum species (see Fig. 1 and
note that this is the same for cisplatin, carboplatin and oxalipatin) has entered the nucleus, preferential
covalent binding to the nitrogen on position 7 of guanine occurs. The major covalent bis-adduct that is
formed involves adjacent guanines on the same strand of DNA (the intrastrand crosslink); a minor adduct
involves binding to guanines on opposite DNA strands (the interstrand crosslink); figure was taken and
modified from (Kelland 2007).



1.4. Structural changes of DNA induced by cisplatin

Cisplatin and related drugs bound to DNA have been thoroughly studied by both X-
ray crystallography and NMR spectroscopy, yielding plentiful information about the
structural effect of DNA modification platinum drugs. Cisplatin adducts cause
distortions in DNA, including unwinding and bending. The major cisplatin adduct 1,2-
d(GpG) intrastrand crosslink bends DNA helix significantly towards the major groove,
exposing a wide, shallow minor groove surface to which several classes of proteins
bind. The unwinding angle observed for the 1,2-d(GpG) intrastrand crosslink was 20
degree (Takahara et al. 1995; Wu et al. 2007). The bend angle of DNA after showed
by NMR studies and X-ray structure differs, however it falls to interval 20-40 degree
(Takahara et al. 1995; Wu et al. 2007). Examination of NMR structures of duplex
containing 1,2 GpG-intrastrand crosslink revealed significant distortion of the base

pair step to the 5’side of the adduct (Figure 1, A).

The effects of 1,2-d(GpG) intrastrand crosslink of oxaliplatin on DNA structure (Figure

Figure 4. Structures of double stranded DNA containing adducts of cisplatin and oxaliplatin.(A) Cisplatin 1,2
—d(GpG) intrastrand cross-link (1AlO), (B) Cisplatin interstrand cross-link (1A2E), (C) Oxaliplatin 1,2 -d(GpG)
intrastrand cross-link (1PG9). PDB accession codes are given in parentheses.

1, B) differs only subtle from the effect of the same adduct of cisplatin, however the
bulkier platinum adduct could be important for greater pronouncement of the
structural irregularities of the DNA in cells (Wu et al. 2007).

The interstrand crosslink of cisplatin (Figure 1, C) causes DNA to bend toward the

minor groove by 20 degree. The structural analysis of the interastrand crosslink of
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cisplatin revealed that the cross-linked guanosine residues are not paired with
hydrogen bonds to the complementary deoxyribocytidines, which are located outside
the duplex and not stacked with other aromatic rings (Huang et al. 1995). On the
contrary, the interstrand crosslink of therapeutically ineffective transplatin, formed
between complementary guanine and cytosine residues, does not significantly alter

the DNA structure (Paquet et al. 1999).

The effect of platinum adducts on DNA structure are well reviewed by Todd, Lippard
and Jung (Jung and Lippard 2007; Todd 2010). It has been assumed that the structural
changes induced by platinum—DNA adducts can cause instability of double-helix

structure that mediate the cytotoxicity of the platinum drugs.

1.5. Effect of cisplatin adducts DNA thermodynamic

stability
It has been postulated that the antitumor properties of cisplatin are mediated by
sensing the irregularity of DNA helix by proteins involved in DNA damage response
(Ohndorf et al. 1999). It has been also shown that the protein recognition of adducts
formed on DNA by platinum complexes is dependent on the extent of thermal or
thermodynamic destabilization imposed on the duplex by the adduct (Pilch et al.
2000). In addition, the thermal stability of DNA modified by various platinum
compounds, which differ in their antitumor effects, has been also studied (Cohen et
al. 1980; Ishida et al. 2002; Holzer et al. 2004). These studies have revealed that the
important factors influencing the thermal stability of platinated DNA are also

interstrand cross-links, which contribute to the global stabilization of DNA.

Consistently with the suggested effect on cisplatin adducts on DNA, initial biophysical
experiments showed that cisplatin binding results in a loss of helix stability, as
demonstrated by initial calorimetric studies (Maeda et al. 1990). Further calorimetric
experiments with site specific cisplatin DNA adducts revealed a duplex destabilization
of 6.3 kcal/mol associated with 1,2-d(GpG) adduct formation (Poklar et al. 1996). The
thermodynamic destabilization is mainly enthalpic in origin. The enthalpic nature of

the destabilization is directly connected with disturbation of DNA base pairing and
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stacking interaction induced by formation of cisplatin adduct. Later, it has been
shown that the destabilization extent depends on the sequence surrounding cisplatin
adduct (Pilch et al. 2000). The presence of flanking A.T base-pairs, relative to T.A or
C.G base-pairs, enhances the extent of cross-link-induced alteration to an A-like

conformation and dampens the extent of cross-link-induced duplex destabilization.

After thermodynamic characterization of 1,2-d(GpG) intrastrand adduct of cisplatin
the research focus was directed to other ciplatin adducts. The most attention was
attracted by interstrand adducts of cisplatin, which links two guanine residues in
complementary DNA strands. For a long time, Laboratory of Molecular Biophysics
and Pharmacology at the Institute of Biophysics has been focused on biophysical
subsequences of incorporating of cisplatin adducts, mainly interstrand crosslinks, to
DNA. The frequent interstrand crosslink of cisplatin is formed between two guanines

in complementary dimeric sequence 5’ GC 3’-GC (Figure 4C).

Interestingly, clinically ineffective trans isomer of cisplatin, called transplatin, forms
DNA interstrand crosslinks on DNA as well (Malinge and Leng 2006). Interstrand
crosslinks of transplatin (12%) occur more frequently than the same crosslinks of
cisplatin (8%) (Brabec and Leng 1993). As has been shown earlier, transplatin forms
intrastrand cross-links between complementary guanine and cytosine nucleotides

preferentially (Eastman et al. 1988).

In order to describe the difference in thermodynamic effects of interstrand crosslink
of cisplatin and transplatin, the adducts were formed on short DNA duplex. The
energetics and thermal stability effect of the single, site-specific interstrand crosslink
formed by cisplatin or transplatin were investigated by differential scanning
calorimetry, temperature-dependent UV, and CD spectroscopy (Hofr and Brabec
2001). The cross-link of both platinum isomers increased the thermal stability of the
modified duplexes by changing the molecularity of denaturation. The covalent
platinum link between complementary DNA strands decreased number of hybridizing
strands from two to one from entropic point of view. Thus, the structural
perturbation resulting from the interstrand cross-link of cisplatin increases entropy of
the duplex and in this way entropically stabilizes the duplex. This entropic cross-link-

induced stabilization of the duplex is partially but not completely compensated by
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the enthalpic destabilization of the duplex, which was caused by disruption of base
pairing and stacking interactions around cisplatin adduct (Huang et al. 1995). The
structural analysis of 1,2-d(GpG) interastrand crosslink of cisplatin revealed that the
cross-linked deoxyriboguanosine residues are not paired with hydrogen bonds to the
complementary deoxyribocytidines, which are located outside the duplex and not
stacked with other aromatic rings (Huang et al. 1995). All other base residues are
paired, but distortion extends over at least four base pairs at the site of the cross-link
(Coste et al. 1999). The disruption of interactions that mediate complementary
hybridization of DNA strands is the main source of entropic destabilization. The net
result of these enthalpic and entropic effects is that the structural perturbation
resulting from the formation of the interstrand cross-link by cisplatin induces a
decrease in duplex thermodynamic stability, with this destabilization being enthalpic
in origin.

Due to the trans orientation of reacting bonds of transplatin the interstrand cross-link
of transplatin induces only subtle structural changes (Paquet et al. 1999). Hence, the
effect of transplatin linking covalently complementary DNA strands on enthalpic
stability of the double-helix should be delicate. Indeed, when we performed
calorimetric measurements of 15-mer DNA duplex site specifically interstrand
crosslinked by transplatin we observe that the effect of transplatin adduct on DNA
stability was enthalpicaly neutral; with no significant marks of energetic

destabilization (Hofr and Brabec 2005).

The differences in thermodynamic changes of DNA induced by cisplatin and
transplatin are consistent with distinct conformational distortions induced by the
interstrand cross-links of the two isomers. Importantly, for the duplex cross-linked by
cisplatin relative to that cross-linked by transplatin, the compensating enthalpic and
entropic effects almost completely offset the difference in cross-link-induced
energetic destabilization. It has been proposed that the results of the present work
further support the view that the impact of the interstrand cross-links of cisplatin and
transplatin on DNA is different for each adduct and might also be associated with the

distinctly different antitumor effects of these platinum compounds. In accordance
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with the original hypothesis, the thermodynamic destabilization of DNA by cisplatin

adduct might regulate recognition and specific binding of proteins to platinated DNA.

1.6. Recognition of platinum-DNA adducts by proteins
Several proteins have been identified to bind platinum-DNA adducts with selectivity
over unmodified DNA. Proteins recognizing platinum-DNA adducts include High
Mobility Group proteins, proteins associated with DNA repair, and transcription
factors (Zhang et al. 2004). Mainly, we are going to focus on proteins that participate
in eukaryotic transcription, as the anticancer effect of platinum drugs is closely

connected with transcription inhibition and later genome destabilization.

Transcription factors that bind platinum-DNA adducts include human upstream

Figure 5. Protein recognition and binding to platinum-DNA adducts. (A) X-ray crystal structure of TBP-bound
DNA (1TGH). Note that the DNA is shaped and bent similarly to the DNA containing 1,2-d(GpG) intrastrand
crosslink of cisplatin. (B) X-ray crystal structure of HMGB1 domain A bound to a cisplatin 1,2-d(GpG) intrastrand
crosslink. PDB accession codes are given in parentheses.

binding factor (hUBF), TATA-binding protein (TBP) and Y-box binding protein (YB-1).
High Mobility Group box protein 1 (HMGB1) is an abundant non-histone
chromosomal protein that binds cisplatin-DNA adducts tightly with significant
selectivity. HMGB1 plays a role in cisplatin mechanism of action in a variety of ways.
HMGB1 has been implicated to prevent recognition of cisplatin adducts by sensitive
reparation mechanisms (Jung and Lippard 2007). The observed synergetic function of
HMGB1 in cisplatin cytotoxicity has focused research on mechanism of binding and
recognition of platinated DNA by HMGB1 protein. HMGB1 contains two tandem
domains, A and B, with different binding affinity to DNA. The full length protein binds

14



cisplatin 1,2-d(GpG) intrastrand crosslink primarily through A domain with a
dissociation constant of 120 nM (Ohga et al. 1996). HMGB1 also recognizes the
interstrand crosslink of cisplatin with 5-fold lower affinity (Kasparkova et al. 2003).
The major cisplatin adduct 1,2-d(GpG) intrastrand crosslink bends DNA helix
significantly towards the major groove, exposing a wide, shallow minor groove
surface to which several classes of proteins bind. Structural analysis of HMGB1 bound
to the intrastrand crosslink of cisplatin showed that HMGB1 binds to widened minor
groove on 3’ side of platinated strand (Figure 5B). A phenylalanine residue
intercalates into a hydrophobic notch created by cisplatin crosslink and stabilizes

protein-DNA complex (Ohndorf et al. 1999).

Another HMG-domain containing protein is Structure specific recognition protein 1
(SSRP1), which is a subunit of FACT (facilitates chromatin transcription) protein
complex. FACT is essential chromatin remodeling factor that is involved in
transcription of nucleosomal DNA. PARP-1 is a multi-functional protein with many
roles in cells. PARP-1 controls transcriptional levels (Kraus and Lis 2003), binds
selectively to cisplatin-DNA crosslinks and is activated when cells are treated by

platinum drugs (Aguilar-Quesada et al. 2007).

If we look at the affinity of proteins recognizing platinum adducts from quantitative
point of view, we find that the highest binding affinity to platinum adduct so far has
been detected for human ribosomal RNA transcription factor hUBF that binds 1,2
GpG intrastrand crosslink of cisplatin with Kd 60 pM. TATA-binding protein binds the
same cisplatin adduct with Kd being around 1 nM. The observed high affinities
suggest that the platinum adducts are recognized by DNA binding proteins early after
their formations, and could initiate DNA reparation cascades that contribute to the

cell resistance towards cisplatin treatment.

1.7. Strategies of new platinum drugs development
After the initial promising clinical trial data with cisplatin, attention was aimed at
determining how tumor resistance was acquired during platinum drug therapy, and
why some tumors were intrinsically resistant. Conversely, other studies investigated

causes of the hypersensitivity of testicular cancer to cisplatin (Kelland et al. 1992).
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The experimental observations made in cell lines demonstrate that resistance might
be mediated through two main mechanismes: first, a failure of a sufficient amount of
platinum to reach the target DNA; and, second, a failure to achieve cell death after
platinum—-DNA adduct formation. We now have answer why testicular tumors are
extremely sensitive for cisplatin. The hypersensitivity relates directly to a reduced
DNA-repair capacity in response to platinum—DNA adducts. The studies reveal that
testicular cancer cells often possess a low DNA-repair capability, and so, upon
exposure to cisplatin, will undergo relatively more apoptosis than cells of other

cancers (Koberle et al. 1999).

In order to increase sensitivity of cancer cells to drug treatment, there has been a
tremendous effort spent on developing novel platinum drugs to overcome drug
resistance or increase the range of drug activity by substitution of the ammine
ligands or chloride leaving groups of cisplatin.

Another strategy was to change the central atom of Platinum for another heavy
metal. This way the complexes of ruthenium and other metals have been
synthetized. The complexes have been thoroughly studied and compared with
cisplatin binding modes to DNA and cisplatin spectrum of adducts (Chapter 1.8). We
have joined the effort for finding new more effective and specific candidates of

anticancer drugs.

In collaboration with Chemical Department of University in Bari (Italy), we analyzed
thermal and thermodynamic properties of newly synthetized platinum drugs derived
from cisplatin. Analogs of antitumor cisplatin containing enantiomeric amine ligands,
such as cis-[PtCI(2)(RR-DAB)] and cis-[PtCI(2)(SS-DAB)] (DAB = 2,3-diaminobutane),
were studied by various method of molecular biophysics (Malina et al. 2000). The
major differences resulting from the modification of DNA by the two enantiomers
was the thermodynamic destabilization and conformational distortions induced in
DNA by the 1,2-d(GpG) intrastrand cross-link (Malina et al. 2000). We suggested that
these differences are associated with a different biological activity of the two
enantiomers observed previously (Fanizzi et al. 1987). In addition, the results of the
present work are also consistent with the view that formation of hydrogen bonds

between the carbonyl oxygen of the guanine residues and the "quasi equatorial”
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hydrogen of the cis amine in the 1,2-d(GpG) intrastrand cross-link plays an important

role in determining the character of the distortion induced in DNA by this lesion.

In a search for new platinum anticancer drugs there were several approaches
applied. One of them was driven by the hypothesis that platinum compounds which
bind to DNA in a fundamentally different manner to that of cisplatin will have altered
biological properties, including the spectrum and intensity of antitumor activity. In
agreement with this argument, a new class of anticancer platinum compounds has
been designed based on polynuclear platinum complexes by collaborating laboratory
of Prof. Farrell from Department of Chemistry, Virginia Commonwealth University,

USA (Farrell 2000).

A typical example of one of these compounds is the bifunctional dinuclear agent
[{trans-PtCI(NH3)2}2H2N(CH2)aNH2]Clz (1,1/t,t). It forms various types of DNA crosslinks
capable of terminating DNA replication (Zaludova et al. 1997). Interestingly, it also
forms minor 1,2-d(GpG) intrastrand adducts (KaSparkova et al. 1996) which are major

DNA lesions of cisplatin (Fichtinger-Schepman et al. 1985).

In our study, we employed differential scanning calorimetry and spectroscopic
techniques to characterize the influence of this crosslink on the thermal stability and
energetics of 20 bp DNA duplexes site-specifically modified by 1,1/t,t (Hofr et al.
2001). Thermal denaturation data revealed that the crosslink of 1,1/t,t reduced
thermal and thermodynamic stability of the duplex noticeably more than that of
‘classical’ cisplatin. Our thermodynamic data revealed that a 1,2-d(GpG) intrastrand
crosslink of 1,1/t,t enthalpically destabilizes the host DNA duplex three-fold more
than the same adduct of cisplatin (Hofr et al. 2001). The different effect of 1,1-t,t and
cisplatin crosslinks on DNA melting enthalpy could be explained by diverse influence
of the adducts on conformation and arrangement of nucleotide residues and the
flexibility of DNA in the binding area of platinum compound. We demonstrated that
the 1,2-d(GpG) intrastrand crosslink of 1,1/t,t distorts DNA in a different way than
‘classical’ cisplatin (Kasparkova et al. 1996). The major structural difference of the
studied adducts has been found in different DNA bending. The 1,2-d(GpG) intrastrand
adduct of 1,1/t,t results in a flexible non-directional bend, which is not recognized by

HMG domain proteins. This was in a fundamental contrast to the same type of
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adduct formed by cisplatin, which produces a rigid, directed bend into the major
groove of DNA (Takahara et al. 1995; Gelasco and Lippard 1998) The rigid bend is
than recognized by HMG domain proteins (Ohndorf et al. 1999). It has been
suggested that the results of the present work are consistent with different DNA
binding modes of cisplatin and polynuclear bifunctional DNA-binding drugs, which

might be relevant to their distinct biological effectiveness (Hofr et al. 2001).

When analyzing the effect of platinum compounds on DNA stability, melting
temperature obtained from the temperature dependence of absorbance in UV
spectrum range was often used in initial studies. Such obtained extent of thermal
destabilization was assessed for correlations with biological consequences of
platinum adduct formation on DNA. In our subsequent studies we assessed the
effects of monofunctional adducts of [PtCI(NHz)3]ClI or chlorodiethylenetri-
amineplatinum(ll) complexes on thermodynamic stability and energetics of DNA
duplexes (Bursova et al. 2005). Using differential scanning calorimetry we analyzed
melting temperatures and thermodynamic profiles of the studied site-directed
platinum adduct formed on short DNA duplexes. Thus, the results of this work
represent an experimental support for the view that thermodynamic rather than
thermal characterization of DNA modified by monofunctional platinum(ll)
compounds is a property involved in the modulation of downstream effects such as
protein recognition and repair. Importantly, our studies shed more light into the
properties of adducts that determine the platinum adduct recognition on DNA and
possibly the way how it is going to be processed once recognized by DNA reparation

pathways in cells (Bursova et al. 2005).

1.8. DNA interactions with new ruthenium compounds
Another approach how to change reactive properties and thus biological effects of
metal based compounds is to exchange the central atom. The research interest has
been directed towards compounds containing metal atoms from the platinum group.
Very promising were initial findings that suggested that several ruthenium
compounds had been found to inhibit DNA replication, exhibit mutagenic activity,
induce the SOS repair mechanism, bind nuclear DNA, and reduce RNA synthesis,

which is consistent with DNA binding of these compounds in vivo (Corda et al. 1993).
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It has been shown that in cell-free media ethylelenediamine Ru(ll) arene compounds,
in which arene =biphenyl, dihydroanthracene, tetrahydroanthracene,p-cymene, or
benzene, bind preferentially to guanine residues in natural double-helical DNA. In
addition, DNA binding of the complexes containing biphenyl, dihydroanthracene, or
tetrahydroanthracene ligands can involve combined coordination to guanine residue
in N7 position and noncovalent, hydrophobic interactions between the arene ligand
and DNA, which may include arene intercalation and minor groove binding (Chen et

al. 2002; Novakova et al. 2003).

We analyzed DNA duplexes modified at central quinine residues by monofunctional
Ru(ll) arene complexes [(h6-arene)Ru(ll)(en)(Cl)]+ (arene = tetrahydroanthracene or
p-cymene, Ru-THA or Ru-CYM, respectively) (Novakova et al. 2005). These two
complexes were chosen as representatives of two different classes of Ru(ll) arene
compounds for which initial studies revealed different binding modes: one that may
involve DNA intercalation (tricyclic-ring in Ru-THA) and the other (mono-ring Ru-CYM)
that may not. Ru-THA is twenty-fold more toxic to cancer cells than Ru-CYM. The
adducts of Ru-THA and Ru-CYM have contrasting effects on the conformation,
thermodynamic stability, and polymerization of DNA in vitro. We used isothermal

titration calorimetry (ITC) to determine the thermodynamic parameters of the duplex

formation from its two complementary single strands over a range of temperatures
(Novakova et al. 2005). The determined thermodynamic parameters revealed that
the exothermic formation of the single monofunctional adduct in the duplex TGT(15)
by Ru-THA or Ru-CYM resulted in a large decrease of the change in the enthalpy of
duplex formation by 4.4 and 7.4 kcal/mol, respectively. In other words, the
monofunctional adduct of Ru-THA or Ru-CYM enthalpically destabilizes the duplex
relative to its nonmodified counterpart. The adduct of Ru-CYM destabilized DNA
significantly more than the adduct of Ru-THA, whose DNA binding mode, additionally,
involves noncovalent, hydrophobic interactions between the arene ligand and DNA,
such as arene intercalation. Various intercalators thermodynamically stabilize DNA
since they lengthen and unwind DNA, increasing the phosphate spacing along the
helix axis (Maeda et al. 1990; Bjorndal and Fygenson 2002). Thus, our results suggest

that the higher thermodynamic stability of DNA containing Ru-THA adducts is
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associated with their intercalations.
We observed the low efficiency of the mammalian nucleotide excision repair (NER)
systems employed in the present work to excise Ru(ll) arene adducts and especially
that of Ru-THA. From additional comparisons we found that, Ru-CYM adducts are
removed from DNA more efficiently than those of Ru-THA. Moreover, the
mammalian nucleotide excision repair system has low efficiency for excision of
ruthenium adducts compared to cisplatin intrastrand crosslinks. Thus, the character
and extent of DNA distortion induced in DNA by the adducts of Ru(ll) arene
complexes and resulting thermodynamic destabilization of DNA control the biological
effects of this class of ruthenium complexes. The results of the work afford further
details, which allow for improving the structure- pharmacological relationship of
Ru(ll) arene compounds, and provided a more rational basis for the design of new

antitumor ruthenium drugs and chemotherapeutic strategies.

1.9. Future strategies of anticancer treatment using metal-

based drugs

New approaches need to be developed based on the knowledge of cisplatin

anticancer mechanisms. However, equipped with the new knowledge concerning

Increased delivery of Combination of platinum drugs
platinum to the tumour with molecularly targeted agents
e Liposomes » Bevacizumab

» Co-polymers » Trastuzumab

» Intraperitoneal administration

(for ovarian cancer) /

Novel platinum drugs targeting
resistance mechanisms
Platinum resistance

» Oxaliplatin, ,iﬁéja
i lt' ,,)d’i —
modulators i picoplatin
e TLK286 ====""" L ) .
« Satraplat %@
Miecitabine 0 Tumour cell Ha

Figure 6. Major ongoing strategies to circumvent cisplatin resistance. Resistance can be tackled by: increasing
the levels of platinum reaching tumours (for example, liposomal platinum products) thereby resulting in greater
killing; combining existing platinum drugs with molecularly targeted drugs (for example, bevacizumab); using
novel platinum drugs such as oxaliplatin that are capable of circumventing cisplatin-mediated resistance
mechanisms; and using other drugs either alone (for example, TLK286) or in combination (for example,
decitabine), which exploit particular cisplatin-mediated resistance mechanisms. GSH, reduced glutathione;
GST,glutathione S-transferase (Kelland 2007) .
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combination of platinum drugs with new therapies targeting resistance mechanisms
of metal based drugs action and tumor resistance, four major strategies are being

proposed to circumvent platinum-drug resistance in cancer patients:

1. Novel platinum drugs targeting resistance mechanisms
2. Improved delivery of platinum drugs to tumors
3. Platinum resistance modulation

4. Combining platinum drugs with new therapies targeting resistance mechanism

Each of the proposed strategies will be commented in subsequent chapters.

1.9.1. Novel platinum drugs overcoming resistance to cisplatin
Many tens of platinum analogues have entered the clinic in the past more than three
decades. This strategy seems to finally be proving successful. Clinical trials with new
drugs oxaliplatin, satraplatin and picoplatin have shown that the dose-limiting
toxicities of these new platinum drugs are generally different from those observed

with cisplatin.

Oxaliplatin (1R,2R-diaminocyclohexane oxalatoplatinum (Il)) is based on the 1,2-
diaminocyclohexane (DACH) carrier ligand and is a more water-soluble derivative of
cisplatin. Independent large phase Il trials demonstrated that oxaliplatin is active
against metastatic colon cancer when used in combination with 5-fluorouracil and
leucovorin (Levi et al. 1992). Before oxaliplatin was introduced to clinical use, colon
cancer had been widely acknowledged in the medical community as being insensitive

to platinum drugs.

A big step towards improvement of drug application comfort for patients was
achieved by development of drugs that could be administered orally. Initial clinical
trials with satraplatin demonstrated the feasibility of administering a platinum drug
by the oral route, especially when dosed on a daily basis for 5 consecutive days
(McKeage et al. 1997). Satraplatin showed promising clinical activity in prostate

cancer (McKeage 2007).

Picoplatin (cis-amminedichloro, 2-methylpyridine, platinum (ll); JM473) was

rationally designed to provide steric bulk around the platinum centre. The steric

21



hindrance of methylpyridine reduced the inactivation of the drug activity by thiol-
containing species in comparison to cisplatin. Picoplatin retains activity against a wide
range of cisplatin-resistant (Holford et al. 1998) and oxaliplatin-resistant (Sharp et al.
2002) cells in vitro, which was independent of whether resistance was due to
reduced transport, increased cytoplasmic detoxification or increased DNA repair. It
also possesses antitumor activity in vivo by both the intravenous and oral routes

(Raynaud et al. 1997).

Another interesting platinum drug that entered phase | clinical trials was the cationic
trinuclear agent BBR3464 (Brabec et al. 1999). This drug forms interstrand crosslinks
over a much longer range than cisplatin or carboplatin — that is, across up to six DNA
base pairs — and encouraged the concept of designing platinum drugs with different
modes of DNA binding. However, the clinical development of BBR3464 was stopped
after initial phase Il trials showed a relatively poor response rate and high

cytotoxicity.

In summary, the strategy leading to rational design of platinum drugs with modes of
binding different form classical cisplatin has proven to be successful and has brought

three novel drugs clinically effective against cancer that are resistant to cisplatin.

1.9.2. Improved delivery of platinum drugs to tumors
There are three main possibilities how to improve delivery into tumor tissues.
The first possibility is to include drug molecules into liposomal vesicles that would
improve the transmembrane transport and decreases side toxicity of the platinum
drugs. The disadvantage of the liposome drug delivery is modest antitumor activity,
which might reflect the delivery of drug to tumor in a relatively inactive form. A
second approach, is to link a platinum-based drug to a water-soluble, biocompatible
co-polymer, such as hydroxypropylmethacrylamide, in order to exploit the enhanced
permeability and retention effect of macromolecules in tumors. Finally, in case of
patients with ovarian cancer, localized platinum-drug administration through

intraperitoneal injection might be applied.
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1.9.3. Platinum resistance modulation
The glutathione-mediated detoxification pathway is an important determinant of
platinum-drug sensitivity and resistance. The synergy effect of inhibitors of
glutathione synthesis were tested in phase | clinical trials (Morgan et al. 1998).
Another approach exploits deactivation of the DNA mismatch repair through
hypermethylation of the MutL homologue- 1 (MLH1) gene, which has been shown to
lead to resistance to cisplatin and carboplatin, and predicts for poor survival of
patients with ovarian cancer (Gifford et al. 2004). This has led to the idea of using a
DNA demethylating agents such as 2’-deoxy-5-azacytidine in combination with
cisplatin or carboplatin to overcome this resistance mechanism (Plumb et al. 2000).
The approaches connected with modulation of resistance to platinum drugs have

been studied intensively.

1.9.4. Combination of platinum drugs with new therapies

targeting resistance mechanism
Most present cancer drug development involves the targeting of specific molecular
abnormalities that are characteristic of cancer, described in terms of various
phenotypic markers (Hanahan and Weinberg 2000). However, in some cases, these
agents might possess no spectacular activity as monotherapy, but are used optimally
in combination with existing cytotostatics. The first example was bevacizumab, a
humanized monoclonal antibody that targets vascular endothelial growth factor, did
not possess marked single-agent antitumor efficacy, but it has subsequently been
shown to significantly improve responses and survival of patients with non-small-cell
lung cancer when added to carboplatin—paclitaxel combination chemotherapy

(Sandler et al. 2006).

Usually, the clinically used platinum drugs have no significant effect on advanced
breast cancer. However, under some circumstances, platinum drugs might be useful.
Promisingly, clinical data showed that a humanized antibody against ERBB2 (also
known as HER2) synergized with cisplatin through a mechanism involving inhibition of

the repair of platinum induced DNA damage (Pietras et al. 1994).
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Additionally, it has been shown that, platinum drugs might be particularly useful in
breast cancers harboring BRCA1 or BRCA2 mutations (approximately 5-10% of cases)
as mouse-derived Brcal- negative cell lines have been shown to be fivefold
hypersensitive to cisplatin, compared with wild-type cells (Bhattacharyya et al. 2000).
This seems to be related to a lower DNA-repair capacity, and clinical trials are
ongoing to test this hypothesis (Turner et al. 2005).

My recent PhD. graduate Michal Zimmermann has found connection between BRCA
1 deficiency and DNA repair pathway selection through factor Rifl (Zimmermann et
al. 2013). Based on Michal’s results, it has been suggested that Rifl gene inactivation
contributes to the more efficient DNA repair and suppresses toxic nonhomologous
end joining of double-strand breaks induced by PARP inhibition in Brcal-deficient
cells. The suppression of erroneous DNA breaks means a significantly lower sensitivity
of Rifl deficient tumors to therapeutic agents that induce DNA breaks. Thus, Rifl
gene activity is an important marker that might help to choose the most appropriate
therapeutic strategy in breast cancer treatment. The DNA repair pathways regulation
is closely connected with telomeric proteins that are object of our recent research

and are discussed in the next chapters.

1.10. Significance and impact I

Results of our studies published in the above mentioned and below listed papers
revealed that the thermodynamic profile of drug-DNA complex formation for the
effective anticancer drug, cisplatin, differs completely from its ineffective isomer.
Additionally different effects of newly discovered classes of anticancer compound on
DNA and DNA-binding proteins was described and contributed to explanation of
different processing of the metal-DNA adducts by reparation pathways. These
findings have been used in the design of more effective anticancer drugs that have
structural and thermodynamic properties different from clinically used platinum
drugs. Based on the published studies, | was invited for a postdoc stay at the
Department Chemistry and Chemical Biology at Rutgers, The State University of New
Jersey, USA (2002-2003).
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2. Genome safe guards: Telomeric proteins recognizing and
protecting chromosome ends

The maintenance of linear chromosomes requires resolution of two biological
complications: the chromosome end-protection problem and the chromosome end-
replication problem. Firstly, the ends of linear chromosomes, such as those in
humans and other eukaryotes, must be distinguished from broken DNA ends that
require repair. If there were no mechanism for the chromosomal end distinction,
linear chromosomes would have been disposed to unwanted DNA end-joining that
result in crucial consequences such as end-to-end chromosomal fusions. It means
that there must be a mechanism that solves the chromosome end-protection
problem (Palm and de Lange 2008).

Secondly, the chromosome end-replication problem is defined by the gradual loss of
DNA sequence and thus possibly also genetic information at the extreme end of
chromosomes because of incomplete replications by DNA polymerases. As the
polymerases synthesize DNA in the 5’ to 3' direction, they are unable to fill in the gap
left behind by the 5' most RNA primer (Levy et al. 1992).

The solution of both chromosome end-related problems is facilitated by telomerase.
Telomerase is a two-subunit enzyme that contains telomerase reverse transcriptase
(TERT) and a template-containing RNA component (TR). Telomerase synthesizes
multiple tandem repeats of telomeric DNA encoded by its RNA template. Thus,
telomerase compensates for the erosion of DNA ends during replication and provides
the docking sites for telomeric proteins that bind specifically to the ends of
chromosomes to distinguish them from broken DNA ends. The access of telomerase
and other DNA binding enzymes and modulators is regulated by proteins specifically

associated with telomeres.

2.1. Composition of human shelterin

The mammalian chromosome end is capped by a protein complex called shelterin.
The name shelterin was introduced by Titia de Lange (de Lange 2005) who identified
the first shelterin component in 1992 (Zhong et al. 1992). The first identified

mammalian telomeric protein was Telomeric Repeat-binding Factor 1, referred to as
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TRF1 ; also known as TERF1, was isolated based on its in vitro specificity for double-
stranded TTAGGG repetitive sequence, which is typical of vertebrate telomeres
(Zhong et al. 1992; Chong et al. 1995). The other five components of shelterin protein
complex were discovered subsequently (de Lange 2005). The other subunits of
shelterin are: telomeric repeat-binding factor 2 TRF2 (also known as TERF2),
repressor and activator protein 1 (RAP1; also known as TERF2IP), TRF1l-interacting
nuclear protein 2 (TIN2; also known as TINF2), protection of telomeres 1 (POT1) and
TPP1 (also known as ACD). The mammalian shelterin complex brings together
telomeric ssDNA- and dsDNA-binding proteins by linking the protein partners to
protect the natural chromosome ends from being recognized as sites of DNA damage
(Figure 7A). TIN2 is a crucial bridging component that not only links TRF1 and TRF2
but also connects TRF1 and TRF2 to POT1- TPP1 (Kim et al. 1999; Houghtaling et al.
2004; Ye et al. 2004a). TIN2 uses an N-terminal region to bind TRF2, and a FxLxP
amino acid motif at the C-terminus of TIN2 facilitates TRF1 binding (Ye et al. 2004a).
Bridging of TRF1 and TRF2 by TIN2 is crucial for the assembly of a complete shelterin
complex because TRF1 does not heterodimerize or otherwise interact with TRF2
(Fairall et al. 2001). TIN2 uses a region in its N-terminal domain to bind to the
C-terminus of TPP1 to recruit it to telomeres (Ye et al. 2004b). As the TRF2- and
TPP1-binding sites reside in the N-terminal domain of TIN2, TIN2 binding to TRF2 and
TPP1 could potentially occur in a mutually exclusive manner, but data showing
stabilization of TRF1-TIN2-TRF2 in the presence of TPP1 support a model where the

four shelterin components coexist in a single complex (O'Connor et al. 2006).

2.2. Functions of shelterin in mammals
Shelterin enables cells to distinguish their natural chromosome ends from DNA
breaks, represses DNA repair reactions, and regulates telomerase-based telomere
maintenance (Palm and de Lange 2008). The components of shelterin are functionally
defined by following properties. Shelterin proteins specifically localize to telomeres
and three shelterin subunits, TRF1, TRF2 and POT1, recognize TTAGGG; shelterin
components are abundant at telomeres throughout the cell cycle; and they do not
have function elsewhere in the nucleus (Palm and de Lange 2008). Shelterin

determines the structure of the telomere terminus, it is implicated in the generation
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of telomeric loops (t-loops), where the 3’ overhang is strand-invaded into the
adjacent duplex telomeric repeat array, forming a D-loop. Thus shelterin controls the

access of telomerase to very ends of telomeric DNA (Figure 7B).

TPP1

«

Ra,» POT1ahb
TT) 1 GTTA | TAGGGTTAGC L TAGGGTTAG3’
AA GCCAAT AATCSEAATCS’

TRF1 TRF2

Figure 7. Shelterin protein complex protects telomeric DNA. (A) Components of human shelterin and their
arrangements on the end of chromosomal DNA. (B) Relative abundance of the shelterin components and how
they might be bound to telomeres in the t-loop configuration (deLange 2010).

The importance of shelterin in protecting chromosome is demonstrated by the
following results of experiments performed in live cells. Knockdown of individual
components TRF2 and POT1 of shelterin complex leads to deprotection of
chromosome ends and the activation of DNA damage response pathways at
telomeres (Denchi and de Lange 2007). A recent study using knockout mice in which
the shelterin complex was completely removed from telomeres revealed that the
shelterin complex prevents six independent DNA damage response pathways from

their occurring at chromosome ends (Sfeir and de Lange 2012).

More than two decades of genetic research have identified and assigned main
biological functions of shelterin proteins that safeguard telomeres. However, a
molecular mechanism of how each protein subunit contributes to the protecting
function of the whole shelterin complex remains elusive. The following section shows
the strategy that was employed recently to shed more light into the molecular
mechanism of basic shelterin functions. The results of experiments discussed below
contributed to understanding how shelterin complexes recognize and bind telomeric
DNA and thus represses DNA repair signaling pathways including nonhomologous

end joining and homology-directed repair.
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2.3. The mechanism of human Rapl contribution to

selective recognition of telomeric DNA by shelterin
Rap1-TRF2 complex is a critical part of shelterin as it suppresses homology-directed
repair (Kabir et al. 2010). To understand how Rap1 affects key functions of TRF2, full-
length Rapl binding to TRF2 and Rapl-TRF2 complex interactions with double-
stranded DNA were investigated by quantitative biochemical approaches, such as

fluorescence anisotropy, isothermal titration calorimetry, gel retardation analysis and

surface plasmon resonance. We quantified how human Rapl contributes to DNA

binding affinity and selectivity of TRF2 (JanousSkova et al. 2014). Our data showed that
Rap1l reduces the overall DNA binding affinity of TRF2 but increases the selectivity of
TRF2 to telomeric DNA. Additionally, we observed that Rapl induces a partial release
of TRF2 from a preformed TRF2-DNA complex. The improved selectivity of TRF2 to
telomeric DNA is caused by less pronounced electrostatic attractions between TRF2
and DNA in Rap1l presence. The neutralization effect of Rapl was revealed by set of
DNA affinity measurement of TRF2 in different salt conditions (Janouskova et al.

2014).

For analysis of the electrostatic component of TRF2 interactions with telomeric DNA
in presence or absence of protein Rapl, two independent sets of binding affinity
measurements were performed. Dissociation constants of TRF2 binding to DNA were
determined using buffers containing different salt concentrations. We concluded
that Rap1 serves as a selectivity enhancer of TRF2 with newly found ability to partially
remove bound TRF2 from telomeric DNA. The observed Rapl release activity
suggests that Rapl plays an important role in tuning the interactions of TRF2 with
DNA. Our data showing the release of TRF2 from telomeric DNA in presence of Rapl
suggest that protein Rapl might prompt the relocation of TRF2 to the preferred
single-strand/double-strand region junction of telomeric DNA. For the first time here,
we used combination of quantitative biophysical approaches to describe and explain
molecular origins of Rapl contribution to selective TRF2 recognition of telomeric

DNA.
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Based on our quantitative analyses, the known domain arrangement and the
available structural data (Hanaoka et al. 2001; Court et al. 2005; Hanaoka et al. 2005),
we speculate that Rapl, after binding to TRF2, might shield the positively charged
basic domain on the N-terminus of TRF2 from mainly non-specific electrostatic
interaction with DNA (Figure 8). Additional TRF2 binding to DNA via basic N-terminal
domain may occur and is sterically allowed when Rap1 is absent. Thus, Rapl prompts
more accurate and selective recognition of telomeric DNA by TRF2. The results of our
quantitative functional studies contribute to the understanding of the selective

recognition of telomeric DNA by the whole shelterin.

Figure 8. A possible mechanism how Rap1 increases specificity of TRF2 binding of the telomeric DNA.
(A) Negatively charged Rapl induces the neutralization of positively charged TRF2 and prevents
nonspecific interactions of TRF2 basic domain with DNA. (B) Additional nonspecific TRF2 binding to DNA
via basic N-terminal basic domain may occur and is sterically allowed when Rap1 is absent (Janouskova
et al. 2014).

Future studies focused on shelterin protein dynamics using single molecule
approaches and in vivo interaction analysis of Rapl and TRF2 will be of particular
interest as they can reveal relocation dynamics of TRF2 induced by Rapl and the

mechanism of regulation of shelterin and distribution on telomeres.

2.4. Model organisms in telomere maintenance research

Although a tremendous effort has been developed in the field of telomeric research, there
are certain limitations that make the research challenging. The gene for telomerase is
silenced in normal human cells in order to minimize the risk of accumulation of mutations
leading to a cancer development (Wright et al. 1996). This makes human telomerase
research focused on cancer cells or artificially immortalized cells, but these cells could be
heavily altered by neoplastic transformations or genetic modifications in comparison with
normal cells. On the other hand, telomerase activity in plant cells is reversibly regulated in

response to proliferation activity. Moreover, plant meristem cells show similar differential
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plasticity as human embryonic stem cells. These advantageous properties make model

organisms to be indispensable for telomere research.

Our laboratory identified and characterized telomere repeat binding proteins from the
single-myb-histone domain (SMH) protein family in the genome of Arabidopsis thaliana
(Kuchar and Fajkus 2004; Mozgova et al. 2008a). SMH proteins have double-stranded DNA
binding affinity, similarly as human TRF1 and TRF2. In order to reveal interconnections and to
describe interactions of proteins participating in the process of telomere synthesis,
guantitatively oriented studies have been successfully performed in our laboratory (Mozgova
et al. 2008a; Hofr et al. 2009). These studies have clearly demonstrated benefits of

guantitative approaches in the research of binding mechanism of telomeric proteins.

2.5. SMH proteins recognize telomeric DNA in plants
The human shelterin proteins TRF1, TRF2 and their homologues in other organisms
possess a well conserved DNA-binding structural motif similar to the c-Myb-family of
transcriptional activators (Bilaud et al. 1996). The Myb domain of human TRFs is C-
terminally positioned and consists of three helices connected in a helix—turn—helix
manner. The third helix contains a conserved amino acid sequence called a ‘telobox’,
which has been shown to be important for recognition of telomeric double-stranded
DNA (Bilaud et al. 1996). Numerous TRF-like proteins have been identified in plants
(Schrumpfova et al. 2005; Kuchar 2006; Peska et al. 2011), and, in a few cases, the
influence of these proteins on telomere length homoeostasis has been demonstrated
(Hwang and Cho 2007). Interestingly, besides the TRF-like proteins, a plant specific
family of other telobox proteins has been described. The novel group of proteins,
termed SMH (single-Myb-histone) family, is characterized by a triple-domain
structure consisting of an N-terminal Myb domain, central globular histone H1/5
domain, and a C-terminal coiled-coil domain. In Arabidopsis thaliana (At), five SMH
proteins were identified (AtTRB1-AtTRB5, where TRB is telomere-repeat-binding
factor) (Marian et al. 2003), and three of them have been characterized
(Schrumpfova et al. 2004; Mozgova et al. 2008b). These proteins show not only
specific interactions with telomeric DNA, but also a number of protein—protein
interactions functionally related to telomeres. In addition to their ability to form
homodimers (similarly to human TRFs), they can also form heterodimers and both

homo- and hetero-multimers (Schrumpfova et al. 2004; Mozgova et al. 2008b;
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Schrumpfova et al. 2008) via their H1/5 histone domain. It has been revealed that
they also interact (using the same H1/5 domain) with one of the POT1 proteins in A.
thaliana, AtPOT1b (Mozgova et al. 2008b; Schrumpfova et al. 2008). It has been
shown that AtTRB (Arabidopsis thaliana telomere repeat-binding factor) proteins
from the SMH (single-Myb-histone) family selectively bind double-stranded telomeric
DNA and interact with the telomeric protein AtPOT1b (Arabidopsis thaliana
protection of telomeres 1b). Protein AtPOT1b is one of the Arabidopsis homologues
of mammalian POT1 protein which is involved in telomere capping (Shakirov et al.

2005).

We performed the first quantitative DNA-binding study of this plant-specific family of
SMH proteins. Interactions of full-length AtTRB1 and AtTRB3 with telomeric DNA
were analyzed by electrophoretic mobility-shift assay, fluorescence anisotropy and
surface plasmon resonance to reveal their binding stoichiometry and affinity. We
found that AtTRB1 and AtTRB3 bind telomeric DNA with high affinity and specificity.
Comparison of dissociation constants thus demonstrated more than ten-fold higher
affinity and binding specificity of AtTRB1 to DNA bearing telomeric sequences.
AtTRB3 showed seven-fold higher affinity to telomeric DNA duplex than to non-
telomeric DNA. Moreover, binding affinity assays were used to determine that the
minimal length of DNA for an appropriate binding of SMH proteins. We found that
minimal DNA fragment bound by SMH proteins comprises at least two telomeric
repeats. Furthermore, the protein-DNA binding ratio one protein monomer per one

DNA telomeric repeat was revealed by a native gel retardation assay.

Binding affinity analyses in different salt conditions enabled us to estimate the
electrostatic component of binding and explain the different affinities of AtTRB1 and
AtTRB3 to telomeric DNA. We designed the following putative model explaining the

binding stoichiometry and the protein arrangement on telomeric DNA (Figure 9).
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On the basis of results of the present study and the data available, we suggest that
interactions of the two AtTRBs with telomeric DNA occur simultaneously with two
binding sites. Therefore the minimal length of duplex DNA required for the proper
binding of full-length AtTRB1 and AtTRB3 should harbor at least two putative binding
sites that are bound by two dimers of AtTRBs. Consequently, our data suggest that
SMH proteins are able to distinguish between short (<10 bp) telomere-like sequences
that are dispersed throughout the genome, e.g. in promoter regions (Regad et al.

1994), and longer tracts of telomere repeats occurring in telomeres.

- Myb-like domain

5-GGTTTAGGGTTTAGG Histon-like dimerization
CCAAATCCCAAATEC ATC-5 domain

Figure 9. A speculative model of SMH interaction with telomeric DNA. SMH proteins bind telomeric DNA in
dimeric form. Shaded DNA regions denominate putative spatially allowed binding sites.

2.6. Yeast telomeric proteins: is it better to have two DNA
binding domains?
Recently, a novel type of telomere-binding protein YITaylp from the yeast Yarrowia
lipolytica was identified by laboratory of Prof. Tomaska from Departments of
Genetics and Biochemistry at Comenius University. YlTaylp contains two Myb
domains (Myb1, Myb2) very similar to the Myb domain of mammalian TRF1 and TRF2
(Kramara et al. 2010). Moreover it has been shown that YITaylp exhibits a preference

for telomeric DNA in vitro and binds to the substrate DNA as a dimer (Kramara et al.

2010).

We examined the contribution of each Myb domain of YITaylp to overall binding
affinity and selectivity to telomeric DNA (Visacka et al. 2012). Truncated versions of
YITaylp lacking Mybl, Myb2, or both Myb domains were prepared. The

guantification of binding properties of YITaylp carrying either Myb domain
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preferential affinity to both Yarrowia lipolytica (GGGTTAGTCA)n and human
(TTAGGG)n telomeric sequences. Quantitative measurements of the protein binding
to telomeric DNA revealed that the presence of both Myb domains is required for a
high affinity of YITaylp to either telomeric repeat. Additionally, we performed
detailed thermodynamic analysis of the YITaylp interaction with its cognate
telomeric DNA, which is, to our knowledge, the first energetic description of a full-
length telomeric-protein binding to DNA. Measurements of thermodynamic
parameters of YITaylp binding to DNA by isothermal titration calorimetry revealed its
high affinity binding to telomeric repeats in dimeric form. Interestingly, when
compared with human TRF1 and TRF2 proteins, YITaylp exhibited higher affinity not

only for Y. lipolytica telomeres but also for human telomeric sequences.

The duplication of the Myb domain region in YITaylp thus produces a synergistic
effect on its affinity toward the cognate telomeric sequence, enlightening the need

for homodimerization observed in TRF-like proteins possessing a single Myb domain.

The observations that YITaylp exhibits higher affinity for human telomeres than to Y.
lipolytica telomeres and that it shows lower dissociation constants for binding to
human telomeres than human telomeric proteins TRF1/TRF2 underline an important
general evolutionary principle: natural selection does not necessarily lead to
maximization of the affinity of a particular DNA-binding protein to its cognate DNA
substrate. Perhaps the binding properties of a DNA-binding protein are tuned to

inferior values, thus, enabling its dynamic association with the target DNA loci.

Consequently, the question whether it is better for telomeric proteins to have two
DNA binding domains can be answered in two ways. It is definitely better in respect
that two Myb-like domains prompt a higher DNA binding affinity. More complicated
is the answer in respect of the DNA binding selectivity. It has been shown that in case
of Tayl proteins the higher number of DNA binding domains diminish the selective
recognition of yeast telomeric DNA compared to human telomeric DNA. If we try to
generalize the findings, from the evolutional point of view a selective binding is more
important than a higher affinity. This is supported by the fact that human and
mammalian telomeric proteins contain only one Myb domain and bind to telomeric

DNA as dimers. Additionally, the dimeric arrangement of single-Myb-domain protein
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forms a basis for higher levels of regulation that may be important for a proper
protections function of shelterin and other essential DNA processing complexes in

mammalian cells.

2.7. Significance and impact II

The above described studies were the first fully quantitative studies focused on the
binding selectivity of full-length human, plant, and yeast telomeric proteins. The
studies demonstrated that the detailed quantification of protein—DNA interactions
provide new insights into the mechanism of protein containing single or multiple
Myb-like domains to the specific recognition of telomeric DNA. The studies
demonstrated that the detailed quantification of protein—DNA interactions may
provide new insights into the structural dynamics of telomeres.

On the basis of the published studies, | was invited to Warwick University (UK) to give
a seminar talk entitled Protein binding to telomeric DNA: quantitative approaches in
modern experimental biology (2009). The data were also used to design suitable
experiments for following in vivo binding studies performed in our laboratory. In
these studies, the dynamics of AtTRB1 interaction with chromatin was characterized
in living cells using fluorescence microscopy (Dvorackova et al. 2010; Schrumpfova et
al. 2014). On the basis of the most recently published studies, | was invited to

Colorado State University (USA) to give a seminar talk entitled Telomeric proteins

across species: Quantitative approaches in protein function analysis (2013).
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Janouskova E, Necasova |, Pavlouskova J, Zimmermann M, Hluchy M, Marini V,
Novakova M, and Hofr C. Human Rap1 modulates TRF2 attraction to telomeric
DNA. Under review in Nucleic Acids Research.

Visacka K, Hofr C, Willcox S, Necasova |, Pavlouskova J, Sepsiova R, Wimmerova
M, Simonicova S, Nosek J, Fajkus J, Griffith JD, and Tomaska L. Synergism of the
two Myb domains of Tayl protein results in high-affinity binding to telomeres. J
Biol Chem. 2012; 287:32206-15. (IF 5.4)

Hofr C, Sultesova P, Zimmermann M, Mozgova |, Prochazkova Schrumpfova P,
Wimmerova M, Fajkus J. Single-Myb-histone proteins from Arabidopsis thaliana:
a quantitative study of telomere-binding specificity and kinetics. Biochem J.
2009; 419:221-8. (IF 5.2)

Mozgova |, Schrumpfova PP, Hofr C, Fajkus J. Functional characterization of
domains in AtTRB1, a putative telomere-binding protein in Arabidopsis thaliana.
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2009; 5:455.

37



3. Mechanism of RNA recognition in DNA transcription:
An effective combination of quantitative interaction
analysis with structural data

Methods of structural analysis, such as NMR and X-ray crystallography, can provide
us with detailed information about spatial distribution of atoms and thus mutual
positions and orientations of whole biomolecules. Moreover, the structural methods
identify residues that might be essential for the binding interaction of proteins and
nucleic acids. However, from these two methods, only NMR can be used to describe
interaction dynamics and binding affinity, but in a very limited extent. On the other
hand, if we combine structural data with studies using quantitative biochemical and
biophysical approaches, we can reveal the mechanisms that drives the observed
biomolecular interactions. The binding interactions of biomolecules give rise to the
biological functions that are then expressed and observed as unique phenotypes. In
summary, the precise description of relationships between structure and function of
molecules is necessary for the understanding of the origins of function and
mechanisms of the processes that are essential for role of nucleoprotein complexes
in the context of whole organisms. The crucial processes are mediated by large
ribonucleoprotein complexes. The ribonucleoprotein complexes are parts of
molecular machineries that take place during protein synthesis involved in RNA
transcription and subsequent processes, for example splicing machinery. The
processes of the assembly and disassembly of RNA-binding proteins and their
substrates are determined by the thermodynamics and the kinetics of their
interactions. The majority of RNA-binding proteins of large ribonucleoprotein
complexes bind RNA tightly. In contrast, many multidomain RNA-binding proteins
with regulatory functions bind RNA substrates during cotranscriptional and
posttranscriptional processing less tightly. Usually, the binding occurs with sequence

flexibility and in cooperative modes (Mackereth and Sattler 2012).

We contributed to the intensive effort of research community to reveal the
molecular mechanism by which RNA-binding proteins recognize and bind RNA. We
analyzed the RNA recognition mechanism of the Adenosine deaminase ADAR?2,

recognition of transcription termination signal by the nuclear polyadenylated RNA-
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binding (Nab)3 protein (Hobor et al. 2011) and studied how RNA Polymerase Il

controls binding of an RNA processing factor.

3.1. Structure of proteins recognizing RNA
The association of RNA-binding proteins (RBPs) with RNA transcripts initiates during
transcription. Some of the initially-binding RBPs remain bound to the RNA until it is
degraded, whereas others recognize and transiently bind to RNA at later stages for

specific processes such as splicing, processing, transport and localization (Dreyfuss et

al. 2002).

Surprisingly, if we consider the vast variety of roles that RNA-binding proteins play,
there are only a few RNA-binding domains. Here, we will focus on current structural
and functional understanding of protein—RNA recognition mediated by the two most
abundant RNA-binding domains: the RNA-recognition motif (RRM) and the double-
stranded RNA-binding motif (dsRBM (Stefl et al. 2005). It has been suggested that
dsRBM domains can recognize RNA in two distinct ways. Firstly, domains bind single-
stranded RNA by direct readout of the primary sequence. Secondly, the dsRBM
domains might recognize the shape of the RNA. There was also question whether the
RNA is recognized based on shape and sequence simultaneously. RNA-binding
domains, such as the K-homology (KH) domain or the
oligonucleotide/oligosaccharide-binding (OB) fold and the most abundant nucleic-
acid-binding motif, the CCHH-type zinc-finger domain are not discussed here but they
are comprehensively reviewed in (Messias and Sattler 2004; Stefl et al. 2005; Yin et

al. 2013).

The RNA-binding domains are often tandemly arranged and tethered by flexible or
structured linkers. The advantage of such a modular architecture arises from the
resulting versatility. The multidomain RNA-binding proteins can bind RNA with higher
specificity and affinity (similarly to DNA binding proteins, Chapter 2.6) when
compared to individual RNA-binding domains. On the other hand, one-domain
proteins usually bind only short RNA stretches with relatively low affinities. The

concept of modularity also enables that RNA-binding proteins can bind RNA with
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poorly conserved sequence features, which are often observed, for example, in 3’-

end processing and splicing sites (Mackereth et al. 2011).

In the case of proteins with enzymatic activity, the RNA-binding domains define the
specificity of the enzymes by recruiting them to their substrates. Examples of such
enzymes are Adenosine deaminases that act on RNA 2 (ADAR2). These enzymes
recode genomic information by the site-selective deamination of adenosine. In
mammals, RNA editing by site-selective adenosine deamination regulates key
functional properties of eurotransmitter receptors in the central nervous system.
Glutamate receptor subunit B is nearly 100% edited at one position (the QR-site),
which is essential for a normal receptor function. Its significance is apparent from
mouse models in which a slightly reduced rate of QR-site editing is associated with
early onset epilepsy and premature death (Maas et al. 2001). ADARs from all
characterized species have a modular domain organization consisting of one-to-three
dsRBMs followed by a conserved C-terminal catalytic adenosine deaminase domain.
ADARs can edit RNA substrates either specifically or nonspecifically depending upon
the structures of the RNA substrates (Bass, 2002). Despite the known biological
function ADAR the mechanism of recognition of RNA remained unknown. The
independent structures of the two dsRBMs (free in solution) and of the isolated

catalytic domain of ADAR2 have been determined previously (Stefl et al. 2006).

To better understand RNA substrate recognition by ADAR2, the structure of the RNA
helix surrounding the editing site and the two dsRBMs of ADAR2 bound to the GIuR-2
R/G site were determined. Complementarily, we used combination of structural and
biophysical approaches to address the mechanisms of double-stranded RNA

recognition by dsRBMs of ADAR2 enzymes.
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3.2. Mechanism of RNA recognizing protein ADAR via
RNA-binding domains: Double-stranded RNA recognition

based on shape or sequence?

Sequence-specific recognition of dsRNA by proteins was elusive, despite its
importance in RNA maturation pathways. Adenosine deaminases that act on RNA
(ADARs) recode genomic information by the site-selective deamination of adenosine.
ADAR?2 contains two dsRBMs and a catalytic deaminase domain (Bass, 2002; Macbeth
et al., 2005; Stefl et al., 2010). We participated in this study reporting the structure
and molecular mechanism of function of the ADAR2 double-stranded RNA-binding
motifs (dsRBMs) bound to a stem-loop pre-mRNA encoding the R/G editing site of
GluR-2 (Stefl et al. 2010). In the determined structure, the two dsRBMs bind one face
of the RNA covering approximately 120 degrees of the space around the RNA helix
(Figure 10). This suggests that the binding of ADAR2 molecules as dimers would be
sterically possible. The possible dimeric binding is consistent with studies indicating
that ADAR2 dimerization is necessary for RNA editing (Cho et al. 2003; Valente and
Nishikura 2007).

Our functional studies together with structure information provided a basis for
molecular mechanism how dsRBMs recognize the shape and, surprisingly, also the
sequence of the dsRNA. The unique direct recognition of the RNA primary sequence
by dsRBMs is achieved via the minor groove of the dsRNA. More generally, our
findings suggest a solution to the sequence-specific paradox faced by many dsRBM-
containing proteins that are involved in post-transcriptional regulation of gene
expression. We performed a quantitative characterization of dsRBMs binding to RNA
substrates with different primary sequences. We designed two sets of mutations, one
set was designed to change the recognition sequence on RNA. The second set was
designed to maintain the recognition sequence, but the RNA shape was changed via
single-site mismatches of RNA bases to measure their effect on overall binding
affinity. In other words, the sequence of RNA substrates was modified compared to
the canonical sequence in order to assess the influence of alterations to the

sequence or spatial arrangement on dsRBMs binding affinity.
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We performed fluorescence anisotropy (FA) experiments by titrating dsRBM1 and
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Figure 10. Scheme and structure of ADAR2 dsRBM12 bound to the RNA substrate GluR-2 R/G
(A) Secondary structure of GluR-2 R/G RNA with the indicated binding regions for the dsRBMs. (B) The
structure of the ADAR2 dsRBM12 bound to GluR-2 R/G. The RNA is represented as a stick model (in gray; the

edited adenosine is highlighted in pink) and the protein is shown as a ribbon model (dsRBM1 in red; dsRBM?2
in blue; linker in yellow). (C) Top view of the protein-RNA complex (Stefl et al. 2010).

dsRBM2 against labeled RNA substrates. Unlabeled wild-type and mutant RNAs were
used for competition experiments. The equilibrium dissociation constants were
calculated from the displacement of the binding curves. If the bases of the
recognition site for dsRBM1 and dsRBM2 were mutated the apparent affinity was
reduced significantly compared to the wild-type. However, when we assessed
different single point mismatches in the same position of the RNA sequence, the
affinity was almost identical to wild-type RNA, confirming that dsRBM1 recognizes

the sequence rather than the shape of the RNA helix.

Altogether, the FA data strongly support the idea that the sequence-specific
interactions observed in the structures of ADAR2 dsRBMs-dsRNA are important for
the affinity of both dsRBMs and that they finely tune the preferential binding to these
recognition motifs. The results of quantitative binding assays with different RNA

substrates confirmed a sequence-specific RNA recognition of dsRBMs.
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3.3. Significance and impact III

The study above was the first study that quantitatively demonstrated the sequence
specific recognition of RNA binding proteins containing double-stranded RNA-binding
motifs (dsRBMs). The published findings are of great significance for all proteins that
contain dsRBMs and take part in RNA editing. Controlled modification of RNA is
eminently important for the posttranscriptional regulation of gene expression. The
importance of this study was confirmed by its acceptance for publication in one of
the most prestigious scientific journals Cell. The publication has been cited more than

fifty times (May 2014).

3.4. Publications related to above topics Il

1. Stefl R, Oberstrass FC, Hood JL, Jourdan M, Zimmermann M, Skrisovska L, Maris
C, Peng L, Hofr C, Emeson RB, Allain FH. The solution structure of the ADAR2
dsRBM-RNA complex reveals a sequence-specific readout of the minor groove.
Cell. 2010;143:225-37. (IF 31.2)

2. Hobor F, Pergoli R, Kubicek K, Hrossova D, Bacikova V, Zimmermann M,
Pasulka, J, Hofr C, Vanacova S, Stefl R. Recognition of transcription termination
signal by the nuclear polyadenylated RNA-binding (Nab)3 protein. J Biol Chem.
2010; 286: 3645-3657. (IF 5.4)

3. Kubicek K, Cerna H, Holub P, Pasulka J, Hrossova D, Loehr F, Hofr C, Vanacova S,
and Stefl R. A Phosphoserine-Proline Switch in RNAP || CTD Controls Binding of
an RNA Processing Factor, Genes and Development. 2012; 26:1891-6.
(IF 13.9)
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4. Future prospects

The present state of knowledge of interaction landscape of nucleic acids and fast
development of new research approaches promise exciting future discoveries and

their effective applications in gene therapy and molecular therapeutic approaches.

Maybe the most exciting areas of research are connected with detailed
understanding the cancer development and cell aging at molecular level. One of the
most challenging tasks in cancer genomics is uncovering genes with an active role in
tumorigenesis from a potentially large pool of mutated genes across patient samples
(Ghersi and Singh 2014). The recent effort focused on the identification of mutations
that are crucial for cancer development have shown that the residues involved in
these interactions are more frequently affected by mutations observed in large-scale
cancer genomic data than are other residues (Ghersi and Singh 2014). By focusing on
and characterizing functionally relevant domains of proteins—specifically those that
are known to be involved in molecular interactions, we will be able to address
mechanisms that lead to cancer development in earlier stages than it has been
known now. Additionally, recent studies show a great potential of sequencing
methods that promise a great expansion of our functional understanding of the

genomic landscape of cancer.

Similarly, whole-genome analyses showed that combined epigenetic changes may
contribute to decreased differentiation and increased stem cell self-renewal and this
way contribute to slower cell aging (Sun et al. 2014). Newly emerging views based on
results of human stem cell research suggests that the aging clock can be
experimentally manipulated. The possibility of setting back the molecular clocks in
mammalian cell is also supported with results of studies performed on mice. It has
been shown that that constitutive expression of enzymatic subunit of telomerase
provides antiaging activity in the context of a mammalian organism (Tomas-Loba et
al. 2008). The latest studies show that the treatment inducing telomerase activity in
mammalian have potential to extend life span and improve regeneration by tens of

percents.

44



Altogether, the findings about molecular mechanism of cell aging may allow future
development of novel approaches how to increase stability of the genome, which
would lead to the extension of the cell life and minimize risk of malignant

transformation.

The future research will need tools how to assess biomolecular interaction
mechanisms in living cells. The state of the art fluorescence microscopy methods
based on simultaneous detection of a whole plane in cell (Capoulade et al. 2011;
Brazda et al. 2014) will be further developed in order to better understand protein
diffusion processes and local dynamic equilibria inside cells leading to nonuniform
spatial distributions of biomolecules, which are essential for processes such as
nuclear organization and signaling in cell division, differentiation and migration; the

processes that determine and contribute to genome homeostasis.

Using the above-mentioned very powerful tools the future studies aimed at
unraveling the role of protein dynamics involved in the multi-subunit nucleoprotein
complexes are expected. As a consequence, gene expressions and the regulation
could be understood and controlled at the molecular level in living cells.
Consequently, the knowledge of molecular mechanism controlling life-essential
processes could be used in new therapeutic approaches targeting crucial genes or

biomolecules in well described biological pathways.
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Summary

This habilitation work summarizes research studies focused on nucleic acid
interactions which are in close relation to the stability of the genome. The
habilitation thesis text is divided into three main parts.

The first part is dedicated to the description of changes in structure and
thermodynamics of DNA induced by the binding of new and clinically used anticancer

drugs derived from metal compounds.

The second part describes interaction of telomeric proteins that selectively bind DNA
on chromosomes ends. This part is focused on summarizing new results that
contributed to understanding the mechanism of selective protein recognition of
telomeric DNA. The conclusion from studies of binding of telomeric proteins from

different species (human, yeast, plant) are presented.

In the final part, it is demonstrated how functional binding studies and molecular
structure data are combined to obtain a more comprehensive and detailed view of

mechanism of double-stranded RNA recognition.

This habilitation thesis summarizes the candidate’s professional effort to reveal the
molecular mechanism of anticancer therapeutic effects of drug binding to DNA and to
understand roles of nucleic acids interactions in formations and functions of essential

nucleoprotein complexes.
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Abstrakt

Tato habilitacni prace shrnuje vyzkumné studie zamérené na interakce nukleovych
kyselin, které jsou v uzkém vztahu ke stabilité genomu. Text habilitacni prace je

rozdélen do tfi hlavnich ¢asti.

Prvni ¢ast se vénuje popisu zmény struktury a termodynamiky DNA, které jsou
zpUsobené vazbou nové navrhnutych a klinicky pouzivanych protinadorovych Iéciv

odvozenych od komplext tézkych kov.

Druha cast popisuje interakce telomerovych proteind, které se selektivné vaiou a
chrani konce chromosomu. Tato ¢ast prace je zamérena na shrnuti novych poznatkd,
které prispély k pochopeni mechanismu rozpoznavani telomerové DNA témito
proteiny. Zavéry vyplyvajici ze studii mechanismu vazby telomerovych proteinu

plGvodu lidského, rostlinného a kvasinkového jsou predstaveny.

V zavérecné casti habilitaéni prace je ukdzano, jak jsou funkéni vazebné studie a
strukturni data kombinovany k detailnéjSimu pochopeni obrazu mechanismu

rozpoznani dvousroubovicové RNA.

Tato habilitaéni prace shrnuje odbornou snahu kandidata o poznani a popis
molekularniho mechanismu protinddorového lé¢ebného Gcink(l 1éc¢iv vazajicich se na
DNA a pochopeni roli jednotlivych interakci nukleovych kyselin, které jsou podstatné

pro vznik a funkci Zivotné duleZitych nukleoproteinovych komplexa.
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ABSTRACT Modifications of natural DNA and synthetic oligodeoxyribonucleotide duplexes in a cell-free medium by analogs
of antitumor cisplatin containing enantiomeric amine ligands, such as cis-[PtCl,(RR-DAB)] and cis-[PtCI,(SS-DAB)] (DAB =
2,3-diaminobutane), were studied by various methods of molecular biophysics and biophysical chemistry. These methods
include DNA binding studies by pulse polarography and atomic absorption spectrophotometry, mapping of DNA adducts
using transcription assay, interstrand cross-linking assay using gel electrophoresis under denaturing conditions, differential
scanning calorimetry, chemical probing, and bending and unwinding studies of the duplexes containing single, site-specific
cross-link. The major differences resulting from the modification of DNA by the two enantiomers are the thermodynamical
destabilization and conformational distortions induced in DNA by the 1,2-d(GpG) intrastrand cross-link. It has been suggested
that these differences are associated with a different biological activity of the two enantiomers observed previously. In
addition, the results of the present work are also consistent with the view that formation of hydrogen bonds between the
carbonyl oxygen of the guanine residues and the “quasi equatorial” hydrogen of the cis amine in the 1,2-d(GpG) intrastrand
cross-link plays an important role in determining the character of the distortion induced in DNA by this lesion.

INTRODUCTION

Since the discovery of its anticancer activity, several newDNA adducts (formed in the first step of their binding to
analogs of cisplatindis-diamminedichloroplatinum(ll)gis- DNA) into cross-links is affected by hydrogen bonding. In
PtCL(NH,),] have been synthesized and tested for biolog-addition, the carrier ligand may also affect biodistribution,
ical activity. Some of these compounds are now considerednd recognition of DNA adducts by repair enzymes, regu-
potent anticancer drugs (Pasini and Zunino, 1987; Bloeminkatory and/or DNA-binding proteins.
and Reedijk, 1996; Reedijk, 1996; O'Dwyer et al., 1999). The biological activity of platinum complexes with en-
Although the precise mechanism of antitumor action ofantiomeric amine ligands such ass-[PtCl,(RR-DACH)]
platinum drugs is not completely understood, they areand cis-[PtCL(SS-DACH)] (DACH = 1,2-diaminocyclo-
known to target DNA primarily by forming bifunctional hexane) and other enantiomeric pairs has been intensively
adducts (Pinto and Lippard, 1985; Johnson et al., 1989). Thiavestigated (Kidani et al., 1978; Noji et al., 1981, 1983;
anticancer activity displayed by cisplatin and its analogs iColuccia et al., 1986, 1991; Fanizzi et al., 1987; Pasini and
usually attributed to a unique type of intrastrand d(GpG)zunino, 1987; Giannini and Natile, 1991; Vickery et al.,
adduct with platinum cross-linking N7 atoms of neighbor- 1993; Fenton et al., 1997). For instance, the DACH carrier
ing guanine residues of DNA. It has been also shown thafigand has been shown to significantly affect the ability of
carrier amine ligands of cisplatin analogs appear to modup|atinum-DNA adducts to block essential processes such as
late the antitumor properties of this class of drugs. Theeplication and transcription (Page et al., 1990). Also im-
antitumor activity is usually lost or diminished if the pri- portantly, cis{PtCL,(N-N)] complexes with N-N= DACH
mary or secondary amines on platinum are replaced byy 1 2_diaminopropane (DAB) having an S configuration at
tertiary amines (Sundquist and Lippard, 1990). the asymmetric carbon atoms were markedly more muta-
There are many possible roles for the carrier ligand of thgyenic toward several strains iBalmonella typhimurium
platinum antitumor compounds. Hydrogen bonding be-han their R isomers (Fanizzi et al., 1987). Hence, although
tween DNA and the carrier ligand could affect the initial o asymmetry in the amine ligand in these platinum com-
attack of DNA by the drug and the type of DNA €ross- piexes did not involve the coordinated nitrogen atom, but

linking (int_ra or interstrand). It is also reasonable to_expectrather an adjacent carbon atom, a dependence of the bio-
that the direction (50or 3') of closure of monofunctional logical activity on the configuration of the amine was

observed.

The major DNA adduct of cisplatin and its analogs is an
Received for publication 7 September 1999 and in final form 30 Decembejntrastrand d(GpG) cross-link (Sherman and Lippard 1987:
1239' - s 1o Dr. Vikior Brabec. Institute of Biophvi Bloemink and Reedijk, 1996). It has been demonstrated that

ress reprint requests to Dr. VIKIOr brabec, Insttute o lopnysics, . I . . tAo _
Academy of Sciences of the Czech Republic, I&vapolska135, CZ- this CI‘QSS _Imk adopts aanti, anti head-to-head (HH) con
61265 Bmo, Czech Republic. Tel. 420-5-41517148; Fax. 420-5-formation in both single- and double-stranded DNA. How--
41211293; E-mail: brabec@ibp.cz; URL: http://www.ibp.cz. ever, it has been speculated in numerous reports that this
© 2000 by the Biophysical Society conformer equilibrates with other forms that interconvert

0006-3495/00/04/2008/14  $2.00 too rapidly for separate characterization by NMR spectros-
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copy (Den Hartog et al., 1982; Neumann et al., 1984; KlineMATERIALS AND METHODS
et al.,, 1989; Mukundan et al., 1991; Berners-Price et aI'Starting materials

1996, 1997; Van Boom et al., 1996). The dynamic character
of the platinum-DNA adduct makes establishing a correlaCisplatin was synthesized and characterized in Lachema (Brno, Czech

tion between its stereochemistry and the configuration oftePublic). P-DAB(RR) and Pt-DAB(SS) complexes were prepared and
the carrier Iigand difficult characterized as described previously (Fanizzi et al., 1987). The stock

o . solutions of the platinum complexes 5.0~ * M in 10 mM NaClQ,) were

In the present work modifications of DNA bgis-  prepared in the dark at 25°C. Calf thymus (CT) DNA (42%+GC, mean
[PtC|2(DAB)] enantiomers (Fig. 1) in cell-free media were molecular mass~2 x10” Da) was also prepared and characterized as
investigated by using various techniques of molecular bigdescribed previously (Brabec and Palec1970, 1976). Plasmid pSP73KB

hvsi Th | of th di ib 2455 bp (Lemaire et al., 1991)] was isolated according to standard
physics. e goal of these studies was to contribute t rocedures and banded twice in CsCI/EtBr equilibrium density gradients.

understanding how the chirality at the carbon atoms of therhe synthetic oligodeoxyribonucleotides were synthesized and purified as
carrier ligand in cisplatin analogs can affect their bi0|ogica|descri_bed previously (Brabec et al., 1992). Restriction endonucleases, T4
activity. CiS—[PtClZ(DAB)] isomers were chosen for the DNA ligase, Klenow fragment of DNA polymerase |, and T4 polynucle-

dies d ibed in th h . otide kinase were purchased from New England Biolabs (Beverly, MA).
studies described In the present paper as the represemat'\f-gﬁoprobe Gemini System |l for transcription mapping containing SP6 and

of platinum drugs with enantiomeric amine ligands because7 RNA polymerases was purchased from Promega (Madison, WI).
the effect of different chirality at the carbon atoms on theEthidium bromide, agarose, acrylamide, bis(acrylamide), and NaCN were

biological activity was most pronounced in the case of thesd®m Merck KgaA (Darmstadt, Germany). Dimethyl sulfate (DMS),
ds. Th ff f th fi . f th . KMnO,, diethylpyrocarbonate (DEPC), KBr, and KHSQvere from
compounds. The effect of the configuration of the carriergiyma”praguet*?PIATP and p-2PIdATP were from Amersham (Ar-

diamine incis{PtCl,(DAB)] complexes with R, R and S, S |ington Heights, IL).
configurations at the asymmetric carbons [these complexes

are abbreviated as Pt-DAB(RR) and Pt-DAB(SS), réSPeChtination reactions

tively] was investigated. A schematic representation of the
puckering of the chelate rings in Pt—DAB(RR) or Pt- CT DNA and plasmid DNAs were incubated with the platinum complex in
DAB(SS) isomers is shown in Fig 1 10 mM NacCIQ, at 37°C for 48 h in the dark if not stated otherwise. The
T number of molecules of the platinum compound bound per nucleotide
residue (;, values) were determined by flameless atomic absorption spec-
trophotometry (FAAS) or by differential pulse polarography (DPP) (Kim et
al., 1990). The oligonucleotides were allowed to react with the platinum
H H compounds, and repurified as described previously (Brabec et al., 1992).

H H Briefly, the oligonucleotides synthesized on an Applied Biosystems solid-
H Me | ' Me H phase synthesizer were purified by ion-exchange FPLC. The single-
\N MeN NMe - stranded oligonucleotides (the top strands in Fig. 1) were reacted in
’ \ / \H H/ stoichiometric amounts with Pt-DAB(RR) or Pt-DAB(SS). The platinated
pt H H pt oligonucleotides were purified by FPLC. It was verified by platinum FAAS

H/ \ / and by the measurements of the optical density that the modified oligonu-
cl Ci cleotides contained one platinum atom. It was also verified using DMS

footprinting of platinum on DNA (Lemaire et al., 1991; Brabec and Leng,

Pt-D a

AB(RR) Pt-DAB(SS) 1993) that in the platinated top strands the N7 position of both neighboring

guanines was not accessible for reaction with DMS. Briefly, platinated and

ATGGTIHACCA) 0DSC). 5 y nonmodified top strands (&nd-labeled witt¥?P) were reacted with DMS.
3 DMS methylates the N7 position of guanine residues in DNA, producing
-ACACGAAGACCAGAGAAGAG-5" lahile < ; i i
S8 5 alkali-labile sites (Maxam and Gilbert, 1980). However, if N7 is covalently

VAN

: ’ Y bound to platinum, it cannot be methylated. The oligonucleotides were then
20y 5" ~CCTCTCCTTGRICTCCTTCT-3
37 - GAGAGEARCCAGACGAAGAG-5 treated with hot piperidine and analyzed by denaturing polyacrylamide gel
electrophoresis. For the nonmodified oligonucleotides, shortened frag-
(TGGTYHACCA) 21): 57 ~CCTCTOCTIGETCTCCTTCTC- 3/ ments due to the cleavage of the strand at the two methylated guanine
3’ - GAGAGGAACCAGAGGARGAGG-5' residues were observed in the gel. However, no such bands were detected
_ 5 for the platinated oligonucleotides. These results indicate that one Pt-DAB
ATGGTYHACCA) (2): ~CCTCTCCTTEETCTCCTTCTCT -3 molecule was coordinated to neighboring guanine residues, forming the
3~ GAGRAGGRACCACAGGRAGAGAG-5' 1,2-d(GpG) intrastrand cross-link. The platinated strands were allowed to
TGGTIHACCA) 23 5 3 anneal with nonplatinated complementary strands (the bottom strands in
; ~CCTCTCCITGETCTCCTTCTCTC-

Fig. 1) in 50 mM NacCl plus 1 mM TrisHCI with 0.1 mM EDTA, pH 7.4.
FPLC purification and FAAS measurements were carried out on a Phar-

macia Biotech FPLC System with a MonoQ HR 5/5 column and a Unicam
FIGURE 1 Structures of P-DAB(RR) and Pt-DAB(SS), and sequencesyzg aa spectrometer equipped with a graphite furnace, respectively.
of the synthetic oligodeoxyribonucleotides used in the present study with

their abbreviations. The top and bottom strands of each pair are designated

top and bottom, respectively, in the text. The bold letters in top strandDNA transcription by RNA polymerases in vitro

indicate the location of the intrastrand cross-link after modification of the

oligonucleotides by Pt-DAB complexes in the way described in the Ex-Transcription of the Ndd/Hpal) restriction fragment of pSP73KB DNA
perimental section. with SP6 and T7 RNA polymerases and electrophoretic analysis of tran-

3"~ GRAGAGGARCCAGAGGAAGAGAGG5'
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scripts was performed according to the protocols recommended by PrdRoss and Burrows, 1996; Bailly and Waring, 1997). The top or bottom

mega [Promega Protocols and Applications, 43-46 (1989/90)] and previstrand of the d(TGGT)/d(ACCA)(20) was-&nd-labeled withJ-*2P]JATP

ously described in detail (Lemaire et al., 1991; Brabec and Leng, 1993).before it was annealed with its complementary nonlabeled strands. In the
case of the platinated oligonucleotides, platinum was removed after reac-
tion of the DNA with the probe by incubation with 0.2 M NaCN (alkaline

Interstrand cross-link assay pH) at 45°C for 10 h in the dark.

If not stated otherwise, Pt-DAB(RR) or Pt-DAB(SS) at varying concen-

trations were incubated with 29 pSP73KB DNA after it had been

linearized byEcoRI. The platinated samples were precipitated by ethanol Ljgation and electrophoresis of oligonucleotides

and the linear duplexes were then analyzed for DNA interstrand cross-links

in the same way as described in several recent papers (Farrell et al., 1998pnplatinated single strands (bottom strands in Fig. 1) ween8-labeled
Lemaire et al., 1991; Brabec and Leng, 1993). The linear duplexes werwith [y-**P]ATP by using T4 polynucleotide kinase. Then they were
first 3'-end-labeled by means of a Klenow fragment of DNA polymerase | annealed with their phosphorylated complementary strands [nonplatinated
and [a-*2P]dATP. The samples were deproteinized by phenol, precipitateddr containing 1,2-d(GpG) intrastrand cross-links of Pt-DAB compounds].
by ethanol, and the pellet was dissolved inl8f 30 mM NaOH with 1 Nonplatinated and intrastrand cross-link containing duplexes were allowed
mM EDTA, 6.6% sucrose, and 0.04% bromophenol blue. The amount ofo react with T4 DNA ligase. The resulting samples along with ligated
interstrand cross-links was analyzed by electrophoresis under denaturimgpnplatinated duplexes were subsequently examined on 8% native poly-
conditions on alkaline agarose gel (1.5%). After the electrophoresis wagcrylamide [mono:bis(acrylamide) ratie= 29:1] electrophoresis gels.
completed, the intensities of the bands corresponding to single strands &ther details of these experiments were as described in previously pub-
DNA and interstrand cross-linked duplex were quantified by means of dished papers (Koo et al., 1986; Bellon and Lippard, 1990).

Molecular Dynamics Phosphor Imager (Storm 860 system with Image-

Quant software). The frequency of interstrand cross-liRK¢he number of

interstrand cross-links per adduct), was calculatedr as XL/4910- r,

(pSP73KB plasmid contained 4910 nucleotide residués)s the number RESULTS

of interstrand cross-links per one molecule of the linearized DNA duplex

which was calculated assuming Poisson distribution of the interstrandNA binding

cross-links asXL = —In A, whereA is the fraction of molecules running . . .
as a band corresponding to the non-cross-linked DNA (Farrell et al., 1990)>0lutions of double-helical CT DNA at a concentration of

32 ug/ml were incubated with Pt-DAB(RR) or Pt-DAB(SS)
atr; values of 0.01 in 10 mM NaClgat 37°C ; is defined
Differential scanning calorimetry as the molar ratio of free platinum complex to nucleotide
Excess heat capacitAC,) versus temperature profiles for the thermally phosphates atthe O_nset of mCUbatlon_ with I_DNA)' At Va”_ous
induced transitions of d(TGGT)/d(ACCA)(20-DSC) duplex unfiedior  time intervals an aliquot of the reaction mixture was V\_”th'
containing a unique 1,2-d(GpG) intrastrand cross-link of Pt-DAB(RR) ordrawn and assayed by DPP for the amount of platinum
Pt-DAB(SS) were measured by using a VP-DSC Calorimeter (Microcal,bound to DNA (,) (Kim et al., 1990). The amount of
Northampton, MA). In these experiments the heating rate was GOOC/hpIatinum coordinated to DNA increased with time (not
Transition enthalpiesAH) and entropiesAS) were calculated from the N g
areas under the experimentsC, versusT and the derivedC/T versus Shown)' After ~24 hi all mOIeCl_“Iles O,f Pt DAB(RR) or .
T curves, respectively, by using the ORIGIN version 4.1 software (Micro- Pt-DAB(SS) present 'n.the 'jeaCt]on mixtures were coordi-
cal, Northampton, MA). The oligonucleotide duplexes at the concentratiornated to DNA [exhaustive dialysis of the samples of DNA
of 5 uM were dissolved in the buffer containing 10 mM sodium cacodylate treated with Pt-DAB(RR) or Pt-DAB(SS) against platinum-
(pH 7.2), 100 mM NaCl, 10 mM MgGJ and 0.1 mM EDTA. The samples  fraa background solution (10 mM NaCJpdid not affect
were vacuum-degassed before the measurement. The formation of 1;[Jhe amount of the platinum bound to DNAL. In these bindin
complexes between the top and bottom strand of d(TGGT)/d(ACCA) . u p _I u u ; ] I Ing
nonmodified or containing the cross-link was verified by recording UV reacfuons both enantiomers co_ordyna_ted to DNA with ap-
absorbance mixing curves at 25°C (Poklar et al., 1996). It was also verifie@proximately the same rate, which indicates that isomerism
in the same way as described in the previous paper (Poklar et al., 1996) thiy the non-leaving ligand of Pt-DAB compounds does not
the melting transition of both the platinated and nonmodified dUplexeSSignificantly affect the rate of the coordination of platinum
were fully reversible. moiety to natural double-helical DNA. The binding of Pt-
DAB(RR) or Pt-DAB(SS) to CT DNA was also quantified
Chemical modifications in the following way. Aliquots of the reaction withdrawn at
various time intervals were quickly cooled on an ice bath
The chemical probing of the conformation of the platinated oligonucleotideand then exhaustively dialyzed against 10 mM NaCD

duplexes with the aid of NaCN was performed as described previously, .
(Schwartz et al., 1990; Boudngt al., 1992). The top strand of the 4°C to remove free (unbound) platlnum compound. The

d(TGGT)/d(ACCA)(20) nonmodified or containing the Pt-DAB intrastrand CONtent of platinum in these samples was determined by
cross-link was 5end-labeled with{-3?P]ATP by using T4 polynucleotide ~FAAS. Results identical to those obtained using the DPP
kinase before it was annealed with its complementary (bottom) nonlabelegissay were obtained. Thus, DNA binding of Pt-DAB com-
strand. The oligonucleotide duplexes were treated with 0.2 M NaCN in Zopounds resulted withirc24 h in their complete coordina-
mM Tris - HCI, pH 8.3, and control nonmodified samples were run on a . . . . . .
denaturing 24% polyacrylamide/8M urea gel. tion, which made it possible to prepare easily and p_r(_ausely
The modifications by KMn@, DEPC, and KBr/KHSQ were also  the samples of natural DNAs or their fragments modified by

performed as described previously (Brabec et al., 1993; Bailly et al., 1994these compounds at a preselectgdalue.
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In vitro transcription of DNA containing A
platinum adducts T7

>

In vitro RNA synthesis by RNA polymerases on DNA
templates containing several types of bifunctional adduct:
of platinum complexes can be prematurely terminated at th
level or in the proximity of adducts (Corda et al., 1991,
1992; Lemaire et al., 1991, Brabec and Leng, 1993; Brabe
et al., 1994; NoVkovaet al., 1995; Aludovaet al., 1997).
Importantly, monofunctional DNA adducts of several plat-
inum complexes are unable to terminate RNA synthesis.

Cutting of pSP73KB DNA (Lemaire et al., 1991) bidd
and Hpal restriction endonucleases yielded a 212-bp frag- 1-
ment (a substantial part of its nucleotide sequence is show
in Fig. 2 B). This fragment contained convergent T7 and
SP6 RNA polymerase promoters [in the upper and lowe - -
strands, respectively, close to its-énds (Fig. 2B)]. The - -
experiments were carried out using this linear DNA frag-
ment, modified by Pt-DAB(RR), Pt-DAB(SS), or cisplatin
at r, = 0.01, for RNA synthesis by T7 and SP6 RNA - - e
polymerases (Fig. A, lanes RR, SS or cisDDP, respective- | § g 54
ly). RNA synthesis on the template modified by the plati- L &
num complexes yielded fragments of defined sizes, whict 3% - .- e I
indicates that RNA synthesis on these templates was pre 5
maturely terminated. The major stop sites produced by bot _ =
Pt-DAB complexes were identical to those produced by § ; -40
cisplatin, and the corresponding bands produced by bot
enantiomers and cisplatin on the autoradiogram had simile
intensity. The sequence analysis revealed that the majc
bands resulting from termination of RNA synthesis by the
adducts of Pt-DAB(RR), Pt-DAB(SS), and cisplatin were
identical and appeared at G sites and in a considerably le: B :
extent at A sites. These G and A sites were mostly containe B

in GG or AG sites, which are preferential DNA binding sites ., ... e e —_— -

for untargeted cisplatin. Taken together, the results of th¢ 5+ pcparerera TecTanRTCC mm,@gﬁ TTGETCTAG
transcription mapping experiments suggest that base s

i control
¢ % @ {cisDDP

4 control
i 1§ cisDDP
$4ss

L I R L

LR 2 B

LR L

o
»

3'

S e s

' I
.
T

" : ik Q9
guence selectivity of Pt-DAB(RR), Pt-DAB(SS), and cis- TGATATCATC GATGAATTCG AGCTCGGATC CTCTAGAGTC
platin are similar. ACTATAGTAG CTACTTAAGC TCGAGCCTAG GAGATCTCAG

51

GkCCTGCAgg CATGCAAGCT TCAGCTGCTC GAGGCCGGTC

. CTGGACETCC GTACGTTCGA AGTCGACGAG CTCCGGCCAG
Interstrand cross-linking o Ve

TCCCTATAGT GAGTCGTATT AATTTCGATA AGCCAGGTTA

The experiments of the present work were carried out tc AGGGATATCA CTCAGCATAA TTAAAGCTAT TCGGTCCAAT

compare the amounts of the interstrand cross-links forme
by Pt-DAB(RR) or Pt-DAB(SS) in linear DNAs. We used in
these experiments pSP73KB plasmid (2455 bp) modified b)E'GURE 2 Inhibition of RNA synthesis by T7 (left) and SPégfi)
. . . NA polymerases on thedd/Hpal fragment of pSP73KB plasmid mod-

Pt-DAB complexes afte_r Ij[ had been I|near|z_ed Eyd?l ified by platinum complexesA) Autoradiogram of 6% polyacrylamide/8
(EcoRl cuts only once within pSP73KB plasmid). The sam-  yrea sequencing geLanes: control, nonmodified template; cisDDP;
ples were analyzed for the interstrand cross-links by agaroseRr; ss, the template modified by cisplatin; Pt-DAB(RR), Pt-DAB(SS) at
gel electrophoresis under denaturing conditions. r, = 0.01, respectively.K) Schematic diagram showing the portion of the

An electiophoretic method for precise and quantiatveficecte seauence o e tempite (e st e
determl_natlon of mterStrand_ cross—llnklng by platlnum Com_plexes. The arrows indicate the start of the T7 or SP6 RNA polymerases.
plexes in DNA was described previously (Farrell et al., o), major stop signals (from) for DNA modified by Pt-DAB(RR). The
1990; Lemaire et al., 1991; Brabec and Leng, 1993). Upomumbers correspond to the nucleotide numbering in the sequence map of
electrophoresis under denaturing conditiorised-labeled the pSP73KB plasmid.
strands of linearized pSP73KB plasmid containing no inter-
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strand cross-links migrate as a 2455-nucleotide singléhe yields of DNA interstrand cross-linking by Pt-DAB
strand, whereas the interstrand cross-linked strands migraeantiomers. Thus, these results indicate that the interstrand
more slowly as a higher molecular mass species. The bandsoss-links are only minor adducts in double-helical DNA
corresponding to more slowly migrating interstrand-cross-modified by Pt-DAB complexes which are formed with a
linked fragments were noticed if either Pt-DAB complex similar frequency like the same lesions of cisplatin. This
was used to modify DNA at, as low as 3x10* (Fig. 3A). observation is consistent with an idea that the spectrum of
The intensity of the more slowly migrating band increasedadducts produced on DNA by the two Pt-DAB compounds
with the growing level of the modification. The radioactiv- is similar for each enantiomer and similar to that reported
ity associated with the individual bands in each lane wador cisplatin (Brabec and Leng, 1993; \fra et al., 1996) or
measured to obtain estimates of the fraction of non-crossfor other analogs such ass-[PtCl,(DACH)] complexes
linked or cross-linked DNA under each condition. The (Boudnyet al., 1992; Brabec, unpublished results).
frequency of interstrand cross-links (the amount of inter- Taken together, the results of the interstrand cross-linking
strand cross-links per one molecule of Pt-DAB complexassay and transcription mapping experiments are consistent
coordinated to DNA) was calculated using the Poissorwith the idea that the replacement of NiHonleaving li-
distribution in combination with the, values and the frag- gands in cisplatin by the DAB carrier ligand in both enan-
ment size (Farrell et al., 1990) (for details see also Materialsiomeric forms (RR or SS) has not significantly altered base
and Methods). sequence selectivity of the parent platinum drug or the
As summarized in Fig. 3, both Pt-DAB complexes spectrum of its DNA adducts.
showed a relatively low but significant interstrand cross-

linking efficiency in linear DNA (atr, = 0.001, approxi- . .
mately 6%). There was no significant difference betweerﬁgl?(:glr rS:‘ltAoE;Itﬁgasr;?eez:ergi(:il::c:(dagle?oume-

intrastrand cross-link

A The major DNA lesion of cisplatin and its simple analogs
" Cc1234. with different carrier amines is the 1,2-d(GpG) intrastrand
T — -1 adduct (Jennerwein et al., 1989; Page et al., 1990 and vide
supra). The goal of our further work was to establish
ameamsans s dis 5S whether the steric structure of the non-leaving group of
platinum DAB enantiomers could influence the distortions
cC123 4, induced in DNA by the formation of the 1,2-d(GpG) intra-
e wm v e inter strand cross-link. We directed our further studies on estab-
lishing distortions and other biophysical properties of oli-
+ WDy ss godeoxyribonucleotide duplexes containing a single, site-
specific 1,2-d(GpG) intrastrand cross-link of Pt-DAB(RR)
or Pt-DAB(SS).

-
4]
I

-
o
1

Differential scanning calorimetry

A calorimetric technique was used to characterize the influ-
ence of the 1,2-d(GpG) intrastrand cross-link of Pt-
DAB(RR) or Pt-DAB(SS) on the thermal stability and en-
. ergetics of the site-specifically platinated 20-mer DNA

28 3.0 3.2 34 36 duplex. Such thermodynamic data can reveal how the plat-

-log ry, inum adduct influences duplex stability, a property that has

been shown to play a significant role in the mechanism of
FIGURE 3 The formation of interstrand cross-links by Pt-DAB com- gntitumor activity of platinum drugs. Recently, calorimetric

pounds in linearized pSP73KB plasmid) (Autoradiograms of a denatur- 5,4 spectroscopic techniques were used to characterize the

ing 1.5% agarose gel of linearized DNA, which wasedd-labeled; the . . .
interstrand cross-linked DNA appears as the top bands migrating on thkpﬂuence of the 1,2-d(GpG) intrastrand cross-link on the

gels more slowly than the single-stranded DNA (contained in the bottonfh€rmal stability and energetics of a 20-mer DNA duplex
bands); the plasmid linearized fBcaRI was incubated with Pt-DAB(RR)  site-specifically modified by cisplatin (Poklar et al., 1996).
(top) or Pt-DAB(SS) botton) for 48 h at 37°C.Lanes:C, control, non-  \We expanded these studies on the oligodeoxyribonucleotide
modified DNA (f, = 0); 1,1, =3 X 10 % 2,1, =6 X 10 % 3,1, = 9X g 5lex containing unique 1,2-d(GpG) site-specific intrastrand

104 4, r, = 1.2 X 103 (B) Dependence om, of the percentage of
interstrand cross-links per adduct [interstrand cross-linking (%)] formed byadducts of the Pt_DAB(RR) or Pt-DAB(SS) complexes.

Pt-DAB(RR) @) or Pt-DAB(SS) () in linearized DNA within 48 h. Data Fig. 4 shows DSC melting profileaC,, versusT) for the
measured in triplicate varied on averag@% from their mean. parent, nonmodified 20 bp duplex d(TGGT(/d(ACCA)(20-

INTERSTRAND
CROSS-LINKING
(%)
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20 P , P < — other words, the intrastrand cross-link of both DAB enan-
tiomers entropically stabilizes the duplex. Thus, the 36 or 38
kcal/mol enthalpic destabilization of the duplex due to the
cross-link of Pt-DAB(RR) or Pt-DAB(SS), respectively is

15 1
TQ ‘ o / partially, but not completely, compensated by the entropic
- AN cross-link-induced stabilization of the duplex of 31 or 32
g0k / , kcal/mol at 25°C, respectively. The net result of these
® enthalpic and entropic effects is that 1,2-d(GpG) intrastran
g S hal d ff hat 1,2-d(GpG) d
= g ‘ cross-link formation by Pt-DAB(RR) or Pt-DAB(SS) at
g 5l 25°C induces a decrease in duplex thermodynamic stability

(AAG,5) of 5.0 or 7.6 kcal/mol, respectively, with this
destabilization being enthalpic in origin. In this respect, the
intrastrand cross-link of Pt-DAB(SS) was more effective

- NI than that of its RR counterpart.
30 40 50 60 70 80 90

Temperature (°C)

FIGURE 4 DSC thermograms for the d(TGGT)/d(ACCA)(20-DSC) du- Chemical probing of conformational distortions

lex nonmodified golid curvg, containing the 1,2-d(GpG) intrastrand ; ; ; ; : :
Eross-link of Pt-DA$B(R_R) dasehed curvg ogr] Pt-DAB(Sé) g_o_tzed curve Cyanide ions _Can. rapldly remove (.:ISpIatm and. IJ.[S analog_]s
The duplex concentrations wereu®/, and the buffer conditions were 10 from double-helical oligonucleotides ~containing 1,2
mM sodium cacodylate (pH 7.2), 100 mM NaCl, 10 mM MgGind 0.1 d(GpG) intrastrand cross-links of these platinum com-
mM EDTA. pounds. It has been shown (Schwartz et al., 1990; Boudny
et al., 1992) that the kinetics of the reaction between cya-
nide ions and the d(GpG) intrastrand cross-link of cisplatin
DSC) (solid curvg and the same duplex containing single and its analogs is strongly dependent on the DNA confor-
1,2-d(GpG) intrastrand cross-link of Pt-DAB(RRJashed mation. The samples of d(TGGT)/d(ACCA) containing the
curve or Pt-DAB(SS) ¢lotted curve These curves were intrastrand cross-link of Pt-DAB(RR) or Pt(DAB)(SS) were
analyzed as described in Material and Methods to obtain theeated with a large excess of cyanide ions. At various times,
results listed in Table 1. Inspection of these thermodynami@liquots were withdrawn and analyzed by gel electrophore-
parameters reveals a number of interesting features. Firstjs under denaturing conditions (Schwartz et al., 1990;
cross-link formation of Pt-DAB(RR) and Pt-DAB(SS) re- Boudnyet al., 1992) (Fig. 5A andB). As judged by the
duced the duplex thermal stability by 6.9°C and 8.6°C,disappearance of the starting products (upper bands), cya-
respectively. Second, cross-link formation by Pt-DAB(RR) nide ions were considerably less reactive with the double-
and Pt-DAB(SS) resulted in a large increase of the enthalpgtranded oligonucleotide containing the intrastrand cross-
of duplex formation by 36 and 38 kcal/mol, respectively. Inlink of Pt-DAB(SS) as compared with that containing the
other words, the intrastrand cross-link of Pt-DAB enanti-same adduct of Pt-DAB(RR) (Fig. G). It has been shown
omers enthalpically destabilizes the duplex relative to theithat the rate of removal of the bound platinum residues
nonmodified counterpart. Third, cross-link formation by decreases when the distortion induced by the Pt-d(GpG)
Pt-DAB(RR) and Pt-DAB(SS) resulted in a substantial in-adduct is larger (Schwartz et al., 1990; BoUdal., 1992).
crease in duplex transition entropy of 104 or 107 cal/K.molThus, the results shown in Fig. 5 support the idea that the
(TAS = 31.0 or 31.9 kcal/mol at 25°C), respectively. In 1,2-d(GpG) intrastrand cross-link of Pt-DAB(SS) induces in

TABLE 1 Thermodynamic parameters for formation of the oligonucleotide duplex d(TGGT)/d(ACCA)(20-DSC) nonplatinated or
containing the 1,2-d(GpG) intrastrand cross-link of Pt-DAB(RR) and Pt-DAB(SS) determined by DSC

Duplex T °C AH?®, kcal/mol duplex AS®, cal/K- mol duplex AG°,5,* kcal/mol duplex
no Pt 68.3 —151*8 —446* 23 —-18.0+ 1.9
Pt-DAB(RR) 61.4 —-115*x7 —342+ 19 -13.0x 1.3
Pt-DAB(SS) 59.7 —-113* 8 —339* 18 —-10.3%* 1.3

Calorimetric measurements were conducted as described in the texAHPhend AS® values are averages derived from three independent experiments,
with the indicated errors corresponding to the average deviation from the mean.
*AG,s is the free energy of duplex formation at 25°C, as determined using the equation

AGH = AH® — (298.15AS° )
The indicated uncertainties reflect the maximum possible errofG that result from the corresponding uncertainties noted abowHhandAS®, as
propagated through Eq. 2.
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A Brabec et al., 1993; Bailly et al., 1994; Ross and Burrows,
"C1234567809 1996; Bailly and Waring, 1997).
R KMnQ, is hyperreactive with thymine residues in single-
R — :::Pt stranded nucleic acids and in distorted DNA as compared to
+ B-DNA (McCarthy et al., 1990; McCarthy and Rich, 1991;
B - Bailly et al., 1994; Bailly and Waring, 1997). KMnQO

C1234567859 reacted with no residue within the nonplatinated duplex

L - R—— T (Fig. 6A, left, lane ds). All thymine residues were strongly

reactive in the nonplatinated single-stranded top oligonucle-
otide (Fig. 6A, left, lane ss). The duplex containing the
intrastrand cross-link of Pt-DAB(RR) showed strong reac-
tivity of the 5 and 3 thymine residues adjacent to the
adduct (Fig. 6A, left, lane RR). A weak but significant
reactivity was also observed for the secondtBymine
residue adjacent to the cross-link. The duplex containing the
intrastrand cross-link of Pt-DAB(SS) showed strong reac-
tivity of the two neighboring 5thymine residues in the top
strand adjacent to the adduct, and a weak but significant
reactivity was also observed for thé ghymine residue
adjacent to the cross-link (Fig. 8, left, lane SS). No
reactivity between KMn@ and the residues in the bottom
TIME (HOURS) strand of the cross-linked dgplexes was apparen.t._ _
DEPC carbetoxylates purines at the N(7) position. It is
FIGURE 5 Autoradiograms of a denaturing 24% polyacrylamide gel of hyperreactive with unpaired and distorted adenine residues
the products of the reaction between cyanide ions and the oligonucleotiddl DNA and with left-handed Z-DNA (Herr, 1985; Johnston
duplex d(TGGT)/d(ACCA)(20) containing a single 1,2-d(GpG) intrastrand and Rich, 1985; Bailly et al., 1994; Bailly and Waring,
CZ";Z"L’;';‘C’;T;;QE(;RX)f()J_OGT ﬂtﬁﬁfﬁfﬂg{ezh;ﬂ?ﬁiga;% si:rgF;'e’a 1997). Adenine and guanine residues within the nonplati-
ilaCN, 20 mM Tris HCl adjusted at pH 8.3 by addition of HCI. At various nate.d 5|ngle-str§nded oligonucleotides (top and bOttOm)
times, the samples were precipitated with ethanol, washed three times Witﬁead”y reacted with DEPC (shown for the bottom strand in
ethanol, and electrophoresddines:C, control, nonmodified duplex; 1-9 Fig. 6 A, center lane ss). No reactivity of adenine and
correspond to the following times (in hours) of incubation of the platinatedguanine residues was observed within the nonplatina’[ed
duplex with NaCN: 1,0.0,2,0.25; 3,05, 4,0.75;5,1.0;6,1.5, 7, 2, 8, 3.5;doyble-stranded oligonucleotide (shown in Fighecenter

9, 5.3. The top strand of the d(TGGT)/d(ACCA) wiR-end-labeled at the S )
5" end. C) The dependence of the amount of platinum coordinated to thefor the bottom strandane dS). Within the double-stranded

oligonucleotide duplex d(TGGT)/d(ACCA)(20) containing single intras- oligonucleotide containing the intraStran_d crogs—link of Pt-
trand cross-link of Pt-DAB(RR)®) or Pt-DAB(SS) () on the time of DAB(RR) or Pt-DAB(SS), three base residues in the bottom

incubation with NaCN. The experimental conditions were the sameAss in strand became reactive (FigA6 center lanesRR and SS):
andB. these are readily identified as the three adenine residues
complementary to the reactive thymine residues of the top
strand. Importantly, a strong reactivity with DEPC was only
DNA a larger conformational distortion than its RR coun- observed for adenine residues complementary to strongly
terpart. These results are also consistent with the DS@eactive thymine residues, whereas adenine residues com-
analysis (Fig. 4 and Table 1), which indicated a largerplementary to weakly reactive thymine residues also reacted
thermal and thermodynamic destabilization induced inwith DEPC only weakly.
DNA by the 1,2-d(GpG) intrastrand cross-link of Pt- Bromination of cytosine and formation of piperidine-
DAB(SS) in comparison with the cross-link of Pt- labile sites are observed when two simple salts, KBr and
DAB(RR). KHSO;, are allowed to react with single-stranded or dis-
To further characterize the distortion induced in DNA by torted double-stranded oligonucleotides (Ross and Burrows,
intrastrand cross-links of Pt-DAB(RR) or Pt-DAB(SS), the 1996). The reaction proceeds via generation of iBrsitu,
d(TGGT)/d(ACCA)(20) containing the 1,2-d(GpG) intra- which reacts selectively with the 5,6 double bond to add Br
strand cross-link of Pt-DAB(RR) or Pt-DAB(SS) was and OH, respectively. }O is then eliminated to give 5-bro-
treated with several chemical agents that are used as toalsodeoxycytidine, which is susceptible to depyrimidination
for monitoring the existence of conformations other thanunder basic conditions. All cytosine residues within the
canonical B-DNA. These agents include KMpEPC, nonplatinated top and bottom strands of d(TGGT)d(ACCA)
and bromine. They react preferentially with single-strandedvere readily reactive (shown for the bottom strand in Fig. 6
DNA and distorted double-stranded DNA (Nielsen, 1990;A, right, lane ss). No reactivity of these residues was ob-
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served within the nonplatinated duplex (shown for the bot-
tom strand in Fig. @A, right, laneds). Cytosine residues in

KMnO, DEPC KBr/KHSOs the bottom strand complementary to the platinated guanine
" o fE 50 C Y. 5 0 So0E residues in the top strand containing the intrastrand cross-
- "EEEE . TN | TEEe. links of Pt-DAB(RR) or Pt-DAB(SS) were, however,
L=~ | @ — strongly reactive.
;: 8 . G s The results obtained with chemical probes are summa-
c A .- ﬁ e rized in Fig. 6B. The pattern and degree of reactivity toward
-cr:__ é Maeeer A the chemical probes was different for the two Pt-DAB
!I? c g it e e isomers indicating different character of the conformational
== ~ A v A distortion. In addition, the results suggest that the confor-
G - G - G == mational distortion extends over at least five basepairs
G - A A around the cross-link.
T vl G o
T 4 n G G == DNA unwinding and bending
c A A Among the alterations of secondary and tertiary structure of
A - A DNA to which it may be subject, the role of intrinsic
c bending and unwinding of DNA is increasingly recognized
G — as being potentially important in regulating replication and
T e transcription functions through specific DNA-protein inter-
A A actions. For cisplatin adducts, the structural details respon-
sible for bending and subsequent protein recognition have
recently been elucidated (Ohndorf et al., 1999; Zamble and
G - G Lippard, 1999). Given the recent advances in our under-
B standing of the structural basis for the bending of DNA
Pt-DAB(RR) caused by cisplatin, it is of cop&dergble _mterest to examine
KMnO. o how the character of a carrier amine in the 1,2—d_(GpG)
* B CCTCTCCTTGETCTCCTTCTCT intrastrand adduct affects conformational properties of
BEPE: GAGAGG%}}CC%GAGGAAGAGAG 5' DNA, such as bending and unwinding_. In this wor!< we
KBrlKHSOs: oo further performed studies on the bending and unwinding
induced by single, site-specific intrastrand cross-links of
Pt-DAB(SS) Pt-DAB enantiomers formed in oligodeoxyribonucleotide
KMnO; e 6 duplexes between neighboring guanine residues.
5 CCTCTCCTTGETCTCCTTCTCT =~ The top strands of the oligonucleotide duplexes examined
DEPC: GAGAGG{\%CC%GAGGAAGAGAG 5 in the present work were designed to contain only one
KBr/KHSOs oo high-affinity platinum binding site, the two adjacent gua-

nine bases of the intrastrand cross-link (Fig. 1). All se-

FIGURE 6 @) Piperidine-induced specific strand cleavage at Kino dUENCes were designed to leaa 1 nucleotide overhang at
modified (eft), diethylpyrocarbonate-modifieténte), and KBr/kHSQ-  their 5-ends in double-stranded form. These overhangs
modified (ight) bases in nonplatinated and platinated d(TGGT)/ facilitate polymerization of the monomeric oligonucleotide
d(ACCA)(20). The oligomers were'&nd-labeled at their top strands in duplexes by T4 DNA Iigase in only one orientation, and

the case of the modification by KMnor at their bottom strands in the - - . -
case of the modification by DEPC or KBr/KHSCKMnO, (left): the lane maintain a constant interadduct distance throughout the

ss is relative to the nonplatinated top strand. The lane ds is relative to thEesumng multimer. Amoradmgrams of electrophore5|s gels
nonplatinated duplex. The lane G is a Maxam-Gilbert specific reaction forevealing resolution of the ligation products of 20—23-bp
the nonplatinated duplex that had only top strand end-labeled. The lanes S$uplexes containing a unique 1,2-d(GpG) intrastrand cross-
and RR are relative to the duplex containing Pt-DAB(SS) or Pt-DAB(RR) |ink of Pt-DAB(RR) or Pt-DAB(SS) are shown in Fig. 7. A

1,2-d(GpG) intrastrand cross-link, respectively. DEREnte): The lane G significant retardation was observed for the multimers of all
is a Maxam-Gilbert specific reaction for the nonplatinated duplex that ha

only bottom strand end-labeled. The lane ds is relative to the nonplatinateR1atinated duplexes. Decreased gel electrophoretic mobility
duplex. The lane ss is relative to the nonplatinated bottom strand. The lanes

SS and RR are relative to the duplex containing Pt-DAB(SS) or Pt-
DAB(RR) 1,2-d(GpG) intrastrand cross-link, respectively. KBr/KHSO
(right): The lane G is a Maxam-Gilbert specific reaction for the nonplati- Pt-DAB(SS) or Pt-DAB(RR) 1,2-d(GpG) intrastrand cross-link, respec-
nated duplex. The lane ds is relative to the nonplatinated duplex. The langvely, that had only bottom strand end-labele®) (Summary of the

ss is relative to the nonplatinated bottom strand that had only bottom stranceactivity of chemical probe® andO designate strong or weak reactivity,
end-labeled. The lanes SS and RR are relative to the duplex containingespectively.
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FIGURE 7 Autoradiograms of the ligation products of double-stranded
oligonucleotides d(TGGT)d(ACCA)(20-23) containing a unique 1,2-
d(GpG) intrastrand cross-link of Pt-DAB(RR) or Pt-DAB(SS) separated on
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bends separated by a half-integral number of DNA turns.
The K factor is defined as the ratio of calculated to actual
length. The calculated length is based on a multimer’s
mobility, and is obtained from a calibration curve con-
structed from the mobilities of nonplatinated multimers.
The variations of theK factor versus sequence length ob-
tained for multimers of the duplexes 20-23 bp long and
containing the unique 1,2-d(GpG) intrastrand cross-link of
Pt-DAB(RR) or Pt-DAB(SS) are shown in Fig. B Max-
imum retardation was observed for the 22-bp duplex con-
taining the adduct of Pt-DAB(RR) (Fig. 8, left). This
observation suggests that the natural 10.5-bp repeat of B-
DNA and that of DNA perturbed by the Pt-DAB(RR) in-
trastrand cross-link are different as a consequence of DNA
unwinding (Bellon et al., 1991). Similarly, in the case of the
duplex containing the adduct of Pt-DAB(SS), maximum
retardation was observed for the 21-bp duplex, but the 22-bp
curve had only a slightly smaller slope, whereas the 20-bp
curve differed more pronouncedly (Fig. B right). This
asymmetry is also consistent with a significant DNA un-
winding due to the formation of the cross-link by the SS
enantiomer.

The exact helical repeat of the intrastrand cross-linked
duplex and from it the unwinding angle were calculated by
interpolation with the use of thK versus interadduct dis-
tance curve as described in the previous paper for intras-
trand adducts of cisplatin (Bellon et al., 1991). The maxi-
mum of these curves constructed for the duplexes

an 8% polyacrylamide gel (lanes RR and SS, respectively). NoanatinatedA

oligomers, lanes NoPt.

may result from a decrease in the DNA end-to-end distance

(Koo and Crothers, 1988). Various platinum(ll) complexes

have been shown to form DNA adducts that decrease gel 12

mobility of DNA fragments due to either stable curvature of
the helix axis or increased isotropic flexibility (Rice et al.,

1988; Bellon and Lippard, 1990; Leng, 1990; Brabec et al.,

1993; Huang et al., 1995; Malinge et al., 1995). DNA
multimers of identical length and number of stable bend
units, but with differently phased bends, have different
end-to-end distances. The DNA bends of a multimer mus

be, therefore, spaced evenly and phased with the DNA 10

helical repeat in order to add constructively. Such construc

tively phased bends add in plane, yielding short end-to-end

distances and the most retarded gel migration. In OtheFEIGURE 8 () Plots showing the relative mobilit{ versus interadduct
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words, gel electrophoresis of multimers of oligonucleotidegistance in bp for the oligomers d(TGGT)/d(ACCA)(20—23) modified by

duplexes, which only differ in length and contain a stable

Pt-DAB(RR) (eft) or Pt-DAB(SS) tight) with a total length of 140 bp. The

curvature induced by the same platinum adduct, shoul@xperimental points represent the average of three independent electro-

exhibit a phase effect, i.e., the maximum retardation shoul

ahoresis experiments. The curves represent the best fit of these experimen-

! - . tal points to th tiok = ac® + bd + c (Bellon et al., 1991).8) Plot
be observed for the multimers having the bends in phasga1 poin’s 'o e equation = & ¢ (Bellon eta )-8) Plots

owing the relative mobilityk versus sequence length curves for the

with the helix screw. In contrast, the normal electrophoreticyjigomers d(TGGT)/d(ACCA)(20—23), denoted respectively as 20, 21, 22,
mobility should be observed for the multimers having theand 23.
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intrastrand cross-linked by Pt-DAB(RR) or Pt-DAB(SS) intrastrand cross-link of Pt-DAB(RR) or Pt-DAB(SS) are
with a total length of 140 bp (Fig. B) were determined to ~35° or 24°, respectively. That these bands were oriented
be 21.57+ 0.01 or 21.44+ 0.04 bp. Total sequence lengths toward the major groove of DNA was verified in the same
other than 140 bp were examined and gave identical resultsvay as in the previously published paper (Huang et al.,
To convert the interadduct distance in basepairs correspond995). Other details of the calculations of the unwinding
ing to the curve maximum into a duplex unwinding angle inand bending angles are given in the previously published
degrees, the value is compared with that of the helical repegtapers (Rice et al., 1988; Bellon and Lippard, 1990; Leng,
of B-DNA, which is 10.5+ 0.05 bp (Wang, 1979; Rhodes 1990; Brabec et al., 1993; Huang et al., 1995; Malinge et al.,
and Klug, 1980). The difference between the helical repeat995).
of B-DNA and the DNA containing intrastrand cross-link of  Also produced in ligations of monomers investigated in
Pt-DAB(RR) or Pt-DAB(SS) complex, therefore, is this work were separate bands arising from small DNA
[(21.57 = 0.01) — 2(10.5+ 0.05)] = 0.57 = 0.06 bp or circles that migrate close to the top of the gel (see the bands
[(21.44 = 0.04) — 2(10.5 = 0.05)] = 0.44 = 0.09 bp, marked by asterisk in Fig. 7 as example). The highest
respectively. There are 360°/10.5 bp, so the DNA unwindtendency to yield DNA circles was observed for the 22-bp
ing due to one intrastrand adduct of Pt-DAB(RR) or Pt-multimers confirming a close match between the 22-bp
DAB(SS) is 20 = 2° or 15 * 3°, respectively. These sequence repeat and the helix screw (Ulanovsky et al., 1986;
unwinding angles are considerably greater than that foun®ice et al., 1988).
for the 1,2-d(GpG) intrastrand cross-link of cisplatin (13°)
using the same experimental procedure (Bellon et al., 1991
One plausible explanation of this observation might be ISCUSSION
associated with an additional contribution to unwinding The results of the present work (Figs. 2 and 3) are consistent
associated with interaction of the DAB moiety with the with the view that the replacement of NHonleaving
duplex upon covalent binding of platinum. In a similar way, ligands in cisplatin by the DAB carrier ligand in both
large unwinding angles~19°) produced by cisplatin teth- enantiomeric forms (RR or SS) changes neither the spec-
ered to intercalators were explained (Keck and Lippardirum and frequency of DNA adducts nor the sequence
1992). selectivity of DNA binding of the parent drug. Thus, these
The appreciation of the relationship between interadducfeatures of DNA binding mode of Pt-DAB compounds are
distance and phasing for self-ligated multimers composed afinlikely to be associated with the different biological activ-
the identical number of monomeric duplexes (bend unitsjty of these platinum compounds. A possible explanation for
resulted in a bell-shaped pattern (Fig8Bcharacteristic for  the different biological activity of Pt-DAB enantiomers can
bending (Rice et al., 1988; Bellon and Lippard, 1990; Lengbe associated with the different conformational distortions
1990; Brabec et al., 1993; Huang et al., 1995; Malinge et al.induced in DNA by the adducts of these compounds and
1995). The quantitation of the bend angle of the intrastrandneir different processing in the cell. To test this hypothesis,
cross-links of Pt-DAB(RR) or Pt-DAB(SS) complexes was the experiments described in the present work were carried
performed in the way described previously (Rice et al.,out.
1988; Bellon and Lippard, 1990; Leng, 1990; Brabec et al., Thermal and thermodynamical stability of duplexes con-
1993; Huang et al., 1995; Malinge et al., 1995) utilizing thetaining single, site-specific 1,2-d(GpG) intrastrand adduct

empirical equation of either Pt-DAB enantiomer (this cross-link is the major
DNA adduct of cisplatin and its direct analogs) and the
K—1=(9.6X 10°.? — 0.47(RC)? (1) resistance of this adduct to NaCN treatment demonstrate

that the lesions formed by Pt-DAB(SS) were more effective
whereL represents the length of a particular oligomer withat inducing overall destabilization of the duplex and global
relative mobilityK and RC the curvature relative to a DNA conformational alterations than those formed by Pt-
bending induced at the tract of six adenineg (/act) (Rice  DAB(RR). This result is consistent with the idea and sup-
et al., 1988). Application of Eq. 1 to the 132- or 154-bp ports the hypothesis that the enhancement of mutagenic
multimers of the 22-bp oligomers containing the singleactivity of Pt-DAB(SS) compound is associated with an
intrastrand cross-link of Pt-DAB(RR) leads to curvatures ofincrease of the thermodynamical destabilization of the du-
0.87, relative to an Atract. Similarly, the application of Eq. plex and the character of the overall or global conforma-
1 to the 126- or 147-bp multimers of the 21-bp oligomerstional alteration induced by this platinum compound in
containing the single intrastrand cross-link of Pt-DAB(RR) DNA.
leads to curvatures of 0.57, relative to ap #act. The The character of global conformational distortions and
average bend angle per helix turn can be calculated bglterations of the overall stability of the double-helical DNA
multiplying the relative curvature by the absolute value ofinduced by its damage are determined by the sum of indi-
an Ag tract bend [20° (Bellon and Lippard, 1990; Koo et al., vidual contributions from various features of the damage.
1990)]. The results indicate that the bends induced by th&ome of these individual features may result in stabilization
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of the duplex, others may lower its stability. An important effect of unwinding induced in DNA by the 1,2-d(GpG)
feature of the local conformational distortion induced by theintrastrand cross-link of Pt-DAB compounds must await the
1,2-d(GpG) adduct of cisplatin and its analogs is bending ofesults of further experiments.
the duplex axis (Bellon and Lippard, 1990; Takahara et al., The structural perturbation caused by d(GpG) intrastrand
1996; Gelasco and Lippard, 1998). The results of thecross-links of cisplatin has been subjected to numerous
present work indicate that bending and unwinding anglesNMR investigations, which were recently reviewed (Ano et
due to the Pt-DAB(SS) cross-link are smaller than those dual., 1999). In these adducts, the polynucleotide chain con-
to the cross-link of Pt-DAB(RR). However, the overall fines the guanine to a head-to-head (HH) arrangement
destabilization of the duplex due to the cross-link of Pt-(Sherman and Lippard, 1987; Bloemink and Reedijk, 1996).
DAB(SS) is greater than that due to the cross-link of Pt-The preferential orientations of the guanines in the HH
DAB(RR). It was suggested recently (Poklar et al., 1996)conformation are those with one guanine close to perpen-
that helical bending induced by the 1,2-d(GpG) intrastrandlicular to the coordination plane (& 100-110°) and the
cross-link of cisplatin thermodynamically stabilized the du-other rather tilted and forming a hydrogen bond between its
plex. A crude estimate has indicated that helical bendingarbonyl oxygen atom and the NHjroup in cis position
due to cisplatin-1,2-d(GpG) cross-link contributeds.4 (@ = 50-60°) (Kozelka et al., 1992). The tilting will be
kcal/mol toward stabilization of the global duplex structure.greater for hydrogen bond formation between the carbonyl
Thus, helical bending induced by the d(GpG) intrastrandoxygen of the guanine residue and a “quasi equatorial”
cross-link has been suggested (Poklar et al., 1996) to pahydrogen of theisamine (Grabner et al., 1998). Molecular
tially compensate destabilization due to the formation ofmodels indicate that one “quasi equatorial” amino proton of
this adduct. With this qualification in mind, we suggest thatthe Pt-DAB(SS)-[d(GpG)] cross-link is close to O(6)-5
one reason why the intrastrand cross-link of Pt-DAB(SS)(carbonyl oxygen of the 'sSguanosine) and that one “quasi
globally destabilizes the DNA duplex more efficiently than equatorial” amino proton of Pt-DAB(RR)-[d(GpG)] is close
the same cross-link of the RR enantiomer is also associatdd O(6)-3 (carbonyl oxygen of the '3guanosine). Conse-
with a lower efficiency of the adduct of the SS enantiomerquently, the formation of the Pt-DAB(SS)-d(GpG) cross-
to contribute toward stabilization of the global duplex struc-link is expected to give greater tilt of the guanine residue on
ture associated with the bending. the 5 side, and therefore the greater distortion on thside
Another conformational parameter of the distortion in- of the cross-link. In contrast, formation of the Pt-DAB(SS)-
duced by the formation of the 1,2-d(GpG) intrastrand crossd(GpG) cross-link should result in the greater tilt for the
links of Pt-DAB compounds determined in the present workguanine residue on the 8ide, so that the distortion should
was unwinding of the double helix (lowering of the number be greater on the’'Zide of the cross-link.
of basepairs per a helical turn). The adduct of the RR These assumptions are in good agreement with the results
enantiomer was slightly more effective in DNA unwinding of the experiments in which structural changes in DNA
than the cross-link of its SS counterpart. The energetics ohduced by the single, site-specific 1,2-d(GpG) intrastrand
DNA unwinding can be crudely estimated using the samecross-link of Pt-DAB(RR) or Pt-DAB(SS) were investi-
approach as that used to calculate the free energy required ¢@ted by studying the effect of this cross-link on the reac-
twist a DNA fragment 12 bp long containing a single tivity of KMnO, and DEPC toward DNA. KMn@ and
1,2-(GpG) intrastrand adduct of cisplatin about its helix axisDEPC are complementary probes capable of revealing the
(Bellon et al., 1991). The free energy of unwinding of only location of AT basepairs, the secondary structure of which
0.29 kcal/mol was calculated assuming the unwinding angléas been perturbed by the cross-link. Importantly, these
13° (Bellon et al., 1991). The same calculations were perehemical probes do not represent measures of basepair
formed, assuming unwinding angles of 20° for the crossdisruption as they can proceed even if the basepairing is
link of Pt-DAB(RR), 15° for the cross-link of Pt-DAB(SS) maintained (Bailly et al., 1994). Formation of adducts by
(vide supra), and local twisting within the fragment 20 bpthese probes requires out-of-plane attack by the electrophile
long [the fragment 20 bp long was taken for these calculaso that they will be sterically hindered by stacking of
tions because energetics of the duplex of this length conneighboring basepairs. Thus, KMp@nd DEPC are essen-
taining the single, site-specific intrastrand d(GpG) crossiially probes of base stacking (Bailly et al., 1994) so that
link of Pt-DAB enantiomers was characterized in thethey are particularly suitable for proving distortions induced
present work (Fig. 4 and Table 1)]. These approximateby the cross-links of Pt-DAB enantiomers predicted above.
calculations gave free energies of unwinding of only 0.42If the reactivity of the two chemical probes with the du-
and 0.23 kcal/mol, respectively. If this rough estimate isplexes containing the cross-links of Pt-DAB(RR) or Pt-
justified, then it seems reasonable to suggest that unwindinBAB(SS) is compared (Fig. 6), the duplex containing the
due to the intrastrand cross-link of Pt-DAB compoundscross-link of Pt-DAB(RR) shows considerably stronger re-
contributes to the efficiency of these platinum complexes taactivity of the AT basepair whose thymine residue is adja-
affect the overall stability of the duplex only in a very small cent to the adduct on its’ 3ide. In contrast, the duplex
extent. More detailed proposals as to the exact nature of theontaining the intrastrand adduct of Pt-DAB(SS) shows

Biophysical Journal 78(4) 2008-2021



DNA Modifications by Platinum(ll) Drugs 2019

stronger reactivity of the two probes of the AT basepair onBerners-Price, S. J., A. Corazza, Z. J. Guo, K. J. Barnham, P. J. Sadler, Y.

; ; Ohyama, M. Leng, and D. Locker. 1997. Structural transitions of a
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Antitumor cis- and trans-[Cl,(Me,SO,) Ru] in
Cell-Free Media
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ABSTRACT. Modifications of natural DNA in cell-free media by the antitumor ruthenium compounds cis- and
rans-[Cl,(Me,SO,) ,Ru] were studied by various biochemical and biophysical methods. These methods included:
binding studies by means of flameless atomic absorption spectrophotometry, mapping of DNA adducts by means
of transcription assay, use of ethidium bromide as a fluorescent probe of DNA adducts of metal complexes, an
interstrand cross-linking assay employing gel electrophoresis under denaturing conditions, measurements of
DNA unwinding by gel electrophoresis, differential pulse polarographic analysis of DNA conformation, and
analysis of liquid crystalline dispersions of DNA by circular dichroism. The results indicated that both ruthenium
compounds irreversibly coordinated to DNA; the rate of binding of the cis isomer was considerably lower than
that of the trans isomer. The DNA-binding mode of trans-[Cl,(Me,SO,4),Ru] included formation of bifunctional
adducts such as intrastrand cross-links between neighboring purine residues and a small amount (~1%) of
interstrand cross-links. cis-[Cl,(Me,SO,),Ru] formed mainly monofunctional lesions on natural DNA. Both
ruthenium isomers induced conformational alterations of non-denaturational character in DNA, the trans
compound being more effective. In addition, DNA adducts of trans-[Cl,(Me,SO,),Ru] were capable of
inhibiting RNA synthesis by DNA-dependent RNA polymerases, while the adducts of the cis isomer were not.
Thus, several features of the DNA-binding mode of trans-[Cl,(Me,SO,)Ru] were similar to those of antitumor
cis-diamminedichloroplatinum (II), which may be relevant to the biological effects of this antitumor ruthenium

drug. On the other hand, the different DNA-binding mode of cis-[Cl,(Me,SO,) ,Ru] was consistent with its less
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In recent years, metal-based antitumor drugs have played a
relevant role in antiblastic chemotherapy [1-4]. Cisplatinf
in particular is regarded as one of the most effective
anticancer drugs used in the clinic. In spite of the great
efficacy of cisplatin against several human tumors, this drug
displays limited activity against some of the most common
tumors, such as colon and breast cancers [4, 5]. In addition,
a variety of adverse effects and acquired resistance are
observed in patients receiving cisplatin chemotherapy. The
great success of cisplatin on the one hand and these
limitations on the other have initiated efforts to develop
new metal-based agents that will display improved thera-
peutic properties.
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lycol); ry,, the number of molecules of the ruthenium compound bound per
nucleotide residue; FAAS, flameless atomic absorption spectrophotome-
try; r;, the molar ratio of free ruthenium complex to nucleotide phosphates
at the onset of incubation with DNA; TE buffer, 10 mM Tris - HCI plus
1 mM EDTA, pH 7.2; and DPP, differential pulse polarography.
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Broadening the spectrum of antitumor drugs depends on
understanding existing agents, with a view toward devel-
oping new modes of attack. After the discovery of cisplatin,
the new platinum antitumor drugs so far introduced in the
clinic were cis-diammine-1,1-cyclobutanedicarboxylato-
platinum(II) (carboplatin) and (trans-R,R)1,2-diammino-
cyclohexaneoxalatoplatinum(II) (oxaliplatin) [5-7]. Car-
boplatin and oxaliplatin differ from cisplatin only in the
more inert leaving group. Hence, as these new compounds
are direct structural analogues of cisplatin that exhibit
reactivity qualitatively similar to that of cisplatin [8, 9], it is
not surprising that they also induce similar biological
consequences [5-7].

One approach in the search for new, metal-based anti-
cancer agents that would exhibit antitumor activity mark-
edly different from that of cisplatin and its direct analogues
is to examine complexes that would contain another
transition metal. Possible advantages in using transition
metal ions other than platinum may involve additional
coordination sites, alterations in ligand affinity and substi-
tution kinetics, changes in oxidation state, and photody-
namic approaches to therapy [3]. In the design of these new
drugs, ruthenium complexes have raised great interest [1, 3,

10].
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The antitumor activity of platinum and other metal-
based drugs is frequently related to their binding to DNA
[3, 11]. These drugs form adducts on DNA that block DNA
and RNA synthesis and induce programmed cell death.
Thus, intracellular interactions with these adducts are
likely to be of importance in explaining their biological
activity or at least some of its features. Dimethyl sulfoxide
complexes of both Ru'" and Ru constitute a relatively new
group of anticancer compounds [3, 12, 13]. For instance,
these complexes exhibit antiblastic activity comparable to
cisplatin at equitoxic dosage in animal models of metasta-
sizing tumors, but with less severe side effects and prolonged
host survival times [12, 14, 15]. In addition, these ruthe-
nium compounds inhibit DNA replication, exhibit muta-
genic activity, and induce the SOS repair mechanisms,
which is consistent with the DNA binding of these com-
pounds in vivo [16, 17].

A small series of complexes whose parent compounds are
cis- and trans-[Cl,(Me,SO,)Ru] constitute one class of
dimethyl sulfoxide Ru" compounds. The examination of
their effect on primary tumor and on metastasis develop-
ment has revealed antimetastatic activities superior to the
effects on primary tumor growth [12, 14, 18]. The initial
studies were performed with cis-[Cl,(Me,SO,) Ru] because
of its similarity to cisplatin [19]. However, the comparisons
between the antitumor effects of cis- and trans-
[Cl,(Me,SO,)4Ru] revealed the superiority of the latter
[15]. cis- and trans-[Cl,(Me,SO,)4Ru] contain two chlo-
rides in the octahedral structure [14, 20]. In cis-
[Cl,(Me,SO,)4Rul, the three Me,SO, molecules are S-
bound in a facial configuration and the fourth is O-bonded.
In trans-[Cl,(Me,SO,),Ru] all the Me,SOys are S-bound.
When dissolved in water, the cis isomer immediately
undergoes loss of the O-bonded dimethyl sulfoxide ligand,
whereas the trans compound rapidly loses two yielding
cis-diaqua species. Both hydrolyzed isomers then undergo
slow reversible chloride dissociation, forming cationic com-
pounds. After this step, the trans compound contains three
reactive groups, the cis isomer only two [14, 20]. In
addition, the three remaining Me,SO, ligands in the cis
isomer represent a considerable steric hindrance, which
makes the cis-aqua species relatively inert in contrast to the
trans isomer. Importantly, this difference correlates with a
higher potency of the trans isomer to act as the antitumor
agent [21].

Both cis- and trans-[Cl,(Me,SO,),Ru] bind to DNA in
cell-free media [14, 21]. Whereas DNA modifications by
platinum antitumor drugs have been studied systematically
and described in detail [22], the modifications of high-
molecular-mass natural DNA by cis- and trans-
[Cl,(Me,SO,)Ru] have been much less explored [3]. Some
early studies based on the analysis of circular dichroism
(CD) spectra of DNA suggested that coordination of the cis
isomer to DNA does not significantly alter the conforma-
tion of B-DNA [14, 23]. The trans isomer binds to DNA
more rapidly, with some changes in the CD spectra indi-
cating conformational alterations [14]. Studies of the inter-
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actions of both isomers with monomeric constituents of
nucleic acids and very short single-stranded oligonucleo-
tides (di- and tetranucleotides) have revealed that both
isomers may have some preference for bifunctional binding
to neighboring guanine residues at their N7 atoms, with the
trans isomer being more effective [24-27]. This suggestion
has been indirectly corroborated by the restriction enzyme
analysis of plasmid DNA modified by these ruthenium
compounds [21]. These studies showed that DNA modified
by trans-[Cl,(Me,SO,)Ru] was protected most effectively
from cutting by BamHI restriction endonuclease, which
contains two neighboring guanine residues in its recogni-
tion sequence.

In order to address further fundamental questions about
the DNA-binding modes of ruthenium antitumor com-
pounds containing Me,SO, ligands, the experiments de-
scribed in the present paper were carried out. More specif-
ically, the interactions of polymeric natural DNAs with cis-
and trans-[Cl,(Me,SO,4) ,Ru] in cell-free media were inves-
tigated by various methods of molecular biophysics, the aim
being to contribute to the understanding of the differences
in the biological effects of these isomers.

MATERIALS AND METHODS
Starting Materials

cis- and trans-[Cl,(Me,SO,)Ru] were synthesized, recrys-
tallized, and characterized as previously reported [20].
Cisplatin and [Cl(dien)Pt]Cl were synthesized and charac-
terized in Lachema. Stock solutions of the ruthenium and
platinum complexes (5 X 10™* M in 10 mM NaClO,) were
prepared in the dark at 25°. CT DNA (42% G + C, mean
molecular mass ca. 20,000 kDa) was also prepared and
characterized as described previously [28, 29]. CT DNA
used for the formation of liquid crystalline dispersions was
depolymerized by ultrasound, so that its average molecular
mass was ~500 kDa (determined by agarose gel electro-
phoresis). Plasmids pSP73 (2464 bp) and pSP73KB (2455
bp [30]) were isolated according to standard procedures and
banded twice in CsCIl/EtBr equilibrium density gradients.
Restriction endonucleases were purchased from New En-
gland Biolabs. Klenow fragment of DNA polymerase [ was
from Boehringer Mannheim Biochemica. Riboprobe Gem-
ini System II for transcription mapping containing T7 and
SP6 RNA polymerase was purchased from Promega. EtBr
and agarose were from Merck KgaA. PEG (molecular mass
4600 kDa) was purchased from Sigma. The radioactive
products were from Amersham.

Metallation Reactions

CT or plasmid DNAs were incubated with the ruthenium
or platinum complex in 10 mM NaClO, at 37° in the dark
if not stated otherwise. After 48 hr, the samples of plasmid
DNA were precipitated by ethanol and redissolved in the
medium required for subsequent biochemical or biophysical
analysis, whereas the samples of CT DNA were exhaus-
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tively dialyzed against such a medium. An aliquot of these
samples was used to determine the r,, value by FAAS.

The dependencies of the 1, values on time for the
ruthenium complexes tested in the present work were
obtained in the following way. Solutions of CT DNA at the
concentration of ca. 0.1 mg/mL were incubated with the
ruthenium complex at an r; value of 0.1. At the various
time intervals, aliquots were withdrawn and the reaction
was stopped by adding 1/10 of a volume of 1.5 M NaCl,
including quick cooling to —20°. DNA was then precipi-
tated by ethanol. The amount of the free ruthenium
complexes (not bound to DNA) in supernatant was deter-
mined by FAAS. The amount of ruthenium bound to DNA
(r,) was calculated by subtracting the amount of ruthenium
remaining in solution (determined by FAAS) from the
total amount of ruthenium present in the reaction.

DNA Transcription by RNA Polymerase In Vitro

Transcription of the (Ndel/Hpal) restriction fragment of
pSP73KB DNA with DNA-dependent T7 and SP6 RNA
polymerases and electrophoretic analysis of the transcripts
were performed according to the protocols recommended
by Promega (Promega Protocols and Applications, 43—46
[1989/90]) and previously described in detail [30, 31].

Interstrand Cross-Link Assay

If not stated otherwise, cis- and trans-[Cl,(Me,SO,) Ru] at
varying concentrations were incubated with 2 g of pSP73
DNA either in negatively supercoiled form or after it had
been linearized by EcoRI. The modified samples were
precipitated by ethanol, and the circular DNA already
modified by ruthenium complex was subsequently linear-
ized by EcoRI. The linear duplexes were then analyzed for
DNA interstrand cross-links in the same manner as de-
scribed in several recent papers [31, 32]. The linear du-
plexes were first 3’-end labeled by means of Klenow
fragment of DNA polymerase I and [a->’P]dATP. The
samples were deproteinized by phenol, precipitated by
ethanol, and the pellet dissolved in 18 wL of 30 mM NaOH
with 1 mM EDTA, 6.6% sucrose, and 0.04% bromophenol
blue. The amount of interstrand cross-links was analyzed by
electrophoresis under denaturing conditions on alkaline
agarose gel (1%). After the electrophoresis was completed,
the intensities of the bands corresponding to single strands
of DNA and interstrand cross-linked duplex were quanti-
fied by means of a Molecular Dynamics Phosphorlmager
(Storm 860 system with ImageQuant software). The fre-
quency of interstrand cross-links, F (the number of inter-
strand cross-links per adduct), was calculated as F =
98T (pSP73 plasmid contained 4928 nucleotide resi-
dues). XL is the number of interstrand cross-links per one
molecule of the linearized DNA duplex which was calcu-
lated assuming Poisson distribution of the interstrand cross-
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links as XL = —In A, where A is the fraction of molecules
running as a band corresponding to the non-cross-linked

DNA [32].

Fluorescence Measurements

Fluorescence measurements of DNA modified by ruthe-
nium complexes in the presence of EtBr were performed at
an excitation wavelength of 546 nm, and the emitted
fluorescence was analyzed at 590 nm. The fluorescence
intensity was measured at 25° in 0.4 M NaCl to avoid
secondary binding of EtBr to DNA [33, 34]. The concen-
trations were 0.01 mg/mL for DNA and 0.04 mg/mL for
EtBr, which corresponded to the saturation of all interca-
lation sites of EtBr in DNA [33, 34]. These measurements
were performed on a Shimadzu RF 40 spectrofluorophotom-
eter using a 1-cm quartz cell.

Differential Pulse Polarography

DPP curves of DNA were measured after non-modified
DNA or DNA modified by the ruthenium complex was
redissolved in the medium of 0.3 M ammonium formate
plus 0.05 M phosphate (Na,HPO,/NaH,PO,) buffer, pH
6.8 [35]. DPP curves were recorded with the aid of an
EG&C PARC Electrochemical Analyzer, Model 384B at
25° using the following apparatus settings: voltage scan rate
2 mV/sec, pulse amplitude of 5 mV, drop time of 1.0 sec.
The potentials are against the saturated calomel reference
electrode.

Unwinding of Negatively Supercoiled DNA

Unwinding of closed circular supercoiled pSP73 plasmid
DNA was assayed by an agarose gel mobility shift assay [36].
The unwinding angle ®, induced per platinum-DNA
adduct, was calculated upon the determination of the 1,
value at which the complete transformation of the super-
coiled to relaxed form of the plasmid was attained. Samples
of pSP73 plasmid were incubated with cis- or trans-
[Cl,(Me,SO,),Ru] for 48 hr, precipitated by ethanol, and
redissolved in TAE buffer (0.04 M Tris—acetate + 1 mM
EDTA, pH 7.0). An aliquot of the precipitated sample was
subjected to electrophoresis on 1% agarose gels running at
25° in the dark with TAE buffer with a voltage set at 30 V.
The gels were then stained with EtBr, followed by photog-
raphy on Polaroid 667 film with transilluminator. The
other aliquot was used for the determination of r,, values by

FAAS.

Liquid Crystalline Dispersions of DNA

Liquid crystalline dispersions of DNA modified by the
metal complexes were formed by mixing DNA and PEG
solutions as described earlier [37, 38]. Briefly, 1 mL of
non-modified DNA or DNA modified by the metal com-
plex dissolved in 0.01 M NaClO, at the concentration of
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FIG. 1. Kinetics of the binding of cis-[Cl,(Me,SO,),Ru] (O0)
and trans-[Cl,(Me,SO,),Ru] (A) to CT DNA. Medium: 10
mM NaClO, at 37°. The binding was determined by FAAS after
precipitation by ethanol. The concentration of DNA was 0.1
mg/mL, r; = 0.1. Data measured in triplicate varied on average
+3% from their mean. For other details, see the text.

0.06 mg/mL was mixed vigorously with 3 mL PEG at the

concentration of 200 mg/mL (also dissolved in 0.3 M
NaClO,) for 1 hr.

Other Methods

Absorption spectra were measured with a Beckmann DU-8
spectrophotometer. FAAS measurements were carried out
on a Unicam 939 AA spectrometer with a graphite furnace.
For FAAS analysis, DNA was precipitated with ethanol
and dissolved in 0.1 M HCI. CD spectra were recorded at
25° using a JASCO spectropolarimeter, Model ]720.

RESULTS
DNA Binding

Solutions of double-helical CT DNA at a concentration of
0.1 mg/mL were incubated with cis- and trans-
[Cl,(Me,SO,),Ru] at r; values of 0.1 at 37° in three media:
10 mM NaClO,, TE buffer, or 1 mM phosphate buffer
(NaH,PO,/Na,HPO,, pH 7.0). At various time intervals,
an aliquot of the reaction mixture was withdrawn; the
reaction was then terminated by adjusting NaCl concen-
tration to 0.15 M followed by quick cooling to —20° and
precipitating DNA by ethanol. The supernatant was as-
sayed by FAAS for the amount of free ruthenium not bound
to DNA. The amount of ruthenium bound to DNA, r;,, was
calculated by subtracting the amount of ruthenium remain-
ing in solution from the total amount of ruthenium present
in the reaction. Figure 1 shows a plot of 1, against the time
of DNA incubation with cis- or trans-[Cl,(Me,SO,4),Ru] in
10 mM NaClO,. The amount of ruthenium coordinated to
DNA increased with time. After 48 hr, the binding
reached its maximum values, which corresponded to
approximately 40 or 75% of the molecules of cis- or
trans-[Cl,(Me,SO,) 4Rul, respectively, present in the re-
action mixtures. Importantly, both ruthenium compounds
reacted with DNA at a similar rate, with r; values in the
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range of 0.001-0.1. Thus, the rate of binding to natural
polymeric DNA of both ruthenium compounds tested in
the present work was lower than that of cisplatin [39].
These results also confirmed that DNA binding of the
cis-[Cl,(Me,SO,)4Ru] is considerably less effective than
that of its trans isomer.

The binding studies described above were performed in
the medium of 10 mM NaClO,, which is used as a standard
medium if DNA interactions of antitumor platinum com-
plexes are investigated in cell-free media. For comparative
purposes, the binding of the two ruthenium compounds to
DNA was also investigated in TE or phosphate buffers, i.e.
in the media used in some previous studies of DNA modifi-
cations by ruthenium complexes. The components of these
buffers are potential ligands of transition metal complexes that
compete with DNA for metal [40]. This fact can significantly
affect the rate of the binding of ruthenium complexes to
DNA. DNA binding of trans-[Cl,(Me,SO,),Ru] measured
after 24 hr in TE or phosphate buffers was decreased from
70% in 10 mM NaClO, to 20 or 50%, respectively.
Similarly, DNA binding of the cis isomer under the same
experimental conditions was decreased from 30% to 5 or
10%, respectively. Identical results were obtained when the
binding of both isomers was measured in the media con-
taining TE or phosphate buffers at ten times lower concen-
trations. On the other hand, if DNA was first modified by
cis- or trans-[Cl,(Me,;SO,4),Ru] in 10 mM NaClO, to an
value in the range of 0.001-0.05, the level of the modifi-
cation (r,,) remained unchanged even after DNA modified
by ruthenium complex was transferred into the media in
which their rate of DNA binding is noticeably decreased
(vide supra). This observation was also consistent with the
results of the following experiment. CT DNA modified by
the ruthenium complex in 10 mM NaClO, was precipitated
by ethanol, redissolved in the medium of TE or phosphate
buffer (containing no ruthenium complex), further incu-
bated at 37° for an additional 48 hr, again precipitated by
ethanol, and the content of ruthenium in these samples
(r,) determined by FAAS. No changes in 1, values were
noticed.

The binding experiments of the present work indicate
that modification reactions resulted in the irreversible
coordination of molecules of the ruthenium complexes to
polymeric double-helical DNA. In addition, these results
made it possible to prepare easily and precisely the samples
of DNA modified by the ruthenium complexes at a prese-
lected value of 1,. Importantly, it is also reasonable to
assume that the levels of DNA modifications by the
ruthenium complexes reached in 10 mM NaClO, remained
unchanged after the sample of DNA modified by the
ruthenium complex was transferred into the medium re-
quired for subsequent biophysical or biochemical analyses.
Thus, the samples of DNA modified by the ruthenium
complexes and analyzed further by biophysical or biochem-
ical methods were prepared in 10 mM NaClO, at 37°. After
48 hr of the reaction of DNA with the complex, the
samples were precipitated in ethanol, dissolved in the
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medium necessary for a particular analysis, and the 1, value
in an aliquot of this sample checked by FAAS. In this way,
the analyses described in the present paper were performed
in the absence of unbound (free) ruthenium complex.

Transcription Mapping of DNA Adducts

In vitro RNA synthesis by RNA polymerases on DNA
templates containing several types of bifunctional adducts
of metal complexes can be prematurely terminated at the
level or in the proximity of adducts [30, 31, 41, 42].
Importantly, monofunctional DNA adducts of several plat-
inum complexes are unable to terminate RNA synthesis.

Cutting of pSP73KB DNA [30, 31] by Ndel and Hpal
restriction endonucleases yielded a 212-bp fragment (a
substantial part of its nucleotide sequence is shown in Fig.
2B). This fragment contained convergent T7 and SP6
RNA polymerase promoters (in the upper and lower
strands, respectively, close to its 3’-ends [Fig. 2B]). The
experiments were carried out using this linear DNA frag-
ment, modified by cis-[Cl,(Me,SO,)Rul, its trans isomer,
or cisplatin at 1, = 0.01, for RNA synthesis by T7 and SP6
RNA polymerases (Fig. 2A, lanes cisRu, transRu, or cisPt,
respectively). RNA synthesis on the template modified by
trans-[Cl,(Me,SO,)Ru] or cisplatin yielded fragments of
defined sizes (Fig. 2A, lanes transRu and cisPt), which
indicates that RNA synthesis on these templates was
prematurely terminated. The major stop sites produced by
trans-[Cl,(Me,SO,),Ru] were identical to those produced
by cisplatin, i.e. mainly appearing at G sites and to a
considerably lesser extent at A sites. These G and A sites
were mostly contained in GG or AG sites, which are
preferential DNA-binding sites of cisplatin. Interestingly,
the bands produced by the trans ruthenium complex had a
lower intensity than those yielded by cisplatin, which
suggests that trans-[Cl,(Me,SO,),Ru] also produces DNA
adducts incapable of terminating RNA synthesis and that
the amount of these DNA adducts (presumably monofunc-
tional lesions) was considerably higher than that formed in
the case of cisplatin. Taken together, the results of these
mapping experiments suggest that trans-[Cl,(Me,SO,),Rul
can also form, on double-helical DNA, an amount of
bidentate adducts similar to DNA cross-links formed by
cisplatin.

DNA adducts of cis-[Cl,(Me,SO,)Ru] produced only
faint bands corresponding to stop sites (Fig. 2A, lane
cisRu). This observation is consistent with capability of
cis-[Cl,(Me,SO,)4Ru] to form a considerably smaller
amount of adducts on DNA that would be similar to those
formed by trans-[Cl,(Me,SO,),Ru] or cisplatin.

Characterization of DNA Adducts by EtBr Fluorescence

EtBr as a fluorescent probe has been used to characterize
perturbations induced in DNA by adducts of several plati-
num compounds [33, 43—45]. Double-helical CT DNA was
modified by cisplatin, monofunctional [Cl(dien)Pt]Cl, and
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FIG. 2. Inhibition of RNA synthesis by SP6 (left) and T7
(right) RNA polymerases on the Ndel/Hpal fragment of
pSP73KB plasmid modified by ruthenium and platinum com-
plexes. (A) Autoradiograms of 6% polyacrylamide/8 M urea
sequencing gels. Lanes: control, non-modified template; cisPt,
cisRu, and transRu, the templates modified by cisplatin, cis-
[CL,(Me,SO,),Rul, and trans-[Cl,(Me,SO,)Ru] at r, = 0.01,
respectively. (B) Schematic diagram showing the portion of the
nucleotide sequence of the template (upper) strand of the
Ndel/Hpal fragment used to monitor inhibition of RNA syn-
thesis by trans-[Cl,(Me,SO,) ,Rul]. The arrows indicate the
start of the T7 or SP6 RNA polymerases. (@), major stop
signals (from Fig. 2A, lanes transRu). The numbers correspond
to the nucleotide numbering in the sequence map of pSP73KB
plasmid.

cis- or trans-[Cl,(Me,SO,4),Rul. The levels of the modifi-
cation corresponded to the values of r, in the range of
0-0.1. Modification of DNA by all-metal complexes re-
sulted in a decrease in EtBr fluorescence as compared with
the control DNA—-EtBr complex (Fig. 3). The decrease
caused by the adducts of trans-[Cl,(Me,SO,)Ru] com-
plexes was similar to that induced by the DNA adducts of
cisplatin at equivalent 1, albeit somewhat smaller. On the
other hand, modification of DNA by cis-[Cl,(Me,SO,) ,Rul
resulted in a pronouncedly smaller decrease in EtBr fluo-
rescence as compared with that due to the modification by
trans-[Cl,(Me,SO,)Ru] or cisplatin, but one that was still
larger than that due to the modification by monofunctional

[Cl(dien)Pt]CL
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FIG. 3. Dependencies of ethidium bromide fluorescence on r,
for CT DNA modified by various metal complexes in 10 mM
NaClO, at 37° for 48 hr. [Cl(dien)Pt]CI (x), cisplatin (O),
cis-[Cl,(Me,SO,) ,Ru] (O), and trans-[Cl,(Me,SO,) ,Ru] (A).
Data measured in triplicate varied on average £2% from their
mean.

Interstrand Cross-linking

Transcription mapping experiments and EtBr fluorescence
analysis (Figs. 2 and 3) were consistent with the capability
of ruthenium complexes to form on polymeric DNA biden-
tate adducts, but these studies could not distinguish
whether these adducts were intrastrand or interstrand
cross-links. Therefore, further experiments were carried out
to compare the amounts of the interstrand cross-links
formed by cis- or trans-[Cl,(Me,SO,)4Ru] in negatively
supercoiled or linear DNA. In these experiments, we used
pSP73 plasmid (2464 bp, native supercoil density o =
—0.063), which was modified by cis- or trans-
[Cl,(Me,SO,)4Ru] complexes in two ways. One series of
samples was prepared by modifying the plasmid only after it
had been linearized by EcoRI (EcoRI cuts only once within
pSP73 plasmid). The samples of the other series were
prepared by a modification of the supercoiled plasmid by
ruthenium complexes, and only after the modification
reaction was completed was the plasmid linearized by
EcoRI. Thus, we prepared two types of linear DNA mole-
cules of the same length and nucleotide sequence modified
by ruthenium complexes, which could be differently af-
fected by this drug if different DNA topology were to play
a role during the modification reaction. The two samples
were analyzed for interstrand cross-links by agarose gel
electrophoresis under denaturing conditions in an attempt
to reveal these differences. It was also verified by FAAS
whether the amount of ruthenium complexes coordinated
to the base residues in DNA was independent of DNA
topology during the modification reaction over a broad
range of r; values (0.001-0.1) and at any reaction time.
An electrophoretic method for precise and quantitative
determination of interstrand cross-linking by metal com-
plexes in DNA has been described previously [31, 32].
Upon electrophoresis under denaturing conditions, 3'-end
labeled strands of linearized pSP73 plasmid containing no
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FIG. 4. The formation of interstrand cross-links by ruthenium
complexes in negatively supercoiled and linearized pSP73 plas-
mid. (A) Autoradiogram of a denaturing 1% agarose gel of
linearized DNA which was 3’-end labeled; the interstrand
cross-linked DNA appears as the top bands migrating on the gels
more slowly than the single-stranded (ss) DNA (contained in
the bottom bands). The plasmid linearized by EcoRI was
incubated with cisplatin (lanes 2 and 3), trans-
[C1,(Me,SO,),Ru] (lanes 4-8), or cis-[Cl,(Me,SO,) Rul
(lanes 9-13) for 48 hr at 37°% r, values: O (control, non-
modified DNA), lanes 1 and 14; 0.0005, lane 2; 0.001, lane 3;
0.0048, lane 4; 0.00096, lane 5; 0.0024, lane 6; 0.0048, lane
7; 0.0096, lane 8; 0.00087, lane 9; 0.0022, lane 10; 0.0044,
lane 11; 0.0067, lane 12; 0.0087, lane 13. (B) Dependence on
r,, of the percentage of interstrand cross-links (ICL) per adduct
(interstrand cross-linking [%]) formed by cis-
[CL,(Me,SO,),Rul (A, O) or trans-[Cl,(Me,SO,),Ru] (m, O)
in supercoiled (closed symbols) or linearized (open symbols)
DNA within 48 hr. Data measured in triplicate varied on
average +3% from their mean.

interstrand cross-links migrate as a 2464-nucleotide single
strand, whereas the interstrand cross-linked strands migrate
more slowly as a higher-molecular-mass species. The bands
corresponding to more slowly migrating interstrand cross-
linked fragments were observed if the trans-
[Cl,(Me,SO,)4Ru] complex was used to modify DNA in
both linearized and supercoiled forms at 1, as low as 5 X
107 (Fig. 4A). The intensity of the more slowly migrating
band increased with the growing level of the modification.
The radioactivity associated with the individual bands in
each lane was measured to obtain estimates of the fraction
of non-cross-linked or cross-linked DNA under each con-
dition. The frequency of interstrand cross-links (the
amount of interstrand cross-links per one molecule of
trans-[Cl,(Me,SO,),Ru] complex coordinated to DNA)
was calculated using the Poisson distribution in combina-
tion with the r, values and the fragment size [32] (for more
details, see Materials and Methods).

As summarized in Fig. 4B, trans-[Cl,(Me,SO,),Rul
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showed a relatively low interstrand cross-linking efficiency
in both linear and negatively supercoiled DNA, i.e. approx-
imately 6 times less than formed by cisplatin under identi-
cal conditions [31, 46]. Importantly, cis-[Cl,(Me,SO,),Rul
forms an even smaller amount of interstrand cross-links
(roughly half), which is consistent with a tendency of the
cis isomer to preferentially form on double-helical DNA
monofunctional adducts. These results indicate that the
interstrand cross-links are only highly minor adducts in
double-helical DNA modified by [Cl,(Me,SO,)Ru] com-
plexes.

Differential Pulse Polarography

DPP analysis readily and with great sensitivity distinguishes
between non-denaturational and denaturational conforma-
tional alterations induced in DNA by various physical or
chemical agents [47, 48]. This analysis is based on the
observation that intact double-helical DNA is polarograph-
ically inactive, because its reduction sites are involved in
hydrogen bonds and are unable to make contact with the
working electrode in a manner suitable for electron transfer.
Electroreduction of adenine or cytosine residues present in
distorted but still double-stranded (non-denatured) regions
of DNA is responsible for the appearance of the small DPP
peak II (Fig. 5A, curve 1). Base residues in these distorted
regions become more accessible for electroreduction at the
mercury electrode and can yield a small polarographic
current. On the other hand, the appearance of a more
negative peak III on DPP curves of DNA indicates the
presence of single-stranded, denatured regions in the DNA
molecule, in which hydrogen bonds between complemen-
tary bases have been broken [47, 48]. Differences in the
adsorption properties of double-helical and denatured DNA
at the mercury electrode have been suggested to give rise to
the different reduction potentials that are observed for the
two DNA conformations. Importantly, less than 1% dena-
tured material in the excess of double-helical DNA can be
determined by DPP [49].

DPP has already been used to analyze DNA modified by
various physical or chemical agents, including platinum
compounds with different clinical efficacy [50, 51]. It has
been found that DNA globally modified by antitumor
cisplatin or its analogues at ry, values up to 0.05 yields the
DPP peak II, indicating that these antitumor drugs induce
non-denaturational conformational changes in DNA [32,
35]. In contrast, the more negative DPP peak III is observed
on DPP curves of DNA globally modified by clinically
ineffective transplatin and other inactive platinum(II)
complexes, indicating that the clinically ineffective plati-
num complexes induce denaturational conformational al-
terations in DNA [50, 51].

DPP analysis also sheds considerable light on the con-
formational basis for DNA binding of cis- or trans-
[Cl,(Me,SO,),Ru]. The modification of CT DNA by these
ruthenium complexes at 1, of 0.005-0.02 resulted in an
increase in DPP peak II with a growing level of modifica-
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FIG. 5. Differential pulse polarographic analysis of CT DNA
modified by ruthenium complexes. DNA at a concentration of
0.4 mg/mL in 0.3 M ammonium formate with 0.01 M phosphate
buffer, pH 6.8. (A) DPP curves; DNA modified by trans-
[Cl,(Me,SO,) ,Rul; r,, values: O (control, non-modified DNA),
curve 1; 0.005, curve 2; 0.01, curve 3; and 0.02, curve 4. The
arrows in Fig. 5A marked by II and III indicate potentials E
(against saturated calomel electrode [SCE]) at which native or
denatured DNA samples yielded DPP peaks II or III, respec-
tively (see the text). The way in which the height of the DPP
peak (x) was measured in the present work is shown in Fig. 5A,
curve 1. (B) Dependence of the relative height of DPP peak 1II,
R, yielded by DNA modified by the ruthenium complexes on
r,: (x—=x), cis-[Cl,(Me,SO,),Rul; (@—@), trans-[Cl,
(Me,SO,),Rul; and (A—=2), cisplatin. The value of R was
calculated as the ratio of the peak height yielded by the modified
DNA over the peak height yielded by the control (non-modi-
fied) DNA.

tion (shown for the trans isomer in Fig. 5A). The more
negative peak III was not detected even on the DPP curves
recorded for DNA modified at the highest 1, value used in
our experiments (0.02). It could be argued that the absence
of peak III on the DPP curves recorded for the samples of
DNA modified at relatively high r;, values (~0.02) could be
due to an increase in the slope of the part of the DPP curve
corresponding to the background electrolyte discharge (Fig.
5A, curve 4). The observation that peak III was not buried
under the background electrolyte discharge curve was
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FIG. 6. Unwinding of negatively supercoiled pSP73 plasmid
DNA by ruthenium complexes. The plasmid was incubated with
trans-[Cl,(Me,SO,) ,Ru] for 48 hr at 37° and precipitated by
ethanol. r,, values: O (control, non-modified DNA), lanes 1 and
15; 0.06, lane 2; 0.07, lane 3; 0.08, lane 4; 0.09, lane 5; 0.1,
lane 6; 0.11, lane 7; 0.12, lane 8; 0.13, lane 9; 0.14, lane 10;
0.15, lane 11; 0.16, lane 12; 0.2, lane 13; and 0.26, lane 14. The
top bands (oc) correspond to the form of nicked plasmid and the
bottom bands (sc) to the closed, negatively supercoiled plasmid.

verified using the sample of DNA modified by cis- or
trans-[Cl,(Me,SO,)Ru] at 1, = 0.02 to which 0.8% ther-
mally denatured CT DNA was added. This sample yielded
a small, more negative peak III on the DDP curve (recorded
under conditions specified for curve 4 in Fig. 5A) (not
shown). Thus, the absence of the peak III on the DPP
curves of DNA modified by cis- or trans-[Cl,(Me,SO,),Rul
suggests that these ruthenium complexes, as with antitumor
cisplatin and other antitumor analogues of this drug, induce
non-denaturational conformational distortions in DNA at
relatively low levels of the global modification (r, = 0.02).
The DNA-binding mode of cis- or trans-[Cl,(Me,SO,),Ru]
is also in profound contrast to the modification of DNA by
clinically ineffective transplatin [50, 51]. In addition, the
relative increase in peak II due to the global modification
by cis-[Cl,(Me,SO,4),Ru] was considerably smaller at the
same level of DNA modification (r,) (Fig. 5B) than the
increase in peak II due to the modification by trans-
[Cl,(Me,SO,)4Ru]. This finding supports the view that
non-denaturational distortions of DNA due to the global
binding of trans-[Cl,(Me,SO4),Ru] are more extensive
than those due to the binding of cis-[Cl,(Me,SO,)Ru].

Unwinding

Electrophoresis in native agarose gel was used to quantify
the unwinding induced in pSP73 plasmid by the ruthenium
complexes by monitoring the degree of supercoiling (Fig.
6). A compound that unwinds DNA duplex reduces the
number of supercoils in closed, negatively supercoiled DNA
so that the negative superhelical density of closed circular
DNA decreases. This decrease upon binding of unwinding
agents causes a decrease in the rate of migration through
agarose gel, which makes it possible for the unwinding to be
observed and quantified [36]. Figure 6 shows an electro-
phoresis gel in which increasing amounts of trans-
[Cl,(Me,SO,)Ru] were bound to a mixture of relaxed and
negatively supercoiled pSP73 DNA. Interestingly, trans-
[Cl,(Me,SO,)Ru] accelerated the mobility of the relaxed
form in a similar fashion to cisplatin, whose bifunctional
binding to DNA shortens and condenses the DNA helix
[52, 53]. In contrast, cis-[Cl,(Me,SO,),Ru] affected the
mobility of the relaxed form markedly less (not shown),
implying that its binding results in shortening or conden-
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sation of DNA to a very small extent. The unwinding angle
is given by ® = 18 o/ri(c), where o is the superhelical
density and ry,(c) is the value of r, at which the supercoiled
and relaxed forms co-migrate [36]. Under the present
experimental conditions, o was calculated to be —0.063 on
the basis of the data for cisplatin, for which the r,(c) was
determined in this study and ® = 13° was assumed. Using
this approach, the DNA unwinding angle of 7 = 1° was
determined for trans-[Cl,(Me,SO,4),Rul. On the contrary,
the co-migration of the relaxed and negatively supercoiled
DNAs was not observed even at such a high level of
modification by cis-[Cl,(Me,SO,)4Ru] as is that corre-
sponding to the r, value of 0.25, indicating a negligible
efficiency of the cis isomer to unwind DNA.

Liquid Crystals

The cholesteric liquid crystalline dispersions of DNA,
which can simulate the principal properties of DNA mol-
ecules within cells, such as their spatial ordering in con-
densed and packed state, have been used as model systems
in vivo [38, 54]. This model system was used in the present
work to provide information on the possible consequences
of the binding of cis- or trans-[Cl,(Me,SO,),Ru] on the
formation and stability of the condensed DNA. In the
presence of PEG water-containing salt solutions, linear
double-stranded DNA is condensed, forming helically
twisted liquid crystalline dispersions of DNA molecules
(the left-handed helicoidal structure of cholesteric phase
from the right-handed DNA molecules). The peculiar
properties of this phase caused by anisotropic orientations
can be analyzed by measuring CD spectra. The occurrence
of the cholesteric liquid crystalline form of DNA is accom-
panied by the origin of the intense negative CD band at ca.
275 nm (Fig. 7) [55-57]. The decrease in the amplitude of
this band in the CD spectra of liquid crystalline dispersions
of DNA modified by antitumor platinum complexes is
associated with the disappearance of the helical twist of the
liquid crystalline microphase due to alterations of DNA
secondary structure, such as disturbances in the stacking
interactions of bases [37, 55, 58]. Interestingly, clinically
ineffective platinum complexes, such as trans isomer of
cisplatin or monofunctional platinum(II) compounds, only
negligibly or weakly affected the CD spectra of liquid
crystalline dispersions of DNA. Thus, the CD spectra of
liquid crystalline microphases of DNA modified by plati-
num compounds are very sensitive to the status of the
antitumor activity of platinum compounds and have been
suggested [37] for preliminary testing of the antitumor
activity of novel metal-based drugs.

We recorded CD spectra of the liquid crystalline disper-
sions of sonicated CT DNA modified by cis- or trans-
[Cl,(Me,SO,)4Ru] at a wide range of r, values in the
presence of PEG (shown for the trans isomer in Fig. 7A),
and the data were compared with those obtained for DNA
modified by cisplatin and monofunctional [Cl(dien)Pt]CI.
In the CD spectrum of the liquid crystalline dispersions of
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FIG. 7. (A) Circular dichroism spectra of liquid crystalline
dispersions formed from non-modified CT DNA and CT DNA
modified by trans-[Cl,(Me,SO,) ,Ru] in the presence of 150 mg
of PEG/mL. r,, values: O (control, non-modified DNA), curve 1;
0.03, curve 2; 0.039, curve 3; 0.055, curve 4; 0.098, curve 5;
and 0.12, curve 6. (B) The dependence on r, of the relative
amplitude of the negative circular dichroism band at ~275 nm,
A€, 5,m Of liquid crystalline dispersions formed from CT DNA
modified by [Cl(dien)Pt]Cl (x), cisplatin (O), cis-[Cl,
(Me,SO,),Ru] (O), and trans-[Cl,(Me,SO,),Ru] (A) in the
presence of 150 mg PEG/mL. For other details, see the text.

the control, non-modified DNA, an intense negative band
at around 275 nm was observed. The amplitude of this band
decreased as a consequence of the increasing amount of cis-
or trans-[Cl,(Me,SO,)4Ru] bound to DNA (Fig. 7B). At
the level of binding of trans-[Cl,(Me,SO,),Ru] correspond-
ing to 1, = 0.1, the negative band disappeared. It is also
evident from Fig. 7B that cis-[Cl,(Me,SO,) ,Ru] was mark-
edly less efficient in decreasing the amplitude of the
negative CD band at 275 nm than its trans isomer.

The results shown in Fig. 7B also indicate that cis-
[Cl,(Me,SO,)Ru] only disturbs DNA  liquid crystals
weakly, but more than monofunctional [Cl(dien)Pt]Cl. On
the other hand, although trans-[Cl,(Me,SO,),Ru] disturbs
these crystals markedly more than its cis isomer, its effi-
ciency is in this respect lower than that of cisplatin. Hence,
these results are consistent with the view that disturbance
of the secondary structure of DNA by trans-
[Cl,(Me,SO,)4Ru] has some features similar to those in-
duced by cisplatin, which might be relevant to the antitu-
mor activity observed for this ruthenium compound earlier.
On the other hand, cis-[Cl,(Me,SO,)Ru] could be rather
grouped with clinically less effective or ineffective metal-

1769

based compounds that alter conformation of DNA in a way
only resulting in a negligible or weak disturbance of its
liquid crystalline dispersions.

DISCUSSION

The present work demonstrates that antitumor cis- and
trans-[Cl,(Me,SO,)Ru] irreversibly coordinate to the res-
idues in high-molecular-mass DNA. The rate of DNA
binding of cis-[Cl,(Me,SO,),Ru] is considerably lower than
that of the trans isomer. The lower reactivity of the cis
isomer is very likely associated with the presence of three
bulky Me,SO, ligands after this compound is dissolved in
water, in contrast to only two Me,SO, groups remaining in
the dissolved molecules of the trans-isomer. Importantly,
the reactivity of these metal-based compounds toward
DNA is strongly affected by potential ligands of ruthenium
complexes that may be present in the reaction medium, for
instance as components of the reaction buffers.

Some details about the nature of the adducts formed by
cis- and trans-[Cl,(Me,SO,),Ru] on natural, double-helical
DNA have emerged from the present work, such as tran-
scription mapping of these adducts, the analysis of DNA by
the EtBr fluorescent probe, and the DNA interstrand
cross-linking assay. The results of these investigations are
consistent with the view that trans-[Cl,(Me,SO,) ,Rul, like
antitumor cisplatin, forms a significant amount of intras-
trand cross-links in DNA between neighboring purine
residues, but their amount was considerably smaller than
that formed by the platinum drug. Interestingly, trans-
[Cl,(Me,SO,)4Ru] can also form DNA interstrand cross-
links, a previously unobserved phenomenon, although their
amount is very low (~1%). cis-[Cl,(Me,SO,4),Ru] prefer-
entially forms on DNA monofunctional lesions.

One of the important features of the DNA-binding mode
of metal-based antitumor drugs relevant to their biological
effects is the conformational alteration induced by the
formation of the adduct. The assays based on differential
pulse polarographic analysis, gel electrophoresis of nega-
tively supercoiled and nicked plasmids, and the formation
of liquid crystalline dispersions of DNA revealed that both
ruthenium complexes are capable of inducing local confor-
mational alterations of a non-denaturational character.
The extent of these alterations induced by the trans isomer
was noticeably higher than that induced by the cis isomer.
Thus, the global character of conformational changes
induced in DNA by the two ruthenium isomers is similar to
that induced by antitumor cisplatin and different from
distortions induced in DNA by clinically ineffective trans-
platin or monofunctional platinum complexes such as
[Cl(dien)Pt]Cl or [CI(NH;);Pt]Cl.

The results of these studies also demonstrate that bifunc-
tional DNA adducts of trans-[Cl,(Me,SO,4),Ru] inhibit
RNA synthesis and specifically block RNA polymerases at
the sites of the modified guanine and, to a lesser extent,
adenine residues. Importantly, DNA adducts of therapeu-
tically less effective cis-[Cl,(Me,SO,) Ru] are unable to
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inhibit RNA synthesis, very likely because this ruthenium
compound binds DNA in a monodentate fashion, a binding
mode expected to result in antitumor activity only in rare
cases.

Taken together, several features of the DNA-binding
mode of trans-[Cl,(Me,SO,),Ru] described in the present
work are similar to those of antitumor cisplatin, which may
be relevant to the biological effects of this antitumor
ruthenium drug. DNA binding of cis-[Cl,(Me,SO,),Ru]
mainly results in the formation of monofunctional adducts,
and the extent of conformational distortions induced in
DNA is considerably smaller in comparison with distortions
induced by its trans isomer. This observation is consistent
with the less pronounced biological effects of cis-
[Cl,(Me,SO,)4Ru] in comparison with its trans isomer.
Whatever the detailed mechanism, however, the ruthe-
nium compounds are interesting from a mechanistic point
of view and, therefore worthy of additional testing. Further
studies should reveal the extent to which ruthenium com-
plexes hold promise as clinically useful antitumor com-
pounds.

This work was supported by the Grant Agency of the Czech Republic
(Grant nos. 305/99/0695 and 204/97/P028). V.B. was supported in
part by an International Research Scholar’s award from the Howard
Hughes Medical Institute. This research was also a part of the
European Cooperation in the field of Scientific and Technical Research
network (project COST D8/0017/97).

References

1. Keppler BK, Metal complexes as anticancer agents. The
future role of inorganic chemistry in cancer therapy. New
J Chem 14: 389-403, 1990.

2. Kopf-Maier P, Complexes of metals other than platinum as
antitumor agents. Eur ] Clin Pharmacol 47: 1-16, 1994.

3. Clarke M], Zhu F and Frasca DR, Non-platinum chemother-
apeutic metallopharmaceuticals. Chem Rev 99: 2511-2533,
1999.

4. Wong E and Giandomenico CM, Current status of platinum-
based antitumor drugs. Chem Rev 99: 2451-2466, 1999.

5. O’Dwyer PJ, Stevenson JP and Johnson SW, Clinical status of
cisplatin, carboplatin, and other platinum-based antitumor
drugs. In: Cisplatin. Chemistry and Biochemistry of a Leading
Anticancer Drug (Ed. Lippert B), pp. 31-72. VHCA, WILEY-
VCH, Ziirich, Weinheim, 1999.

6. Lokich ] and Anderson N, Carboplatin versus cisplatin in
solid tumors: An analysis of the literature. Ann Oncol 9:
13-21, 1998.

7. Raymond E, Chaney SG, Taamma A and Cvitkovic E,
Oxaliplatin: A review of preclinical and clinical studies. Ann
Oncol 9: 1053-1071, 1998.

8. Blommaert FA, van Dijk-Knijnenburg HC, Dijt FJ, den
Engelse L, Baan RA, Berends F and Fichtinger-Schepman
AM], Formation of DNA adducts by the anticancer drug
carboplatin: Different nucleotide sequence preferences in witro
and in cells. Biochemistry 34: 8474-8480, 1995.

9. Woynarowski JM, Chapman WG, Napier C, Herzig MC and
Juniewicz P, Sequence- and region-specificity of oxaliplatin
adducts in naked and cellular DNA. Mol Pharmacol 54:
770-7717, 1998.

10. Sava G, Clerici K, Capozzi I, Cocchietto M, Gagliardi R,

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

O. Novakova et al.

Alessio E, Mestroni G and Perbellini A, Reduction of lung
metastasis by ImH[trans-RuCl,(DMSO)Im]: Mechanism of
the selective action investigated on mouse tumors. Anticancer
Drugs 10: 129138, 1999.

Johnson NP, Butour JL, Villani G, Wimmer FL, Defais M,
Pierson V and Brabec V, Metal antitumor compounds: The
mechanism of action of platinum complexes. Prog Clin Bio-
chem Med 10: 1-24, 1989.

Sava G, Pacor S, Bregant F, Ceschia V and Mestroni G, Metal
complexes of ruthenium: Antineoplastic properties and per-
spectives. Anticancer Drugs 1: 99-108, 1990.

Mestroni G, Alessio E, Sava G, Pacor S, Coluccia M and
Boccarelli A, Water-soluble ruthenium(III)-dimethyl sulfox-
ide complexes: Chemical behaviour and pharmaceutical prop-
erties. Metal-Based Drugs 1: 41-63, 1994.

Mestroni G, Alessio E, Calligaris M, Attia WM, Quadrifoglio
F, Cauci S, Sava G, Zorzet S, Pacor S, Monti-Bragadin C,
Tamaro M and Dolzani L, Chemical, biological and antitumor
properties of ruthenium(II) complexes with dimethylsulfox-
ide. Prog Clin Biochem Med 10: 71-87, 1989.

Sava G, Pacor S, Zorzet S, Alessio E and Mestroni G,
Antitumour properties of dimethylsulfoxide ruthenium(II)
complexes in the Lewis lung carcinoma system. Pharmacol Res
21: 617-628, 1989.

Monti-Bragadin C, Tamaro M and Banfi E, Mutagenic
activity of platinum and ruthenium complexes. Chem Biol
Interact 11: 469-472, 1975.

Monti-Bragadin C, Ramani L, Samer L, Mestroni G and
Zassinovich G, Effect of cis-dichlorodiammineplatinum(II)
and related transition metal complexes on Escherichia coli.
Antimicrob Agents Chemother 7: 825-827, 1975.

Coluccia M, Sava G, Loseto F, Nassi A, Boccarelli A,
Giordano D, Alessio E and Mestroni G, Anti-leukemic action
of RuCl,(DMSQO), isomers and prevention of brain involve-
ment on P388 leukemia and on P388/DDP subline. Eur J
Cancer 29A: 1873-1879, 1993.

Sava G, Zorzet S, Giraldi T, Mestroni G and Zassinovich G,
Antineoplastic activity and toxicity of an organometallic
complex of ruthenium(Il) in comparison with cis-DDP in
mice bearing solid malignant neoplasms. Eur ] Cancer Clin
Oncol 20: 841-847, 1984.

Alessio E, Mestroni G, Nardin G, Attia WM, Calligaris M,
Sava G and Zorzet S, cis- and trans-Dihalotetrakis (dimethyl
sulfoxide) ruthenium(Il) complexes (RuX,(DMSO),; X =
Cl, Br): Synthesis, structure, and antitumor activity. Inorg
Chem 27: 4099-4106, 1988.

Loseto F, Alessio E, Mestroni G, Lacidogna G, Nassi A,
Giordano D and Coluccia M, Interaction of RuCl,
(dimethylsulphoxide), isomers with DNA. Anticancer Res 11:
1549-1553, 1991.

Jamieson ER and Lippard SJ, Structure, recognition, and
processing of cisplatin-DNA adducts. Chem Rev 99: 2467—
2498, 1999.

Cauci S, Alessio E, Mestroni G and Quadrifoglio F, Reaction
of cis-Rull(DMSO),Cl, with DNA and with some of its bases
in aqueous solution. Inorg Chim Acta - Bioinorg Chem 137:
19-24, 1987.

Alessio E, Xu Y, Cauci S, Mestroni G, Quadrifoglio F, Viglino
P and Marzilli LG, Novel diastereomers with opposite chiral-
ity at ruthenium formed by N7, a-PO4 chelation of 5'-dGMP
to the antimetastatic agent trans-RuCl,(DMSO),: NMR and
CD evidence. ] Am Chem Soc 111: 7068-7071, 1989.
Cauci S, Viglino P, Esposito G and Quadrifoglio F, Reaction
of the octahedral antitumor complex trans-RuCl,(DMSO),
with 2'deoxyguanosine. J Inorg Biochem 43: 739751, 1991.
Esposito G, Cauci S, Fogolari F, Alessio E, Scocchi M,
Quadrifoglio F and Viglino P, NMR structural characteriza-
tion of the reaction product between d(GpG) and the



DNA Interactions of Ruthenium Complexes

21.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

octahedral antitumor complex trans-RuCl,(DMSO),. Bio-
chemistry 31: 70947103, 1992.

Anagnostopoulou A, Moldrheim E, Katsaros N and Sletten E,
Interaction of cis- and trans-RuCl,(DMSO), with the nucle-
otides GpA, d(GpA), ApG, d(ApG) and d(CCTGGTCC):
High-field NMR characterization of the reaction products.
J Biol Inorg Chem 4: 199-208, 1999.

Brabec V and Palegek E, The influence of salts and pH on
polarographic currents produced by denatured DNA. Bio-
physik 6: 290-300, 1970.

Brabec V and Pale¢ek E, Interaction of nucleic acids with
electrically charged surfaces. II. Conformational changes in
double-helical polynucleotides. Biophys Chem 4: 76-92, 1976.
Lemaire MA, Schwartz A, Rahmouni AR and Leng M,
Interstrand cross-links are preferentially formed at the d(GC)
sites in the reaction between cis-diamminedichloroplatinu-
m(Il) and DNA. Proc Natl Acad Sci USA 88: 1982-1985,
1991.

Brabec V and Leng M, DNA interstrand cross-links of
trans-diamminedichloroplatinum(II) are preferentially formed
between guanine and complementary cytosine residues. Proc
Natl Acad Sci USA 90: 5345-5349, 1993.

Farrell N, Qu Y, Feng L and Van Houten B, Comparison of
chemical reactivity, cytotoxicity, interstrand cross-linking
and DNA sequence specificity of bis(platinum) complexes
containing monodentate or bidentate coordination spheres
with their monomeric analogues. Biochemistry 29: 9522
9531, 1990.

Butour JL and Macquet JP, Differentiation of DNA—platinum
complexes by fluorescence. The use of an intercalating dye as
a probe. Eur ] Biochem 78: 455—-463, 1977.

Butour JL, Alvinerie P, Souchard JP, Colson P, Houssier C
and Johnson NP, Effect of the amine nonleaving group on the
structure and stability of DNA complexes with cis-[Pt(R-
NH,),(NOs;),]. Eur ] Biochem 202: 975-980, 1991.

Brabec V, Reedijk ] and Leng M, Sequence-dependent
distortions induced in DNA by monofunctional platinum(II)
binding. Biochemistry 31: 12397-12402, 1992.

Keck MV and Lippard SJ, Unwinding of supercoiled DNA by
platinum ethidium and related complexes. ] Am Chem Soc
114: 3386-3390, 1992.

Akimenko N, Cheltsov P, Balcarova Z, Kleinwichter V and
Yevdokimov Y, A study of interactions of platinum(II)
compounds with DNA by means of CD spectra of solutions
and liquid crystalline microphases of DNA. Gen Physiol
Biophys 4: 597-608, 1985.

Yevdokimov YM, Skuridin SG and Salyanov VI, The liquid
crystalline phases of double-stranded nucleic acids in vitro and
in vivo. Liquid Cryst 3: 1443-1459, 1988.

Bancroft DP, Lepre CA and Lippard SJ, Pt-195 NMR kinetic
and mechanistic studies of cis-diamminedichloroplatinum and
trans-diamminedichloroplatinum(II) binding to DNA. ] Am
Chem Soc 112: 6860—6871, 1990.

Prenzler PD and McFadyen WD, Reactions of cisplatin and
the cis-diamminediaqua platinum(II) cation with Tris and
Hepes. ] Inorg Biochem 68: 279-282, 1997.

Zaludovd R, Zédkovska A, Kaparkovd ], Balcarovd Z,
Kleinwichter V, Vrana O, Farrell N and Brabec V, DNA
interactions of bifunctional dinuclear platinum(II) antitumor
agents. Eur ] Biochem 246: 508517, 1997.

Kagparkova ], Novdkova O, Vrana O, Farrell N and Brabec V,
Effect of geometric isomerism in dinuclear platinum antitu-
mor complexes on DNA interstrand cross-linking. Biochemis-
try 38: 10997-11005, 1999.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

1771

Zaludové R, Zakovskd A, Ka¥pérkovd ], Balcarovd Z, Vrdna
O, Coluccia M, Natile G and Brabec V, DNA modifications
by antitumor trans-[PtCl,(E-iminoether),]. Mol Pharmacol
52: 354-361, 1997.

Zdkovsks A, Novdkovd O, Balcarovd Z, Bierbach U, Farrell N
and Brabec V, DNA interactions of antitumor trans-
[PtCl,(NH;)(quinoline)]. Eur J Biochem 254: 547-557, 1998.
Brabec V, Kasparkova ], Vrana O, Novakova O, Cox JW, Qu
Y and Farrell N, DNA modifications by a novel bifunctional
trinuclear platinum Phase I anticancer agent. Biochemistry 38:
6781-6790, 1999.

Vréna O, Boudny V and Brabec V, Superhelical torsion
controls DNA interstrand cross-linking by antitumor cis-
diamminedichloroplatinum(II). Nucleic Acids Res 24: 3918—
3925, 1996.

Paletek E, Modern polarographic (voltammetric) techniques
in biochemistry and molecular biology. Part II. Analysis of
macromolecules. In: Topics in Bioelectrochemistry and Bioener-
getics (Ed. Milazzo G), Vol. 5, pp. 65-155. ] Wiley, New York,
1983.

Brabec V, Vetter] V and Vrina O, Electroanalysis of biomac-
romolecules. In: Bioelectrochemistry: Principles and Practice
(Eds. Brabec V and Milazzo G), Vol. 3, pp. 287-359.
Birkhiuser Verlag, Basel, 1996.

Vrana O and Brabec V, Electrochemical analysis of antitu-
mour platinum drugs and their complexes with DNA. Bioel-
ectrochem Bioenerg 19: 145-160, 1988.

Vrdna O, Brabec V and Kleinwichter V, Polarographic
studies on the conformation of some platinum complexes:
Relations to anti-tumour activity. Anticancer Drug Des 1:
95-109, 1986.

Brabec V, Kleinwichter V, Butour JL and Johnson NP,
Biophysical studies of the modification of DNA by antitu-
mour platinum coordination complexes. Biophys Chem 35:
129-141, 1990.

Cohen GL, Bauer WR, Barton JK and Lippard SJ, Binding of
cis- and trans-dichlorodiammineplatinum(II) to DNA: Evi-
dence for unwinding and shortening of the double helix.
Science 203: 1014-1016, 1979.

Scovell WM and Collart F, Unwinding of supercoiled DNA
by cis- and trans-diamminedichloroplatinum(II): Influence of
the torsional strain on DNA unwinding. Nucleic Acids Res 13:
2881-2895, 1985.

Livolant F, Levelut AM and Benoit JP, The highly concen-
trated liquid-crystalline phase of DNA is columnar hexago-
nal. Nature 339: 724-726, 1989.

Akimenko N, Kleinwichter V and Yevdokimov Y, Liquid
crystalline microphases of DNA molecules complexed with
compounds of platinum(II). FEBS Lett 156: 58—62, 1983.
Belyakov VA, Orlov VP, Semenov SV, Skuridin SG and
Yevdokimov YM, Comparison of calculated and observed CD
spectra of liquid crystalline dispersions formed from double-
stranded DNA and from DNA complexed with coloured
compounds. Liquid Cryst 20: 777-784, 1996.

Livolant F and Maestre M, Circular dichroism microscopy of
compact forms of DNA and chromatin in vivo and in witro:
Cholesteric liquid-crystalline phases of DNA and single
dinoflagellate nuclei. Biochemistry 27: 30563068, 1988.
Yevdokimov YM, Skuridin SG, Salyanov VI, Damaschun G,
Damaschun H, Misselwitz R and Kleinwichter V, Effect of
platinum (II) chemotherapeutic agents on properties of DNA
liquid crystals. Biophys Chem 35: 143-153, 1990.



THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2001 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 276, No. 13, Issue of March 30, pp. 9655-9661, 2001
Printed in U.S.A.

Thermal and Thermodynamic Properties of Duplex DNA Containing
Site-specific Interstrand Cross-link of Antitumor Cisplatin or Its
Clinically Ineffective Trans Isomer*

Received for publication, November 9, 2000

Published, JBC Papers in Press, December 4, 2000, DOI 10.1074/jbc.M010205200

Ctirad Hofri and Viktor Brabec$

From the Institute of Biophysics, Academy of Sciences of the Czech Republic, CZ-61265 Brno, Czech Republic

The effect of the single, site-specific interstrand cross-
link formed by cisplatin or transplatin on the thermal
stability and energetics of a 20-base pair DNA duplex is
reported. The cross-linked or unplatinated 20-base pair
duplexes were investigated with the aid of differential
scanning calorimetry, temperature-dependent UV ab-
sorption, and circular dichroism. The cross-link of both
platinum isomers increases the thermal stability of the
modified duplexes by changing the molecularity of de-
naturation. The structural perturbation resulting from
the interstrand cross-link of cisplatin increases entropy
of the duplex and in this way entropically stabilizes the
duplex. This entropic cross-link-induced stabilization of
the duplex is partially but not completely compensated
by the enthalpic destabilization of the duplex. The net
result of these enthalpic and entropic effects is that the
structural perturbation resulting from the formation of
the interstrand cross-link by cisplatin induces a de-
crease in duplex thermodynamic stability, with this de-
stabilization being enthalpic in origin. By contrast, the
interstrand cross-link of transplatin is enthalpically al-
most neutral with the cross-link-induced destabilization
entirely entropic in origin. These differences are con-
sistent with distinct conformational distortions induced
by the interstrand cross-links of the two isomers. Impor-
tantly, for the duplex cross-linked by cisplatin relative
to that cross-linked by transplatin, the compensating
enthalpic and entropic effects almost completely offset
the difference in cross-link-induced energetic destabili-
zation. It has been proposed that the results of the pres-
ent work further support the view that the impact of the
interstrand cross-links of cisplatin and transplatin on
DNA is different for each and might also be associated
with the distinctly different antitumor effects of these
platinum compounds.

The thermal and thermodynamic stability of DNA play an
important role in many biological processes. In addition, agents
of biological significance that modify DNA may also affect its
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thermal and thermodynamic stability, which may be associated
with the mechanism underlying biological activity of such
agents. Thus, the studies of thermal and thermodynamic sta-
bility of DNA modified by various agents are of great interest.

It is well established that platinum coordination complexes
exhibit antitumor effects (1-4). The success of platinum com-
plexes in killing tumor cells results from their ability to form on
DNA various types of covalent adducts that are capable of
terminating DNA synthesis (5, 6) and the cellular processes
triggered by the presence of those adducts on DNA (7). The first
platinum complex introduced in the clinic is cis-diamminedi-
chloroplatinum(II) (cisplatin)® (1). Although the antitumor ef-
fects of cisplatin were discovered more than 30 years ago, the
mechanism of its antitumor activity has not yet been fully
understood. It has been shown (8, 9) that this bifunctional
platinum complex mainly forms intrastrand cross-links on
DNA between neighboring purine residues (~90%). Other mi-
nor adducts are intrastrand cross-links between two purine
nucleotides separated by one or more nucleotides; few adducts
remain monofunctional. Importantly, cisplatin also forms in-
terstrand cross-links (~6% in cell-free media in linearized plas-
mid DNA (10, 11)). Transplatin (the ¢rans isomer of cisplatin) is
clinically ineffective, so that both isomers have been used fre-
quently in studies of the structure-pharmacological activity
relationship of platinum complexes. Transplatin-DNA adducts
are also intrastrand cross-links but between nonadjacent nu-
cleotides (12). Transplatin also forms in DNA interstrand
cross-links (~12%) (10), and a relatively large portion of the
adducts remains monofunctional even after long periods of
DNA modification (13).

It has been postulated (6, 14) that the antitumor properties
of cisplatin are mediated by damaged DNA-binding proteins
(for instance those containing a HMG (high mobility group)
domain). It has been also shown (15) that the recognition of
adducts formed on DNA by platinum complexes is dependent
on the extent of thermal or thermodynamic destabilization
imposed on the duplex by the adduct. The increase of the
thermodynamic destabilization results in the reduced recogni-
tion and binding of HMG domain proteins to platinated DNA.
In addition, the thermal stability of DNA modified by various
platinum compounds, which differ in their antitumor effects,
has been also studied. These studies have revealed (16-20)
that the important factors influencing the thermal stability of
platinated DNA are also interstrand cross-links, which contrib-
ute to the global stabilization of DNA.

Despite great effort devoted to the understanding of how

! The abbreviations used are: cisplatin, cis-diamminedichloroplati-
num(Il); transplatin, the trans isomer of cisplatin; DSC, differential
scanning calorimetry; bp, base pair(s); FPLC, fast protein liquid chro-
matography; FAAS, flameless atomic absorption spectrophotometry.
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cisplatin modifies DNA and how these modifications are asso-
ciated with the antitumor effects of cisplatin, the relative effi-
cacy of its intrastrand and interstrand cross-links is unknown.
Whereas the thermal and thermodynamic properties of DNA
duplexes containing intrastrand cross-link of cisplatin or its
analogues have already been studied in detail (15, 21, 22), no
attention has been paid to thermal stability and energetics of
DNA interstrand cross-links of platinum drugs. It is so despite
the fact that DNA interstrand cross-links of platinum com-
plexes could play a very significant role in the biological activ-
ity of these compounds because these covalent cross-links pre-
venting separation of the two strands of DNA could block DNA
replication markedly more efficiently than intrastrand adducts
(23). In addition, it has been also suggested that nucleotide
excision repair may reduce antitumor effects of platinum com-
plexes. Thus, the fact that nucleotide excision repair of inter-
strand cross-links in general is much more difficult than that of
intrastrand cross-links (24—26) may also serve to emphasize
the importance of interstrand cross-links of platinum com-
plexes for their antitumor effects even when these cross-links
are only minor lesions. Here we examine the effect of the single,
site-specific interstrand cross-link formed by cisplatin or trans-
platin on the thermal stability and energetics of a 20-base pair
(bp) DNA duplex. The differential scanning calorimetric (DSC),
temperature-dependent UV absorption, and circular dichroism
(CD) properties of the platinated or unplatinated 20-bp duplex
were investigated.

EXPERIMENTAL PROCEDURES

Chemicals—Cisplatin and transplatin were from Sigma. The syn-
thetic oligodeoxyribonucleotides d(TGCT) and d(AGCA) (Fig. 1) were
purchased from IDT, Inc. (Coralville, IA) and purified as described
previously (10, 27, 28). Molar extinction coefficients for the single-
stranded oligonucleotides were determined by phosphate analysis (21).
The following extinction coefficients at 260 nm and 25 °C were obtained:
148,000 for unmodified d(TGCT) and 189,000 for unmodified d(AGCA).
Isothermal mixing experiments (21) using unmodified d(TGCT) and
d(AGCA) strands revealed 1:1 stoichiometries for both complexes, a
ratio consistent with duplex formation. Dimethyl sulfate was from
Sigma.

Platinations of Oligonucleotides—The single-stranded oligonucleo-
tide d(TGCT) (the top strand in Fig. 1) at a concentration of 125 um was
reacted with a monoaquamonochloro derivative of cisplatin or transpla-
tin generated by allowing these complexes to react with 0.9 molar
equivalent of AgNO, at an input platinum to strand molar ratio of 3:1
or 3.9: 1, respectively, in 10 mMm NaClO, (pH 5.2) at 37 °C. The mixture
with cisplatin was incubated for 13 min and the mixture with trans-
platin for 15 min. Then, the NaCl concentration was adjusted to 0.1 M,
and the platinated oligonucleotides were again purified by fast protein
liquid chromatography (FPLC). Using platinum flameless atomic ab-
sorption spectrophotometry (FAAS) and measurements of the optical
density, it was verified that the modified oligonucleotide contained one
platinum atom. It was also verified using dimethyl sulfate footprinting
of platinum on DNA (10) that in the platinated top strands the N7
position of the central G was not accessible for reaction with dimethyl
sulfate, which implies that this G residue was platinated. The plati-
nated strands were allowed to anneal with unplatinated complemen-
tary strand d(AGCA) in 0.4 M NaCl (pH 7.4) at 25 °C for 24 h, precipi-
tated by ethanol, dissolved in 0.1 M NaClO, and incubated for 48 h in
the dark at 37 °C. The resulting products were still purified by FPLC in
an alkaline gradient. Using this denaturing gradient, non-interstrand
cross-linked strands were eluted as 20-nucleotide single strands,
whereas the interstrand cross-linked strands were eluted later in a
single peak as a higher molecular mass species. This single peak was
only collected so that the samples of the interstrand cross-linked du-
plexes contained no single-stranded molecules. Alternatively, the du-
plexes containing the interstrand cross-links were separated on a 12%
polyacrylamide, 8 M urea denaturing gel, and the single bands corre-
sponding to interstrand cross-linked duplexes were cut off from the gel,
eluted, precipitated by ethanol, and dissolved in a solution consisting of
10 mM sodium cacodylate (pH 7.2), 100 mm NaCl, 10 mm MgCl,, and 0.1
mM EDTA. Both procedures of the purification of interstrand cross-
linked duplexes provided products of which subsequent analysis (see
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below) gave identical results. The yields of these interstrand cross-
linking reactions were ~15 and 30% for cisplatin and transplatin,
respectively. The duplexes were still further analyzed for platinum
content by FAAS. Additional quantitation of cross-linked duplex by UV
absorption spectrophotometry was used to ascertain that 1:1 adducts
(one Pt/duplex) had formed. The sites involved in interstrand cross-
links were deduced in the same way as described earlier (10, 27-30), i.e.
mainly from Maxam-Gilbert footprinting experiments. It was verified
in this way that the interstrand cross-link of cisplatin was formed
between guanine residues in neighboring base pairs in the 5’-GC-5'-GC
central sequence, whereas the interstrand cross-link of transplatin was
formed between central guanine residue in the top strand of the
d(TGCT)-d(AGCA) duplex and its complementary cytosine residue.
FPLC purification and FAAS measurements were carried out on an
Amersham Biotech FPLC system with MonoQ HR 5/5 column and a
Unicam 939 AA spectrometer equipped with a graphite furnace, respec-
tively. The concentration of the purified and characterized duplexes
containing the interstrand cross-link of cisplatin and transplatin was
further estimated by determining the platinum concentration by means
of FAAS. Other details can be found in previously published papers (10,
28, 29).

Differential Scanning Calorimetry—Excess heat capacity (AC,) ver-
sus temperature profiles for the thermally induced transitions of
d(TGCT)-d(AGCA) duplex, unmodified or containing a unique inter-
strand cross-link of cisplatin or transplatin, were measured using a
VP-DSC calorimeter (Microcal, Northampton, MA). In these experi-
ments, the heating rate was 60 °C/h and a maximum temperature was
95 °C. Enthalpies (AH,,,) and entropies (AS_,,) of duplex formation were
calculated from the areas under the experimental AC, versus T and the
derived AC,/T versus T curves, respectively, using ORIGIN version 5.0
software (Microcal). The free energy of duplex formation at 25 °C (AG5)
was calculated using the standard thermodynamic relationship given in
Equation 1 and the corresponding values of AH and AS.

AGys = AH — (298.15)AS (Eq. D

The oligonucleotide duplexes at the concentration of 10 uMm were dia-
lyzed against the buffer containing 10 mM sodium cacodylate (pH 7.2),
100 mM NaCl, 10 mm MgCl,, and 0.1 mM EDTA. The samples were
vacuum-degassed before the measurement. It was also verified in the
same way as described in the previous paper (21) that the melting
transition of both the platinated and unmodified duplexes were fully
reversible.

UV Absorption Spectrophotometry—UV absorbance measurements
were conducted on a Beckman DU-7400 spectrophotometer equipped
with a thermoelectrically controlled cell holder and quartz cells with a
path length of 1 cm. Absorbance versus temperature profiles were
measured at 260 nm. The temperature was raised using linear heating
rate of 1.0 °C/min. For each optically detected transition, the melting
temperature (7,,) was determined as described previously (16). The
DNA solutions ranged from 0.2 to 10 uM in duplex and contained 10 mm
sodium cacodylate (pH 7.2), 100 mm NaCl, 10 mm MgCl,, and 0.1 mMm
EDTA.

Circular Dichroism Spectrophotometry—CD spectra were recorded
using a Jasco J-720 spectropolarimeter equipped with a thermoelectri-
cally controlled cell holder. The cell path length was 1 cm. Isothermal
CD spectra were recorded from 220 to 320 nm in 1-nm increments with
an averaging time of 5 s. The DNA concentration was 6 uM in duplex,
and buffer conditions were 10 mM sodium cacoldylate (pH 7.2), 100 mMm
NaCl, 10 mm MgCl,, and 0.1 mm EDTA.

RESULTS

Differential scanning calorimetry measurements were con-
ducted to characterize the thermally induced denaturation of
the 20-bp duplex with the specific goal of elucidating the ther-
mal and thermodynamic consequences of modifying and con-
straining DNA via a single, site-specific interstrand cross-link
of antitumor cisplatin or its clinically ineffective ¢{rans isomer
(Fig. 1). The cross-links were formed in the center of these
duplexes between the nucleotide residues preferentially in-
volved in these adducts when high molecular mass DNA is
globally modified by cisplatin or transplatin, i.e. between gua-
nine residues in neighboring base pairs in the sequence 5’'-
GC-5'-GC in the case of cisplatin cross-link (30) or between
guanine and complementary cytosine of the same duplex in the
case of the cross-link formed by transplatin (10). The results of
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H Ct Cl NH
3,\\Pt/ \Pt/ ’
VAN 7
H,N Cl H,N \Cl
cisplatin transplatin
d(TGCT) 5 TCTCCTTCITGCT|ICTCTTCTC-3
d(AGCA) 3-AGAGGAAGACGAGAGAAGAG-5

TGCT T cT
A C\G A A G A

Fic. 1. Structures of cisplatin and transplatin along with the
base sequence of the synthetic oligodeoxyribonucleotide duplex
used in the present study with their abbreviations. The top and
bottom strands in the pair of oligonucleotides are designated top and
bottom, respectively, in the text. The central part of the duplex contain-
ing the base pairs interstrand cross-linked by cisplatin or transplatin is
framed and also shown separately with the manifestation of the cross-
linking. The bold letters in this central part indicate the location of the
interstrand cross-link after modification of the oligonucleotide by cis-
platin or transplatin as described under “Experimental Procedures.”

these studies are shown in Fig. 2 with the associated data listed
in Table I. Denaturation (heating) and renaturation (cooling)
curves for the unmodified and the platinated duplex were su-
perimposable, which is consistent with the reversibility of this
melting equilibrium. Thus, meaningful thermodynamic data
from our calorimetric and spectrophotometric measurements
described below could be obtained. In addition, the pre- and
post-base lines coincide for both unmodified and platinated
duplexes, which suggests no differential heat capacity change
resulting from the presence of the cross-link. Comparing the
calorimetrically determined melting temperatures (7',,) for the
cross-linked duplexes and for the unconstrained (unplatinated)
duplex reveals that formation of either cross-link results in a
substantial increase in the thermal stability of the duplex (AT,
(defined as the difference between T, values of the cross-linked
and unplatined duplex) was +8.7 or +5.0 °C for the cross-link
of cisplatin or transplatin, respectively).

The unconstrained (unplatinated) duplex denatures in a bi-
molecular reaction to form two single strands. As a conse-
quence, melting of the unplatinated duplex was dependent on
the overall oligonucleotide concentration. For instance, increas-
ing the duplex concentration from 0.2 to 10.0 uMm increased the
T,, of the unplatinated duplex from 61.5 to 68.8 °C. In contrast,
the duplexes containing the interstrand cross-link of cisplatin
or transplatin melted in a concentration-independent manner
to a single-stranded state, which is consistent with the expec-
tation that the molecularity had been reduced from bimolecular
to monomolecular. Thus, the observed AT,, differences could
also result from the change in molecularity. To support this
assumption, we performed a “correction” for the concentration
dependence of the T, in the bimolecular unplatinated duplex
following the general procedure outlined by Marky and
Breslauer (31). Using this approach and our calorimetrically
determined enthalpy (Table I), we estimated a reduced concen-
tration-independent 7', of our unplatinated duplex as 88.1 °C.
This “reduced” T, value of the unplatinated duplex is signifi-
cantly different from the T, values of the cross-linked du-
plexes. Hence, the overall impact of the single interstrand
cross-link of cisplatin or transplatin should not be associated
only with the change in molecularity of the duplex system but
another mechanism affecting the thermal stability of the du-
plex also has to be involved (32).

The transition entropy for a bimolecular complex depends on
strand concentration. To eliminate the effect of different mo-
lecularities of the unplatinated and interstrand cross-linked
oligomer systems, we also performed a correction for this con-
centration dependence again using the general procedure out-
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Fic. 2. DSC thermograms for the d(TGCT)-d(AGCA) unplati-
nated duplex (solid line) containing a single, site-specific inter-
strand cross-link of cisplatin (dot-dash line) or transplatin
(dashed line). The duplex concentration was 10.0 uM, and the buffer
conditions were 10 mM sodium cacodylate (pH 7.2), 100 mm NaCl, 10
mM MgCl,, and 0.1 mMm EDTA.

lined by Marky and Breslauer (31) to calculate a reduced en-
tropy (AS*) (Table I) from the observed AS_, values. A
comparison of the calorimetrically obtained enthalpy (AH;.)
and reduced entropy (AS*) values for unplatinated duplex with
those measured for the duplex containing the interstrand
cross-link of cisplatin revealed a significant decrease of the
change of enthalpy of duplex formation by 18 kcal/mol and an
increase in the reduced duplex entropy (AAS* = 37 cal/K - mol
so that TAAS* = 11 kcal/mol at 25 °C). In other words, the
structural perturbation resulting from the interstrand cross-
link of cisplatin increases entropy of the duplex and in this way
entropically stabilizes the duplex. Thus, the 18 kcal/mol enthal-
pic destabilization of the duplex resulting from the cross-link of
cisplatin is partially, but not completely, compensated by the
entropic cross-link induced stabilization of the duplex of 11
kcal/mol at 25 °C. The net result of these enthalpic and en-
tropic effects is that the structural perturbation resulting from
formation of the interstrand cross-link by cisplatin induces a
decrease in duplex thermodynamic stability (AAG,5*) of +7.0
kcal/mol with this destabilization being enthalpic in origin.

By contrast, the cross-link formed by transplatin does not
considerably alter the enthalpic stability of the duplex,
whereas entropically destabilizing the host duplex by 15 cal/K
- mol (AAS* = —15 cal/K - mol so that TAAS* = —4.5 kcal/mol
at 25 °C). In other words, the interstrand cross-link of trans-
platin is enthalpically neutral with the cross-link-induced de-
stabilization entirely entropic in origin. These results illustrate
that the isomerization of diamminedichloroplatinum(II) can
modulate the magnitude of the destabilization induced by the
interstrand cross-link as well as the relative enthalpic and
entropic contributions to this destabilization. The net result of
the enthalpic and entropic effects noted above is that formation
of the interstrand cross-link by transplatin at 25 °C reduces the
thermodynamic stability (AG,5*) of the duplex by 6.5 kcal/mol.
Thus, formation of the interstrand cross-links of cisplatin and
transplatin has an almost identical impact on the reduction in
thermodynamic stability of the duplex (AGy5*), although the
origins of these destabilizations (AH, AS¥) are different.

From a comparison of the model-dependent van’t Hoff and
the model-independent calorimetric transition enthalpies, it is
possible in principle to conclude whether a transition occurs in
a two-state (all-or-none) manner with no significant thermody-
namic contribution from intermediate states (33, 34). Table II
lists the directly measured, model-independent calorimetric
transition enthalpies (AH_,;) and the indirectly derived, model-
dependent van’t Hoff transition enthalpies (AH, ). The AH
values were obtained by analyzing the shapes of each calori-
metric curve using the approach described earlier (31). A com-

TT0Z ‘0z Areniga- uo ‘1sanb Ag B0 oql'mmm woly papeojumoq


http://www.jbc.org/

9658 DNA Interstrand Cross-links of Cisplatin and Transplatin

TABLE I
Calorimetrically derived thermodynamic parameters for the formation of the 20-mer duplex d(TGCT)-d(AGCA), unplatinated or containing a
single, site-specific interstrand cross-link of cisplatin or transplatin

The T,,, AH_,, and AS_,, values are averages derived from three independent experiments.

Unplatinated duplex Duplex cross-linked by cisplatin® Duplex cross-linked by transplatin®

T, (°Cy 68.8 77.5 73.8
AT 0y 8.7 5.0
AH_,, (kcal/mol duplex) —148 -130 —146
AAH_, (kcal/mol duplex)’ 18 2
AS.,, (cal/K'mol duplex)® —434 -370 —422
AAS,,; (cal/K'mol duplex)’ 64 12
AS* (cal/K'mol duplex)® —407

AAS* (cal/K'mol duplex)’ 37 -15
AG,; (kcal/mol duplex) -18.6 -19.7 —20.2
AAG,; (keal/mol duplex) -1.1 -1.6
AG,5* (keal/mol duplex)” —26.7

AAG,;* (keal/mol duplex) 7.0 6.5

“ The interstrand cross-link of cisplatin was formed between guanine residues contained in the adjacent base pairs in the central sequence
5'-GC-5'-GC.

® The interstrand cross-link of transplatin was formed between central guanine residue in the top strand and its complementary cytosine residue.

¢ T, denotes the temperature corresponding to the maximum in the DSC melting profile. The indicated T, values were derived from the DSC

profiles shown in Fig. 2; the error is 0.3 °C.

d — _
AT,, = T,, patinated m unplatinated *

¢AH,,,, AS

wa» AS..1, and AG,; denote, respectively, the observed enthalpy, entropy, and free energy (at 25 °C) of duplex formation; the error is +3%.

fAA(Hcab Seary Go5) = MH ., Scars G25))platinated — AH 5 Secars G25)unplatinated; AA(S*, Gos™) = A(S¥, G25*)platinated -

A(Sa G25)nonmodiﬁed'

& AS* denotes reduced entropy calculated from the observed AS,,, values (for details, see the text).
" AG,s* denotes reduced free energy (at 25 °C) of duplex formation calculated from the observed AH,,, values and the reduced entropy AS* values

(for details, see the text).

TaBLE II
Calorimetric (model-independent) and van’t Hoff enthalpies for
formation of the 20-mer duplexes d(TGGT)-d(ACCA), unplatinated
or containing a single, site specific interstrand cross-link of cisplatin
or transplatin

AH AH z° AH ;y/AH
kcal/mol duplex  kcal/mol duplex
Unplatinated duplex —148 —149 1.01
Duplex cross-linked by -130 -96 0.74
cisplatin
Duplex cross-linked by —146 -178 0.53
transplatin

“ Model-independent calorimetric enthalpies (AH,,) were derived
from DSC experiments as described in the text; the error is +3%.

® van’t Hoff enthalpies (AH, ;) values were obtained by analyzing the
shapes of each calorimetric curve using the approach described in Ref.
31; the error is =3%.

parison of the AH ;; and AH_,; data listed in Table II reveals
that for the unplatinated duplex the van’t Hoff value is iden-
tical within the experimental uncertainty to the corresponding
model-independent calorimetric value. This result is consistent
with an all-or-none, two-state melting behavior of the unplati-
nated duplex. On the other hand, van’t Hoff values were con-
siderably smaller than the corresponding model-independent
calorimetric data for the interstrand cross-linked duplexes (Ta-
ble II). This disparity demonstrates that both interstrand
cross-links alter the ability of the duplex to propagate those
interactions required for cooperative melting and that the effi-
ciency of the cross-links of cisplatin and transplatin to alter
this ability is different.

The interpretation of our data described below is also based
on the assumption that all thermodynamic parameters for for-
mation of the unmodified and platinated duplexes are ascribed
to differences in the initial duplex states. This implies that the
final single-stranded states should be thermodynamically
equivalent at the elevated temperatures at which they are
formed. The CD signals of the high-temperature denatured
state (recorded at 95 °C) of the unplatined duplex and those
cross-linked by either cisplatin or transplatin agree within the
noise of the measurement, whereas significant differences exist
in the intensity of the CD signals of the native states (Fig. 3).
These results are consistent with the local perturbations in the

,L A ! ]

[©] x 10°(deg-M"-cm ™)

[6] x 10°(deg-M"-cm™)

2 . | ; i

220 240 260 280 300 320
Wavelength (nm)

Fic. 3. CD spectra for the d(TGCT)-d(AGCA) duplex unplati-
nated or containing a single, site-specific interstrand cross-link
of cisplatin (A) or transplatin (B) recorded at 25 or 95 °C. The
duplex concentration was 6 uM, and the buffer conditions were 10 mm
sodium cacodylate (pH 7.2), 100 mm NaCl, 10 mm MgCl,, and 0.1 mMm
EDTA. Curves: 1 and 2, unplatinated duplex at 25 and 95 °C, respec-
tively; 3 and 4, the cross-linked duplex at 25 and 95 °C, respectively.

native duplex state in agreement with the structural studies
performed with the duplexes containing an interstrand cross-
link of cisplatin or transplatin (23, 28, 35-37). The similarity of
the CD signals of the denatured states of unplatinated and
cross-linked duplexes may reflect a similar degree of base un-
stacking in these duplexes at the elevated temperatures, al-
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though such a conclusion may well exceed the information
content of the CD measurement.

DISCUSSION

The CD spectrum of the duplex containing single, site-spe-
cific interstrand cross-link of cisplatin recorded at 25 °C (Fig.
3A) confirms that this lesion considerably alters the global
geometry of the parent duplex. It has been shown (23, 35, 36)
that cisplatin interstrand cross-link, which is preferentially
formed between opposite guanines in the 5'-GC-5'-GC sequence
(30), induces several irregularities in the cross-linked base
pairs and their immediate adjacent pairs in a base sequence-
independent manner (38). The cross-linked deoxyribo-
guanosine residues are not paired with hydrogen bonds to the
complementary deoxyribocytidines, which are located outside
the duplex and not stacked with other aromatic rings. All other
base residues are paired, but distortion extends over at least
four base pairs at the site of the cross-link (38). In addition, the
cis-diammineplatinum(II) bridge resides in the minor groove
(23, 35, 36) and the double helix is locally reversed to a left-
handed, Z-DNA-like form. The change of the helix sense and
the extrusion of deoxyribocytidine residues (complementary to
the platinated deoxyriboguanosine residues) from the duplex
results in the helix unwinding by ~80° relative to B-DNA (35),
which is very likely responsible for a marked reduction of the
amplitude of the negative CD band at around 240 nm observed
at 25 °C (Fig. 3A). The interstrand cross-link of cisplatin also
induces the bending of ~40° of the helix axis at the cross-linked
site toward the minor groove (23, 35, 36).

The CD spectrum at 25 °C of the duplex d(TGCT)-d(AGCA) is
affected by the site-specific interstrand cross-link of transpla-
tin (formed preferentially between complementary guanine
and cytosine (10)) much less than with cisplatin (Fig. 3B).
Consistent with this CD behavior is the observation that the
conformational alterations induced by the interstrand cross-
link of transplatin (28, 37) are much less severe than those
induced by the cross-link of cisplatin. The platinated deoxyri-
boguanosine residue in the cross-link of transplatin adopts a
syn conformation. In addition, the duplex is slightly distorted
on both sides of the cross-link, but all bases are still paired and
hydrogen-bonded. The cross-link of transplatin unwinds the
double helix by ~12° and induces a slight, flexible bending of
~20° of its axis toward minor groove (28).

The distinctly different structural features of the interstrand
cross-links of cisplatin and transplatin are also reflected by
their different thermal and thermodynamic properties (Table
I). Importantly, the increase of the thermal stability of the
d(TGCT)-d(AGCA) duplex resulting from the interstrand cross-
link of cisplatin or transplatin is because of the change in the
molecularity of the oligomer system. If the change observed in
T,, is due entirely to the molecularity of the system, then one
might expect to observe changes only in entropy. This is ob-
served in the case of the formation of the interstrand cross-link
of transplatin. On the other hand, significant changes in en-
thalpy are observed in addition to entropy changes as a conse-
quence of the formation of the interstrand cross-link of cispla-
tin. Thus, whereas the structural perturbation resulting from
the formation of the latter cross-link induces a decrease in
duplex thermodynamic stability (AAG,5*) of +7.0 kcal/mol,
with this destabilization being enthalpic in origin, the struc-
tural distortion associated with the formation of transplatin
cross-link induces a very similar decrease in duplex thermody-
namic stability (AAGy5*) of +6.5 kecal/mol, but this destabiliza-
tion is entropic in origin. In other words, for the duplex con-
taining the interstrand cross-link of cisplatin relative to the
duplex containing the interstrand cross-link of transplatin, the
compensating enthalpic and entropic effects almost completely
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offset the difference in cross-link-induced energetic destabili-
zation. The observation that the transplatin interstrand cross-
link is nearly enthalpically neutral in contrast to the same
lesion formed by cisplatin is consistent with a relatively small
conformational distortion induced by the cross-link of transpla-
tin in comparison with a markedly more severe distortion in-
duced by the cross-link of cisplatin.

We also attempted to rationalize the enthalpic destabilizing
effect of the interstrand cross-link of cisplatin (AAH_,; = 18
kcal/mol (Table I)) in terms of the cross-link-induced structural
perturbations in the host duplex. Conformational changes in
DNA induced by the single, site-specific interstrand cross-link
of cisplatin have been investigated already (see above) by var-
ious techniques. The view that the conformational distortion
induced by the interstrand cross-link of cisplatin is not only
localized to the platinated base pairs is supported by the re-
sults of DNase I footprinting of cisplatin-modified DNA (39).
The approach, based on using a chemical nuclease such as
1,10-phenantroline-copper (38), even permitted us to deter-
mine the approximate number of base pairs, the secondary
structure of which had been perturbed by the cross-link. Im-
portantly, this chemical nuclease does not represent measures
of base pair disruption, as they can proceed even if the base
pairing is distorted in a nondenaturational manner (40). The
analysis of the duplex containing the site-specific interstrand
cross-link of cisplatin has revealed that the interstrand cross-
link of cisplatin results in distortions between ~4 to 5 base
pairs at the d(GC)-d(GC) site involved in the cross-link (38).
Such a conformational alteration should be enthalpically unfa-
vorable, which is consistent with observations of the present
work. A rough estimation of an upper limit for this cross-link-
induced perturbation, based on the enthalpic cost resulting
from disruption of 4-5 relevant nearest-neighbor stacking in-
teractions, yields AAH value of 25-32.5 kcal/mol (41). Our
experimental calorimetric data (see Table I) reflect a cross-link-
induced AAH_,, value of 18 kcal/mol.

An attempt to account for the differences between the pre-
dicted upper limit AAH value of 25-32.5 kcal/mol and the
measured calorimetric value of 18 kcal/mol may invoke at least
some energetic consequences of the formation of the inter-
strand cross-link of cisplatin. An important feature of the struc-
ture of this adduct is that cytosine residues complementary to
the platinated guanines are no longer hydrogen-bonded and
are extrahelical (see above). On the other hand, the unpaired
platinated guanine residues are stacked with the adjacent base
pairs, which contributes to the stabilization of the duplex.
Similarly, it has been proposed that the hydration of the inter-
strand cross-link (42) and bending induced by the adducts of
cisplatin (21) thermodynamically stabilize the duplex. Al-
though the stabilization resulting from hydration cannot be
quantified because of the limited thermodynamic database on
DNA hydration, at least a very crude estimate can be obtained
in the case of helical bending. It was shown that the bending
due to the formation of the 1,2-d(GpG) intrastrand cross-link
contributed roughly 6.4 kcal/mol toward stabilization of the
global duplex structure (21) so that it seems reasonable to
assume that the contribution of the bending induced by the
interstrand cross-link of cisplatin is at least that derived for its
intrastrand cross-link. Another important conformational pa-
rameter of the distortion induced by the formation of the inter-
strand cross-links of cisplatin is the unwinding of the double
helix (lowering of the number of base pairs per helical turn).
The energetics of the destabilizing effect of DNA unwinding can
be estimated crudely using the same approach as used to cal-
culate the free energy required to twist a 12-bp-long DNA
fragment containing a single 1,2-d(GpG) intrastrand adduct of
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cisplatin about its helix axis (43). The free energy of unwinding
of only 0.29 kcal/mol was calculated assuming the unwinding
angle is 13° (43). The same calculations were performed, as-
suming unwinding angles of 80° for the interstrand cross-link
of cisplatin (see above) and local twisting within the 20-bp-long
fragment (the 20-bp-long fragment was taken for these calcu-
lations because the energetics of the duplex d(TGCT)-d(AGCA)
of this length containing the single, site-specific interstrand
cross-link of cisplatin was characterized in the present work
(Fig. 2 and Table I)). These approximate calculations give a
rough estimate of the free energy of unwinding of 6.7 kcal/mol.
If this rough estimate is justified, then it seems reasonable to
suggest that the destabilization of the duplex because of its
unwinding as a consequence of the formation of the interstrand
cross-link of cisplatin compensates at least partially for the
stabilizing effect of bending. Furthermore, a local reversal of
the double helix to a left-handed form at the site of the cross-
link undoubtedly also contributes to the observed energetic
impact of the interstrand cross-link of cisplatin. In general, a
prediction of the energetic consequences of conformational
changes induced by the interstrand cross-link of cisplatin is
difficult because of the limited current knowledge on the ther-
modynamic consequences of distortions and transitions on
DNA duplexes. Despite these possible microscopic interpreta-
tions of our macroscopic data, the calorimetric results reported
here reveal that the formation of the interstrand cross-link of
cisplatin induces on one hand a substantial thermal stabiliza-
tion associated mainly with the change in the molecularity of
the system and on the other hand thermodynamic destabiliza-
tion of the host duplex that is enthalpic in origin. The inter-
strand cross-link of transplatin also induces thermal stabiliza-
tion associated mainly with the change in the molecularity of
the system, but it is enthalpically neutral so that the thermo-
dynamic destabilization of the duplex induced by this transpla-
tin adduct is entirely entropic in origin.

From the ratio of the model-dependent van’t Hoff and the
model-independent calorimetric transition enthalpies (Table
II), one can define the fraction of a duplex that undergoes
transition as a single thermodynamic unity (31, 33, 34). Thus,
for the duplex containing an interstrand cross-link of cisplatin
this ratio is 0.74. This value indicates that the largest size of
the unit in the host duplex, which melts in the all-or-none
manner, should involve 74% of the duplex. We speculate that
this value reflects the existence of a severe local distortion of
the duplex at the central cross-link of cisplatin (23, 35, 36, 38)
and that the base pairs in this distorted segment melt cooper-
atively and more easily than the rest of the duplex. Hence, one
intermediate state of the cisplatin-cross-linked duplex during
its thermal melting could involve a short, denatured central
structure arising from the segment ~4 -5 base pairs long con-
sisting of the two base pairs involved in the cross-link and
approximately two or three base pairs flanking the cross-linked
base pairs. This size of the denatured central structure, which
represents 20—25% of the duplex examined in the present
work, is deduced from the observation that severe distortion
induced by cisplatin cross-link extends over approximately four
or five base pairs at the site of the adduct (38). The remaining
~15 or 16 base pairs of the duplex d(TGCT)-d(AGCA) represent
75 or 80% of its size; this value is very close to the 74% found
for the largest size of the unit melting cooperatively in a two-
state process in the host duplex on the basis of the ratio of the
model-dependent van’t Hoff and the model-independent calori-
metric transition enthalpies (Table II). The two-state melting
of the duplex containing two marginal segments of a similar
length and GC content, which are separated by the central
denatured region (4-5 base pairs long) around the cross-link,

DNA Interstrand Cross-links of Cisplatin and Transplatin
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deserves additional discussion. The two-state melting was ob-
served even in the case of an immobile DNA junction composed
of the four isolated octameric duplex arms in which not all arms
had the same melting temperature (44). For the duplex exam-
ined in the present work consisting of the two marginal seg-
ments separated by the central denatured region, because of
two different sets of circumstances the two-state melting can
take place in a manner analogous to that proposed for the
melting behavior of the DNA junction structure (44). In one
case, the two marginal duplex parts, seven or eight base pairs
long, separated by the central denatured region around the
cross-link may fortuitously possess the same 7,,. When this
situation prevails, the remainder of the duplex consisting of the
two marginal segments will melt in an apparent two-state
manner without requiring any cooperative communication
across the central denatured part around the cross-link. A
second alternative case might truly reflect an all-or-none melt-
ing event. When this case prevails, molecular communication
should occur between the marginal parts of the duplex across
the denatured central part in a manner that results in a coop-
erative melting event. Our data do not allow us to differentiate
between these two alternatives.

On the other hand, the AH,;;/AH ., ratio found for the duplex
containing an interstrand cross-link of transplatin was 0.55.
This value is consistent with this duplex containing two units
each melting cooperatively, the size of which is close to one-half
of the duplex. The conformational distortion in the central part
of the duplex around the cross-link of transplatin is much less
severe than that induced by the cross-link of cisplatin. As a
consequence of this markedly less pronounced distortion, the
base pairs in the short segment of the duplex around the
cross-link of transplatin would not melt independently as a
separated cooperative unit as in the case of the distorted seg-
ment around the cross-link of cisplatin. The schematic repre-
sentation of the melting of the duplexes, which are interstrand
cross-linked by cisplatin or transplatin, proposed on the basis
of the results of the present work is shown in Fig. 4.

In the aggregate, our results reveal and characterize the
profound but different impacts that interstrand cross-linking
by antitumor cisplatin and clinically ineffective transplatin can
have on DNA stability and melting behavior. Such assessments
are important in a range of applications including those aimed
at understanding the molecular mechanisms underlying the
biological effects of bifunctional agents that modify DNA. More-
over, the results of the present work further support the view
that the impact of the interstrand cross-links of cisplatin and
transplatin on DNA is different, which might be also associated
with distinctly different antitumor effects of these platinum
compounds.
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Summary

We analyzed DNA duplexes modified at central guanine
residues by monofunctional Ru(ll) arene complexes
[(n®-arene)Ru(ll)(en)(CI)]* (arene = tetrahydroanthracene
or p-cymene, Ru-THA or Ru-CYM, respectively). These
two complexes were chosen as representatives of
two different classes of Ru(ll) arene compounds for
which initial studies revealed different binding modes:
one that may involve DNA intercalation (tricyclic-ring
Ru-THA) and the other (mono-ring Ru-CYM) that may
not. Ru-THA is ~20 times more toxic to cancer cells
than Ru-CYM. The adducts of Ru-THA and Ru-CYM
have contrasting effects on the conformation, ther-
modynamic stability, and polymerization of DNA in vi-
tro. In addition, the adducts of Ru-CYM are removed
from DNA more efficiently than those of Ru-THA. In-
terestingly, the mammalian nucleotide excision repair
system has low efficiency for excision of ruthenium
adducts compared to cisplatin intrastrand crosslinks.

Introduction

There is much current interest in the potential of ruthe-
nium complexes as new metal-based antitumor drugs
[1, 2]. Although the pharmacological target for antitu-
mor ruthenium compounds has not been unequivocally
identified, several ruthenium(lll) compounds have been
found to inhibit DNA replication, exhibit mutagenic
activity, induce the SOS repair mechanism, bind to
nuclear DNA, and reduce RNA synthesis, which is con-
sistent with DNA binding of these compounds in vivo
[2]. Thus, DNA interactions of antitumor ruthenium agents
are of potential importance. Organometallic rutheni-
um(ll) arene complexes of the type [(n®-arene)Ru(ll)
(en)CI][PF¢] (en = ethylenediamine) constitute a rela-
tively new group of anticancer compounds [3, 4]. These
monodentate complexes appear to be novel anticancer
agents with a mechanism of action different from those
of the ruthenium(lll) complexes (ImH)[trans-Ru(lll)Cl;im
(Me,S0)] (Im = imidazole, NAMI-A) and (IndH)[trans-

*Correspondence: pjs01@staffmail.ed.ac.uk; brabec@ibp.cz

RuCl,(Ind),] (Ind = indazole, KP1019), which are cur-
rently in clinical trials [5]. The (n®-arene)Ru(ll) = bonds
in the monofunctional [(n®-arene)Ru(ll)(en)(Cl)]* com-
plexes are inert toward hydrolysis, but the chloride li-
gand is readily lost, and the complex is transformed
into the corresponding more reactive, aquated species
[6]. It has also been shown that in cell-free media ethy-
lenediamine Ru(ll) arene compounds, in which arene =
biphenyl, dihydroanthracene, tetrahydroanthracene,
p-cymene, or benzene, bind preferentially to guanine
residues in natural double-helical DNA. In addition,
DNA binding of the complexes containing biphenyl, di-
hydroanthracene, or tetrahydroanthracene ligands can
involve combined coordination to G N7 and noncova-
lent, hydrophobic interactions between the arene li-
gand and DNA, which may include arene intercalation
and minor groove binding [7, 8]. In contrast, the single
hydrocarbon rings in the p-cymene and benzene ruthe-
nium complexes cannot interact with double-helical
DNA by intercalation [8]. Interestingly, adducts of the
complex containing the p-cymene ligand, which has
methyl and isopropyl substituents, distort the confor-
mation and thermally destabilize double-helical DNA
distinctly more than the adducts of the tricyclic-ring
Ru(ll) arene compounds. It has been suggested that the
different character of conformational alterations in-
duced in DNA as a consequence of its global modifica-
tion, and the resulting thermal destabilization, may
affect differently further “downstream” effects of dam-
aged DNA [8] and consequently may result in different
biological effects of this new class of metal-based anti-
tumor compounds.

To achieve a rational design of novel antitumor Ru(ll)
arene compounds capable of circumventing inherent or
acquired resistance to metal-based drugs already used
in the clinic, it is important to understand in detail the
differences in DNA binding properties of these new ru-
thenium complexes and their possible relationship to
cytotoxicities in different tumor cell lines. This may pro-
vide grounds for establishing new structure-pharmaco-
logical activity relationships for this class of metal-based
complexes. In this work, we have considered the activity
of two Ru(lll arene complexes from the [(n®-arene)
Ru(ll)(en)(CI)]* family (arene = tetrahydroanthracene and
p-cymene, Ru-THA and Ru-CYM, respectively, Figure
1A) in two tumor cell lines. These two complexes were
chosen as representatives of two different classes of
Ru(ll) arene compounds for which initial studies of
global modification of natural DNA revealed [8] different
binding modes: one that may involve DNA intercalation
(tricyclic-ring Ru-THA) and the other (mono-ring Ru-
CYM) that cannot interact with double-helical DNA by
intercalation. We compare the cytotoxicity data with
those for DNA binding obtained previously [8], new
data obtained in the present work relating to conforma-
tional distortions induced by single, site-specific mono-
functional adducts of the Ru(ll) arene complexes in
short oligodeoxyribonucleotide duplexes, and the re-
cognition of these DNA adducts by specific proteins
and their repair, i.e., the most important factors that
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Figure 1. Structures of the Ruthenium Complexes and the Nucleo-
tide Sequences of the Synthetic Oligodeoxyribonucleotide Du-
plexes with the Abbreviations Used in the Present Study

(A) Structures. (a) Ru-THA; (b) Ru-CYM.

(B) Sequences. The top and bottom strands of the pair of oligonu-
cleotides are designated “top” and “bottom,” respectively. The
boldface letter in the top strand of the duplexes indicates the ru-
thenated residues.

modulate the antitumor effects of platinum antitumor
drugs already used in the clinic.

Results

Chemical Probes of DNA Conformation

We demonstrated in our preceding paper [8] that Ru(ll)
arene compounds bind preferentially to guanine resi-
dues in natural double-helical DNA forming monofunc-
tional adducts. In order to obtain information on how
these adducts affect DNA conformation, the oligonucle-
otide duplexes containing a site-specific monofunctional
adduct of Ru-THA or Ru-CYM (Figure 1A), [(n®-tetra-
hydroanthracene)Ru(ll)(en)(CI)]* and [(n®-p-cymene)Ru(ll)
(en)(CI]*, respectively, at the G residue were further an-
alyzed by chemical probes of DNA conformation. The
ruthenated duplex TGT(20) (Figure 1B) was treated with
several chemical agents that are used as tools for mon-
itoring the existence of conformations other than ca-
nonical B DNA. These agents include KMnO, and di-
ethyl pyrocarbonate (DEPC). They react preferentially
with single-stranded DNA and distorted double-
stranded DNA [9, 10]. We used for this analysis exactly
the same methodology as described in detail in our re-
cent papers in which we studied DNA adducts of vari-
ous antitumor platinum drugs [9, 10], and, therefore,
these experiments are described in more detail in the
Supplemental Data (see the Supplemental Data avail-
able with this article online). The results demonstrated
in Figure 2 indicate that the distortion induced by the
nonintercalating Ru-CYM extended over at least 7 base
pairs (bp), whereas the distortion induced by Ru-THA
was less extensive.

Isothermal Titration Calorimetry
A calorimetric technique was employed to characterize
the influence of the monofunctional adduct of Ru-THA
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Figure 2. Chemical Probes of DNA Conformation

(A) Piperidine-induced specific strand cleavage at KMnO,-modified
(lanes marked with KMnO,) and DEPC-modified (lanes marked with
DEPC) bases in the nonmodified TGT(20) duplex or that containing
the single, monofunctional adduct at the central G in the top
strand. The oligomer was 5’-end labeled at its top (KMnO,) or bot-
tom (DEPC) strand. Lanes: ss, the nonmodified single strand; ds,
the nonmodified duplex; RuTHA, the duplex containing an adduct
of Ru-THA; RuCYM, the duplex containing an adduct of Ru-CYM;
G, a Maxam-Gilbert-specific reaction for the unplatinated duplex.
The boldface letters in the sequences indicate the ruthenated G
and complementary C residues.

(B) Summary of the reactivity of chemical probes of DNA conforma-
tion. Upper panel, adduct of Ru-THA; lower panel, adduct of Ru-
CYM. Filled circle, strong reactivity; half-filled circle, medium reac-
tivity; open circle, weak reactivity. The boldface letter in the top
strand of the duplexes indicates the ruthenated G residue.

and Ru-CYM on the thermal stability and energetics of
the site-specifically ruthenated 15 bp DNA duplex.
Such thermodynamic data can reveal how the ruthe-
nium adduct influences duplex stability, a property that
has been shown to play a significant role in cellular pro-
cesses such as recognition of DNA damage by DNA
binding proteins and repair of this damage, i.e., the pro-
cesses that may modulate potency of antitumor drugs,
including metal-based cytostatics. Recently, differential
scanning calorimetry (DSC) was employed to charac-
terize the influence of different crosslinks of platinum
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Figure 3. Isothermal Titration Calorimetry

(A and B) ITC binding isotherm for the association of the top strand
of the 15 bp TGT duplex containing a single, monofunctional ad-
duct of (A) Ru-THA or (B) Ru-CYM with the complementary (non-
modified) strand (bottom strand of the duplex TGT(15)) at 25°C in
10 mM phosphate buffer (pH 7.0) containing 50 mM NaCl. The up-
per panels show total heat released upon injecting 5 pl aliquots of
the 50 wM bottom strand into a 1.4 ml reaction cell containing the
5 uM top strand. The lower panels show the resultant binding iso-
therm (full squares) obtained by integrating the peak areas of each
injection. The continuous line represents the nonlinear least
squares fit of the affinity (K), enthalpy (AH), and stoichiometry (n)
to a single-site binding model. For other details, see the text.

antitumor drugs on the thermal stability and energetics
of 15-20 bp DNA duplexes site-specifically modified by
these drugs [11-13]. We decided to expand these
studies to oligodeoxyribonucleotide duplexes contain-
ing unique monofunctional adducts of the Ru-THA or
Ru-CYM complexes. DSC makes it possible to measure
excess heat capacity versus temperature profiles for
the thermally induced transitions of nonmodified DNA
duplexes and those containing a unique adduct of the
metal-based drug. Such thermograms are usually re-
corded with the heating rate of 60°C/hr, and after reach-
ing the maximum temperature of 95°C, the samples are
cooled at the same rate to the starting temperature of
25°C [11-13]. This implies that the duplexes containing
the unique adduct are exposed to higher temperatures
for a relatively long period of time. Therefore, we veri-
fied first the stability of the Ru(ll) arene adducts at vari-
ous temperatures and found that the adducts formed
in the TGT(15) duplex by Ru-THA and Ru-CYM are sta-
ble for more than 2 hr only at temperatures lower than
50°C. Hence, it is apparent that DSC cannot be used to
analyze the duplexes containing the adducts of these
two Ru(ll) arene complexes. A suitable alternative is
isothermal titration calorimetry (ITC), which makes it
possible to study the thermodynamic parameters of the
duplex formation from its two complementary single
strands over a range of temperatures including those
at which the DNA adducts of Ru(ll) arene compounds
were stable for a long period of time [14].

Figure 3 shows ITC profiles of duplex formation from
the nonmodified bottom strand of the duplex TGT(15)
titrated into the complementary nonmodified top strand
of the duplex TGT(15) or the same strand containing a
single monofunctional adduct of Ru-THA or Ru-CYM at

25°C. It was verified that the melting temperature of the
duplexes was significantly higher than this temperature
and that the adducts of Ru-THA and Ru-CYM formed
in the TGT(15) duplex or in its single-stranded top
strand were stable for more than 24 hr. The ITC profiles
were analyzed as described in the Experimental Pro-
cedures to obtain the results listed in Table 1. Inspec-
tion of these thermodynamic parameters reveals that
the exothermic formation of the single monofunctional
adduct in the duplex TGT(15) by Ru-THA or Ru-CYM
resulted in a large decrease of the change in the en-
thalpy of duplex formation by 4.4 and 7.4 kcal/mol,
respectively. In other words, the monofunctional adduct
of Ru-THA or Ru-CYM enthalpically destabilizes the du-
plex relative to its nonmodified counterpart. In addition,
the formation of the monofunctional adducts by Ru-
THA or Ru-CYM resulted in a substantial increase in the
entropy of the duplex TGT(15) of 11.6 or 18.2 cal/K.mol
(TAAS = 3.6 and 5.4 kcal/mol at 25°C), respectively. In
other words, the monofunctional adduct of Ru-THA or
Ru-CYM increases the entropy of the ruthenated du-
plexes and, in this way, entropically stabilizes the du-
plex. Thus, the 4.4 or 7.4 kcal/mol enthalpic destabiliza-
tion of the TGT(15) duplex due to the monofunctional
adduct of Ru-THA or Ru-CYM is partially, but not com-
pletely, compensated by the entropic stabilization of
the duplex induced by these adducts of 3.5 or 5.4 kcal/
mol at 25°C, respectively. The net result of these enthal-
pic and entropic effects is that the formation of the
monofunctional adducts of Ru-THA and Ru-CYM with
the duplex TGT(15) at 25°C induces a decrease in du-
plex thermodynamic stability (AAG2s) of 0.8 or 2.0 kcal/
mol, respectively, with this destabilization being enthal-
pic in origin. In this respect, the monofunctional adduct
of Ru-CYM was considerably more effective than that
of Ru-THA.

Probing by DNA Polymerase

It has been demonstrated that various DNA secondary
structures have significant effects on the processivity
of a number of prokaryotic, eukaryotic, and viral DNA
polymerases. Interestingly, with DNA templates con-
taining site-specifically placed adducts of various plati-
num compounds, a number of prokaryotic and eukary-
otic DNA polymerases were blocked but could also
traverse through the adducts depending on their char-
acter and conformational alterations induced in DNA.
Inhibition of prokaryotic DNA-dependent RNA polymer-
ase by the adducts on DNA globally modified by Ru
arene compounds, including Ru-THA and Ry-CYM, has
already been demonstrated in in vitro transcription
mapping experiments [8]. Interestingly, monofunctional
adducts of cisplatin or transplatin and those of the mo-
nodentate compounds such as chlorodiethylenetri-
amineplatinum(ll) chloride ([PtCl(dien)]ClI) or [PtCI(NH)3]CI
terminate DNA synthesis by DNA polymerases in vitro
markedly less efficiently than crosslinks of platinum
complexes [15, 16]. It is, therefore, interesting to exam-
ine whether a DNA polymerase, which processes DNA
substrates containing monofunctional adducts of Ru-
THA or Ru-CYM, can reveal potential specific features
of conformational alterations imposed on DNA by the
monofunctional adducts of these two Ru(ll) arene com-
pounds.
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Table 1. Calorimetrically Derived Thermodynamic Parameters for the Formation of the 15 bp Nonmodified Duplexes or Those Containing
Single, Site-Specific Monofunctional Adducts of Ru-THA or Ru-CYM at 25°C

Duplex AH? (kcal/mol) AS? (cal/K.mol) AG,s? (kcal/mol) KP (M) NP

TGT(15) -79.3 -228 -11.3 1.98 x 108 1.08
TGT(15)-Ru-THA -74.9 -216 -10.5 3.8 x 107 1.06
TGT(15)-Ru-CYM -71.9 -210 -9.3 6 x 108 0.94

The AH and AS values are averages derived from three independent experiments.
2AH, AS, and AG,;5 denote, respectively, the enthalpy, entropy, and free energy (at 25°C) of duplex formation.
PK and n denote, respectively, association constant and binding stoichiometry for strand association.

We constructed 8-mer/23-mer primer/template non-
modified duplexes or those containing the monofunc-
tional adduct of Ru-THA, Ru-CYM or [PtCl(dien)]ICl in
the central TGT sequence (for sequences, see Figure
4). The first eight nucleotides on the 3’ terminus of the
23-mer template strand were complementary to the nu-
cleotides of the 8-mer primer, and the guanine involved
in the monofunctional adduct of Ru-THA, Ru-CYM, or
[PtCl(dien)]Cl on the template strand was located at the
13th position from the 3’ terminus (Figure 4). After an-
nealing the 8-mer primer to the 3’ terminus of the non-
modified or metallated template strand, positioning the
3’ end of the primer five bases before the adduct in
the template strand, we examined DNA polymerization
through the single, monofunctional adducts of Ru-THA,
Ru-CYM, or [PtCI(dien)]Cl by a Klenow fragment of DNA
polymerase | (KF) in the presence of all four deoxyribo-
nucleoside 5’ triphosphates. The reaction was stopped
at various time intervals, and the products were ana-
lyzed by using a sequencing 24% polyacrylamide
(PAA)/8 M urea gel (shown for the monofunctional ad-
ducts of Ru-THA and Ru-CYM in Figure 4). Polymeriza-
tion with the 23-mer template containing the adduct of

control | Ru-THA Ru-CYM
|
- mmmams R e -2
. -13Ru

%%: AR - =12
8_ - - -B

1723 45 67 8 91011121314 15

I?u
template: 3'- CTCTCTTCCTCTETTCTCTCTCC
PriMEr:  5'- GAGAGAAG -wrrrmreeeoreeer e

Figure 4. Primer Extension Activity of Klenow Fragment of DNA
Polymerase |

Experiments were conducted by incubating 8-mer/23-mer primer/
template duplex for various times (lanes 1-5), or the template con-
taining a monofunctional adduct of Ru-THA (lanes 6-10) or of Ru-
CYM (lanes 11-15). Timings were as follows: 1 min, lanes 1, 6, and
11; 3 min, lanes 2, 7, and 12; 15 min, lanes 3, 8, and 13; 30 min,
lanes 4, 9, and 14; 60 min, lanes 5, 10, and 15. The pause sites
opposite the ruthenated guanine and the preceding residues are
marked 13 and 12, respectively (the site opposite the ruthenated
residue is still marked “Ru”). The nucleotide sequences of the tem-
plate and the primer are shown beneath the gels.

Ru-THA proceeded rapidly up to the nucleotide preced-
ing and at the sites opposite the adduct, such that the
12 and 13 nucleotide products accumulated to a signifi-
cant extent (shown in Figure 4, lanes 6-10). The larger
DNA intermediates were not observed to a consider-
able extent, whereas no intermediate products were
seen with the 23-mer control template or the template
containing the monofunctional adduct of [PtCl(dien)]CI
as the full-length products were formed (shown in Fig-
ure 4 for control template, lanes 1-5). The full-length
products were also noticed with the 23-mer template
containing the adduct of Ru-THA (Figure 4, lanes 6-10).
This result demonstrates that the monofunctional ad-
duct of Ru-THA effectively inhibits DNA synthesis, but
translesion synthesis may occur. Under the same ex-
perimental conditions, DNA polymerization by KF with
the template containing the monofunctional adduct of
Ru-CYM proceeded up to the nucleotide preceding the
site opposite the ruthenated G involved in the adduct
and to the following nucleotide residue (Figure 4, lanes
11-15). There was no accumulation of shorter interme-
diates, but larger DNA intermediates (corresponding to
14 and 15 nucleotide products) and the full-length pro-
ducts were noticed. The amount of the full-length pro-
ducts increased with reaction time, but with a some-
what lower rate compared to the polymerization with
the template containing the adduct of Ru-THA.

Repair

Figure 5A illustrates an experiment that measures DNA
repair synthesis by a repair-proficient HeLa cell-free ex-
tract (CFE) in pUC19 plasmid modified at r, = 0.05 by
Ru-THA or Ru-CYM, and for comparative purposes,
also by cisplatin. Repair activity was monitored by
measuring the amount of incorporated radiolabeled nu-
cleotide. A similar amount of undamaged pBR322 of a
slightly different size is included in the reactions to
show the background incorporation into undamaged
plasmid. This background incorporation was sub-
tracted from that found for metallated pUC19 plasmid.
Considerably different levels of damage-induced DNA
repair synthesis were detected in the plasmid modified
by Ru-THA, Ru-CYM, and cisplatin (Figures 5A and 5B).
The level of the synthesis detected in the plasmid modi-
fied by Ru-THA was ~6 times lower than that in the
plasmid modified by Ru-CYM.

DNA repair synthesis can be due to various DNA re-
pair mechanisms. Bulky, helix-distorting DNA adducts,
such as those generated by various chemotherapeu-
tics, including cisplatin, are removed from DNA by nu-
cleotide excision repair (NER), which is an important
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Figure 5. Repair DNA Synthesis and Nucleotide Excision Repair

(A and B) In vitro repair synthesis assay of the extract prepared
from the repair-proficient HeLa cell line. Repair synthesis used as
substrates nonmodified pBR322 plasmid and nonmodified pUC19
plasmid (lane C) or pUC19 plasmid modified at r, = 0.05 by cis-
platin, Ru-THA, or Ru-CYM (lanes cisPt, RuTHA, and RuCYM,
respectively). (A) Results of a typical experiment. The top panel is
a photograph of the EtBr-stained gel, and the bottom panel is the
autoradiogram of the gel showing incorporation of [0-32P]JdCMP. (B)
Incorporation of dCMP into nonmodified, platinated, or ruthenated
plasmids. For all quantifications representing mean values of three
separate experiments, incorporation of radioactive material is cor-
rected for the relative DNA content in each band. The radioactivity
associated with the incorporation of [0-*2P][dCMP into DNA modi-
fied by cisplatin was taken as 100%.

(C and D) Excision of the adducts of ruthenium complexes by ro-
dent excinuclease. (C) The 148 bp substrates were incubated with
CHO AA8 CFE and subsequently treated overnight with NaCN prior
to analysis in 10% PAA/8 M urea denaturing gel; lanes: 1 and 2,
control, nonmodified substrate; 3 and 4, the substrate containing
the 1,2-GG intrastrand crosslink of cisplatin; 5 and 6, monofunc-
tional adduct of Ru-THA; 7 and 8, the monofunctional adduct of
Ru-CYM. Lanes 1, 3, 5, and 7, no extract added; lanes 2, 4, 6, and
8, the substrates were incubated with CHO AA8 CFE for 40 min at
30°C. Lane M, the 20- and 30-mer markers. (D) Quantitative analy-
sis of removal of the adducts. The columns marked cisPt, RuTHA,
and RuCYM represent 1,2-GG intrastrand crosslink of cisplatin, the
monofunctional adduct of Ru-THA, and the monofunctional adduct
of Ru-CYM, respectively. The radioactivity associated with the frag-
ments excised from the duplex containing the 1,2-GG intrastrand
CL of cisplatin was taken as 100%. Data are the average of two
independent experiments performed under the same conditions.

component of the mechanism underlying the biological
effects of these agents. Efficient removal of crosslinks
formed in DNA by platinum antitumor compounds has
already been reported for various NER systems, includ-
ing human and rodent excinucleases [17-20]. The result
presented in Figure 5C, lane 4 is consistent with these
reports. The major excision fragment contains 28 nu-
cleotides, and other primary excision fragments are 24—
29 nucleotides in length [17-20]. In contrast, the mono-
functional adducts of Ru-THA and Ru-CYM were also
excised by both human and rodent excinucleases
(shown for rodent excinuclease in Figures 5C and 5D),
although with a noticeably lower efficiency than the ma-
jor intrastrand crosslink of cisplatin; the adduct of Ru-

CYM was excised slightly more than that of Ru-THA.
Consistent with this observation were the results of the
gel mobility shift assay analysis (Supplemental Figure
S1) employing replication protein A (RPA) (which be-
longs to the initial damage-sensing factors of eukary-
otic excision nuclease initiating repair) and DNA probes
containing the adducts of Ru-THA, Ru-CYM, or cis-
platin. The analysis performed with the substrate con-
taining the major intrastrand crosslink of cisplatin re-
vealed considerably higher binding than that performed
with the substrate containing the adduct of Ru-THA or
Ru-CYM (Supplemental Figure S1). In addition, a lower
binding of RPA to the substrate containing the adduct
of Ru-THA than to the substrate with the adduct of Ru-
CYM was observed (Supplemental Figure S1). Thus,
these results (described in detail in the Supplemental
Data) corroborate the findings in Figures 5C and 5D and
demonstrate the low efficiency of the mammalian NER
systems employed in the present work to excise Ru(ll)
arene adducts and especially that of Ru-THA.

Cytotoxicity

The cytotoxic activity of the Ru(ll) arene compounds
tested in the present work was evaluated as described
previously [3, 4] and has been determined in two cancer
cell lines, A2780 and HT29. The compounds were incu-
bated for 24 hr with the tumor cell lines [3, 4]. IC5q val-
ues (compound concentration that produces 50% of
cell killing) of 0.4 and 10 .M were obtained in A2780
cells, and values of 3 and >100 uM were obtained in
HT29 cells for Ru-THA and Ru-CYM, respectively (D.l.
Jodrell and R. Aird, personal communication). Hence,
the tricyclic-ring complex Ru-THA was considerably
more potent than the Ru-CYM complex. Thus, the ca-
pability of the Ru(ll) arene complex to intercalate DNA
correlates with the noticeably enhanced activity of this
class of Ru(ll) arene compounds in several cancer cell
lines.

Discussion

Our initial studies [8] suggested that Ru(ll) arene com-
pounds containing multi-ring biphenyl, dihydroanthra-
cene, or tetrahydroanthracene ligands bind to DNA dif-
ferently in comparison to the complexes containing single
hydrocarbon rings, such as p-cymene or benzene. DNA
binding of the multiring Ru(ll) arene complexes involves
not only coordination to G N7 together with C60-:(en)
H-bonding, but also noncovalent, hydrophobic interac-
tions between the arene ligand and DNA, which may
include arene intercalation and minor groove binding.
In contrast, the Ru arene compounds containing single
hydrocarbon rings cannot interact with double-helical
DNA by intercalation. Therefore, we tried first to find
out whether this different DNA binding mode correlates
with the cytotoxicity of the Ru(ll) arene compounds in
different tumor cell lines. Interestingly, the results of the
previous [3, 4] and present work (vide supra) support
the view that the presence of an arene ligand in these
classes of ruthenium complexes that is capable of non-
covalent, hydrophobic interaction with DNA (presuma-
bly intercalation) considerably enhances the cytotoxic-
ity in a number of tumor cell lines.
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It has been demonstrated that the biological activity
of several transition metal-based complexes is modu-
lated by the “downstream” effects of damaged DNA,
such as recognition of damaged DNA by specific pro-
teins and/or repair [21, 22]. For instance, recognition of
DNA adducts of several antitumor metal-based drugs
and removal of these adducts from DNA is dependent
on the character of the distortion and thermodynamic
destabilization induced in DNA by these adducts [11,
23]. A more detailed analysis of conformational distor-
tions induced in DNA by Ru-THA and Ru-CYM carried
out in the present work revealed substantial differences
in the character of these distortions. Their analysis by
chemical probes of DNA conformation demonstrated
(Figure 2) that the distortion induced by the noninterca-
lating Ru-CYM extended over at least 7 bp, whereas
the distortion induced by Ru-THA was less extensive.
Consistent with this observation were the results of the
ITC analysis (Figure 3 and Table 1). The association
constants, K, for the formation of duplexes containing
adducts of Ru-THA or Ru-CYM were 5 or 33 times
lower, respectively, than the K value for the formation
of the control (nonmodified) duplex (Table 1). Hence,
the adducts of both Ru-THA and Ru-CYM thermody-
namically destabilized DNA, with this destabilization
being enthalpic in origin. The adduct of Ru-CYM desta-
bilized DNA significantly more than the adduct of Ru-
THA, whose DNA binding mode, additionally, involves
noncovalent, hydrophobic interactions between the ar-
ene ligand and DNA, such as arene intercalation. Vari-
ous intercalators thermodynamically stabilize DNA
since they lengthen and unwind DNA, increasing the
phosphate spacing along the helix axis [24, 25]. Hence,
it is reasonable to suggest that the higher thermo-
dynamic stability of DNA containing the adducts of Ru-
THA observed in the present work is associated with
this hydrophobic interaction.

Consistent with the different character of the adducts
of Ru-THA and Ru-CYM and with the different impact
of these adducts on DNA conformation and stability are
also their different effects on primer extension activity
of KF (Figure 4). The results of the present work suggest
that the monofunctional adducts of Ru-THA and Ru-
CYM efficiently inhibit DNA polymerization and in dif-
ferent ways. These studies demonstrate that the mono-
functional adducts of Ru-THA and Ru-CYM constitute
a fairly strong block to DNA synthesis catalyzed by KF;
however, this block is not absolute, allowing translesion
DNA synthesis with a limited efficiency. Hence, DNA
polymerization appears to be inhibited by Ru(ll) arene
adducts markedly more strongly than by the adducts
of simple monofunctional platinum(ll) compounds. This
provides a new dimension to the design of Ru(ll) arene
compounds for affecting processes in tumor cells, pos-
sibly including replication or DNA repair.

It has been suggested [21, 22] that HMG domain pro-
teins play a role in sensitizing cells to cisplatin. It has
been shown [26] that HMG domain proteins recognize
and bind to DNA crosslinks formed by cisplatin. The
details of how the binding of HMG domain proteins to
cisplatin-modified DNA sensitize tumor cells to cis-
platin are still not completely resolved, but possibilities
such as shielding cisplatin-DNA adducts from repair or
that these proteins could be recruited from their native

transcriptional regulatory function have been sug-
gested [21, 22] as clues for how these proteins are in-
volved in the antitumor activity. In addition, an impor-
tant structural motif recognized by HMG domain
proteins on DNA modified by cisplatin is a directional
bend of the helix axis toward the major groove [27]. No
recognition of the DNA monofunctional adducts of Ru-
THA or Ru-CYM by HMGB1 protein was observed in
the present work (see the Supplemental Data). A plausi-
ble explanation of this observation may be that these
adducts do not bend DNA, thus affording no structural
motif recognized by HMG domain proteins. From these
considerations, we could conclude that the mechanism
of antitumor activity of Ru(ll) arene compounds does
not involve recognition of its DNA adducts by HMG do-
main proteins as a crucial step, in contrast to the pro-
posals for cisplatin and its direct analogs [21, 22].

Another important feature of the mechanism underly-
ing antitumor effects of DNA binding metal-based com-
pounds is repair of their DNA adducts [21, 28]. A persis-
tence of these DNA adducts may potentiate their
antitumor effects in the cells sensitive to these com-
pounds [21, 22, 29]. DNA repair synthesis was investi-
gated in the present work by using the CFE from human
tumor cells and DNA substrates randomly modified by
the Ru(ll) arene compounds (Figures 5A and 5B). Impor-
tantly, Ru-THA adducts induced a considerably lower
level of repair synthesis than the adducts of Ru-CYM
and also of cisplatin (Figure 5B), suggesting a less effi-
cient removal from DNA and enhanced persistence of
the adducts of more potent multi-ring and intercalating
Ru(ll) arene compounds in comparison with the ad-
ducts of less potent and nonintercalating Ru(ll) arene
compounds. Additionally, the level of DNA repair syn-
thesis induced by the adducts of Ru-CYM was still
markedly higher than that induced by cisplatin; this
finding is consistent with the lower cytotoxicity of this
ruthenium compound (vide supra).

There are several types of DNA repair, for instance
base excision, NER, mismatch, and recombination re-
pair. The assay based on the measurement of DNA
repair synthesis may reflect the effectiveness of all of
these repair mechanisms. Several reports have demon-
strated [30-32] that NER is a major mechanism contrib-
uting to cisplatin resistance. The examination of exci-
sion of monofunctional adducts of Ru-THA and Ru-CYM
has revealed that these adducts also can be removed
from DNA by NER (Figures 5C and 5D), but consider-
ably less efficiently than the adducts of cisplatin. This
is in contrast to the results of DNA repair synthesis (Fig-
ures 5A and 5B) and implies a less significant role of
NER in the mechanism underlying the antitumor effects
of Ru(ll) arene compounds than in the mechanism of
cisplatin. In other words, the results of the present work
indicate that the adducts of Ru(ll) arene compounds are
preferentially removed from DNA by repair mechanisms
other than NER, which provides additional support for
a mechanism of antitumor activity of Ru(ll) arene com-
pounds different from that of cisplatin. Nevertheless,
the results of both repair assays employed in the pre-
sent work (Figure 5) demonstrate clearly that the ad-
ducts of Ru-CYM, which distort and destabilize DNA
more than the adducts of Ru-THA, are removed from
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DNA more effectively, independent of the type of the
repair mechanism.

Hence, the character and extent of DNA distortion
induced in DNA by the adducts of Ru(ll) arene com-
plexes and resulting thermodynamic destabilization of
DNA control the biological effects of this class of ruthe-
nium complexes. The results of the present work afford
further details, which allow for improving the structure-
pharmacological relationship of Ru(ll) arene compounds,
and should provide a more rational basis for the design
of new antitumor ruthenium drugs and chemotherapeu-
tic strategies.

Significance

Organometallic ruthenium(ll) arene complexes of the
type [(n®-arene)Ru(ll)(en)CI][PFs] (en = ethylenedia-
mine) constitute a new group of anticancer com-
pounds. To achieve a rational design of novel antitu-
mor Ru(ll) arene compounds, it is important to
understand the differences in DNA binding properties
of these complexes and their possible relationship to
cytotoxicities in different tumor cell lines. In this
work, we studied the activity of two Ru(ll) arene com-
plexes from the [(n®-arene)Ru(ll)(en)(CI)]* family (ar-
ene = tetrahydroanthracene and p-cymene, Ru-THA,
and Ru-CYM, respectively) in two tumor cell lines,
conformational distortions induced by monofunc-
tional adducts of these complexes, and their recogni-
tion by DNA binding proteins and repair, i.e., the most
important factors that modulate the antitumor effects
of related platinum drugs. These two ruthenium com-
plexes were chosen as representatives of two dif-
ferent classes of Ru(ll) arene compounds that modify
DNA differently: one that may interact with DNA by
intercalation (tricyclic-ring Ru-THA), and the other
(mono-ring Ru-CYM) that cannot.

The presence of the arene ligand in this class of
ruthenium complexes capable of noncovalent, hy-
drophobic interaction with DNA considerably en-
hances cytotoxicity in several tumor cell lines. An
analysis of DNA duplexes modified by Ru-THA and
Ru-CYM revealed substantial differences in the im-
pact of their monofunctional adducts on the confor-
mation and thermodynamic stability of DNA and DNA
polymerization in vitro. In addition, the adducts of Ru-
CYM are removed from DNA more efficiently than
those of Ru-THA. Interestingly, the adducts of Ru(ll)
arene compounds are preferentially removed from
DNA by mechanisms other than nucleotide excision
repair. This provides additional support for a mecha-
nism underlying antitumor activity of Ru(ll) arene
compounds different from that of cisplatin. Hence,
the character of DNA distortion induced in DNA by the
adducts of Ru(ll) arene complexes and the resulting
thermodynamic destabilization of DNA control the bi-
ological effects of this class of ruthenium complexes.

Experimental Procedures

Starting Materials

The complexes Ru-THA and Ru-CYM (Figure 1A) were prepared by
the methods described in detail previously [3, 7]. Cisplatin, glyco-
gen, and dimethyl sulfate (DMS) were obtained from Sigma.

[PtCl(dien)]CI was kindly provided by G. Natile. The stock solutions
of the ruthenium and platinum complexes at the concentration of
5 x 10* M in H,O were prepared in the dark at 25°C. Plasmids
pUC19 (2686 bp) and pBR322 (4363 bp) were isolated according
to standard procedures. The synthetic oligodeoxyribonucleotides
were purchased from VBC-Genomics (Vienna, Austria) and were
purified as described previously [33]. Restriction endonucleases,
T4 polynucleotide kinase, KF, and bovine serum albumin were
purchased from New England Biolabs. A CFE was prepared from
the HeLa S3 cell line as described [18]. This extract was kindly
provided by J.T. Reardon and A. Sancar from the University of
North Carolina. Acrylamide, agarose, bis(acrylamide), ethidium bro-
mide (EtBr), urea, and NaCN were purchased from Merck KgaA.
Creatine phosphokinase and creatine phosphate were purchased
from ICN Biomedicals, Inc. The radioactive products were
purchased from Amersham.

Metallation of Oligonucleotides

The single-stranded oligonucleotides (the top, pyrimidine-rich
strands containing a single central G of the TGT(15), TGT(20), or
TGT(NER) duplexes; Figure 1B) were reacted in stoichiometric
amounts with either Ru-THA, Ru-CYM, or [PtCl(dien)]Cl. The ruthen-
ated or platinated oligonucleotides were purified by ion-exchange
fast protein liquid chromatography (FPLC). It was verified by ruthe-
nium or platinum flameless atomic absorption spectrophotometry
(FAAS) and by optical density measurements that the modified oli-
gonucleotides contained one ruthenium or platinum atom. It was
also verified by using DMS footprinting of ruthenium or platinum
on DNA [34] that one molecule of ruthenium or platinum complex
was coordinated to the N7 atom of the single G in the top strand
of each duplex. FPLC purification and FAAS measurements were
carried out on a Pharmacia Biotech FPLC System with a MonoQ
HR 5/5 column and a Unicam 939 AA spectrometer equipped with
a graphite furnace, respectively. The duplexes containing a single,
central 1,2-GG intrastrand crosslink of cisplatin in the pyrimidine-
rich top strand were prepared as described [12]. The nonmodified,
ruthenated, or platinated duplexes used in the studies of recogni-
tion by RPA protein were purified by electrophoresis on native 15%
PAA gels (mono:bis[acrylamide] ratio = 29:1).

Isothermal Titration Calorimetry

The standard isothermal titration calorimetry (ITC) buffer for these
studies contained 50 mM NaCl with 10 mM phosphate buffer
(NagHPO4/NaH,PO, [pH 7.0]). Sufficient quantities of ITC solutions
were prepared to perform a set of titrations of the 50 .M solution
of the bottom strand of the duplex TGT(15) (for its sequence, see
Figure 1B) into the 5 .M solution of the top strand of nonmodified
TGT(15) or that containing the single, site-specific monofunctional
adduct of Ru-THA or Ru-CYM at 25°C. Molar extinction coefficients
for the single-stranded oligonucleotides (related to the strands that
were 15 nucleotides long) used in ITC experiments were deter-
mined by phosphate analysis [35]. The following extinction coeffi-
cients at 260 nm and 25°C were obtained: 108,000 and 128,000
M-'.cm~" for the upper and bottom strands of the nonmodified
TGT(15) duplex, respectively; 113,000 and 111,000 M~"-cm~" for the
upper strand of the TGT(15) containing the single monofunctional
adduct of Ru-THA and Ru-CYM, respectively. Stock solutions of
the strands for ITC studies were prepared in the ITC buffer and
were exhaustively dialyzed against this buffer. It was verified that
enthalpies of ITC injections of each individual oligomer into buffer,
of buffer into buffer, and of excess oligomer into a solution of du-
plex were all the same as water into water injections, within error.
From these data, it was concluded that effects of any solvent mis-
matching are negligible. Titrations were carried out on a VP-ITC
instrument (MicroCal LLC, Northampton, MA). For each titration,
the top strand of the nonmodified TGT(15) duplex or that containing
the single, site-specific adduct of Ru-THA or RuCYM was loaded
into the 1.4 ml sample cell, and the complementary oligomer (bot-
tom strand of the duplex TGT(15)) was loaded into the 300 pl injec-
tion syringe. The stirring rate of the injection syringe was 400 rpm,
and samples were equilibrated thermally prior to a titration until the
baseline had leveled off and the rms noise was less than 0.015
wcal-s™'. A typical titration consisted of 50 injections of 5 pl each,
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with 3 min between injections. Data from individual titrations were
analyzed by using the Origin 5.0 software package (Origin, North-
ampton, MA) to extract the relevant thermodynamic parameters
(the enthalpy change [AH], the entropy change [AS], the stoichiom-
etry [n], and the equilibrium constant [K] for strand association).

Inhibition of DNA Polymerization

We investigated DNA polymerization using the templates site-
specifically modified by Ru-THA or Ru-CYM by KF. The DNA poly-
merase | class of enzymes has served as the prototype for studies
on structural and biochemical mechanisms of DNA replication [36,
37]. The 23-mer templates containing a single monofunctional ad-
duct of Ru-THA or Ru-CYM were prepared in the same way as
described above. The eight-mer DNA primer was complementary
to the 3’ terminus of the 23-mer template. The DNA substrates
were formed by annealing templates and 5’-end-labeled primers at
a molar ratio of 3:1. All experiments were performed at 25°C in a
volume of 50 pl in a buffer containing 50 mM Tris-HCI (pH 7.4), 10
mM MgCl,, 50 ng/ml BSA, 25 uM dATP, 25 .M dCTP, 25 pM dGTP,
25 pM TTP and 0.5 U KF. Reactions were terminated by the addi-
tion of EDTA so that its resulting concentration was 20 uM and by
heating at 100°C for 30 s. Products were resolved on a denaturing
24% PAA/8 M urea gel and then visualized and quantified by using
the FUJIFILM bio-imaging analyzer and AIDA image analyzer
software.

Repair Synthesis by Human Cell Extracts

Repair DNA synthesis of CFEs was assayed by using pUC19 and
pBR322 plasmids. Each reaction of 50 pl contained 250 ng non-
modified pBR322 and 250 ng nonmodified or platinated pUC19; 2
mM ATP; 30 mM KCI; 0.5 mg/ml creatine phosphokinase (rabbit
muscle); 20 mM of each dGMP, dCTP, and TTP; 8 mM dATP; 74
kBq [0-32P]dAMP in the buffer composed of 40 mM HEPES-KOH
(pH 7.5), 5 mM MgCl,, 0.5 mM dithiothreitol, 22 mM creatine phos-
phate, 1.4 mg/ml bovine serum albumin, and 150 pg CFE. Reac-
tions were incubated for 3 hr at 25°C and terminated by adding
EDTA to a final concentration of 20 mM, SDS to 0.6%, and protein-
ase K to 250 pg/ml and then incubating for 30 min. The products
were extracted with 1 volume 1:1 phenol:chloroform. The DNA was
precipitated from the aqueous layer by the addition of 1/50 volume
5 M NaCl, 5 mg glycogen, and 2.5 volumes ethanol. After 20 min of
incubation on dry ice and centrifugation at 12,000 x g for 30 min at
4°C, the pellet was washed with 0.5 ml 70% ethanol and dried in a
vacuum centrifuge. DNA was finally linearized before electrophore-
sis on a 1% agarose gel containing 0.3 mg/ml EtBr. The basic prin-
ciples of this assay are shown schematically in Supplemental Fig-
ure S2A.

Nucleotide Excision Assay

The 149 bp substrates containing a single monofunctional adduct
of Ru-THA or Ru-CYM were assembled from three oligonucleotide
duplexes. The central duplex was TGT(NER) duplex (shown in Fig-
ure 1B) to which two duplexes (arms) with random base pair se-
quences with overhangs partially overlapping those of the modified
duplex were ligated (one to each side) by T4 DNA ligase. The top
strand of the modified central duplexes were 5'-end labeled with
32p pefore ligation. Substrates containing a single, central 1,2-GG
intrastrand crosslink of cisplatin were prepared in a similar way to
that described previously [38]. Full-length substrates (nonmodified,
containing the monofunctional adduct of Ru-THA or Ru-CYM or the
1,2-intrastrand crosslink of cisplatin) were separated from unli-
gated products on a denaturing 6% PAA gel, purified by electroelu-
tion, reannealed, and stored in annealing buffer (50 mM Tris-HCI
[pH 7.9], 100 mM NaCl, 10 mM MgCl,, and 1 mM dithiothreitol)
at 20°C. In vitro repair of monofunctional adducts of Ru(ll) arene
complexes and of the 1,2-intrastrand crosslink of cisplatin was
measured in an excision assay as described previously [38], with
minor modifications. The reaction mixtures (25 pl) contained 10
fmol radiolabeled DNA, 50 ng CFE, 20 uM dATP, 20 .M dCTP, 20
wM dGTP, and 20 pM TTP in reaction buffer (23 mM HEPES [pH
7.9], 44 mM KCI, 4.8 mM MgCl,, 0.16 mM EDTA, 0.52 mM dithi-
othreitol, 1.5 mM ATP, 5 png bovine serum albumin, and 2.5% glyc-
erol) and were incubated at 30°C for 40 min. DNA was depro-

teinized and precipitated by ethanol. Reaction products were
treated overnight with 0.4 M NaCN (pH 10-11) at 45°C and precipi-
tated by ethanol prior to resolution on the gels. The excision pro-
ducts were separated on denaturing 10% PAA gels and visualized
by using the Phosphorlmager. The basic principles of this assay
are shown schematically in Supplemental Figure S2B.

Supplemental Data

A description of the experiments with chemical probes of DNA con-
formation, recognition by HMGB1 and RPA proteins, corresponding
experimental procedures, and the basic principles of repair DNA
synthesis and nucleotide excision repair assays are available at
http://www.chembiol.com/cgi/content/full/12/1/121/DC1/.
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Abstract: The effect of the location of the interstrand cross-link formed by trans-diamminedichloro-
platinum(Il) (transplatin) on the thermal stability and energetics of 15-mer DNA duplex has been
investigated. The duplex containing single, site-specific cross-link, thermodynamically equivalent model
structures (hairpins) and nonmodified duplexes were characterized by differential scanning calorimetry,
temperature-dependent uv absorption, and circular dichroism. The results demonstrate that the forma-
tion of the interstrand cross-link of transplatin does not affect pronouncedly thermodynamic stability of
DNA: the cross-link induces no marked changes not only in enthalpy, but also in “reduced” (concen-
tration independent) monomolecular transition entropy. These results are consistent with the previous
observations that interstrand cross-links of transplatin structurally perturb DNA only to a relatively
small extent. On the other hand, constraining the duplex with the interstrand cross-link of transplatin
results in a significant increase in thermal stability that is primarily due to entropic effects: the cross-link
reduces the molecularity of the oligomer system from bimolecular to monomolecular. Importantly, the
position of the interstrand cross-link within the duplex modulates cooperativity of the melting transition
of the duplex and consequently its thermal stability. © 2005 Wiley Periodicals, Inc. Biopolymers 77:

222-229, 2005

Keywords: DNA; interstrand cross-link; transplatin; calorimetry; van’t Hoff enthalpy; circular

dichroism

INTRODUCTION

Reaction of cellular DNA with environmental and
chemotherapeutic agents can give rise to a variety
of lesions, including interstrand cross-links (CLs).
Because these lesions can prevent DNA strand sep-
aration interfering with critical cellular events, such
as DNA transcription and replication, they repre-
sent a serious impediment to cell survival. Thus, the
mechanism of the action of interstrand cross-
linking agents and the design of new types of
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cross-linking compounds have been extensively in-
vestigated.

The interstrand CLs not only prevent separation of
the strands of DNA, but also may alter its conforma-
tion. Both of these factors may affect in a fundamental
way processing of these lesions in cells. Efforts to
reveal the details of the mechanisms by which inter-
strand cross-links are processed have been hampered
by the difficulty to distinguish between the effects of
covalent linking of two complementary strands of
DNA itself and resulting conformational alterations.



In order to contribute to understanding the biolog-
ical effects of interstrand CLs, we have analyzed in
our previous work' the short oligodeoxyribonucle-
otide duplex containing single and central, site-spe-
cific interstrand CL of transplatin [trans-diamminedi-
chloroplatinum(Il)] by differential scanning calorim-
etry (DSC) and circular dichrosim (CD)
spectropolarimetry. This CL is preferentially formed
in DNA between complementary cytosine and gua-
nine residues®> and, in contrast to the interstrand CL
formed in DNA by its cis isomer, affects DNA con-
formation to a very small extent.*> Thus, the inter-
strand CL of this simple and purely inorganic com-
pound (it is composed of only 11 atoms, 6 of which
are hydrogens) is a suitable model to investigate the
effect of interstrand cross-linking not markedly af-
fected by the conformational alterations imposed on
DNA by this lesion.

The interstrand CL of transplatin increased the
thermal stability of the modified duplexes by chang-
ing the molecularity of denaturation. Other results
were interpreted to mean that the interstrand CL of
transplatin was proposed to be enthalpically almost
neutral. The CL-induced thermodynamic destabiliza-
tion was found to be entirely entropic in origin.

The conclusions of our previous work' were based
on the extraction of thermodynamic data from equi-
librium transition curves on short duplexes of differ-
ent molecularity. The unconstrained (nonplatinated)
duplex denatured in a bimolecular reaction to form
two single strands whereas the interstrand crosslinked
duplex denatured in monomolecular reaction since the
crosslinked strands could not separate. To dissect the
effect of different molecularities of the nonplatinated
and interstrand crosslinked oligomer systems from
other mechanisms that could affect thermal stability
of the crosslinked duplexes, we performed in our
previous work' a correction for the concentration de-
pendence using a theoretical approach.®

In order to understand the effects of interstrand
cross-linking by transplatin on thermal stability and
energetics of DNA more deeply and to verify our
previous conclusions,' we used in the present work an
empirical approach to eliminate the effect of different
molecularities of the nonplatinated and interstrand
crosslinked oligomer systems. We used DSC to mea-
sure thermal transition of the duplexes (nonplatinated
or containing a site-specific interstrand CL of trans-
platin) and corresponding monomolecular structures:
hairpin duplexes. These duplexes also contained a
short, single-stranded loop preventing a change of
molecularity of the system if the noncrosslinked du-
plexes were thermally denatured. In addition, when
analyzing short, interstrand crosslinked duplexes, the
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results might be also affected by the distance of the
CL from the ends of the duplex. This is because the
single interstrand CL divides the duplex into two
fractions separated by the CL that may melt indepen-
dently and cooperatively. These fractions may differ
in the length depending on the position of the CL
within the duplex, which may affect the thermody-
namic data associated with the formation of the inter-
strand CL. As this aspect of DNA cross-linking has
not been examined yet, we also examined in the
present work a short duplex containing single, asym-
metrically positioned interstrand CL of transplatin and
compared these results with those shown in the pre-
vious report' describing the results obtained with the
CL of transplatin positioned centrally.

MATERIALS AND METHODS

Oligonucleotides

Oligonucleotides were purchased from IDT, Inc. (Cor-
alville, IA). Molar extinction coefficients of the oligonucle-
otides were determined by using standard phosphate anal-
ysis.” The following molar extinction coefficients at 260 nm
and 25°C (in units of mole strand-liter” '«cm™"') were ob-
tained: 114,000 for upper strand S1; 139,000 for strand S2;
272,000 for hairpin SH. Isothermal mixing experiments®
using strands S1 and S2 revealed 1:1 stoichiometries for
both nonmodified duplexes, a ratio consistent with duplex
formation. Dimethyl sulfate (DMS) used for platinum foot-
printing on DNA was from Sigma.

Platination of Oligonucleotides

The oligonucleotides were modified by transplatin, which
was purchased from Sigma. The single-stranded oligonu-
cleotide S1 (Figure 1) at a concentration of 150 uM was
reacted with a monoaquamonochloro derivative of transpla-
tin generated by allowing this complex to react with 0.9 M
equivalent of AgNOj at an input of platinum to strand molar
ratio of 3.9:1 in deionized water at 37°C. After incubating
the mixture for 15 min, the concentration of NaCl was
adjusted to 0.1 M, and the platinated oligonucleotides were
purified by ion-exchange high-pressure liquid chromatogra-
phy (HPLC) with linear 0.2 to 0.6 M NaCl gradient in 50
mM Tris (pH 7.4). It was verified by platinum flameless
atomic absorption spectrophotometry (FAAS) and by the
measurements of the optical density that the modified oli-
gonucleotide S1 contained one or two platinum atoms,
respectively. It was also verified using DMS footprinting of
platinum on DNA? that, in the platinated strand S1, the N7
position of the G residue was not accessible for reaction
with DMS, which implies that this G residue was platinated.
The platinated strand was allowed to anneal with nonplati-
nated complementary strand in 0.4 M NaCl (pH 7.4) at 25°C
for 24 h, precipitated by ethanol, dissolved in 0.1 M Na-
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FIGURE 1 Structures of the synthetic oligodeoxyribo-
nucleotides used in the present study together with their
abbreviations. The bold letters connected by the line indi-
cate the location of the interstrand CL of transplatin. The
structure of the interstrand CL formed by transplatin be-
tween complementary guanine and cytosine residues is
shown on the right.

ClO,, and incubated for 18 h in the dark at 37°C. The
resulting products were purified by HPLC in an alkaline
gradient. Using this denaturing gradient, noninterstrand
crosslinked strands were eluted as a 15-nucleotide single
strand, whereas the interstrand crosslinked strand was eluted
later in a single peak as a higher-molecular-mass species.
The crosslinked oligomer (0.1 A,¢, unit) was cleaved by
using PI nuclease and then treated with alkaline phosphatase
(5 units) in the buffer containing 100 mM Tris (pH 9) and
15 mM MgCL,. It was verified by gel electrophoresis that
digestion to nucleosides was complete. The resulting mix-
ture of nucleosides was analyzed by reversed phase HPLC
with uv detection and with a gradient of acetonitrile in
ammonium acetate at 40°C.° The duplex SX was still ana-
lyzed for platinum contents by FAAS. Additional quantita-
tion of the crosslinked duplex by uv absorption spectropho-
tometry was used to ascertain that the ratio of platinum
adduct per duplex SX was 1. The position of the platinated
site in the bottom strand of this duplex was determined by
hydroxyl radical footprinting'® and revealed that the cyto-
sine residues complementary to the platinated G residues in
the top strand were the sites involved in the interstrand CL.

HPLC purification was carried out on a Merck-Hitachi
Lachrom HPLC system with an anion exchange Nucleogel
SAX 1000-8 column (Macherey Nagel) or reverse phase
LC-318 column (Supelco). FAAS measurement was carried
out on a Unicam 939 AA spectrometer equipped with a
graphite furnace.

Differential Scanning Calorimetry

Excess heat capacity (AC, ) versus temperature profiles
for the thermally induced transitions of nonmodified du-
plexes or duplexes containing interstrand CL of transplatin
were measured by using VP Differential Scanning Calorim-
eter (Microcal, Northampton, MA). In the DSC experi-

ments, the concentration of the duplexes was 15 uM, the

heating rate was 1°C/min, and a maximum temperature was
100°C. After reaching the maximum temperature the sam-
ples were cooled at the same rate to the starting temperature
of 25°C. In the present paper, AC, , is defined as excess
heat capacity that is baseline subtracted and concentration
normalized."' The reference scans were subtracted from the
sample scans to obtain AC,  versus temperature profiles.
Enthalpies (AH) and entropies (AS) of duplex formation
were calculated from the areas under the experimental
AC, . versus T and the derived AC,, /T versus T curves,
respectively, by using ORIGIN version 5.0 software (Mi-
crocal, Northampton, MA). In order to minimize possible
error arising from dependence of enthalpy change on tem-
perature in the case of nonmodified duplexes and to simu-
late physiological conditions, the free energy of duplex
formation was determined for the temperature of 37°C. Free
energy for each duplex or hairpin transition (AG;,) was
calculated by using the standard thermodynamic relation-
ship given in Eq. (1) and the corresponding values of AH

and AS.
AGy = AH — (310.15)AS (1)

The oligonucleotide duplexes were dialyzed against the
buffer containing 10 mM sodium cacodylate (pH 7.2), 0.1
M NaCl, 10 mM MgCl,, and 0.1 mM EDTA. The samples
were vacuum degassed before the measurement. It was
verified by comparing repeated heating scans of samples
that the melting transition of both the platinated and non-
modified duplexes was fully reversible.

UV Absorption Spectrophotometry

UV absorbance measurements were conducted on a Beck-
man DU-7400 spectrophotometer equipped with a thermo-
electrically controlled cell holder and quartz cells with the
pathlength of 1 or 0.1 cm. Absorbance versus temperature
profiles were measured at 260 nm. The temperature was
raised using a linear heating rate of 1.0°C/min. For each
optically detected transition, the melting temperature (7,,,)
was determined as previously described.® The final absor-
bance versus temperature profile of each duplex (Figure 2b)
was determined as an average of six independent measure-
ments. The DNA solutions contained 10 mM sodium caco-
dylate (pH 7.2), 0.1 mM NaCl, 10 mM MgCl,, and 0.1 mM
EDTA.

Circular Dichroism (CD)
Spectrophotometry

CD spectra were recorded using a Jasco J-720 spectropola-
rimeter equipped with a thermoelectrically controlled cell
holder. The cell pathlength was 1 cm. Isothermal CD spec-
tra were recorded from 220 to 320 nm in 1-nm increments
with an averaging time of 5 s. The DNA concentration was
7 uM in duplex and buffer conditions were 10 mM sodium
cacodylate (pH 7.2), 0.1 mM NaCl, 10 mM MgCl,, and 0.1
mM EDTA.
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FIGURE 2 Differential scanning calorimetry and temper-
ature-dependent uv spectroscopy data. (a) DSC thermo-
grams for the nonmodified duplexes S1.S2 (dot); the
crosslinked duplexes SX (dash), and hairpin SH (solid). The
duplex concentration was 15 uM, and the buffer conditions
were 10 mM sodium cacodylate (pH 7.2), 0.1 M NaCl, 10
mM MgCl,, and 0.1 mM EDTA. (b) uv melting profiles at
260 nm for the nonmodified duplexes, the hairpin, and the
crosslinked duplexes at concentration 3.5 uM. The melting
curves were normalized for clarity. (c) Derivation of uv
melting curves. Lines corresponding to duplexes and hairpin
in b and c are same as described in a.

RESULTS

Melting of Duplexes with Free Ends

DSC and temperature-dependent uv absorption mea-
surements were conducted to characterize the ther-
mally induced melting of the 15-bp DNA duplexes
with the specific goal of elucidating the thermal and
thermodynamic consequences of constraining DNA
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via a site-specific interstrand cross-linking by trans-
platin. One CL between complementary cytosine and
guanine residues was asymmetrically positioned in
the duplex S1.S2 forming the duplex SX (the plati-
nated G.C pair was separated from the ends of the
duplex SX by 3 and 11 bp). The results of the calo-
rimetric studies along with uv temperature denatur-
ations of the crosslinked duplex SX are shown in
Figure 2 with associated data listed in Table I. Dena-
turation (heating) curves and renaturation (cooling)
curves for the nonmodified and platinated duplexes
were superimposable (not shown), which is consistent
with the reversibility of the melting equilibrium.
Comparison of the 7, values of the crosslinked and
corresponding nonconstrained (nonplatinated) du-
plexes determined calorimetrically revealed that a sin-
gle (asymmetrical) transplatin CL resulted in a
marked increase in thermal stability of the duplex
S1.S2. The value of Ar,, (defined as the difference
between 7, values of the crosslinked and nonplati-
nated duplex) was 11.1°C. In addition, the hyper-
chromism associated with the melting of the duplexes
was reduced as a consequence of the cross-linking
(Figure 2b).

The nonconstrained short duplexes denature in a
bimolecular reaction to form two single strands. As a
consequence, melting of the nonmodified duplexes
S1.S2 was dependent on the overall oligonucleotide
concentration. For instance, if the concentration of the
nonplatinated duplex S1.S2 increased from 3.5 to 15
uM, the value of 7, of the duplex increased from
64.6°C (Figure 2c) to 67.7°C (Figure 2a). In contrast,
the interstrand crosslinked duplexes SX melted in a
concentration-independent manner to a denaturated
state, which is consistent with monomolecular behav-
ior of the oligonucleotide system. The molecularity of
the transition of platinated oligonucleotide system

Table I Thermodynamic Parameters Obtained from
Calorimetric Experiments®

Duplex ty AH® AS©

S1.52 67.7 —119 —352
SX 78.8 —116 —329
SH 82.1 —118 —331

*The t.,, AH, and AS values are averages derived from three
independent measurements.

"¢, denotes the temperature in °C corresponding to the maxi-
mum in the DSC melting profiles shown in Figure 2 and error is
+0.2°C.

¢ AH and AS denote, respectively, the transition enthalpy in
kcal/mol and transition entropy in cal/(K mol) of duplex or hairpin
formation; the relative error is *£3%.
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was one, because the covalent interstrand CL did not
allow separation of the strands. Thus, the observed
At values are apparently affected by the fact that the
original bimolecular oligomer system became mono-
molecular as a consequence of the cross-linking.

Melting of Hairpin Duplexes

Upon introduction of a single transplatin CL, the
change in #,,, can result not only from the change in the
molecularity of the system, but also from a different
mechanism of melting transition. We tried to dissect
these two origins of the observed crosslinked induced
shift in thermal stability. If the observed change in ¢,
is due mainly to the molecularity of the system, then
one might expect mainly to observe changes in en-
tropy. In accord with this assumption, we observe, as
a consequence of the formation of the interstrand CL
of transplatin in the S1.S2 duplex, only small changes
in enthalpy in addition to entropy changes (Table I).
To estimate how many of the observed At differ-
ences result from the change in molecularity, we used,
in our recent work! (when we analyzed the 20-mer
duplex containing the central interstrand CL of trans-
platin), “theoretical” corrections.® In the present
work, we applied another (“experimental””) approach
based on examination of thermal transition of the
hairpin SH (Figure 1). The stem duplex of the hairpin
structure SH contained two complementary nucleo-
tide sequences identical to those of the top and bottom
strands of the duplex S1.S2, which were still linked by
a short single-stranded loop composed of five thymine
residues. The thymine residues in this short loop be-
have as denatured single strands and should contribute
little to the transition enthalpy of an adjacent stem
duplex.'? This assumption is fully justified since the
values of the transition enthalpy for the nonmodified
duplex S1.S2 and the hairpin SH were very close so
that the differences in the thermodynamic stability of
these nonplatinated structures S1.S2 and SH were
only due to the differences in the changes in the
transition entropy (Table I). Thus, the effect of the T5
loop was only to prevent a separation of the two
complementary sequences of the hairpin structure SH
during its thermal melting and had no effect on the
conformation of its double-stranded stem, which had
a nucleotide sequence identical to that of the duplex
S1.S2. Hence, it is reasonable to expect that the hair-
pin SH melts in the same way as the duplex S1.S2, but
in a monomolecular, concentration-independent reac-
tion. In this way, if Az, is calculated as the difference
between the values of 7, for the interstrand
crosslinked duplex SX and the nonplatinated hairpin
SH, one “corrects” for the concentration dependence

of the ., of the duplex S1.S2 and obtains the change
in t,,, corresponding to effects other than the change in
molecularity of the system.

Examination of the thermal melting of the non-
modified hairpin SH revealed that its melting temper-
ature was 82.1°C. Hence, this value can be taken in
the first approximation as a “reduced” concentration-
independent melting temperature for the nonmodified
duplex S1.S2. This “reduced” t,, value is quite close
to the 7, value observed for the (mono)crosslinked
counterpart SX, which suggests that the overall im-
pact of a single asymmetrically positioned transplatin
CL is mainly due to the change in molecularity of the
oligomer system.

The transition entropy for a nonmodified duplex
S1.S2, which melts in a bimolecular manner, also
depends on the strand concentration. To correct for
this concentration dependence, we used again the
value of transition entropy obtained for the hairpin
SH. Comparison of the values of transition entropy
for the duplex SX (crosslinked by transplatin) and for
the hairpin SH revealed that the transition entropy for
the duplex SX was by only 2 cal/(K mol) higher. In
other words, formation of the CL covalently linked
complementary strands of the duplex S1.S2 and in
this way entropically increased its stability only neg-
ligibly. The formation of the CL by transplatin also
slightly decreased transition enthalpy and conse-
quently decreased stability of the duplex by 3
kcal'mol~'. Hence, the interstrand CLs of transplatin
enthalpically destabilized the duplex and this small
destabilization was almost completely compensated
by a CL-induced entropic stabilization of the duplex.

The net result of enthalpic and entropic effects is
that formation of the interstrand CL in the duplex
S1.S2 by transplatin at 37°C reduced its overall sta-
bility AG5, by 2.4 kcal/mol in comparison with sta-
bility of the hairpin SH as a model of a comparable
monomolecular oligomer system (AG;, = AH
— 310.15 AS,.4, where AS,., is AS of the hairpin SH).
Thus, formation of the interstrand CL in DNA by
transplatin slightly decreased the thermodynamic sta-
bility of DNA and this decrease was found to be
enthalpic in origin.

Van’t Hoff Transition Enthalpy

Further insight into the nature of a thermal transition
of DNA duplexes interstrand crosslinked by transpla-
tin provides a quantitative comparison of the model-
independent calorimetric and model-dependent van’t
Hoff transition enthalpy determined independently.
This comparison allows one to conclude whether the
transition proceeds in a two state (all-or-none) manner



Table II Calorimetric (Model-Independent) and van’t
Hoff Enthalpies for Transition of the Oligomer
Systems Nonplatinated or Containing a Single, Site-
Specific Interstrand Cross-Link of Transplatin

Duplex AH_* AH ..° AH . /AH,,
S1.82 —-119 —-117 0.98
SX —116 —87 0.75
SH —-118 —-118 1.00
SXo0° —146 —78 0.53

* Model-independent calorimetric enthalpies AH,,, are in kcal -
mol ', the values were derived from DSC experiments as described
in the text, and the relative error is =3%.

® van’t Hoff enthalpies AH j; are in kcal - mol ™' and the values
were obtained by analyzing the shapes of each calorimetric curve
using the approach described previously,® and the relative error is
*5%.

¢ Data obtained for the 20-bp duplex containing a single, central
interstrand CL were taken from Hoff and Brabec.'

or whether the transition includes intermediate states
that are responsible for broadening the thermo-
grams.'? The broadening of equilibrium melting
curves is associated with a reduced van’t Hoff tran-
sition enthalpy (AH, ) relative to the calorimetric
value (AH,,). The ratio of the AH,;; and the AH_,
provides a measure of the fraction of the structure that
melts as a single thermodynamic entity, i.e., may
afford the size of the largest cooperative unit.® Table
II lists the directly measured, model-independent cal-
orimetric transition enthalpies and the indirectly de-
rived, model-dependent van’t Hoff transition enthal-
pies. The AH ; values were obtained by analyzing the
shapes of each calorimetric curve using the approach
described earlier.® A comparison of the AH,; and
AH_, data listed in Table II reveals that the van’t Hoff
values for the nonplatinated duplexes are identical
within the experimental uncertainty to the correspond-
ing model-independent calorimetric values. This re-
sult is consistent with all-or-none, two-state melting
behavior of the nonconstrained duplex. On the other
hand, the van’t Hoff value was considerably smaller
than the corresponding model-independent calorimet-
ric data for the duplex interstrand crosslinked by
transplatin (Table IT). This disparity demonstrates that
denaturation of the duplexes interstrand crosslinked
by transplatin does not proceed via a two-state process
or, in other words, that this cross-linking alters the
ability of the duplexes to propagate the interactions
required for cooperative melting.

Circular Dichroism

The CD spectra of the duplex SX containing a single,
asymmetrically positioned CL and its nonmodified
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counterpart at 37 and 95°C were also measured to
study the macroscopic helical geometry of nonmodi-
fied and crosslinked duplexes and to monitor differ-
ence in overall structure between these duplexes. At
37°C the perturbation of B-conformation of DNA due
to the formation of the interstrand CL results in the
red shift of the positive band of DNA at 274 nm and
a decrease in intensity of the negative band at 238 nm
(not shown). On the other hand, the CD signals of the
high-temperature denatured states (recorded at 95°C)
of the nonmodified duplex and that containing one CL
of transplatin agree within the noise of the measure-
ment, which implies that the final denatured states are
not structurally and thermodynamically markedly dif-
ferent. Thus, validity of the assumption that the final
single-stranded states of the unmodified and plati-
nated duplexes were thermodynamically equivalent at
the elevated temperatures was also verified for the
duplexes investigated in the present work. In aggre-
gate, meaningful thermodynamic data from our calo-
rimetric measurements described in the present work
could be obtained.

DISCUSSION

Interstrand Cross-Links of Transplatin
Do Not Affect Thermodynamic Stability
of DNA

The major goal of this work was to identify new
aspects of the thermodynamic impact of interstrand
cross-linking by transplatin on DNA. Increase of ther-
mal stability of the host DNA duplex containing a
single interstrand CL of transplatin located in the
central part of a 20-bp duplex due to the change in
molecularity of the oligomer system has been already
reported in our recent study.' In addition, the previous
work has also demonstrated that the interstrand CL of
transplatin appears nearly enthalpically neutral. The
results reported in the present work describing the
effect of asymmetrically positioned CL are consistent
with these findings. However, the results of our pre-
vious work were also interpreted to mean that the CL
of transplatin entropically destabilized the host 20-bp
duplex by 15 cal/(K-mol). The small enthalpic effect
was overcome by entropic effects; the extent of which
was estimated on the base of the theoretical correction
of entropy change for monomolecular transition. On
aggregate, the net result of the previous analysis was
that the formation of interstrand CL of transplatin
induced a decrease in duplex thermodynamic stability
with this destabilization being entropic in origin. On
the other hand, the results of the present work dem-
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onstrate that the formation of the interstrand CL of
transplatin induces no marked changes not only in
enthalpy, but also in “experimentally reduced” (cor-
rected) concentration-independent transition entropy
(Table I). Thus, the results of the present work are
consistent with the view and support the hypothesis
that interstrand CLs of transplatin structurally perturb
DNA in the way that does not lead to the pronounced
thermodynamic destabilization. On the other hand,
constraining the duplex with the interstrand CL of
transplatin results in a significant increase in thermal
stability that is primarily due to the changes in the
molecularity of the oligomer system from bimolecular
to monomolecular.

Only a relatively slight effect of the interstrand CL
of transplatin (Table I) on the thermodynamic prop-
erties of DNA duplexes correlates with existing struc-
tural data.* The basic characteristics of the distor-
tions induced in DNA by interstrand CLs of transpla-
tin involve only a weak distortion on both sides of the
crosslinked base pair. The crosslinked bases remain
paired and hydrogen bonded. The CL induces only a
slight flexible bending of its axis toward the minor
groove and local unwinding by approximately 12°.
The deoxyriboguanosine residue involved in the CL
adopts syn conformation that produces rearrangement
to the Hoogsteen type base pairing between NH, of
the complementary cytosine residue and oxygen of
the guanine residue. Hence, the results of the present
work also suggest that following the “experimental”
approach based on the use of hairpin duplexes to
correct for the change in molecularity as a conse-
quence of the formation of interstrand CL in DNA
may afford results that better reflect the properties of
the interstrand crosslinked duplexes than the theoret-
ical calculations used in our previous work.'

The Position of the Interstrand Cross-
Link within the Duplex Modulates Its
Thermal Stability

From the ratio of the model-dependent van’t Hoff and
the model-independent calorimetric transition enthal-
pies (Table II), one can define the fraction of a duplex
that undergoes transition as a single thermodynamic
unity."*'*!* The AH ,;/AH_, ratio found for the
15-bp duplex SX containing one asymmetric inter-
strand CL of transplatin was 0.75. This value indicates
that the length of the largest cooperative unit, which
melts in an all-or-none manner, involves 75% of the
duplex SX, i.e., its part that is 11 bp long. This length
corresponds very accurately to the length of the longer
part of the duplex SX, if it is divided into two parts by
the interstrand CL as shown in Figure 1. Consistent

with this is the observation that the values of #,, and
the model-dependent van’t Hoff transition enthalpies
AH  for transition of the hairpin CH and
(mono)crosslinked duplex SX are close (Table II).
This indicates that one important factor affecting the
melting of the whole interstrand crosslinked duplex is
the value of 7, of the largest part of the interstrand
crosslinked duplex, which melts cooperatively in a
concentration- independent monomolecular manner.
Importantly, if the single interstrand CL of transplatin
was formed approximately in the middle of the 20-bp
duplex, the AH, ,/AH_,, ratio was close to 0.5 (see
data in Table II for the duplex SX,,)." This result has
been interpreted to mean that this duplex also con-
tained two units melting cooperatively, the size of
which was close to one-half of the duplex. The sche-
matic representation of the melting of the duplexes
interstrand crosslinked by transplatin proposed on the
basis of the results of the present work is shown in
Figure 3.

CONCLUSION

Irrespective of these possible microscopic interpreta-
tions of our macroscopic data, the calorimetric and
spectroscopic results reported here reveal that, in
short oligomer duplexes, the position of the inter-
strand CL affects the length of the unit, which melts
cooperatively. In addition, the formation of the inter-
strand CL by transplatin induces a substantial thermal
stabilization of the short host duplexes, which is
mainly associated with the reduction in molecularity
of oligomer system. The bimolecular melting transi-
tion of short duplexes, such as S1.S2 (Figure 1)
formed by hybridization of two short complementary
single strands does not resemble the local monomo-
lecular melting within a much longer double-helical
molecule of natural nucleic acids. The melting of
short oligonucleotide duplexes yields two single
strands because the ends are free. On the other hand,
the local melting within a long molecule of natural
nucleic acid yields an interior “denaturation bubble,”
the ends of which are constrained. Hence, the results
most relevant to the effects of interstrand cross-link-
ing by transplatin on thermal and thermodynamic
stability of nucleic acids in vivo might be those that
were corrected for the concentration dependence of
melting temperature and transition entropy. These
corrected (reduced) values are quite close to the val-
ues observed for the corresponding nonmodified hair-
pin duplexes in accord with only subtle conforma-
tional distortions induced by transplatin interstrand
CLs.*?
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FIGURE 3 Schematic representation of thermal melting
of the duplexes containing one assymetric interstrand CL of
transplatin. The cross-link divides the duplex into two parts
of different length, each melting cooperatively and indepen-
dently on each other.
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Diky technologickému pokroku doslo v poslednim desetileti ke zvysent citlivosti
mikrokalorimetrickych technik na vroven, kterd umozriuje jejich rutinni pouziti pro
ziskdvdni komplexniho popisu termodynamického chovdni biologicky vyznamnych
molekul v roztoku. Mikrokalorimetrické metody jsou schopny primo sledovat interakct
makromolekul a popisovat jejich energetickou stabilitu. Tento cldnek vysvétluje princip
1zotermdlnt titracni kalorimetrie a diferencni skenovact kalorimetrie a zabyvd se
urcovdnim zdkladnich termodynamickiyjch parametric z mikrokalorimetrickgch
zdznamal. Primé stanovent kinetickijch a energetickijch parametrit vazby molekul
umoZnuge vyuZivani mikrokalorimetrickych pristupi pri farmakokinetickiyjch
studiich. Na prikladech jsou demonstrovdny moZnosti pouziti termodynamické
analyzy pri in-situ testovdni novych typi léciv a je pribliZeno vyuZiti
termodynamickiyjch dat ziskaniyjch analyzou interakce stavagicich léciv pro cilené

navrhovdni léciv novyjch.

HISTORIE A POKROKY KALORIMETRIE

Od pocatku studia prirodnich zakonitosti byl
védecky zajem zaméren na sledovani procesu tepel-
né vymény u Zivych organismu. Pfi jednom z prvnich
kalorimetrickych experimentid bylo do tepelné izolo-
vané nadoby uzavieno morce. Byl sledovan pomér
vydeje tepla téla morcete a mnozstvi uvolnéného
oxidu uhli¢itého. Bylo zjisténo, Ze zmérena hodnota
byla podobna poméru uré¢enému pro spalovani uhli.
To spole¢né s dalSimi experimenty prokazalo, Ze
dychani je zvlastni formou pomalého spalovani.
Tento pokus provedli v tzv. ledovém kalorimetru
Athoine Lavoaiser a Pierre-Simon Laplace v roce
1872. Je to prvni znamy experiment, pii kterém byla
zmeérena tepelnd vyména u biologického systému,
a je povazovan také za prvni v ramci nové védni dis-
cipliny zabyvajici se stanovenim tepelné vymény
u biologickych systémi, ktera byla pozdéji pojme-
novana biokalorimetrie.

Technicky pokrok postupné posouval hranice
citlivosti detekce od mnozZstvi tepla produkovaného
celymi organismy aZ na sou¢asnou uroven nékolika
mikrojoulti, kdy je mozno sledovat tepelné zmény
doprovazejici vzajemné interakce makromolekul.
Zvysenti citlivosti kalorimetri bylo umoznéno nejen
diky technologickému rozvoji, ale zejména diky
nové navrzenému systému detekce tepelné vymény
[1]. Technické vylepSeni instrumentace a rozvoj
separac¢nich technik, zejména kapalinové chro-
matografie, umoznily zac¢it rutinné méfit energetické
charakteristiky biologicky vyznamnych makro-
molekul, zejména proteind a nukleovych Kyselin.
Prvni kalorimetrickd méreni prispéla k potvrzeni

Cs. ¢as. fyz. 56 /2006/

a rozvinuti teorie termodynamického chovani
makromolekul v roztocich [2]. Byla rovnéZ podrob-
né zpracovana teorie tepelné indukovanych struk-
turnich prechodd nukleovych kyselin [3]. Rozsiteni
teoretickych zakladi vysvétlujicich termodyna-
mické chovani makromolekul umoZnilo relativné
rychlou aplikaci kalorimetrie ve védnich disci-
plinach zabyvajicich se interakci makromolekul.
Dokladem vyrazného zvysSeni popularity mikro-
kalorimetrie a mozZnosti jeji aplikace v Sirokém
spektru védeckych disciplin je narust poc¢tu védec-
kych praci, které obsahuji kalorimetrickd méreni.
S rostoucim zajmem o kalorimetrii souvisi mimo
jiné také relativné vysoka komercni uspésnost
firem, které se zabyvaji vyvojem a vyrobou pristroji
pro mikrokalorimetricka méreni [4], [5].

TERMODYNAMICKA CHARAKTERIZACE
INTERAKCE MAKROMOLEKUL

Pri vziajemné vazbé makromolekul se obvykle
uplatiiuji nekovalentni interakce, jejichzZ energetické
prispévky jsou relativné malé, ale diky jejich velké-
mu mnozstvi a ¢asto kooperativnimu ptisobeni maji
vyrazny vliv na zptisob a rychlost vzajemné vazby
makromolekul.

JestliZze uvaZujeme vazbu molekuly M a jiné
molekuly L, kterou mtizeme pro zjednodu$eni nazy-
vat ligand, muiZe byt reakce vyjadiena:

M+Le MelL. 1)

’ . -, piislugna .. .
Vazebna konstanta K, prislusna reakci je pak dana
pomérem molarni koncentrace vznikajiciho kom-

.
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plexu [MeL] a sou¢inu molarnich koncentraci jed-
notlivych reagujicich molekul [M] a [L]:

_ [Mey]

&= "pam @

Volna energie je pro vazbu M a L vyjadiena za stan-
dardnich podminek

AG® = RTWK.,, 3)

kde R je molarni plynova konstanta a 7 je absolutni
teplota v kelvinech. Vazba makromolekul M a L je
mozna, pouze je-li zména volné energie AG po aso-
ciaci makromolekul L a M negativni.

7 nasledujici rovnice plyne vztah mezi volnou
energii, entalpii a entropii systému molekul:

AG = AH — TAS. 4)

Jak je patrno z rovnice (4), entalpicky a entropicky
piispévek pusobi na celkovou zménu volné energie
AG opacné. ZjednoduSené je mozno Fict, Ze vazebna
entalpie AH je z molekularniho hlediska teplo spo-
jené se vznikem, zanikem a deformaci chemickych
vazeb. Vazebna entalpie AH obvykle popisuje zmény
v poctu a typu vodikovych mistkti. Hodnota AH je
negativni, jestliZe béhem vzijemné vazby molekul
dochazi k celkovému zvySeni mnozstvi a zesileni
vodikovych miustkl; AH je naopak pozitivni, jestlize
dojde k zaniku nebo zeslabeni vodikovych mustki.

Pro meéfreni termodynamickych veli¢in makro-
molekularnich interakeci je vyhodné jejich vyjadieni
pomoci tepelné kapacity, kterou lze experimentalné
urcovat. Tepelna kapacita C), udava teplo, které je
nutno dodat za konstantniho tlaku soustavé, aby se
ohrala o jeden stupeni.

Vazebna entalpie H pii déji za stalého tlaku je zap-
sana pomoci tepelné kapacity

L heomn
IN S C,dT. )
Zména entropie AS pii dané teploté T je spojena se
zménou v usporadanosti systému molekul. Zména
entropie je pozitivni, jestliZe pii vzijemné vazbé
makromolekul dojde k uvolnéni molekul vody
vazanych na povrchu makromolekul z prostoru
vazebného mista do volného roztoku. Tim se zvysi
neusporadanost systému molekul a dojde ke zvysSeni
celkové entropie. Negativni zména entropie vétsi-
nou provazi zmény, pri kterych dochazi k omezeni
moznych konformacnich stavii makromolekul.

As— [ Cogr 6
-/ Far ®
JestliZze po vzajemné vazbé makromolekul dojde
k pozitivni zméné entropie AS, ktera je doprovazena
negativni zménou tepelné kapacity AC), je to znam-

ka toho, Ze se pfi vazbé uplatnily hydrofobni inter-
akce. V tomto piipadé se pii vazbé makromolekul
do volného roztoku uvolnuji molekuly vody, které
byly ptivodné usporadany do vrstev kolem pozdéji
vzajemné reagujicich hydrofobnich ¢asti makro-
molekul. To ma za nasledek sniZeni schopnosti
celého systému molekul prijimat teplo, coZ se pro-
jevi celkovym sniZenim tepelné kapacity.

IZOTERMALNI TITRACNi KALORIMETRIE

Izotermalni titra¢ni kalorimetrie (ITC z angl
Isothermal Titration Calorimetry) primo méii
zmeénu vazebné entalpie pri interakci molekul v roz-
toku. Usporadani mérici c¢asti izotermalniho
titracniho kalorimetru ukazuje obr. 1, c¢ast a.
Referenc¢ni a vzorkova mérici cela maji tvar mince.
PIni se kapilarami, pficemZ referenc¢ni cela je
zpravidla plnéna pouze samotnym pufrem. Objem
cel je radové jeden mililitr. Teplota obou cel je
béhem celého méfeni udrZovana konstantni. Pri
mérieni je do reakeni cely s roztokem makromolekul
postupné, za stalého michani, pridavan roztok vaza-
jici se molekuly - ligandu. Obvykle je koncentrace
ligandu priblizné desetkrat vysSsSi neZ koncentrace
molekuly v reakéni cele. Celkovy objem ligandu
v injektoru je 100-250 pl. Pri interakci makro-
molekul s ligandem dochazi k tepelnym efektim,
které se projevi rozdilem teploty referen¢ni cely
a cely se vzorkem. Rozdil teplot je detekovan
specialné tvarovanym termoclankem umisténym
v prostoru mezi celami. Termoclanek je spojen
s okruhem, ktery pri znamé tepelné kapacité cely
vypocte dle vztahu (5) tepelny rozdil a zajisti zménu
pifisunu elektrické energie pro vyrovnani teplot
obou cel. Pri exotermické reakci, kdy se pri vazbé
molekul uvoliiuje teplo, je pfisun energie snizen,
naopak v piipadé endotermické reakce se teplo
spotfebovava a prisun energie je zvySen. Zména
dodavané energie v zavislosti na case je zazna-
menavana a je vztaZena k okamzité koncentraci jed-
notlivych sloZek v reakéni cele. Vysledkem méreni je
zavislost zmény tepelné kapacity na ¢ase. Nasledné
je provedena korekce na tepelné vlivy spojené
s Tedénim ligandu a michanim, coz se provadi
odectenim referencni kiivky ziskané pii méreni za
totoznych podminek, ale bez pritomnosti makro-
molekul v roztoku. Integraci je nasledné vypoctena
ktivka zavislosti vazebné entalpie na molarnim
pomeéru ligandu a makromolekuly v cele. Nelinearni
analyza vysledné kiivky umoziiuje na zakladé jedno-
ho méreni urcit vazebnou entalpii AH, vazebnou
konstantu K, a stechiometrii reakce N.

Vysledna sigmoidalni kiivka (obr. 1, ¢ast b) je
tvofena body, které udavaji vazebnou entalpii pii-
slusnou ke kazdému pridavku ligandu do reakce.
Hodnota signalu je nejvétsi na zacatku titrace, kdy je
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1/ (a) Schéma izotermdiniho titracniho kalorimetru.
(b) V horni ¢asti je zéznam tepla dodavaného do
reakcni cely pfi titracnim experimentu, kdy byl do
roztoku kratkého jednorfetézcového fragmentu DNA
postupné priddvan komplementarni fetéz. Dochazelo
k hybridizaci — vzniku dvousroubovice DNA, pfi kterém
se uvolriuje teplo, takze bylo nutno snizit dodavanou
tepelnou energii po kazdém pridani komplementdrniho
retézce. Dolni panel ukazuje zaznam, ktery vznikl
integraci jednotlivych signald. Ze zaznamu Ize po
nelinedrnim proloZeni odecist vazebnou entalpii AH,
vazebnou konstantu K, a stechiometrii reakce N.
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velky nadbytek makromolekul v cele a zpravidla
urcuje hodnotu vazebné entalpie AH ligandu
k makromolekule. Postupné v pribéhu titrace
dochazi k obsazovani vazebnych mist ligandem
a odpovidajicimu sniZovani tepelného signalu az do
stavu, kdy dojde k nasyceni vazebnych mist a v roz-
toku se nachazi volny ligand. Z tvaru titra¢ni kiivky
Ize urcit vazebnou konstantu K, a ze vztahu (3)
nasledné zménu volné energie AG spojené se vza-
jemnou vazbou molekul. Poloha inflexniho bodu
ktivky udava stechiometricky pomér N ligandu
a makromolekuly pfi vzajjemné vazbé. Pravé schop-
nost urcit primo stechiometrii vazby makromolekul
¢ini z izotermalni titra¢ni kalorimetre jedinec¢ny
nastroj pro studium interakce multimernich mole-
kulovych komplexti, kdy je stanoveni vzajemného
poméru reagujicich molekul ¢asto sloZité.

ITC PRI NAVRHOVANI NOVYCH LECIV

Izotermalni titra¢ni kalorimetrie nasla své uplatnéni
pii navrhovani 1é¢iv. Limitujicim faktorem pfi vyvoji
novych 1é¢iv je schopnost lé¢iva dosahnout mista
svého pusobeni, dale zajisténi postupného
uvolnovani 1é¢iva a Casty pozadavek na rozpustnost
lé¢iva ve vodé. Chemicka povaha léciva nékdy
neumoziuje optimalni splnéni vSech vyse uve-
denych podminek. Jednou z moznosti jak zlepSit far-
makokinetické vlastnosti 1é¢iva je navazat 1é¢ivo na
molekulu specialné navrzeného nosice. Po podani
komplexu nosice a lé¢iva pak mize dojit k cilenému
transportu na misto ucinku, kde postupné dochazi
k uvolnovani 1éc¢iva. Piikladem takovych nosi¢ovych
molekul jsou cyklodextriny a jejich derivaty (obr. 2).
Cyklodextriny jsou v prirodé se vyskytujici cyklické
oligosacharidy. Uvolnovani 1éciva je fizeno vazeb-
nou afinitou léc¢iva a cyklodextrinu. Pii hledani
vhodné nosic¢ové molekuly cyklodextrinu se provadi
méreni vazebné charakteristiky za pouziti ITC.
Na zakladé zmérenych hodnot vazebnych charak-
teristik se zvoli nejvhodnéjsi kandidat pro
nosic¢ovou cyklodextrinovou molekulu daného 1é¢i-
va. Cyklodextrinové nosi¢e jsou v soucasnosti
testovany pii vyvoji novych 1éc¢iv proti malarii,
rakoviné tlustého stieva a rtiznym druhtm zanétd
(6]-(8].

cykdodexrin édkivo

2/ Cyklodextriny mohou slouZit jako nosicové
molekuly pro rizné typy ICiv.

.
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DIFERENCNIi SKENOVACI KALORIMETRIE

Dalsi kalorimetrickd metoda, kterd umoznuje sle-
dovat zmény termodynamickych parametri molekul
po vzajemné vazbé, je diferen¢ni skenovaci
kalorimetrie (DSC z angl. Differential Scanning
Calorimetry). Jedno meéfeni za pouziti DSC
umoziuje urcit termodynamické parametry stability
makromolekul z mnozstvi tepla, které je uvolnéno
nebo spotiebovano pfi tepelné indukovanych kon-
formacnich prechodech (napi. tani DNA nebo dena-
turaci proteint). Z rozdilu termodynamickych
charakteristik pro makromolekulu s navazanym li-
gandem a nemodifikovanou makromolekulu je pak
urc¢en termodynamicky vliv vazby ligandu na ener-
getickou stabilitu makromolekuly. Nejdiive se
stanovi hodnoty termodynamickych parametrt pro
denaturaci nemodifikované makromolekuly, které
se nasledné odec¢tou od hodnot parametri pro
denaturaci makromolekuly s navazanym ligandem,
jak je ukazano nasledujicim vztahem.

AHpor = AHprer, — AHy. )

Pri méfeni je kontinualné zahiivana cela se vzorkem
a cela referen¢ni naplnéna pouze pufrem (obr. 3,
¢ast a). Teplota se obvykle méni v rozsahu 0-100 °C
s gradientem 1 °C/min. Jestlize dojde v cele se
vzorkem k denaturaci neboli tani dvouSroubovice
DNA, kdy se ¢ast dodaného tepla spotiebuje pro
naruSeni nekovalentnich vazeb a oddéleni komple-
mentarnich fetézci DNA, bude teplota cely se
vzorkem nizsi nez teplota cely referenc¢ni. Z rozdilu
teplot mezi obéma celami, ktery je zaznamenavan
termoclankem, je ur¢ena dodatec¢na energie, ktera je
potfebna pro vyrovnani teplot obou cel. Tato
dodate¢na energie je zaznamenavana. Vysledkem
meéreni je termogram, ktery udava zavislost tepelné
kapacity C, roztoku makromolekuly na teploté.
Integraci termogramu lze piimo urcit zménu
entalpie H prislusnou tani DNA podle (5) a po inte-
graci zavislosti C,/T na teploté¢ AS podle (6).
Hodnota volné energie AG je vypoctena podle
vztahu (4). Teplota odpovidajici maximu termogra-
mu je teplota tani T),, ktera charakterizuje teplotni
stabilitu DNA. Pri teploté tani 7}, je pravé polovina
molekul v denaturovaném stavu.

VYUZITi DSC PRI HLEDANIi NOVYCH LECIV

Diferen¢ni skenovaci kalorimetrie byla uspésné
vyuzita pri popisu termodynamickych zmén
vyvolanych kovalentni vazbou protinadorové uc¢in-
nych koordina¢nich slouc¢enin kovii na DNA.
Protinadorovy tuc¢inek komplextd platiny je obecné
spojovan se strukturnimi a energetickymi zménami
DNA, které jsou jejich vazbou vyvolavany. Klinicky

a) |
| —
e ]
refare Inda T
cela | Jzorken
konstantni [ | | promanay
teploty | podie AT
o g
adiabalicky pla&f
. —
b) . . . .
2l AHpu=392 k) |

i

(=]

Cp [kdimol™C]
=)

=

10 20 30 40 50 60 70 80 80
teplota [*C |
c)

3/ (a) Schéma diferencniho skenovaciho kalorimetru.
(b) Normalizované zaznamy méreni tani kratkého
fragmentu DNA bez modifikace a s navdzanou
protinadorové ucinnou cisplatinou. Hodnoty zmény
entalpie AH ukazuji, Ze vytvofeni komplexu
cisplatina-DNA vyrazné sniZilo hodnotu entalpie pro
tani DNA, coZ odpovida naruseni vodikovych vazeb
priblizné v rozsahu péti part bazi v okoli navdzané
cisplatiny. (c) Strukturni zmény dvousroubovice DNA
po vytvoreni komplexu cisplatina-DNA

pouzivané protinddorové komplexy, jako je cisplati-
na, jsou vSak uc¢inné proti relativné tizkému spektru
nadori. Lécba s sebou nese nezadouci vedlejsi
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ucinky a po case dochazi ke vzniku rezistence. Pak
je nutno zvySovat davku podavanych léciv. Tyto
skute¢nosti podnécuji hledani novych protina-
dorovych farmak, ktera by umoznila a¢innéjsi 1é¢bu
s menSimi vedlejSimi uc¢inky. Pri cileném hledani
novych 1é¢iv muZe byt s vyhodou vyuzito poznatkt
ziskanych podrobnym popisem zmén struktury
a termodynamické stability DNA, které jsou
vyvolany protinadorové ac¢innymi komplexy a jejich
ned¢innymi izomery [9], [10]. Zmény ve struktuie
a termodynamické stabilité DNA jsou signalem pro
specifické proteiny, které rozpoznavaji modifiko-
vanou DNA a mohou se podilet na mechanismu
protinddorového tuc¢inku. Na zakladé téchto po-
znatkd jsou pak navrhovany nové typy sloucenin,
které mohou byt i¢inné proti doposud nelécitelnym
typim nadord, a 1é¢ba témito novymi farmaky ne-
bude tolik zatéZovat organismus pacienta.

VYHLEDY DO BUDOUCNA

Aby mohlo dojit k SirSimu pouZivani kalorimetrie,
bude nutno dale zvySovat jeji citlivost. Pii exten-
zivnim hledani novych 1é¢iv vyvstava poZadavek
analyzovat v kratkém case velké mnoZstvi vzorkt.
Nedavno se na trhu objevily DSC a ITC pristroje,
které jsou schopny méfit vzorky automaticky [5].
Vyvijeji se kalorimetry na bazi ¢ipa, které umozni
zvySit pocet vzorkd mérenych pii jedné analyze
a zaroven snizit jejich spotfebu [11]. Mikrokalo-
rimetrie je metodou, ktera ma velky potencial pro
monitorovani mezimolekulovych interakci bez nut-
nosti specialni vizualizace reagujicich molekul. Jako
jedna z mala experimentalnich metod umoziuje pii-
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mou a rychlou energetickou charakterizaci molekul.
Nové poznatky o termodynamickém chovani
molekul mohou byt pak s vyhodou vyuZity pii
nasledné pocitac¢ové simulaci, coz dovoli rychlejsi
a efektivnéjsi cilené navrhovani novych typt far-
mak, kterd budou mit Zadané farmakokinetické
vlastnosti. Tyto skutec¢nosti ¢ini mikrokalorimet-
rické pristupy velmi atraktivni pro vyuziti v moderni
strategii vyvoje novych farmak. Jestlize dojde
k naplnéni o¢ekavani vkladanych do vyvoje novych
typtd kalorimetri, vyznam mikrokalorimetrie pii
hledani novych 1é¢iv bude dale vzristat.
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Telomeres are nucleoprotein structures ensuring the stability of eukaryotic chromosome ends. Two pro-
tein families, TRFL (TFL-Like) and SMH (Single-Myb-Histone), containing a specific telobox motif in their
Myb domain, have been identified as potential candidates involved in a functional nucleoprotein struc-
ture analogous to human “shelterin” at plant telomeres. We analyze the DNA-protein interaction of
the full-length and truncated variants of AtTRB1, a SMH-family member with a typical structure: N-ter-
minal Myb domain, central H1/5 domain and C-terminal coiled-coil. We show that preferential interac-
tion of AtTRB1 with double-stranded telomeric DNA is mediated by the Myb domain, while the H1/5
domain is involved in non-specific DNA-protein interaction and in the multimerization of AtTRB1.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Telomeres are nucleoprotein structures which form the ends of
linear chromosomes, ensuring their stability and complete replica-
tion. The telomeric DNA is composed of minisatellite tandem re-
peats, for example (TTTAGGG), in the majority of plants or
(TTAGGG), in vertebrates, which form a terminal 3’-single-
stranded G-rich overhang (Moyzis et al., 1988; Richards and Ausu-
bel, 1988). Telomeric DNA is complexed with histones and non-
histone proteins which mediate the flexibility of telomere struc-
ture (Griffith et al., 1999), regulate its accessibility for other pro-
teins including telomerase, prevent recombination and serve as
recognition marks of intact chromosomal termini to distinguish
them from double-strand breaks (Bertuch and Lundblad, 2006).

Proteins bind telomere either by directly interacting with the
double-stranded (ds) or single-stranded (ss) telomeric DNA or
through protein-protein interactions with the DNA-binding pro-
teins. In humans, the constitutive complex of six telomere-binding
proteins has been termed “shelterin”, encompassing the dsDNA-
binding proteins TRF1 and TRF2, the ssDNA-binding protein POT1
and the proteins TIN2, TPP1 and hRap1 which are bound to the
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Proteomics, Institute of Experimental Biology, Faculty of Science, Masaryk Univer-
sity, Kamenice 5, CZ-62500 Brno, Czech Republic. Tel.: +420 549494003; fax: +420
549492654.

E-mail address: fajkus@sci.muni.cz (J. Fajkus).
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complex via protein-protein interactions (de Lange, 2005). Telo-
meric dsDNA-binding proteins show the presence of a single highly
conserved motif, the three-helical Myb domain in which the third
helix is defined by the presence of a conserved amino acid se-
quence termed a “telobox” (Bilaud et al., 1996), which is responsi-
ble for the recognition of telomeric dsDNA.

Numerous proteins have been suggested to participate in the
plant analog of human shelterin. Based on the presence of a telobox
within their Myb domain, a group of TBP-like (Telomere-Binding-
Protein-like) proteins has been found in silico in Arabidopsis thali-
ana (Yanhui et al., 2006). The plant Myb domain of the TBP-like
proteins can be placed either at the C-terminus of the protein, as
in TRFL (TRF-like) proteins (Karamysheva et al., 2004), or at the
N-terminus, as in SMH (Single-Myb-Histone) proteins (Marian
et al., 2003). In TRFL proteins, the Myb domain can either be ex-
tended by a fourth helix (TRFLI family) or the three-helical struc-
ture of the Myb domain is maintained (TRFLII) (Hwang and Cho,
2007; Hwang et al., 2005; Karamysheva et al., 2004; Sue et al,,
2006).

SMH proteins are plant-specific and have been reported to pref-
erentially bind plant telomeric dsDNA. Apart from the N-terminally
localized three-helical Myb-domain, they contain a histone-like
H1/5 domain in the central part of the protein and a coiled-coil do-
main at the C-terminus (Marian et al., 2003; Schrumpfova et al.,
2004). The A. thaliana SMH family of genes encodes five proteins
(AtTRB1-5), two of which (At TRB2 and At TRB3) have been charac-
terized previously and are capable to bind preferentially to plant
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\telomeric dsDNA. Considering their unique structure, it has been
suggested that binding of these proteins to dsDNA is mediated
and affected not only by the Myb domain but possibly also by
the H1/5 domain, whose role in DNA binding has however not been
elucidated (Schrumpfova et al.,, 2004). AtTRB1 (At1g49950), a
member of the SMH family, interacts with the telomere-associated
protein AtPOT1Db, one of the POT1-like proteins in A. thaliana (Ku-
char and Fajkus, 2004), which in turn participates in telomere cap-
ping and maintenance of genome stability (Shakirov et al., 2005).

In this study, we analyze the mode of binding of AtTRB1 to DNA.
We show that the high-affinity sequence-specific interaction be-
tween telomeric dsDNA and AtTRB1 is mediated predominantly
by the Myb domain, although other parts of the protein also con-
tribute to the interaction. Furthermore, we show that AtTRB1 is
capable of forming multimers and that this interaction is mediated
mainly by the H1/5 domain. We suggest that AtTRB1 shows the
characteristics of a telomere-binding protein and may be a part
of the protein complex safeguarding plant telomeres.

2. Results and discussion
2.1. AtTRB1 preferentially binds telomeric dsSDNA

Full-length AtTRB1 (Fig. 1) was subjected to EMSA (Electropho-
retic Mobility Shift Assay) using ss (AtTR3-G, AtTR3-C) or ds
(AtTR3) trimers of a plant telomeric sequence and a non-telomeric
oligonucleotide (NonTR-C, NonTR-G, NonTR). The telomeric oligo-
nucleotide was used as the labeled probe while the non-telomeric
oligonucleotide served as competitor DNA and vice versa. The re-
sults show that AtTRB1 is indeed a telomeric dsDNA-binding pro-
tein, similarly to proteins AtTRB2 and AtTRB3 which we have
described previously (Schrumpfova et al., 2004), and shows no or
very low-affinity to non-telomeric dsDNA (Fig. 2) or ssDNA of
either telomeric or non-telomeric sequence (data not shown).

2.2. The Myb domain mediates the specific interaction between AtTRB1
and telomeric dsDNA

In order to determine which domain of AtTRB1 is primarily
responsible for binding telomeric dsDNA, truncated variants of
AtTRB1 (Myb domain only - m; Myb + H1/5 domains — mh; H1/5
domain only - h; and H1/5 + coiled-coil domains - hc) were used
in EMSA (Fig. 1). All truncated variants of AtTRB1 showed a certain
affinity towards telomeric dsDNA (Fig. 3); the level and character
of the binding differed in each case. The Myb domain showed the
strongest interaction with telomeric dsDNA of all the protein frag-
ments tested; telomeric DNA was not released from the DNA-pro-
tein complex even upon addition of 100-fold excess of non-
telomeric competitor (Fig. 3a). Two telomeric repetitions were ade-
quate for the binding of Myb domain (data not shown). Unlike in
TRFLI proteins, the Myb domain of SMH proteins does not contain
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Fig. 2. EMSA of full-length AtTRB1 binding a radioactively-labeled ds telomeric
(AtTR3x) or non-telomeric (NonTRx) oligonucleotide with unlabeled NonTR or At-
TR3 respectively as competitor DNA. The concentration of unlabeled competitor
increases from 1-, 20- to 100-fold the concentration of the labeled probe (as dep-
icted by the triangle). DNA probe/protein concentration is 1/100.

the C-extension domain which has been proposed to condition the
ability of the proteins to bind to telomeric DNA (Hwang and Cho,
2007; Karamysheva et al., 2004). However, recent solution of the
structure of the C-extension-containing Myb domain of AtTRP1
has shown that the contact between DNA and AtTRP1 is mediated
merely by amino acid residues of helix 1 (H1) and H3 and the loop
connecting H3 and H4, while H4 itself stabilizes the Myb domain
into a tetrahedral structure (Sue et al., 2006). The level of conserva-
tion of the amino acid sequence within the C-extension region thus
may not be critical for binding of telomeric DNA, as the domain-
stabilizing function may be provided by a different amino acid
sequence.

The fragment mh bound telomeric dsDNA in a similar mode as
fragment m, but formation of a high molecular weight complex,
which did not migrate into the gel, was observed. This complex
was partially disassembled by the addition of a 100-fold excess
of non-telomeric competitor, which however did not release the
protein from the complex with telomeric DNA (Fig. 3b). The H1/5
domain of AtTRB1 formed a high molecular weight complex with
the telomeric DNA which was released from the complex by addi-
tion of non-telomeric competitor (Fig. 3c). Similarly, the fragment
hc retarded the telomeric DNA probe but was partially loosened
from the complex by a 100-fold excess of non-telomeric competi-
tor (Fig. 3d). None of the fragments of AtTRB1 displayed affinity to-
wards ssDNA or non-telomeric dsDNA with the exception of the
H1/5 domain, which bound non-telomeric dsDNA in a similar man-
ner as the telomeric dsDNA (data not shown). In this case, how-

Myb (m) H1/5 (h)  coiled-coil (c) k22| P!
AtTRB1 ] 300| 352 | 94
ATRB1-m  — . — 1.2 [10.4
ATRB1-mh — N —— ) — 240 | 9.9
AtTRB1-h o - 131 [10.1
AtTRB1-hc op B | 243 | 91

Fig. 1. Cloned regions of AtTRB1 schematic representation of the full-length AtTRB1 and its truncated variants. Numbers in diagrams denote amino acid residues. pl denotes

isoelectric point as determined using pI/MW calculator at EXPASy Proteomics Server.
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Fig. 3. EMSA of fragments of AtTRB1 binding a radioactively-labeled ds telomeric (AtTR3x) oligonucleotide with unlabeled non-telomeric oligonucleotide (NonTR) as
competitor DNA. The concentration of unlabeled competitor increases from 1-, 20- to 100-fold the concentration of the labeled probe (as depicted by the triangle). DNA

probe/protein concentration is 1/100.

ever, telomeric dsDNA did not compete for the interaction as effi-
ciently, and the non-telomeric probe was not released from the
complex. This shows that the H1/5 domain interacts non-specifi-
cally with any DNA without preference for either telomeric or
non-telomeric sequence (Ellen and van Holde, 2004) which, to-
gether with the high pl of the AtTRB1 fragments, suggests that
electrostatic interactions take part in the interaction of the frag-
ments of AtTRB1 with telomeric dsDNA. This may interfere with
determining the sequence specificity of AtTRB1 binding to telo-
meric DNA. The specificity of the interaction is nevertheless dem-
onstrated by the fact that the H1/5 domain alone as well as the H1/
5 + coiled-coil domains are released from the DNA-protein com-
plex in excess of non-telomeric DNA, while the Myb and
Myb + H1/5 domains form stable complexes with telomeric DNA
even when competed by non-telomeric DNA.

To determine the relative contribution of the Myb domain to
the telomeric DNA binding affinity of AtTRB1, the amount of pro-
tein required for the formation of a DNA-protein complex which
could be clearly and reproducibly detected in the gel was com-
pared between fragments m and hc. The Myb domain formed a
clear retarded band at a DNA/protein ratio 1/5, whereas fragment
hc formed retarded bands only from a DNA/protein ratio above 1/
50 (see Fig. 4).

Taken together, these data suggest that the Myb domain is the
main region of the protein responsible for and promoting the bind-
ing of AtTRB1 to telomeric dsDNA, but also other regions have the
potential to contribute to this interaction.

2.3. The Myb domain of AtTRB1 binds plant and human telomeric DNA
with a similar affinity

To test the specificity of the Myb domain of AtTRB1 in recogni-
tion of related telomeric sequences, the binding to plant telomeric
dsDNA (AtTR3) and human telomeric dsDNA (HuTR3) was com-
pared when competed by the non-telomeric dsDNA (NonTR),
AtTR3 or HUTR3. While the protein was not released from the plant
telomeric probe by the non-telomeric DNA, the complex was
equally dissociated by an excess of either human or plant telomeric
DNA (Fig. 5). Similarly, the fragment covering the Myb domain to-
gether with the H1/5 domain (fragment mh) did not bind plant
telomeric DNA stronger than human telomeric DNA (data not
shown).

The non-selective binding of the Myb domain to either plant
(TTTAGGG) or human (TTAGGG) telomeric sequence appears to
be a general feature of the A. thaliana SMH proteins. Although
the Myb domain has not been studied separately before, the bind-
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Fig. 4a. Comparison of the binding affinity of the Myb domain (fragment AtTRB1-m) and the H1/5 + coiled-coil domains (fragment AtTRB1-hc) to a radioactively-labeled ds
telomeric (AtTR3x) oligonucleotide with unlabeled non-telomeric oligonucleotide (NonTR) as competitor. The concentration of the protein exceeds the concentration of the

labeled probe 5-fold or 100-fold.
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Fig. 5. Affinity of the Myb domain (AtTRB1-m) to labeled plant telomeric probe
(AtTR3x) in the presence of increasing amounts of unlabeled non-telomeric (Non-
TR), plant telomeric (AtTR) or human telomeric (HuTR) competitor. DNA probe/
protein concentration is 1/100.

ing of two other full-length SMH proteins, AtTRB2 and AtTRB3, to
plant telomeric oligonucleotide has been efficiently competed by
human telomeric sequence as well (Schrumpfova et al., 2004).
Although the proteins are not able to discriminate between related
telomeric sequences of A. thaliana and human their stronger bind-
ing of telomeric than non-telomeric DNA suggests the following
possibilities: (i) the core sequence recognized by the Myb domain
without the C-extension is centered so that there is no difference
between plant and human sequences (e.g. TTAGGGTT). Myb do-
mains with a C-extension are however centered around the TTT se-
quence (Chen et al., 2001; Sue et al., 2006; Yang et al., 2003; Yu
et al., 2000); (ii) At TRB proteins do not distinguish small changes
in the sequence, as there has never been competition of so highly
similar sequences throughout the evolution of these proteins in
A. thaliana. In addition, the ability of AtTRB1 to bind typical plant
and human telomeric motifs with a similar affinity could be impor-
tant for an easier adaptation to a change in telomere sequence
from a plant to a human-like motif, which has occurred during
the evolution of plants of the order Asparagales (Sykorova et al.,
2003). This also corresponds with the finding that proteins binding
ss telomeric DNA in plants with human-type telomeres show affin-

ity to both the ancestral and present telomeric DNA (Rotkova et al.,
2004; Rotkova et al., 2007).

2.4. AtTRB1 forms multimers under the conditions of PFO-PAGE
(Perfluoro-octanoic acid PolyAcrylamide Gel Electrophoresis)

In order to investigate the ability of the AtTRB1 fragments to
form self-dimers or multimers, PAGE with a weak detergent, per-
fluoro-octanoic acid (PFO), was used. This method can be used
for detection and molecular mass determination of protein com-
plexes since (in contrast to SDS-PAGE), PFO-PAGE preserves high-
affinity protein-protein interactions (Ramjeesingh et al., 1999).
The results confirm the strong tendency of the H1/5 domain to
multimerize and the same holds true for all the fragments of
AtTRB1 which contain the H1/5 domain. Dimerization has been
proved to increase the efficiency of the binding of telomere-associ-
ated proteins to telomeric DNA (Bianchi et al., 1997, 1999; Fairall
et al,, 2001) and may also enhance the selectivity for binding long-
er tracts of telomeric sequence (Karamysheva et al., 2004). Candi-
date plant telomeric proteins containing the Myb domain on their
C-terminus have also been shown to interact with the telomeric
DNA as dimers. AtTRP1, a member of the TRFLI family (Karamysh-
eva et al., 2004), has been shown to multimerize via its central do-
main and even the isolated Myb domain with C-extension has been
shown to multimerize through the C-terminal residues (Sue et al.,
2006). Myb domain of the rice RTBP also interacts with plant telo-
meric DNA in the form of a homodimer (Yu et al., 2000). A capabil-
ity for multimerization therefore seems to characterize telomere
dsDNA-binding proteins. In the case of AtTRB1, the N-terminal
Myb domain itself does not form higher molecular weight com-
plexes (Fig. 6), therefore the length of the DNA recognition se-
quence should be determined only by the number of DNA-
protein interactions within one molecule of protein. This is in
agreement with our finding that two telomeric repetitions are suf-
ficient for the binding of the Myb domain. Similarly, Sue et al. have
shown that the monomeric Myb domain of AtTRP1464-5%0 interacts
with 13 bp of DNA containing a single repeat of A. thaliana telomer-
ic sequence (Sue et al., 2006).

3. Concluding remarks

AtTRB1 is a member of the plant-specific SMH family of A. tha-
liana proteins which are characterized by the presence of a telobox-
containing Myb domain located at their N-terminus, a histone-like
H1/5 domain in the centre and a coiled-coil domain at the C-termi-
nus (Marian et al., 2003). Because the presence of a telobox is com-
mon to telomere dsDNA-binding proteins (Bilaud et al., 1996), the
SMH proteins are potential candidates to cap and regulate the
plant telomeres.

We show that AtTRB1 is indeed a telomeric dsDNA-binding pro-
tein, similarly as proteins AtTRB2 and AtTRB3 which we have de-
scribed previously (Schrumpfova et al., 2004). The Myb domain
of AtTRB1 preferentially binds telomeric over non-telomeric DNA.
Two telomeric repeats are sufficient for the Myb domain to bind
DNA. Homomultimer formation through the H1/5 domain has been
shown by PFO-PAGE. This suggests a possible role for the H1/5 do-
main of AtTRB proteins in promoting either their self- or mutual
interactions or their interaction with other partners. Compared to
other dsDNA-binding proteins, the triple-domain AtTRB proteins
have a potential for a remarkable multiplicity of modes of binding
to telomeres: the Myb-domain primarily ensures direct sequence-
specific binding of AtTRB1 to telomeric DNA, the H1/5 domain may
enhance this binding by protein dimerization, while extensive pro-
tein aggregation is counteracted by competitive loading of the H1/
5 domain to non-specific DNA (Fig. 7). Thus, paradoxically, DNA-
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Fig. 7. Schematic view of binding of AtTRB1 to telomeric DNA. The Myb-domain
primarily ensures direct sequence-specific binding of AtTRB1 to telomeric DNA,
while the H1/5 domain may enhance this binding by protein dimerization and
sequence-non-specific binding to DNA.

sequence-non-specific binding of the H1/5 domain promotes spe-
cific interaction of the Myb-domain with telomeric DNA, as illus-
trated in Figs. 2 and 4b. Moreover, the H1/5 domain of AtTRB
proteins was recently shown to interact with the OB-fold domain
of the AtPOT1b telomeric protein (Prochazkova Schrumpfova
et al.,, 2008) suggesting yet another mode of AtTRB recruitment
to telomeres. Interestingly, our results do not show any important
role of the coiled-coil domain of AtTRB1 in the interactions studied,
although this domain was originally suggested as responsible for
protein-protein interactions (Marian et al., 2003). However, we
cannot exclude that the coiled-coil domain participates in dimer-
ization upon binding of the AtTRB1 to DNA, when the H1/5 domain
becomes engaged in DNA-protein interaction, or in interaction
with AtPOT1b. Our data thus reveal at least partial outlines of a
plant analogy of the mammalian shelterin complex (de Lange,
2005).

We conclude that AtTRB1 is a telomeric-dsDNA-binding protein
which is able to form multimers. The specific binding to telomeric
DNA is primarily conducted by the Myb domain, while the multi-
merization and sequence-non-specific interactions with DNA are
mediated by the H1/5 domain.

4. Experimental
4.1. Cloning, expression and purification of AtTRB1 and its fragments

The cDNA sequence of AtTRB1 (locus At1g49950) was obtained
by RT-PCR from total RNA as described previously (Kuchar and Faj-
kus, 2004). In order to analyze the binding of AtTRB1 to telomeric
DNA and to examine the contribution of its three individual major
domains in the binding, AtTRB1 and its truncated variants (Fig. 1)
were cloned into pET15b (Novagen) between the Ndel and BamHI
sites using the following sets of primers:

AtTRB1 (full-length): A (5'-AGTATTCATATGGGTGCTCCTAAGCA-
GA-3') + B (5'-CGGGATCCTCAGGCACGGATCATCATT-3'); AtTRB1-m:
A+ C (5-GAGGATCCCTAAAGGGAGAACGTCCTTTT-3'); AtTRB1-mh:
A+D (5-TTGGATCCTCATCTCCTGTGGGAAGACAAGG-3'); AtTRB1-h: E
(5'-AGTGTTCATATGGAAAATGTGGATGCGACCT-3') + D, AtTRB1-hc:
E +B.

Proteins were expressed by autoinduction in ZYM-5052 (Stud-
ier, 2005) in E. coli C41(DE3) (Miroux and Walker, 1996) grown
for 3 h at 37 °C followed by 18 h at 20 °C. Expression of proteins
of the correct molecular weight was confirmed by immunodetec-
tion. His-tagged proteins were purified by affinity FPLC (Fast Pro-
tein Liquid Chromatography) (Pharmacia AKTA purifier system)
on BD TALON™ Superflow Resin (BD Biosciences) in 50 mM Na-
phosphate buffer with 300 mM NaCl. A step gradient from
10 mM to 80 mM imidazole was used for elution. Protein concen-
tration was estimated according to Bradford (1976).

4.2. Electrophoresis mobility shift assay (EMSA)

Oligonucleotides used in EMSA are described in Table 1. Telo-
meric oligonucleotides containing different numbers of telomere
repeat units were adjusted to 28 nt by supplementing their telo-
meric part with a non-telomeric sequence (NonTR). Ds oligonucle-
otides were formed by annealing of complementary ss
oligonucleotides. Oligonucleotides used as probes were end-la-
beled using [y->2PJATP (MP Biomedicals) and polynucleotide ki-
nase (NEB). 2.5-250 pmol of proteins (as indicated in Results)
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Table 1
Oligonucleotides used in EMSA. The plant telomeric sequence is shown in bold

Name Length (nt) Sequence 5'-3’

AtTR2-G 28 GGTTTAGGGTTTAGAGTACCAGCCATGA
AtTR2-C 28 TCATGGCTGGTACTCTAAACCCTAAACC
AtTR3-G 28 GGTTTAGGGTTTAGGGTTTAGAGTACCA
AtTR3-C 28 TGGTACTCTAAACCCTAAACCCTAAACC
AtTR4-G 28 GGTTTAGGGTTTAGGGTTTAGGGTTTAG
AtTR4-C 28 CTAAACCCTAAACCCTAAACCCTAAACC
HuTR4-G 24 GGTTAGGGTTAGGGTTAGGGTTAG
HuTR4-C 24 CTAACCCTAACCCTAACCCTAACC
NonTR-G 28 CATCATGGCTGGTCATGGCTGGTACTAG
NonTR-C 28 CTAGTACCAGCCATGACCAGCCATGATG

were preincubated with 2.5, 50 or 250 pmol of competitor DNA for
10 min in 50 mM Na-phosphate buffer pH 8 + 200 mM NaCl; the
labeled probe (2.5 pmol) was added, and the reaction was further
incubated for 10 min at 25 °C. Total reaction volume was 20 pl.
The reaction mixture was loaded onto an 8% w/v non-denaturing
polyacrylamide gel (AA:BIS =37:1, 0.25 x Tris-borate-EDTA (TBE)
buffer). Electrophoresis was performed at 4 °C in 0.25 x TBE for
4 h at 120 V. Results were visualized on a STORM840 phosphoim-
ager and evaluated using ImageQuant software (Molecular Dynam-
ics). Protein-DNA interaction was quantified from the signal of
unbound DNA probe and expressed as the percentage of labeled
probe bound in a protein-DNA complex.

4.3. Polyacrylamide gel electrophoresis with perfluoro-octanoic acid
(PFO-PAGE)

PFO-PAGE was performed according to Ramjeesingh et al.
(1999) with a slight modification in the content of PFO in the run-
ning buffer (0.2% w/v compared to 0.5%). No DTT was used in the
loading buffer. Ten micrograms of protein were used per lane. Elec-
trophoresis in 8% or 9% gel (AA:BIS = 37:1) was carried out at 80 V
for 3 h. Identical samples were simultaneously separated by SDS-
PAGE to compare the denatured state of the proteins.
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Proteins that bind telomeric DNA modulate the structure of chro-
mosome ends and control telomere function and maintenance.
It has been shown that AtTRB (Arabidopsis thaliana telomere-
repeat-binding factor) proteins from the SMH (single-Myb-
histone) family selectively bind double-stranded telomeric DNA
and interact with the telomeric protein AtPOT1b (A. thaliana
protection of telomeres 1b), which is involved in telomere
capping. In the present study, we performed the first quantitative
DNA-binding study of this plant-specific family of proteins.
Interactions of full-length proteins AtTRB1 and AtTRB3 with
telomeric DNA were analysed by electrophoretic mobility-shift

assay, fluorescence anisotropy and surface plasmon resonance to
reveal their binding stoichiometry and kinetics. Kinetic analyses
at different salt conditions enabled us to estimate the electrostatic
component of binding and explain different affinities of the two
proteins to telomeric DNA. On the basis of available data, a
putative model explaining the binding stoichiometry and the
protein arrangement on telomeric DNA is presented.

Key words: Arabidopsis thaliana, fluorescence anisotropy,
kinetics, single-Myb-histone protein (SMH protein), surface
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INTRODUCTION

Telomeres are nucleoprotein complexes consisting of repetitive
DNA sequences, general chromatin proteins and telomere-specific
proteins. Tandem repeats of telomeric DNA are short T- and G-rich
sequences, such as d(GGGTTA) in humans and d(GGGTTTA) in
the majority of plants.

Telomeres form protective capping structures at the ends of
chromosomes [1]. These structures are essential for cell viability
as they prevent chromosomes from unwanted end-to-end joining
and recognition of chromosome tips as unrepaired double-strand
breaks by the repair system of the cell. Changes in telomere
structure and function induce chromosomal abnormalities and are
directly connected with human aging and cancer [2].

Telomeres are usually maintained by telomerase, a ribonucleo-
protein enzyme that adds telomeric repeats to the 3’-overhang of
the G-rich DNA strand. The action of telomerase is regulated by
its expression and by numerous proteins that control telomerase
access to telomeres and organize telomeres into specific capping
structures, such as telomeric loops that were observed in a number
of organisms, including humans and plants [3,4].

Three DNA-binding proteins have been found to be responsible
for specific recognition and direct interactions with the telomeric
repeat sequence in humans. Two of them, TRF1 and TRF2 (where
TRF is telomeric repeat-binding factor), described as negative
regulators of telomere length [5], show substantial structural
similarity and bind double-stranded telomeric DNA. The third
protein, POT1 (protection of telomeres 1), binds the G-rich strand
of telomeric DNA, participates in chromosome capping and is
able to control telomere extension by telomerase, both positively
and negatively [6,7]. The human TRFs and their homologues in

other organisms possess a well conserved DNA-binding structural
motif similar to the c-Myb-family of transcriptional activators [8].
The Myb domain of TRFs is C-terminally positioned and consists
of three helices connected in a helix—turn—helix manner. The third
helix contains a conserved amino acid sequence called a ‘telobox’,
which has been shown to be important for recognition of telomeric
double-stranded DNA [8].

Numerous TRF-like proteins have been identified in plants
(reviewed in [9]), and, in a few cases, the influence of these
proteins on telomere length homoeostasis has been demonstrated
[10,11]. Interestingly, besides the TRF-like proteins, a plant-
specific family of other telobox proteins has been described [12].
This group of proteins, termed the SMH (single-Myb-histone)
family, is characterized by a triple-domain structure consisting of
an N-terminal Myb domain, central globular histone H1/5 domain,
and a C-terminal coiled-coil domain. In Arabidopsis thaliana (At),
five SMH proteins were identified (AtTRB1-AtTRBS5, where
TRB is telomere-repeat-binding factor) [12], and three of them
have been characterized [13,14]. These proteins show not only
specific interactions with telomeric DNA, but also a number of
protein—protein interactions functionally related to telomeres. In
addition to their ability to form homodimers (similarly to TRFs),
they can also form heterodimers and both homo- and hetero-
typic multimers [13—15] via their H1/5 histone domain. They also
interact (using the same H1/5 domain) with one of the POT1
proteins in A. thaliana, AtPOT1b [15,16], which participates in
telomere capping [17].

The emerging complexity of interactions of AtTRBs urges
more detailed and quantitative studies of their DNA—protein and
protein—protein interactions to reveal principles of their regulatory
role. So far, only structural data for the Myb DNA-binding
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domain are available [18]. Similarly, kinetic studies are limited
to the interaction of a Myb-domain-bearing fragment with a
short telomeric DNA oligonucleotide (13 bp) [18], and a non-
equilibrium technique was used to describe binding kinetics of
TRFs in rice [19]. In order to describe binding interactions more
thoroughly, associations of the full-length proteins with telomeric
DNA need to be evaluated.

The equilibrium binding kinetics of the full-length proteins can
be studied by quantitative biophysical approaches. The binding
of proteins to fluorescently labelled DNA may be monitored by
FA (fluorescence anisotropy). This method gives well-resolved
binding isotherms at different buffer conditions and therefore
reliable kinetic and energetic parameters of binding. If the solution
contains only free DNA molecules, FA is relatively low, owing
to the fast rotational rearrangement of DNA molecules. After
the binding of protein to DNA, a bulky slower-rotating protein—
DNA complex is formed and the anisotropy is increased. Thus
the anisotropy change of fluorescently labelled DNA duplexes,
after each addition of protein into solution, describes the extent
of protein—-DNA binding [20,21].

In the present paper, we report a detailed study to reveal
stoichiometry and kinetics of AtTRB1 and AtTRB3 binding
to telomeric DNA. Proteins AtTRB1 and AtTRB3 have been
chosen for these functional assays because they showed the
highest structural stability within the AtTRB family of proteins.
Interactions of full-length proteins with telomeric DNA are
analysed by a combination of EMSA (electrophoretic mobility-
shift assay) and quantitative biophysical methods employing
FA and SPR (surface plasmon resonance). Kinetic analyses at
different salt conditions enable us to estimate the electrostatic
component of binding and explain different affinities of the
two AtTRBs to telomeric and non-telomeric DNA. The kinetic
measurements also contribute to the estimation of the length of
double-stranded DNA for proper protein binding. On the basis
of these data, a speculative model for binding stoichiometry and
protein arrangement on telomeric DNA is presented.

EXPERIMENTAL

Cloning, expression and purification of AtTRB1 and AtTRB3

The cDNA sequence of AtTRB1 (locus At1g49950) was obtained
by RT (reverse transcription)-PCR from total RNA as described
previously [16]. AtTRB1 has been cloned into pET15b vector
(Novagen) and expressed as a His-tagged fusion protein in
Escherichia coli C41(DE3) cells [14]. The cells were grown on
LB (Luria—Bertani) medium with ampicillin (100 pg/ml) at 37°C
overnight. The next day, cells were diluted 20-fold into ZYM
5052 complex autoinducing medium containing ampicilin [22].
The cells were incubated at 37 °C for 5 h. Then the temperature
was set to 20°C, and the incubation continued overnight.

The cDNA sequence of AtTRB3 (locus At3g49850) was
obtained by RT-PCR from total RNA as described previously
[13]. AtTRB3 has been cloned into pET30a(+) vector (Novagen)
and expressed as a His-tagged fusion protein in E. coli
BL21(DE3)pLysS cells. The cells were grown on LB medium
with kanamycin (50 pg/ml) at 37°C for 4 h. At a Dgy of 0.6,
the overexpression of AtTRB3 was induced by the addition of
IPTG (isopropyl B-D-thiogalactoside) to a concentration of 1 mM.
After lowering the incubation temperature to 25 °C, the growth
continued for an additional 3 h.

The following extraction and purification steps were the same
for both recombinant proteins. After harvesting by centrifugation
at 8000 g for 8 min, the pellet was dissolved in buffer containing
50 mM sodium phosphate (pH 8.0) with 300 mM NaCl and
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R4 5 -GGTTTAGGGTTTAGGGTTTAGGGTTTAG- 3
RedX -CCAAATCCCAAATCCCAAATCCCAAATC-5'

R2 S'-GGTTTAGGGTTTAG-3
RedX -CCAAATCCCAAATC-5'

N 5 -CATCATGGCTGGTCATGGCTGGTACTAG-3'
RedX - GTAGTACCGACCAGTACCGACCATGATC-5'

Figure 1 Proteins and oligonucleotide duplexes used for binding studies

(@) Organization of the AtTRB1 and AtTRB3 polypeptide chains. The localization of the Myb
domain, histone-like H1/5 domain and coiled-coil domain is shown together with numbers
denoting their positions in the sequence. (b) Base sequence of telomeric oligonucleotide duplex
R4 and R2 along with non-telomeric duplex N. RedX denotes fluorescent label Rhodamine RedX.
The nucleotides of putative Myb-domain-binding sites are shaded grey [18].

10 mM imidazole and was sonicated for 5 min. The sonicated
cell extract was cleared by centrifugation at 14000 rev./min for
1 h at 4°C using a Beckman JA 14 rotor and subsequent filtration
(0.45 pm filter). Affinity purification was performed on a column
filled with a TALON® metal-affinity resin (BD Biosciences).
Protein was eluted at 80 mM imidazole. The eluent was loaded on
to a heparin HiTrap™ column (GE Healthcare). A concentration
gradient of NaCl from 0.4 to 1 M NaCl was used for protein
elution. The fractions containing pure protein were concentrated,
and buffer-exchanged usually into 50 mM sodium phosphate
(pH 7.5) with 100 mM NaCl by ultrafitration (Amicon 10K,
Millipore) or by extensive dialysis. A typical yield was 1 mg of
purified protein per litre of bacterial culture. The concentration
of purified protein was determined using the Bradford assay [23].

DNA substrates

Oligodeoxynucleotides were synthesized and HPLC-purified by
Core Laboratory at Masaryk University. One of the strands in the
duplexes was synthesized with the 3'-end C¢ aminoalkyl linker
and labelled with RedX (Rhodamine Red-X) (Molecular Probes)
using the protocol provided by the manufacturer. The duplexes
comprising four and two telomeric repeats were denoted as R4 and
R2 respectively. The DNA duplex with non-telomeric sequence
was denoted as N. The molar absorption coefficients of the single
strands were estimated with the employment of phosphate assay
[24]. Molar absorption coefficients were 281000 (RedX-labelled
strand in R4), 278000 (complementary strand in R4), 148000
(RedX-labelled strand in R2), 140000 (complementary strand in
R2), 284000 (RedX-labelled strand in N) and 265000 M~! . cm™!
(complementary strand in R2) for DNA oligonucleotides shown
in Figure 1.

EMSA

Protein—-DNA-binding reactions were performed in 10 ul vol-
umes containing the same amount of labelled DNA duplex
(30 pmol) and various concentrations of protein (0—180 pmol)
in 50mM sodium phosphate (pH 7.0) with 200 mM NaCl.
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Reaction mixtures were incubated for 10 min at 25 °C. Protein—
DNA complexes were resolved on horizontal 7.5% (w/v)
acrylamide/0.3 % bisacrylamide gels, as described in [25]. The
electrophoresis proceeded at 1.5 V/cm for 30 min and for an
additional 90 min at 3 V/cm. Gels were analysed with a LAS
3000 imaging system (Fujifilm). After the fluorescence imaging,
Coomassie Blue staining of the gel was performed to reveal
protein-containing bands in the gel.

Fluorescence anisotropy

Florescence anisotropy was measured on a FluoroMax-4
spectrofluorimeter (Horiba) with an L-format set up under
control of an Origin-based FluorEssence software (version 2.1.6).
Excitation and emission wavelengths were 572 and 591 nm
respectively, with the same excitation and emission bandpath,
8 nm. The integration time was 3s. For each anisotropy value,
five measurements were averaged. The titration experiments
were carried out in a 10 mm x 4 mm quartz-glass cuvette with
a magnetic bar stirrer. All measurements were conducted at 25°C
in 50 mM sodium phosphate buffer (pH 7.5) containing 100 mM
NaCl if not stated otherwise. To 1500 w1 of DNA solution (20 nM)
in the buffer, protein solution was added stepwise. The decrease in
DNA concentration during the titration was taken into account
in the analysis of the data. A control titration of protein to RedX
solution (without DNA) has been performed to confirm that there
was no interaction between RedX and protein.

Dissociation constants of protein binding were evaluated by
fitting of dilution-corrected binding isotherms using programs
SigmaPlot 8 (Systat Software) and DynaFit3 (version 3.28)
[26]. Analysis of the binding of protein to DNA duplexes was
performed with the assumption of a non-co-operative binding
mode. The association constants were calculated as reciprocal
values of dissociation constants (K,=1/K,). The association
constants provided the free energies of association.

Electrostatic component of hinding

In order to determine the contribution of electrostatic interactions
upon binding of DNA with protein, the equilibrium binding
constant was measured at different concentrations of NaCl (see
Figure 4 and Table 2). The electrostatic component of binding
originates from the formation of ion pairs between the cationic
amino acid residues of the protein and the negatively charged
DNA. The number of ion pairs formed upon protein—DNA bind-
ing and corresponding electrostatic contribution to overall binding
affinity (K,) could be derived from the dependence of the bind-
ing constant on salt concentration according to the eqn (1):

log K, =log K, — Z¢ - log [NaCl] (1)

where Z is the number of DNA phosphates that interact with the
protein, ¢ is the number of Na* cations per phosphate released
upon protein binding. For B-DNA duplexes of 24 bp and shorter,
the value for ¢ is approx. 0.64 [27]. The right-hand side of the
equation divides overall binding affinity into the non-electrostatic
part described by K,™ and a salt-dependent electrostatic part
[28,29]. When the linear dependence of log K, is extrapolated to
the salt concentration of 1 M, the electrostatic term in eqn (1) can
be removed: log K, =log K,™, i.e. the binding affinity is given
only by non-electrostatic interactions. Similarly to the binding
affinity, the overall binding energy defined as AG, = —2.3RT - log
K, could be divided into electrostatic and non-electrostatic terms
AG, = AG™ + AG,. The electrostatic term AG,” disappears
when the salt concentration approaches 1M and the overall

energy of binding is given only by the non-electrostatic term,
AG,=AG™ =—2.3RT -log K,™.

Surface plasmon resonance

Sensorgrams were recorded on a Biacore 3000 instrument (GE
Healthcare) using CM5 chips. More details are available in the
Supplementary Online Data at http://www.BiochemJ.org/bj/419/
bj4190221add.htm.

RESULTS

Stoichiometry of protein~DNA complexes

In order to estimate the binding ratio of AtTRBs and DNA,
oligonucleotide substrates containing two or one putative binding
sites were designed. The telomeric duplex R4 covers the length
of four plant telomeric repeats and comprises two putative Myb-
domain-binding sites. The shorter duplex, double-stranded DNA
fragment R2, consists of two telomeric repeats and contains
one Myb-domain-binding site. For comparative purposes,
oligonucleotide duplex N, as a representative of non-telomeric
DNA, was used in the present study (Figure 1).

Both AtTRB1 and AtTRB3 bind telomeric DNA with the
stoichiometry of one protein monomer per one telomeric repeat

The binding stoichiometry was analysed by EMSA with samples
containing a variable protein/DNA ratio. Figure 2 shows fluor-
escently visualized bands indicating the mobility of free and
protein-bound DNA duplexes in non-denaturating acrylamide
gels.

Increasing the concentration of protein shifted the free labelled
DNA duplex to a new position corresponding to a protein—DNA
complex. The band corresponding to the free duplex R4
disappeared when the AtTRB1/R4 ratio was 4:1 (Figure 2a).
Similarly, the complete binding of AtTRB3 to substrate R4
was observed at the same protein/DNA ratio (Figure 2b). Both
AtTRB1 and AtTRB3 bind telomeric DNA with the stoichiometry
of one protein monomer per one telomeric repeat.

In order to characterize interaction stoichiometry of AtTRBs
with telomeric DNA further, proteins were allowed to interact with
the shorter substrate R2 bearing two telomeric repetitions
(Figure 2c). The results of EMSA with R2 demonstrate that a
2-fold decrease in the length of DNA reduces the protein/DNA
binding ratio proportionally. These results confirmed that the
stoichiometry of binding is one monomer of AtTRB1 or AtTRB3
per one telomeric repeat. If we consider binding of protein in
dimeric form, as was shown in our recent study [14], then two
protein dimers bind one R4 substrate (four telomeric repeats) or,
in other words, one dimer of AtTRB binds the fragment R2 (two
telomeric repeats). On the basis of these data, we could rephrase
our initial statement regarding stoichiometry to the following
form: one dimer of AtTRB binds the region of two telomeric
repeats.

AtTRB1 shows the same binding stoichiometry for telomeric and
non-telomeric DNA sequences, whereas AtTRB3 exhibits different
binding capacities for telomeric and non-telomeric DNA sequences

The effect of DNA sequence on binding ability of AtTRBI1
and AtTRB3 was analysed by comparing the protein/DNA ratio
needed for complete saturation of telomeric R4 and non-telomeric
N substrate. In this respect, AtTRB1 behaves similarly in both
cases; the binding stoichiometry of AtTRB1 remained the same,
as demonstrated in Figure 2(a).

© The Authors Journal compilation © 2009 Biochemical Society



224 C. Hofr and others
(a) AtTRB1
____-———1-""_—1
i =
R4 mm—— '
T ]

&=
2 3 4 5 6

o 1

N
(b) AtTRB3
s il

R4 J.-

e
- en 6D & S "

Nﬂ..

2 3 4 5 6

(c) AITRB1  AtTRB3
_,—1/-' /-r/‘l

T eaEmET eE.ws

R2 a— - :
012 34 012 3 4

Figure 2 Non-denaturing EMSA

(@) AtTRB1 binding to fluorescently labelled oligonucleotide R4 with telomeric sequence and
oligonucleotide N with non-telomeric sequence. (b) AtTRB3 binding to DNA oligonucleotides R4
and N. (¢) AtTRB1 or AtTRB3 binding to oligonucleotide R2 with the sequence of two telomeric
repetitions. The DNA oligonucleotides and AtTRBs were incubated with increasing amounts of
protein. The numbers under electrophoretic lanes denote the stoichiometric protein/DNA ratio.
The protein/DNA ratio corresponding to binding saturation is indicated with a grey line.

In contrast, AtTRB3 exhibits a markedly stronger dependence
of the binding ability on DNA sequence that was manifested by a
shift in ratio needed for saturation of the non-telomeric substrate
N. The protein/DNA ratio was shifted to the higher values (> 5:1)
in the case of duplex N than was the ratio for the telomeric duplex
R4 (Figure 2b).

The difference in DNA-sequence-dependent saturation might
be a result of different binding kinetics of AtTRB1 and AtTRB3.
To assess this possibility, direct kinetic measurements were
performed using FA.

Binding kinetics

The binding affinity of AtTRB variants to double-stranded
DNA was analysed further by FA measurements. In these
measurements, protein aliquots were added to the solution of
labelled DNA duplex, and an increase of FA was observed. The
equilibrium dissociation constants (K,) obtained by analyses of
anisotropy curves for binding are listed in Table 1.

AtTRB1 and AtTRB3 bhind telomeric DNA with high affinity
and specificity

The binding affinity of AtTRB1 to telomeric DNA is significantly
higher in comparison with the binding to non-telomeric DNA. The
titration curves obtained for AtTRB1 binding to DNA substrates

© The Authors Journal compilation © 2009 Biochemical Society

Table 1 Dissociation and association constants for binding of AtTRB1 and
AtTRB3 to DNA

Values are means + S.E.M. for three independent experiments in 50 mM sodium phosphate
(pH 7.5) and 100 mM NaCl measured at 25°C.

R4 N R2
Ka Ka K
Potein  Kg (M) (10°5M-1) Kq(M) (10 M) Kg(M) (105 M-")
ATRBT  90+20 11.0 12004300 083 210+30 48
MTRB3 400460 25 29004300 035 800+100 1.3
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Figure 3 Binding of AtTRB1 and AtTRB3 to DNA duplexes

(@) FA measurements of binding of AtTRB1 to telomeric duplex R4 or non-telomeric duplex N.
The binding at 20 nM DNA occurred in buffer containing 50 mM sodium phosphate (pH 7.5)
and 100 mM NaCl. (b) FA measurements of binding of AtTRB3 to R4 or N duplex. Binding
conditions were the same as in (a). (¢) Binding isotherms of AtTRB1 and AtTRB3 with telomeric
duplex R2 measured by FA. Binding conditions were the same as in (a).

R4 and N are shown in Figure 3(a). As expected, AtTRB1 shows
significantly higher binding affinity to telomeric R4 than to the
non-telomeric N DNA substrate. This can be clearly seen from
the steeper rise of the curve corresponding to binding telomeric
DNA. The evaluation of binding curves revealed K, values of
90 and 1200 nM for R4 and N substrate respectively (Table 1).
Comparison of dissociation constants thus demonstrates more
than 13-fold higher affinity and binding specificity of AtTRB1 to
DNA bearing telomeric sequences.

The binding affinity of AtTRB3 to telomeric sequence is higher
in comparison with the binding to non-telomeric sequence, but the
difference is less pronounced than in case of AtTRB1. AtTRB3
was allowed to bind either the telomeric substrate R4 or the non-
telomeric duplex N (Figure 3b). The K, values for the binding
of AtTRB3 to R4 and N were 400 and 2900 nM respectively.
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Figure 4 Dependence of the association constants for hinding of AtTRB1
and AtTRB3 to substrate R4 on NaCl concentration

The inset shows the electrostatic and non-electrostatic components of the free energy of
association of AtTRB1 or AtTRB3 with substrate R4.

AtTRB3 shows more than 7-fold higher affinity to telomeric DNA
duplex than to non-telomeric DNA.

The absolute value of the dissociation constant was verified by SPR

In order to confirm the absolute values of binding constants
obtained using FA, a reverse-order experiment was performed
using SPR. In this experiment, AtTRB3 was immobilized on
the chip surface, and duplex R4 was allowed to bind. The
reverse arrangement of the SPR experiment changes interaction
stoichiometry (one DNA duplex interacts with one immobilized
protein, whereas four protein monomers bind one DNA duplex
during FA measurements). This had been considered when
the equilibrium binding constant was evaluated. The output of the
non-linear fitting of SPR curves for different concentrations
of DNA produces a K; of 1700 nM, which agrees with the
value determined previously with a factor of 2 at a similar salt
concentration (see the Supplementary Online Data).

AtTRB1 and AtTRB3 show reduced binding affinity to R2 when
compared with hinding affinity to R4

When the length of DNA duplex is shortened from four to two
telomeric repeats, the binding affinity decreases to the level of
binding affinity recorded for the non-telomeric DNA. Even though
there is one putative binding site present on the duplex R2, the
binding affinity of AtTRBI1 is quite low and is characterized by a
K, similar to that obtained for binding to duplex N. The shortening
of telomeric DNA substrate has a similar effect on binding affinity
of AtTRB3 (Table 1). The length reduction of telomeric DNA
substrate thus results in a substantial fall in the binding affinity of
both AtTRB1 and AtTRB3.

Electrostatic contribution to binding affinity

The binding of AtTRB1 or AtTRB3 to duplex R4 containing two
putative binding sites induces the formation of four or three ion
pairs respectively. Binding of both proteins to the substrate R4
was measured at different concentrations of NaCl. The change
of binding parameters is set out in the double-log-plot of the
association constants against salt concentration (Figure 4 and
Table 2). From the slope, the parameter Z was calculated. Z
denotes the number of newly formed ionic bonds between protein
and DNA. This number is 4 (after rounding) for binding of

Table 2 Salt-concentration-dependence of association constants for
binding of AtTRB1 and AtTRB3 to R4

Values are means + S.E.M.

Protein [NaCl] (mM) log Ka 8log K,/8log [NaCl] log K, V4
AtTRB1 100 7.04 28402 431402 44
19 7.08
141 6.67
167 6.54
200 6.25
AtTRB3 100 6.41 20101 44401 32
119 6.31
141 6.06
167 6.00
200 5.81

AtTRB1, and 3 for AtTRB3. Thus approx. four ion pairs are
formed upon binding of AtTRBI1 and approx. three ion pairs
upon binding of AtTRB3 to the telomeric DNA.

The hinding energy is provided mainly by a non-electrostatic
component in the case of both AtTRBs

Further evaluation of the salt-dependent binding constant
was performed to obtain the non-electrostatic contribution to
the binding affinity. The electrostatic and non-electrostatic
components of the binding energy for AtTRB1 or AtTRB3 to
R4 are shown in the inset of Figure 4. It is notable that the non-
electrostatic components of binding energy AG,™ for the two
proteins are identical within error range with magnitudes of 25 kJ -
mol~! for both AtTRB1 and AtTRB3. If this value is compared
with the values of the overall binding energy 40 kJ - mol™" for
AtTRB1 and 37 kJ - mol~! for AtTRB3, it can be concluded that
the non-electrostatic interactions contribute to the total energy of
binding by approx. 60 % for AtTRB1 and by approx. 70 % for
AtTRB3. Hence, it is apparent that the major part of the binding
energy originates from the non-electrostatic interactions.

The greater electrostatic component is responsible for a more
favourable overall binding energy of AtTRB1 compared with AiTRB3

Further inspection of calculated energetic data allowed us to
identify the main reason for different binding affinities between
these similar proteins. It is demonstrated that the kinetics of
protein—DNA interactions are different because of the electrostatic
term of the binding energy (inset in Figure 4). In other words, the
difference in the total binding energy for AtTRB1 and AtTRB3
is entirely given by the change in the electrostatic component of
binding.

DISCUSSION
Kinetics and stoichiometry of binding

The present study shows that binding of AtTRB1 and AtTRB3
with the telomeric DNA proceeds with the stoichiometry of one
protein monomer per one telomeric repeat. A higher protein/DNA
ratio was observed only in case of AtTRB3 binding to non-
telomeric DNA (Figure 2b). The shift in the ratio can be explained
by the observed lower affinity of AtTRB3 for non-telomeric DNA.
The decrease in binding affinity with the change from telomeric
to non-telomeric sequence was confirmed also by our kinetic
measurements (Table 1). All recently characterized AtTRBs form
tightly bound homo- and hetero-dimers and multimers [14,15].
Relatively strong mutual interactions of AtTRBs were also
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verified independently using SPR (results not shown) and their
dimerization ability was demonstrated by gel chromatography
(see the Supplementary Online Data). Therefore the feasibility of
protein dimerization and stoichiometric data of the present study
support the assumption that AtTRBs bind to DNA in dimeric
form. In this respect, the AtTRBs behave similarly to human
TRF1 and TRF2 [30-32], with the exception that TRFs do not
form heterodimers.

Surprisingly, the affinity of AtTRBI1 to telomeric substrate R4
is 4-fold higher than that of AtTRB3, although AtTRBI and
AtTRB3 are relatively similar in their primary sequences.

Interestingly, it has been found that K values observed in the
present study for AtTRB1 and AtTRB3 correspond very well to
K values obtained for the DNA-binding domain of human TRF1
and TRF2 when interacting with telomeric DNA [33]. Moreover,
similarly to AtTRB1 and AtTRB3, human TRF1 binds telomeric
DNA with a 4-fold higher affinity than that of TRF2.

In order to explain potential reasons for the different binding
manner of AtTRB1 and AtTRB3, we compared our findings with
available equilibrium kinetic data for the binding of the Myb
domain. The K, obtained for the binding of the Myb domain
alone to telomeric DNA from NMR studies was in the range of
1 uM [18]. If we compare this value measured at physiological
salt concentration with the values for the binding of full-length
proteins measured in the present study at a corresponding NaCl
concentration, the magnitude of K, for AtTRB3 is slightly lower
at 0.9 uM (see Table 1), and the K, for AtTRBI1 is significantly
lower (0.2 uM). Both full-length proteins showed higher binding
capacities than that reported for a Myb domain alone. Since the
Myb domain sequence is highly conserved between AtTRB1 and
AtTRB3, the higher binding affinity of AtTRB1 should originate
from another part of the protein. The domain that may contribute
to the tuning of binding affinity of AtTRBs to DNA is the H1/5
domain [13], as supported by our recent findings [14]. The
conservation of the H1/5 domain between AtTRB1 and AtTRB3
is lower than that of the Myb domain and differs in a way that
might allow the corresponding protein region to adopt a structure
with a different net charge on the surface. The surface net charge
is important for a long-range non-specific electrostatic attraction
among proteins and DNA, whereas non-electrostatic interactions
that are important for specific recognition of a DNA sequence
comprise hydrogen bonds between outer groups of DNA and
polar residues of the protein [18].

Electrostatic component of hinding

Proteins controlling and regulating nucleic acid structure and
function usually show both sequence-non-specific binding
to DNA and a higher-affinity binding of their specific physio-
logical DNA target. In general, protein-DNA binding takes place
in two steps. In the first step, a non-specific, mainly electrostatic,
binding to the phosphate backbone occurs; in the second step, the
protein explores the DNA surface for specific non-electrostatic
interactions such as hydrogen bonds [34].

Different contributions of electrostatic and non-electrostatic
interactions to binding were observed for different classes of
DNA-binding proteins. For example, telomere-binding protein
a from Oxytricha nova induces the formation of two ion pairs
upon binding to DNA, and the electrostatic contribution to the free
energy of binding is approx. 15 % [25]. On the other hand, proteins
containing a strongly positively charged scissor-grip motif for
DNA recognition induce the formation of six ion pairs with the
electrostatic contribution to the total free energy of binding being
45 % [29].
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The different contribution of electrostatic attraction for binding
of AtTRB1 and AtTRB3 was observed. We estimated the num-
ber of four and three ion pairs upon AtTRB1 or AtTRB3 binding
to R4 and the corresponding electrostatic contribution to the total
free energy of binding at 40 and 30 % respectively. This correlates
well with data available for electrostatic interactions of other
DNA-binding proteins. The DNA-binding event of AtTRBs is
driven mainly by non-electrostatic interactions. On the whole,
our results show that AtTRBs bind telomeric DNA primarily in a
sequence-specific manner that is essential for the recognition of
binding sites within telomeric DNA.

Kinetic data contribute to understanding of nucleoprotein
complex arrangement

Analyses of our kinetic data together with available structural data
may be also used to elucidate the arrangement of nucleoprotein
complexes of AtTRBs with telomeric DNA.

In general, one might suppose that the same binding preferences
to telomeric DNA are given primarily by the occurrence of the
recognition sequence in DNA. For this reason, one would also
expect the same binding kinetics for the telomeric DNA with one
or two putative binding sites under the consideration of a non-
co-operative independent binding. As follows from the previous
assumptions, the duplex R2, containing one binding site, should
have reached the saturation of binding sites faster (K, would
be lower) when compared with that for duplex R4, with two
binding sites. However, our data show the opposite. The binding
affinity of both examined proteins to duplex R2 is lower (K,
is shifted to higher values) than in the case of binding to R4.
Our quantitative kinetics results confirmed a previously reported
decrease in binding affinity of AtTRBs with the shortening of
telomeric DNA substrate [13]. Moreover, the lower affinity to
DNA containing only one putative binding site might be an
indication of an insufficient space for the binding of an active
protein. Importantly, it has been shown that the minimum length
of DNA for Myb domain binding is approx. 13 bp [18]. If AtTRBs
interacted with the DNA exclusively through the Myb domain and
binding sites were positioned suitably within the sequence, the
length of R2 duplex (14 bp) should have been sufficient for proper
binding without a change in binding affinity. Since a significant
fall in binding affinity was observed, the kinetics data suggest that
there is also another domain taking part in the interaction. As a
result, the binding affinity of AtTRBs to the 14 bp long and 28 bp
long DNA duplex differs substantially. In our recent results, the
H1/5 domain promotes interaction with DNA [14]. Presumably,
the short length might prevent the H1/5 domain from properly
interacting with the DNA. Hence, the constrained binding without
H1/5 domain might be the main reason for the reduction of the
overall binding affinity to substrate R2.

Although the picture of a molecular mechanism controlling
telomerase activity is far from complete, it is important to consider
how the protein-binding events measured in the present study
relate to structural arrangements and subsequent interactions
essential for the biology of telomeres. If we take into account the
kinetic data and the dimerization ability of AtTRBs, a speculative
protein arrangement on telomeric DNA could be considered
(Figure 5).

The model of binding arrangement considers that the protein
monomers form a dimer that binds two adjacent binding sites
simultaneously. This type of interaction mode is quite common
in the sequence-specific binding of proteins that take part in regu-
latory mechanisms [35]. This model, where two recognition
sites on DNA are bound by one protein dimer, might explain
well the fall of binding activity when the DNA substrate is
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Figure 5 Speculative model of interaction of AtTRBs with telomeric DNA

Both homo- and hetero-dimers of AtTRB may participate in the interaction with telomeric DNA.

shortened from 28 to 14 bp as was observed for binding to
the R4 and R2 duplex respectively. The introduced model is
supported by stoichiometric and kinetic data presented here and
it is also in accordance with our previous study demonstrating
weaker binding to DNA containing fewer telomeric repeats [13].
The binding arrangement shown in Figure 5 also takes into
consideration the multimerization ability of the H1/5 domain that
could promote the arrangement of protein monomers in the DNA
region between the binding sites. Moreover, the formation of
homo- and hetero-multimers of SMH proteins and their ability to
interact with other proteins (e.g. AtPOT1b [15,16]) contribute
to a network of protein interactions that could be employed in
the organization of telomere to form highly ordered chromatin
structures, such as t-loops, in a similar way to human TRFs
[31,32].

Thus, on the basis of results of the present study and the
data available, we suggest that interactions of the two AtTRBs
with telomeric DNA occur simultaneously with two binding
sites. Therefore the minimal length of duplex DNA required for
the proper binding of full-length AtTRB1 and AtTRB3 should
harbour at least two putative binding sites that are bound by
two dimers of AtTRBs. Consequently, SMH proteins are able to
distinguish between short (< 10 bp) telomere-like sequences that
are dispersed throughout the genome, e.g. in promoter regions
[36], and longer tracts of telomere repeats occurring in telomeres.

There is still a considerable lack of general knowledge
of intracellular arrangement, molecular crowding effects,
association mechanisms and kinetics of protein—-DNA-binding
events in a living cell. Nevertheless, we can draw a speculative
view of the in vivo consequences of our in vitro data, if we consider
that the behaviour of a protein would not be markedly changed in
the cellular environment. The access of AtTRBs to their telomeric
target sites is restricted in both spatial and temporal ways
by chromatin structure: the telomeric heterochromatin structure
provides low accessibility upon its tight condensation, and thus
the binding of specific proteins to DNA may occur preferentially
in a short time slot between DNA replication and chromatin
condensation [37].

AtTRBs might be first recruited by a weak non-specific binding
to multiple chromosome regions. Then, once the specific target
sites become accessible, highly specific binding occurs. On
the other hand, the AtTRB molecules which are bound only
by a highly dynamic non-specific interaction (in non-telomeric
regions) can be easily displaced by other proteins binding with a
higher affinity. Thus AtTRBs at non-telomeric sites do not impede
other functional DNA—protein interactions.

In this way, non-specific binding could serve as a tool for
increasing the local concentration of the proteins on DNA
[34]. Accumulation of SMH proteins on DNA via non-specific
electrostatic interactions may be important for their immediate
availability for functional and specific binding to their telomere
target sites.

Although further details of the binding interactions of proteins
and their biological significance have yet to be determined, these
results demonstrate the advantage of the approach employed in
the present study by using a complete protein for in vitro studies
rather than the commonly used Myb-domain-bearing fragment.
Our data imply that AtTRB1 and AtTRB3 are telomere-specific
proteins that bind telomeric DNA with distinct kinetics given by
differences in their electrostatic interactions with DNA. To our
knowledge, this is the first quantitative study of the plant-specific
SMH family of proteins. The present paper demonstrates that the
detailed quantification of protein—-DNA interactions may provide
new insights into the structural dynamics of telomeres.
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EXPERIMENTAL
Gel-filtration chromatography

The molecular masses of the protein in monomeric and
dimeric forms were estimated by size-exclusion gel-filtration
chromatography through a Superdex 200 10/30 GL column
(GE Healthcare), using a gel-filtration standard (Bio-Rad
Laboratories) in a buffer containing 50 mM sodium phosphate
(pH 7.5) and 300 mM NaCl. The molecular masses of proteins
were estimated from a linear fit to the log M, against elution
volume plot generated with the protein standards. Supplementary
Figure S1 shows the chromatograms.

Surface plasmon resonance

All SPR experiments were performed with a Biacore 3000
instrument (GE Healthcare) at 25°C using TBST (Tris-buffered
saline with Tween 20: 10 mM Tris/HCL, pH 7.5, 150 mM NaCl,
containing 0.005 % Tween 20) and a flow rate of 5 wl/min.
AtTRB3 was immobilized on the research-grade CMS5 sensor
chip in a buffer containing 10 mM Hepes, 150 mM NaCl (pH 7.5)
and 0.005 % Tween 20. Sensorgrams were run in the automatic
subtraction mode using FC (flowcell) 1 as an unmodified
reference. Data were collected for FC 2, FC 3 and FC 4, which
contained various amounts of AtTRB3. Injections of DNA were
made using the ‘quickinject’ injection mode, going from lowest
to highest concentration samples, with a 5min contact time
and a 1200 s dissociation phase in all cases. Regeneration was
achieved using several (two to five) 1 min pulses of 50 mM NaOH.
All sensorgrams were obtained at 25°C. Data were analysed
by equilibrium analysis in addition to the kinetic analysis. The
equilibrium response was plotted against the concentration of
DNA and fitted to:

R = K,[DNA]R,.x(K,[DNA] + 1)

where R is the equilibrium response at a specific concentration
of DNA substrate, R, is the response at saturation of the DNA
substrate on the chip, K, is the equilibrium association constant,
which is the reciprocal of the dissociation constant K; (K, = 1/K).
When assuming a non-co-operative binding model, the apparent
K, from SPR experiments should be divided by 4 to resemble
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Figure S1 Size-exclusion chromatograms of protein AtTRB3 (continuous

line) and molecular-mass standard (broken line)

Abs, absorbance; MW standard, molecular-mass standard. The numbers next to the arrows
indicate determined molecular-mass values of monomeric and dimeric protein forms.

different binding stoichiometry of FA and SPR experiments.
The output of the non-linear fitting of SPR curves for different
concentrations of DNA produces a K, of 6.8 M, which, divided
by 4, gives 1.7 uM. This value agrees well with the value of K
determined from FA measurements considering different buffer
conditions. Supplementary Figure S2 shows the sensorgrams and
the response curve.

Purification of AtTRBs

AtTRB1 and AtTRB3 were expressed in soluble forms in
cytoplasm of E. coli. The purification strategy consisted of two
affinity steps. A capture step by IMAC (immobilized metal-
ion-affinity chromatography) was followed by a purification step
using HAC (heparin-affinity chromatography). To confirm final
purity, collected fractions were separated by SDS/PAGE (0.1 %
SDS, 10 % acrylamide). Supplementary Figure S3 shows the gel-
purified proteins.

T Correspondence may be addressed to either of these authors (email hofr@sci.muni.cz or fajkus@sci.muni.cz).
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Figure S2  Binding of telomeric duplex R4 to immobilized AtTRB3

Response signals from the saturated region of the sensorgram have been used to calculate equilibrium dissociation constant K. RU, response units.
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Figure S3  Analysis of purification steps using SDS/PAGE

Lane 1, collected fractions containing AtTRB3 after IMAC (immobilized metal-ion-affinity
chromatography) and subsequent HAC (heparin-affinity chromatography) (10 g); lane 2,
collected fractions containing AtTRB3 after IMAC (15 .g); lanes M, molecular-mass markers
(sizes are indicated in kDa); lane 5, collected fractions containing AtTRB1 after IMAC and
subsequent HAC (3 g); lane 6, clarified cytoplasmic extract with expressed AtTRB1 (35 pg).
The proteins were stained with Coomassie Brilliant Blue.
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SUMMARY

Sequence-dependent recognition of dsDNA-binding
proteins is well understood, yet sequence-specific
recognition of dsRNA by proteins remains largely
unknown, despite their importance in RNA matura-
tion pathways. Adenosine deaminases that act on
RNA (ADARs) recode genomic information by the
site-selective deamination of adenosine. Here, we
report the solution structure of the ADAR2 double-
stranded RNA-binding motifs (dsRBMs) bound to
a stem-loop pre-mRNA encoding the R/G editing
site of GIuR-2. The structure provides a molecular
basis for how dsRBMs recognize the shape, and
also more surprisingly, the sequence of the dsRNA.
The unexpected direct readout of the RNA primary
sequence by dsRBMs is achieved via the minor
groove of the dsRNA and this recognition is critical
for both editing and binding affinity at the R/G site
of GluR-2. More generally, our findings suggest
a solution to the sequence-specific paradox faced
by many dsRBM-containing proteins that are
involved in post-transcriptional regulation of gene
expression.

INTRODUCTION

ADARs convert adenosine-to-inosine (A-to-l) by hydrolytic
deamination in numerous mMRNA and pre-mRNA transcripts
(Bass, 2002; Nishikura, 2006). Due to the similar base-pairing
properties of both nucleosides, inosine is interpreted as guano-
sine by cellular machineries during the processes of translation
and splicing. In this way, editing-mediated alterations in
sequence can alter codon identity or base-pairing interactions

within higher-order RNA structures (Bass, 2002; Nishikura,
2006). As aresult, ADARs can create protein isoforms or regulate
gene expression at the RNA level (Bass, 2002; Nishikura, 2006;
Valente and Nishikura, 2005). ADARs are widely expressed in
most cell types, yet their expression and activity in neuronal
tissues has been shown to be important for proper nervous
system function (Higuchi et al., 2000; Palladino et al., 2000).
Recent high-throughput sequencing analysis of A-to-lI editing
identified over 55 editing sites within the coding regions of
mRNAs, with 38 of these sites involving a codon change that
specifies an alternative amino acid. Many of these changes
involve RNA transcripts encoding proteins that are critical for
nervous system function (Li et al., 2009).

ADARs from all characterized species have a modular domain
organization consisting of one-to-three dsRBMs followed by
a conserved C-terminal catalytic adenosine deaminase domain.
The structures of the two dsRBMs and of the isolated catalytic
domain of ADAR2 have been determined in their free states
(Macbeth et al., 2005; Stefl et al., 2006). Among the best-studied
ADAR substrates are pre-mRNAs encoding subunits of the
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)-
subtype of ionotropic glutamate receptor (GluR-2, GIuR-3 and
GluR-4; Higuchi et al., 2000, 1993; Melcher et al., 1996) that
contain one or both of two highly edited and functionally relevant
sites, namely the R/G and Q/R editing sites (Aruscavage and
Bass, 2000; Lomeli et al., 1994; Melcher et al., 1996).

ADARSs can edit RNA substrates either specifically or nonspe-
cifically depending upon the structures of the RNA substrates
(Bass, 2002). In vitro studies have shown editing of up to 50%
of the adenosine residues in both strands using synthetic
dsRNAs that are perfectly complementary (Cho et al., 2003;
Lehmann and Bass, 2000). Such nonspecific editing can be ex-
plained by the presence of dsRBMs which are thought to bind
dsRNA in a sequence-independent manner (Tian et al., 2004),
yet it remains unclear how certain RNA substrates are edited in
a site-specific fashion. Several studies have suggested that the
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presence of noncanonical elements in these dsRNAs—-such as
mismatches, bulges, and loops—could be important for site-
selective A-to-l conversion (Bass, 2002; Stefl et al., 2006; Tian
et al., 2004).

The dsRBMs of ADARSs are not only essential for editing (Stefl
et al., 2006; Valente and Nishikura, 2007), but the dsRBM also
represents the second most abundant family of RNA recognition
motifs. In addition to RNA editing, dsRBMs are involved in
numerous post-transcriptional regulatory processes and most
prominently in micro RNA (miRNA) biogenesis and function
and RNA export (Dreyfuss et al., 2002; Tian et al., 2004). The
few solved structures of dsRBM-containing proteins bound to
short, synthetic RNA duplexes have suggested that dsRBMs
recognize the A-form helix of dsRNA in a sequence-independent
manner, since the majority of dsRBM-RNA interactions involve
direct contact with the 2’-hydroxyl groups of the ribose sugars
and direct or water-mediated contacts with nonbridging oxygen
residues of the phosphodiester backbone (Gan et al., 2006;
Ramos et al., 2000; Ryter and Schultz, 1998; Wu et al., 2004),
and that a subclass of dsRBMs prefer stem-loops over A-form
helices (Ramos et al., 2000; Wu et al., 2004).

We previously determined that each of the two dsRBMs of
ADAR2 bind to a distinct location on the GluR-2 RNA encom-
passing the R/G editing site and that the interdomain linker
(amino acids 147-231) is unstructured both in the free protein
and in the complex (Stefl et al., 2006). To better understand
RNA substrate recognition by ADAR2, we have determined the
solution structure of the RNA helix surrounding the editing site
and the solution structure of the two dsRBMs of ADAR2 bound
to the GIuR-2 R/G site.

RESULTS

Structure of the GluR-2 R/G RNA Helix Surrounding the
Editing Site

The GIuR-2 R/G site (A8) is embedded within a 71 nt RNA stem-
loop containing three base-pair mismatches and capped by a 5'-
GCUAA-3' pentaloop (Figure 1A). We previously determined the
structure of the apical part of the stem-loop and showed that the
pentaloop is structured and adopts a fold reminiscent of
a UNCG-type family of tetraloops (Stefl and Allain, 2005). Here,
we have investigated the structure of the RNA helix surrounding
the editing site that contains two A-C mismatches, one at the
editing site (A8) and a second one ten base-pairs downstream
(A18, Figure 1B). Monitoring adenine C2 chemical shifts (a sensi-
tive probe to monitor the protonation state of N1) during a pH
titration, we observed that A8 and A18 are fully protonated below
pH 6.5, partially protonated between pH 6.5-8.5, and unproto-
nated above pH 8.5 (Figures 1H and 1l). The pKa for the adeno-
sines N1 can be estimated between 7 and 7.5 at 310 K, which is
3.3 units higher than the value determined for an isolated AMP
(pKa of 4.0; Legault and Pardi, 1994). Using 863 nOe-derived
distance restraints, we solved the structure of the free RNA in
the protonated state (pH 6.2). The structure is well defined,
even for the A-C mismatches (Figure 1E and Table 1) that are
stacked inside the stem. Therefore, at pH 6.2, the R/G site
has a regular A-form helix structure (Figure 1D) containing two
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A*-C base-pairs adopting a wobble conformation, stabilized by
two hydrogen bonds each (Figures 1F and 1G).

Structure of ADAR2 dsRBMs Bound to Their Respective
RNA Targets

Considering the distinct RNA binding location found previously
for each dsRBM (Stefl et al., 2006) and the high molecular weight
(over 50 kDa) of the complex formed between the two dsRBMs of
ADAR2 and the GIuR-2 R/G substrate (Figure 1A), we adopted
a modular approach to solve the structure of this complex in
solution. To this end, we first solved the structure of dsRBM1
in complex with a modified GluR-2 upper stem-loop (USL, Fig-
ure 1C, and Figure S1 available online) and then the structure
of dsRBM2 bound to the GIuR-2 lower stem-loop that contains
the editing site (LSL, Figure 1B, and Figure S2). The use of
a GluR-2 R/G USL mutant to determine the structure of dsRBM1
in complex with RNA was dictated by the poor data quality that
we obtained with the wild-type (WT) sequence. In changing the
loop sequence to that found in the GIuR-3 USL (Aruscavage
and Bass, 2000), we obtained a smaller and more stable RNA
which provided NMR data of higher quality.

A total of 1707 and 1929 nOe-derived distance restraints
(including 36 intermolecular ones for each complex) for ADAR2
dsRBM1-GluR-2 R/G USL mutant and ADAR2 dsRBM2-GIuR-
2 R/G LSL complexes, respectively, were used to obtain well-
defined structures (Figure 2 and Table 1). The two dsRBM-RNA
complexes are stabilized by a combination of hydrophobic inter-
actions, hydrogen bonding and electrostatic contacts. In both
dsRBM-RNA complexes, the dsRBMs adopt the expected
aBBPe topology in which the two o helices are packed along
the three-stranded antiparallel B sheet. The entire interaction
surface spans 12-14 base-pairs covering two minor grooves
and a major groove (Figure 2). In both complexes, three distinct
regions of the dsRBMs are involved in interaction with RNA. The
first region is the helix o1, which interacts with the first minor
groove of the RNA. The second region is a well-conserved
KKNAK-motif, located at the amino-terminal tip of helix «2 and
the preceding loop, that contact the RNA with nonsequence
specific contacts between lysine side-chains and the phosphate
oxygens across the major groove of the RNA (Lys127, 128, and
131 for dsRBM1 and Lys281, 282, 285 for dsRBM2, Figure 2). In
addition, the dipole moment of helices a2 creates a positive
charge in the N-terminal tip of these helices that interacts with
the negatively charged phosphate backbone. This second set
of interactions is mediated by the main-chain amides of K127
and K281, which are hydrogen bonded with the phosphates
oxygen of A24 and U11, respectively (Figure 2). The third region
of contact is the B1-B2 loop which interacts with the second
minor groove of the RNA. The overall architecture of these two
complexes resembles other previously determined dsRBM-
RNA structures (Blaszczyk et al., 2004; Gan et al., 2008; Gan
et al., 2006; Ramos et al., 2000; Ryter and Schultz, 1998; Stefl
et al., 2005a; Wu et al., 2004). However, a detailed inspection
of the interaction regions revealed striking differences between
the two complexes and other dsRBM-RNA complexes, particu-
larly in the first and the third regions where both dsRBMs present
unexpected sequence-specific contacts to the RNA minor
grooves (Figure 2).
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Figure 1. Secondary Structures of the RNAs and Solution Structure of GluR-2 R/G LSL RNA

B) Secondary structure of the GluR-2 R/G lower stem-loop (LSL).
C) Secondary structure of the GluR-2 R/G upper stem-loop (USL).
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Sequence-Specific Recognition by ADAR2 dsRBM1

Inthe ADAR2 dsRBM1-RNA complex, contacts from helix .1 are
centered at the A32-U40 base-pair below the UCCG tetraloop
(Figures 2A and 2C). Met84 makes a sequence-specific hydro-
phobic contact with H2 of A32 and Asn87 contacts the
2’-hydroxyl and O2 of U40. The Ot of Glu88 is hydrogen bonded
to the amino group of the first cytosine of the tetraloop. In addi-
tion, Leu83 makes hydrophobic contacts with the sugar of G41.

A) Secondary structure of GluR-2 R/G RNA. The indicated binding regions for the dsRBMs were proposed previously (Stefl et al., 2006).

D) Stereo view of the most representative structure of GluR-2 R/G LSL RNA. The A*-C wobble base-pairs are highlighted in bold sticks.

E-G) (E) Overlay of the 20 lowest energy structures of GIuR-2 R/G LSL. The A*-C wobble base-pairs A18-C54 (F) and A8-C64 (G) are shown.

H) H2-C2 region of adenines in the '*C-"H-HSQC spectra of the GIUR-B R/G LSL is shown at pH 4.7 (green peaks), 6.6 (blue peaks), 7.9 (orange peaks) and 8.9
red peaks). The two adenines involved in the A*-C wobble base-pair showed drastic perturbation.

1) Diagram showing the pH-dependence of '3C chemical shift changes of adenine C2's.

The entire helix a1 is tightly inserted in the minor groove created
by the UCCG tetraloop and two adjacent base-pairs (Figure 2A).
The B1-B2 loop of dsRBM1 binds the following minor groove of
the RNA. This minor groove is widened as it has to accommo-
date base-pairing of two guanosines that make an N1 symmet-
rical G22-G50 mismatch (Figures 2A and 2D) that are the center
of this interaction. Val104 side-chain contacts the H8 of G50 (that
adopts a syn conformation) and a sequence-specific hydrogen
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Table 1. NMR and Refinement Statistics for the GluR-2 R/G Upper Stem-Loop RNA Bound to ADAR2 dsRBM1, the Free GluR-2 R/G
Lower Stem-Loop RNA, and Its Complex with ADAR2 dsRBM2, and the RDC-Reconstructed Complex of the Full-Length GluR-2 R/G
Stem-Loop RNA Bound to ADAR2 dsRBM12

USL RNA - dsRBM1 Complex | 5| RNA LSL - dsRBM2 Complex  SL RNA - dsRBM12 complex
USL RNA dsRBM1 LSL RNA dsRBM2 SL RNA dsRBM12
NMR Distance and Dihedral Constraints and RDCs
Distance restraints
Total NOE 645 927 781 702 1054 1252 1981
Intraresidue 309 201 389 365 216 620 417
Interresidue 336 726 392 337 838 631 1564
Sequential (Ji-j| = 1) 270 252 352 306 241 555 493
Nonsequential (Ji-j| > 1) 66 474 40 31 597 76 1071
Hydrogen bonds 35 64 812 75 62 132 126
Protein-RNA intermolecular 36 36 72
Total dihedral angle restraints 180 252 267
RNA
Sugar pucker 34 84 84
Backbone® 146 168 183
RDC restraints 45
Structure Statistics®
Violations (mean and SD)
Number of distapce restraint  8.45 + 2.50 0 1.10 £ 1.25 14.31 + 3.86
violations > 0.2 A
Number of dihedral angle 0.7 £ 0.47 0 0
restraint violations > 5° 5.30 + 3.32
Max. dihedral angle restraint  5.82 + 1.22 3.28 £ 0.77 2.69 + 1.12 15.51 + 2.36
violation (°)
Max. distance constraint 0.29 + 0.03 0.16 + 0.01 0.23 + 0.06 0.32 + 0.05

violation (A)

Deviations from idealized
geometry

Bond lengths (A)

Bond angles (°)

RDCs violations

Absolute RDC violations (Hz)
Average pairwise r.m.s.d (;3\)C

Protein (79-142) for dsRBM1;
(221-282) for dsRBM2

Heavy atoms

Backbone atoms

RNA

All RNA heavy atoms
Complex

All complex heavy atoms

0.0042 + 0.00007
1.989 + 0.011

1.11£0.17
0.59 + 0.14

0.60 + 0.16

1.01 £0.15

0.0046 + 0.00005
2.137 £ 0.017

1.15 £ 0.35

0.0041 + 0.00005
1.903 + 0.011

1.01 £0.12
0.37 + 0.08

1.48 + 0.51

1.49 + 0.39

0.0048 + 0.00005
1.995 + 0.008

1.12 £ 0.82

1.60 + 0.36
1.22 £ 0.42

1.30 + 0.40

1.75 + 0.31

21n the final structure calculations of the free RNA, H-bond restraints were applied in the two A-C mismatches. This is based on initial structures and on

the protonation state of A8/A18. For the structures of the RNA in complex no H-bond restraints for the two A-C mismatches have been applied.

P Based on A-form geometry derived from high-resolution crystal structures: «(270°-330°), B(150°-210°), y(30°-90°), 5(50°~110°), £(180°-240°), and ¢
(260°-320°). These restraints were used only for the double-helical region. No angle restraints were imposed on the two A-C mismatches and the loops.
¢ Calculated for an ensemble of the 20 lowest energy structures.

916 RDCs of dsRBM1 and 29 RDCs of dsRBM2.
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His250

Ser259

B1-p2 loop

Figure 2. RNA Recognition by ADAR2 dsRBM1 and dsRBM2

(A) Stereo view of the most representative structure of dsSRBM1 bound to USL RNA. The RNA is represented as a yellow stick model and the protein is shown as
a ribbon model with residues that contact the RNA shown in green. Helix o1 and the B1-B2 loop that mediate the sequence-specific contacts are colored in red.
Hydrogen bonds are indicated by magenta dotted lines. (B) Scheme showing contacts between dsRBM1 and the USL RNA. Protein residues that form hydrogen
bonds to the RNA are shown in blue and the one having hydrophobic interactions are in yellow. Close-up view of minor groove sequence-specific recognitions
mediated by helix a1 (C) and the $1-p2 loop (D) of dsRBM1. (E) Overlay of the 20 lowest energy structures of the dsRBM1-USL complex. (F) Stereoview of the most
representative structure of the dsRBM2 bound to LSL RNA. Helix a1 and the B1-p2 loop that mediate the sequence-specific contacts are colored in blue. (G)
Scheme showing contacts between dsRBM2 and the LSL RNA. Close-up view of the minor groove sequence-specific recognitions mediated by helix a1 (H)
and the B1-B2 loop (). (J) Overlay of the 20 lowest energy structures of the dsRBM2-LSL complex. For NMR data of these two complexes, see also
Figure S1 and Figure S2.
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Figure 3. Structure of ADAR2 dsRBM12 Bound to GluR-2 R/G

(A) Stereo view of the most representative RDC-reconstructed structure of the ADAR2 dsRBM12 bound to GIuR-2 R/G. The RNA is represented as a stick model
(in gray; the edited adenosine is highlighted in pink) and the protein is shown as a ribbon model (dsRBM1 in red; dsRBM2 in blue; linker in yellow). (B) Top view of
the complex. Overlay of the 20 lowest energy structures calculated without (C) and with RDCs (D), superimposed on dsRBM1.

bond is formed between the main-chain carbonyl of V104 and
the amino group of G22. The widened minor groove accommo-
dates additional interactions between three side-chains
(Phe109, Pro107, His105) and the sugars of the base-pairs
above and below. Altogether, dsRBM1 binds the RNA stem-
loop at a single register via two sequence-specific contacts at
two consecutive RNA minor grooves: a hydrogen bond to the
amino group of the G22 in the GG mismatch via the $1-2 loop
and an hydrophobic contact to the adenine H2 of A32 via
Met84 in helix a1.

Sequence-Specific Recognition by ADAR2 dsRBM2

The dsRBM2 of ADAR2 is adjacent to the deaminase domain and
is essential for A-to-I editing at the R/G site (Stefl et al., 2006; Xu
et al., 2006). In the ADAR2 dsRBM2-GluR-2 R/G LSL complex,
Asn241, Glu242, Met238, Val 237 of helix a1 contact the minor
groove region centered at the A18-C54 mismatch (Figures 2F
and 2H). At pH 7.6, where the protein-RNA complex has been
determined, this mismatch is unprotonated and Met238 makes
a sequence-specific hydrophobic contact with A18 H2. Contacts
to the base-pair above and below by Asn241 and Glu242, and by
Val 237, respectively, further stabilize the interaction of helix o1 in
this region (Figure 2H). The 1—p2 loop of dsRBM2 interacts with
the second minor groove. The contacts are centered at the
G9-C63 Watson-Crick base-pair located above the A8-C64
mismatch containing the editing site. A sequence-specific
hydrogen bond is formed between the main-chain carbonyl of
Ser258 and the amino of G9 (Figures 2F and 2I). Additionally,
nonsequence specific contacts between the side-chains of Ser
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258, His 259 and Phe 263 and the G9-C63 base-pair and the
base-pairs above and below increase the stability of the interac-
tion with the RNA minor groove (Figure 2G). In the vicinity of the
editing site, dsSRBM2 contacts C63, while A8 is not contacted by
any residue from the p1-p2 loop therefore making A8 accessible
to the deaminase domain. Altogether, dsRBM2 similar to
dsRBM1, recognizes the RNA helix via two sequence-specific
contacts at two consecutive RNA minor grooves: a hydrogen
bond to the amino group of the G9 at the GC 3’ to the editing
site via the 1-B2 loop and a hydrophobic contact to the adenine
H2 of A18 via Met238 in helix a.1. In the NMR spectra (data not
shown), we could observe intermolecular nOes corresponding
to dsRBM2 being positioned at a second binding register one
base-pair above (although with only 20% occupancy). In this
case the B1-f2 loop contact G10 and Met 238 contact A19.
Although two consecutive binding sites for dsRBM2 are
observed here, they both confirm the sequence-specific nature
of the dsRBM2-RNA interaction.

Structure of ADAR2 dsRBM12 in Complex

with GluR-2 R/G RNA

Next, we determined the structure of ADAR2 dsRBM12 in
complex with GluR-2 R/G RNA (Figures 3A and 3B). To calculate
an atomic model of this complex, we used the distance
constraints measured in the two sub-complexes described
above (Figure 3C). This strategy could be used considering (1)
the distinct RNA binding location for each dsRBMs, with no
mutual interactions (Stefl et al., 2006), (2) the flexible unstruc-
tured linker connecting dsRBM1 and dsRBM2 in the complex
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Figure 4. ADAR2 dsRBMs Bind Preferentially to RNAs that Contains Their Sequence-Specific Recognition Motifs

(A) ADAR2 dsRBM1 was titrated with fluorescently labeled USL and binding was measured by fluorescence anisotropy (black circles; fluorescein labeled refer-
ence, Flc-USL). The same experiment was then carried out in the presence of competing unlabeled USL wt (O), USL G22A/G50U/G41A mutant (V¥), and USL
A32G mutant (A). Equilibrium dissociation constants (Ky) were calculated from the best fit to the data as described in Experimental Procedures.

(B) The same assay as shown in (A) but for USL C34U mutant (¥) and USL G50C mutant (A).

(C) ADAR2 dsRBM2 was titrated with fluorescently labeled LSL and binding was measured by fluorescence anisotropy (@®; fluorescein labeled reference, Flc-
LSL). The same experiment was then carried out in the presence of competing unlabeled LSL wt (O), LSL G9A/G10A/C62U/C63U mutant (V¥), and LSL A18G/

A19G/U53C mutant (A).

(D) The same assay as shown in (C) but for LSL C54U/C64U mutant (¥).Wild-type and mutant sequences are shown in Figure S3.

(Stefl et al., 2006) and (3) an overlap in the RNA sequence of the
joint region of the subcomplexes (Figure 1). Long-range struc-
tural constraints for this elongated complex were derived from
residual dipolar couplings (RDCs) measured with a deuterated
protein on the full-length complex (dsRBM12 bound to GluR-2
R/G RNA, Figure 1A). The pentaloop which is not contacted by
dsRBM1 was modeled using the structure that was determined
previously (Stefl and Allain, 2005). With this strategy, we could
then determine a precise solution structure of this 50 kDa
complex using 45 "®N-"H RDCs (Figure 3D, Table 1). In the struc-
ture, the two dsRBMs bind one face of the RNA covering approx-
imately 120 degrees of the space around the RNA helix
(Figure 3B). This suggests that the binding of an additional mole-
cule of ADAR2 would be sterically possible, consistent with
studies indicating that ADAR2 dimerization is necessary for

RNA editing (Chilibeck et al., 2006; Cho et al., 2003; Gallo
et al., 2003; Valente and Nishikura, 2007).

Sequence-Specific Contacts of ADAR2 dsRBMs

Are Important for Binding Affinity

To confirm the ADAR2 dsRBMs sequence-specific preference in
a quantitative solution binding assay, we performed fluores-
cence anisotropy (FA) experiments by titrating dsRBM1 and
dsRBM2 against labeled USL and LSL RNAs, respectively.
Unlabeled wild-type and mutant RNAs (Figure S3) were used
for competition experiments as described in Experimental
procedures. The equilibrium dissociation constants were calcu-
lated from the displacement of the binding curves (Figure 4). We
designed two sets of mutations, one set was designed to change
the recognition sequence of USL and LSL RNAs (Figures 4A and
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4C and Figure S3) and a second set was designed to maintain
the recognition sequence, but change the RNA shape via
mismatches of USL and LSL RNAs into Watson-Crick base-pairs
(Figures 4B and 4D and Figure S3) to measure their effect on
overall binding affinity. In mutating any of the bases that are
recognized in a sequence-specific manner by dsRBM1 in USL
(G22, A32 or C34), the apparent affinity is reduced compared
to the wild-type (Figures 4A and 4B). However when the G22-
G50 mismatch is replaced by a Watson-Crick G22-C50 pair,
the affinity is almost identical to wild-type RNA, confirming that
dsRBM1 recognizes the sequence rather than the shape of the
RNA helix (note that G41 was mutated in the first RNA mutant
to prevent the sequence-specific recognition of G41 by
dsRBM1). Similarly for the LSL, when G9 or A18 are mutated,
dsRBM2 binding is reduced more than five-fold (Figure 4C),
yet when the two AC mismatches are replaced by Watson-Crick
AU pairs, the affinity is only reduced by two-fold (Figure 4D). In
this latter context, the sequence-specific contacts are the
same for the WT and mutant RNAs, but the presence of
a more deformable A18-C54 base-pair in the WT structure could
explain the higher affinity of dsRBM2 to the WT RNA (note that
additional mutations were introduced in the first two RNA
mutants of LSL to abolish the two binding registers found in
the wild-type LSL). Altogether, the FA data strongly support
the idea that the sequence-specific interactions observed in
the structures of ADAR2 dsRBMs-dsRNA are important for the
affinity of both dsRBMs and that they finely tune the preferential
binding to these recognition motifs.

Sequence-Specific Contacts of ADAR2 dsRBMs Are
Important for Editing

To test the functional importance of the four sequence-specific
contacts identified in the ADAR2 dsRBM12-GluR-2 R/G RNA
complex, single amino acid mutants in helix o1 (M84 or M238)
were mutated to alanine or double mutants in the f1—p2 loop
in either dsRBM1 or dsRBM2 were evaluated for their ability to
edit the wild-type GIuR-2 R/G site (Figure 5A). It was necessary
to generate double mutants around the carbonyls of V104 in
dsRBM1 and S258 in dsRBM2 to change the structure of the
main-chain of this loop. All four mutants showed a significant
decrease in RNA editing ranging from a near ablation of editing
(S258A,H259A in the p1—B2 loop of dsRBM2), to 20% editing
(V104A,H105A in the B1—p2 loop of dsRBM1 and M84A in helix
a1 of dsRBM1), to 30% editing (M238A in helix o1 of dsSRBM2) of
that demonstrated by the wild-type protein. These data clearly
show that the loss of the sequence-specific contacts of any of
the two dsRBMs strongly decreases editing at the R/G site
with the contact mediated by the 1—2 loop of dsRBM2 more
strongly affecting editing than the other contacts. In agreement
with deletion studies of ADAR2 (Macbeth et al., 2004; Stefl
et al., 2006), the S258A,H259A mutations have a stronger effect,
likely due to the binding of the B1—B2 loop of dsRBM2 near the
editing site.

Converse experiments in which mutations in the sequence-
specific recognition motifs of dssSRBM2 (mut1 and mut2), dsRBM1
(mut4) or both (mut3) within the GluR-2 RNA (Figure S4) were as-
sessed for their ability to affect R/G editing by wild-type ADAR2
revealed a significant decrease in maximal editing rates (Vimax)
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Figure 5. Sequence-Specific Contacts of ADAR dsRBMs Are Impor-
tant for Editing Activity

(A) Quantitative analysis of in vitro editing efficiency for ADAR2 dsRBM double
mutants; all mutants were assayed in duplicate for in vitro editing activity at the
GluR-2 R/G site using three independent nuclear extracts (mean + SEM;
*p < 0.05, **p < 0.005; ***p < 0.001).

(B) Kinetic analysis of wild-type ADAR2 editing with GluR-2 R/G mutants.
Increasing concentrations of GIuR-2 RNAs (see Figure S4; wild-type @; mut
1 M, mut 2 O, mut 3 A, mut 4 [) were incubated with wild-type rat
ADAR?2 protein as described above; all mutant RNAs were assayed in triplicate
for determination of in vitro reaction velocity (mean + SEM). Nonlinear fitting of
kinetic curves corresponded to a model of substrate inhibition (R? = 0.91-0.98
for all RNAs) with V.« values corresponding to 3.92, 3.84, 2.08, 1.20, and
1.29 fmol/min for wild-type, mut1, mut2, mut3, and mut4, respectively. Wild-
type and mutant sequences are shown in Figure S4.

for all RNA mutants tested (Figure 5B) providing further support
for the functional significance of these contacts. Best-fit kinetic
curves for wild-type and mutant RNAs corresponded to a model
of substrate inhibition, consistent with previously observed
kinetic models for ADARs in which the formation of a ternary
complex containing an ADAR dimer and RNA substrate is
required for efficient adenosine deamination.

DISCUSSION

In solving the structure of ADAR2 dsRBMs bound to the GluR-2
R/G site, we demonstrated that despite forty-four possible
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binding sites on the GIuR-2 R/G RNA stem-loop (considering
a 32 base-pair stem, a 10 base-pair register between the two
sequence-specific contacts and two possible orientations for
the dsRBM), each dsRBM binds at a very specific register on
this large RNA molecule. This binding is achieved by a direct
readout of the RNA sequence in the minor groove of the
A-form helix. The two dsRBMs of ADAR2 use helix o1 and the
B1-p2 loop as molecular rulers to find their binding register in
the RNA minor groove of the GIuR-2 R/G RNA. Through the
B1—p2 loop, the carbonyl oxygens of Val104 in dsRBM1 and
Ser258 in dsRBM2 contact the amino groups of base-paired
guanines, G22 and G9 respectively. The same type of
sequence-specific RNA recognition of GC or GU base-pairs in
the minor groove of RNA helices have been observed in several
ribosomal proteins of the large subunit (Klein et al., 2004) and in
some tRNA synthetases bound to RNA (Rould et al., 1989)
although the fold of these proteins and the overall binding
mode are different from a dsRBM. Through helix a1, the side-
chain methyl groups of Met84 in dsRBM1 and of Met238 in
dsRBM2 are in contact with the H2s of A32 and A18, respec-
tively. Recognition of these two anchoring points in the minor-
groove, separated by 9 and 8 base-pairs for dsRBM1 and
dsRBM2, respectively, illustrates how the two dsRBMs find their
sequence-specific binding registers, demonstrating that these
dsRBMs have more sequence-specificity than previously
thought. Interestingly, in each complex, one of the two anchoring
points involves a mismatched base-pair (the G22-G50 base-pair
for dsRBM1 and the A18-C54 base-pair for dsRBM2). It is there-
fore possible that the highly exposed amino or C2H2 groups of
these mismatches in the minor groove further assist the dsRBMs
of ADAR2 to find their binding register, supporting earlier findings
that these two mismatches are important for positioning ADAR2
at the R/G site (Ohman et al., 2000). In addition to sequence-
specific interactions between ADAR2 dsRBMs and its GIuR-2
target, K127 (dsRBM1) and K281 (dsRBM2) make contacts
with phosphate oxygens across the major groove of the RNA
(Figure 2). These basic amino acid moieties are conserved in
the loop between the B3 and «2 regions for all dsRBMs (Tian

\
)
) B1p2-loop

Figure 6. RNA Recognition Code of Various
dsRBMs

(A) and (B) Overlay of the ADAR2 dsRBM1 (in blue),
ADAR2 dsRBM2 (in red), and Aquifex aeolicus
RNaselll dsRBM (in gray) structures highlights
the variability of helix a1 within the dsRBM fold
and its importance for the determination of the
register length between the two specific contacts
on the RNA helix (C). For Aquifex aeolicus RNaselll
dsRBM-dsRNA interactions, see also Figure S5
and for sequence alignments of different dsRBMs,
see also Figure S6.

al-helix

et al., 2004) and mutation of these resi-
dues in PKR and Staufen have been
shown to ablate dsRNA-binding activity
(McMillan et al., 1995; Ramos et al.,
2000), indicating the importance of both
sequence-specific and sequence-inde-
pendent recognition of the RNA substrate for site-specific aden-
osine deamination.

Prior to this work, the structures of only four dsRBM-contain-
ing proteins in complex with RNA had been determined by
X-ray crystallography (XIrbpA and Aquifex aeolicus (Aa) RNa-
selll) or NMR spectroscopy (Staufen and Rnt1p; Gan et al.,
2006; Ramos et al., 2000; Ryter and Schultz, 1998; Wu et al.,
2004). In the two solution structures, the dsRBMs appear to
recognize primarily the loop of the RNA while in the two crystal
structures the dsRBMs are found bound across the junction
between coaxially stacked helices. Lack of clear sequence-
specific contacts led to the general opinion that dsRBMs are
shape-specific rather than sequence-specific RNA binding
domains (Stefl et al., 2005a). The two dsRBM-RNA complexes
of ADAR2 reported here have revealed that dsRBMs recognize
not only the shape of the RNA (a stem-loop for dsRBM1 and an
A-form helix for dsRBM2), but also more surprisingly the
sequence of the RNA. Interestingly, in a recent crystal structure
of an Aa RNaselll dsRBM bound to a stem-loop, sequence-
specific contacts in the minor groove via helix o1 and the
B1—pB2 loop have been observed (Gan et al., 2008). The helix
a1 in Aa RNaselll is elongated by one turn compared to the
helix o1 of the dsRBMs of ADAR2 and a GIn side-chain recog-
nizes a guanine by two sequence-specific hydrogen bonds
(Figure S5). The contact mediated by the B1—f32 loop in Aa
RNaselll are similar to the dsRBMs in ADAR2. The p1-—p2
loop has the same length (six amino acids) and the main-chain
carbonyl of the third residue of the loop is hydrogen bonded to
a guanine amino of a GU base-pair. Despite similarities in the
mode of binding, the three dsRBMs recognize different
sequences and different register lengths. The dsRBM of Aa
RNaselll preferentially recognizes an RNA helix containing
a G-Xi0-G sequence while the dsRBM1 and dsRBM2 of
ADAR?2 preferentially recognize G-Xo-A and G-Xg-A sequences,
respectively (Figure 6). The length and the positioning of helix
a1 relative to the dsRBM fold appear to be the key structural
elements that determine the register length of the different
dsRBMs (Figure 6C).
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Our findings regarding the RNA binding specificity of dsRBMs
have important implications for the sequence-specificity
paradox of ADAR2, but also of many other dsRBM-containing
proteins that continue to puzzle investigators (Tian et al., 2004).
Apparent differences in the sequences of dsRBMs between
mammalian ADAR2 and ADAR1 (Figure S6), where ADAR1
dsRBMs appears to have a longer helix a1 and lack the
ADAR2 equivalent of Met 84 and Met 238, could explain why
ADAR1 and ADAR?2 have different substrate specificities (Bass,
2002; Lehmann and Bass, 2000). Furthermore, our structure
shows how dsRBM2 of ADAR2 binds the GluR-2 R/G site near
the editing site in recognizing the amino group of the guanosine
3’ to the edited A. This would explain the strong preference for
a guanosine moiety 3’ to the edited adenosine that is found in
a great majority of substrates selectively edited by ADAR2
(Bass, 2002; Lehmann and Bass, 2000; Li et al., 2009; Riedmann
et al., 2008) and more recently in long double-stranded RNA (Eg-
gington and Bass, personal communication). This sequence
preference disappears when the dsRBMs are deleted from
ADAR?2 (Eggington and Bass, personal communication) further
supporting that this sequence requirement is due to dsRBM
binding. Finally, in interacting with the guanosine 3’ to the edited
adenosine and to the nucleotide that base-pairs with the editing
site, dsRBM2 not only brings the deaminase domain in close
proximity to the editing site, but also does not prevent access
of the adenosine to the deaminase domain. When this precise
positioning is impaired, specific editing is nearly abolished (see
the effect of the S258A, H259A mutant) which emphasizes the
functional importance of sequence-specific recognition of RNA
by dsRBMs for A-to-I editing.

The sequence-specific contacts that we observed with the
dsRBMs ADAR2 are interesting when comparing sequence
alignments of several dsRBM structures that have been deter-
mined (Figure S6). This alignment reveals a surprisingly high vari-
ability in the length and amino acid sequence composition of the
two regions of the dsRBMs mediating the sequence-specific
interactions with the RNA, namely the helix a1 and the p1—2
loop. This strongly suggests that dsRBMs are likely to have
different binding specificity in agreement with reports indicating
that dsRBMs from different proteins are not functionally inter-
changeable (Liu et al., 2000; Parker et al., 2008). Similar to
ADAR2, many dsRBM-containing proteins involved in miRNA
and siRNA processing and function are likely to bind RNA in
a sequence-specific manner, that would modulate their target
selection and mechanism of action. For example, DICER was
shown to compete with ADARs for the same RNA substrates
(Kawahara et al., 2007; Yang et al., 2006). Interestingly, ADARs
modulate the processing of miRNA precursors not only by
A-to-I modifications that alter the secondary structure of pri-
miRNA (Kawahara et al., 2007; Tonkin and Bass, 2003; Yang
et al., 2006), but also simply by RNA-binding alone to pri-miR-
NAs, as recently shown with catalytically inactive ADARs (Heale
et al., 2009). This latter function for ADARSs, as regulators of pri-
miRNA processing, closely resemble that found for single-
stranded sequence-specific RNA-binding proteins such as
Lin28, hnRNP A1 or KSRP (Guil and Caceres, 2007; Heo et al.,
2008, 2009; Michlewski et al., 2008; Newman et al., 2008; Tra-
bucchi et al., 2009). Furthermore, RNAI activity has been shown
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to coincide with siRNA sequence motifs (Katoh and Suzuki,
2007). Altogether it is becoming clear that sequence-specific
recognition mediated by dsRBMs is functionally important for
dsRBM containing proteins. We have demonstrated here with
ADAR2 how such sequence-specific recognition is mediated in
dsRBMs and how this is relevant for RNA editing. Future work
will be required to elucidate the variations in dsRNA-binding
specificity and their functional relevance for numerous other
members of the dsRBM-containing protein family.

EXPERIMENTAL PROCEDURES

Preparation of Proteins
Details on cloning, expression and purification of the ADAR2 dsRBM1, ADAR2
dsRBM2, and ADAR2 dsRBM12 constructs have been described previously
(Stefl et al., 2005b, 2006).

NMR Spectroscopy

All NMR spectra were acquired at 310 K. Spectra were recorded at 500, 600,
and 900 MHz Bruker spectrometers. All spectra were processed with
XWINNMR or Topspin1.3/2.0 (Bruker BioSpin) and analyzed with Sparky 3.0
(Goddard T.G. and Kellner D.G., University of California, San Francisco). The
H, 3C and "N chemical shifts of the protein in complex, were assigned by
standard methods (Sattler et al., 1999). The 'H-">N HSQC and 'H-'3C HSQC
spectra of dsRBM1 and dsRBM2 in free and bound forms are shown in
Figure S1 and Figure S2. All distance restraints were derived from 3D
"5N,'3C-edited NOESYs and 2D 'H-'H NOESY (t,, = 150 ms) collected at
900 MHz. RNA exchangeable proton resonances were assigned using 'H-"H
NOESY spectrum (t, = 200 ms) at 278 K. Nonexchangeable proton reso-
nances were assigned using 'H-'H, NOESY, 'H-"H TOCSY, 'H-'3C HSQC,
3D "C-edited NOESY, 2D "H-"H double-half-filtered NOESY (t,, = 150 ms)
(Peterson et al., 2004) and 3D '3C F;-edited, Fs-filtered NOESY-HSQC spec-
trum (tm = 150 ms) (Zwahlen et al., 1997) in 99.99% 2H,0 (v/v). The NOEs were
semiquantitatively classified based on their intensities in the 2D and 3D NO-
ESY spectra. Hydrogen bond distance restraints were used for base-pairs,
when the imino-protons were observed experimentally. The assignments of
intermolecular NOEs were based on 3D '3C F,-edited, Fs-filtered NOESY-
HSQC spectrum (t,, = 150 ms), 2D "H-"H F;-"3C-filtered F,-'3C-edited NOESY
(tm = 150 ms) on the protein-RNA complexes with either the protein or the RNA
13C-"®N labeled. In case of dsRBM2-GIuR-2 R/G LSL RNA complex, we
observed an extra set of five weaker intermolecular nOes, which were dis-
carded from structure calculation. These intermolecular restraints cannot be
explained with the presented structure of dsRBM2-GluR-2 R/G LSL RNA
complex. They originate from a minor conformation in which the protein is
shifted up by one base pair toward the UUCG tetraloop.

Structure Calculation and Refinement

Distance constraints for the proteins bound to RNA where generated by the
ATNOS/CANDID package (Herrmann et al., 2002). The accuracy of the list of
automatically generated distance constraints was manually checked.
Distance constraints for the free and bound RNAs as well as for the intermolec-
ular NOEs were assigned manually. Preliminary structures of the free RNA and
the protein-RNA complexes were obtained by a simulated annealing protocol
in CYANA (Guntert et al., 1997; Herrmann et al., 2002). To impose better
convergence of the ensemble, an artificial torsion angles for the canonical
dsRNA regions were used as described previously (Oberstrass et al., 2006).
Additional angle restraints to maintain proper local geometries were used
(Tsui et al., 2000). The final refinement of all structures was performed using
a 20 ps simulated annealing protocol in AMBER (Case et al., 2002) as
described in the Supplemental Information. From 40 refined structures, the
twenty conformers with the lowest AMBER energy were selected to form the
final ensemble of structures. Structural quality was assessed using PRO-
CHECK (Laskowski et al., 1996). Figures were prepared with MOLMOL (Koradi
et al., 1996) and Pymol (DeLano, 2002).



Fluorescence Anisotropy

Fluorescence anisotropy was measured on a FluoroMax-4 spectrofluorometer
(Horiba Jobin-Yvon, USA) equipped with a thermostated cell holder and an
automatic titrator. All measurements were conducted in 50mM sodium phos-
phate buffer (pH 7.0) and 100mM NaCl at 10°C. To avoid any effects caused by
5’-end labeling of RNAs, the experiments were designed as a competition
assay. At first, a reference measurement was carried out in which 1400 pl of
10nM fluorescein labeled wild-type RNA was titrated by the protein. Then,
the same titration experiment was repeated in the presence of 500nM unla-
beled RNA (either wild-type or mutants; Vasiljeva et al., 2008). Total volume
of protein added to each reaction was 33 pl. The fitting was performed using
DynaFit software (Kuzmic, 1996, 2006). Initially, the Ky for the reference
protein-labeled RNA complex was determined. The obtained Ky value was
then used as a fixed parameter when fitting the competition data. A 1:1 binding
stoichiometry was assumed in all cases. The data were normalized for visual-
ization purposes.

Quantitative Analysis of In Vitro RNA Editing

For in vitro editing reactions, a 116 nt RNA encoding a portion of the mouse
GluR-2 pre-mRNA with the complete R/G duplex was transcribed in vitro (Stefl
et al., 2006) and incubated with wild-type or mutant ADAR2 proteins derived
from nuclear extracts obtained from transiently transfected HEK293 cells
(Sansam et al., 2003). Equivalent amounts of wild-type and mutant ADAR2
protein, as determined by Western blotting, were incubated with 40 ng of
the R/G transcript at 30°C for 20 min. These incubation conditions were deter-
mined empirically by performing time-course analyses with wild-type ADAR2
protein to ensure that the assay was in the linear range (data not shown).
The reaction was stopped and the R/G transcript isolated by direct addition
of TRI Reagent (Molecular Research Center) at the end of the incubation
period. For quantification of RNA editing, the in vitro reaction product was
reverse transcribed using AMV Reverse Transcriptase (Promega) and an anti-
sense primer (5-CGGCCAATCGTACGTACCTCCGGCCGAATTCTACAAACC
GTTAAGAGTCTTA-3') with a unique 5'-extension (underlined). The resulting
amplicon was diluted 1:1000 and 1 pl was subsequently amplified by PCR
using sense (5-CCGGGAGCTCATCGCCACACCTAAAGGATCC-3') and anti-
sense (5'-CGGCCAATCGTACGTACCTCC-3') primers corresponding to
GluR-2 and the unique 5’'-extension sequences, respectively. PCR amplicons
were purified using the Wizard SV PCR and Gel Cleanup System (Promega)
and digested with Mse | (New England Biolabs) to generate 100 and 70 bp
products representing edited and nonedited transcripts, respectively. The
resulting digestion products were resolved on a 4% Agarose gel and editing
efficiency was quantified by phosphorimager analysis (GE Healthcare).

In vitro editing reactions using GluR-2 R/G mutant RNAs were performed as
described above with equivalent amounts of wild-type ADAR2 protein derived
from nuclear extracts obtained from transiently transfected HEK293 cells
(Sansam et al., 2003). Wild-type and mutant transcripts were trace labeled
with [2-32P]-UTP and concentrations of in vitro transcribed RNAs were deter-
mined using a Perkin-Elmer Tri-Carb 2800TR scintillation spectrometer based
upon the calculated specific activity for each transcript.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures and
six figures and can be found with this article online at doi:10.1016/j.cell.
2010.09.026.
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Non-coding RNA polymerase II transcripts are processed by
the poly(A)-independent termination pathway that requires
the Nrd1 complex. The Nrd1 complex includes two RNA-
binding proteins, the nuclear polyadenylated RNA-binding
(Nab) 3 and the nuclear pre-mRNA down-regulation (Nrd) 1
that bind their specific termination elements. Here we report
the solution structure of the RNA-recognition motif (RRM) of
Nab3 in complex with a UCUU oligonucleotide, representing
the Nab3 termination element. The structure shows that the
first three nucleotides of UCUU are accommodated on the
B-sheet surface of Nab3 RRM, but reveals a sequence-specific
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cient termination.

RNA Polymerase II (RNA Pol I1)° transcribes messenger
RNA (mRNA), but also a subset of small nuclear and small

* This work was supported in part by a Howard Hughes Medical Institute/
European Molecular Biology Organization start-up grant, a Human Fron-
tier Science Program Career Development Award, Ministry of Education of
the Czech Republic Grants MSM0021622413, MSM0021622415, and Ingo
LA08008, Czech Science Foundation Grants 204/08/1212 and 305/10/
1490, Grant Agency of the Academy of Sciences of the Czech Republic
1AA401630903, Wellcome Trust Grant 084316/Z/07/Z, and EMBO Installa-
tion Grant 1642.

The atomic coordinates and structure factors (codes 2KVI and 2L41) have been de-
posited in the Protein Data Bank, Research Collaboratory for Structural Bioinfor-

., matics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

“ Author’s Choice—Final version full access.

' Both authors contributed equally to this work.

2 Supported by Brno City Municipality Scholarships for Talented Ph.D.
Students.

3 Supported by the European Community FP-7 Grant 205872.

4 Supported by the GACR Grant 204/08/H054.

> To whom correspondence should be addressed: University Campus Bohu-
nice, Kamenice 5/A4, Brno, CZ-62500 Brno, Czechia. Tel.: 420549492436;
Fax: 420549492556; E-mail: stefl@chemi.muni.cz.

¢ The abbreviations used are: RNA Pol II, RNA polymerase II; FA, fluorescence
anisotropy; Nab3, nuclear polyadenylated RNA-binding 3; Nrd1, nuclear
pre-mRNA down-regulation 1; RRM, RNA-recognition motif; snoRNAs,
small nucleoar RNAs; HSQC, heteronuclear single quantum coherence;

SN

FEBRUARY 4, 2011 +VOLUME 286+NUMBER 5

nucleolar RNAs (snRNAs/snoRNAs), micro-RNA precursors,
and a class of intergenic and antisense RNAs (1). RNA Pol II
uses two different mechanisms for transcription termination
of these “coding” and “non-coding” RNAs. Although the RNA
Pol II termination of mRNA requires a large multiprotein
complex that recognizes the poly(A) signal in the nascent
transcript (2), the termination of the non-coding RNAs re-
quires no poly(A) signal (2—4).

In the poly(A)-independent mechanism, transcription ter-
mination requires a specific factor, the Nrd1 complex. This
complex consists of three proteins: the nuclear pre-mRNA
down-regulation (Nrd) 1 protein, the nuclear polyadenylated
RNA-binding (Nab) 3 protein, and the putative RNA helicase
Senl (5-7). The Nrdl complex interacts with the exosome, a
complex of 10-12 exoribonucleolytic and RNA-binding pro-
teins (8) and the Trf4-Air2-Mtr4 polyadenylation (TRAMP)
complex (9-11), which are involved in the 3’ end processing
of non-coding RNA transcripts (3, 4, 7).

In yeast, transcription termination mediated by the Nrd1
complex requires binding to both the nascent RNA and the
carboxyl-terminal domain of RNA Pol II, which consists of 26
repeats of the sequence Tyr'-Ser®-Pro®-Thr*-Ser”-Pro®-Ser’
(1, 12). Interestingly, the Nrd1 complex binds the carboxyl-
terminal domain when it is phosphorylated at Ser”, a typical
feature of the early elongation phase of the transcription cy-
cle. The Ser®-phosphorylated carboxyl-terminal domain is
recognized by the carboxyl-terminal domain-interacting do-
main of Nrd1 (13, 14). The RNA-binding subunits of the Nrd1
complex, Nrd1 and Nab3, recognize their specific RNA se-
quences (called terminator elements) in the nascent tran-
scripts of RNA Pol II. It is believed that this specific binding of
Nrd1 complex to the terminator elements is the initial step in
the assembly of termination machinery.

A number of studies narrowed the sequence regions with
terminator elements (5, 6, 15—17) that were subsequently
identified as GUAR (where R stands for purine) and UCUU
sequences (18). GUAR and UCUU terminator elements are
recognized by Nrd1 and Nab3, respectively, via their frag-
ments encompassing RNA recognition motifs (RRMs) (18).
These terminator sequences are located downstream of
snRNA and snoRNA genes (18) although their relative orien-
tation and spacing are not highly conserved. In addition, it
was demonstrated that Nrd1 and Nab3 form a stable het-

RNP, ribonucleoprotein; TAMRA, N,N,N’,N'-tetramethyl-6-carboxyrho-
damine; PTB, polypyrimidine tract-binding protein.
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erodimer and bind to snoRNA terminators that contain mul-
tiple Nrd1- and Nab3-binding sequences (19).

Both Nrd1 and Nab3 contain RRM that likely mediates the
binding to their specific RNA sequences. The RRM is the
most abundant RNA-binding domain in higher vertebrates;
e.g. the RRM is present in about 2% of human genes (20). It is
a small protein domain of ~90 amino acids with a typical
BaBBap topology that forms a four-stranded B-sheet packed
against two a-helices (21-23). The structure of this domain is
relatively well defined despite a little sequence conservation
among various RRMs. The solved structures of RRM bound to
RNA show the complexity of protein-RNA recognition medi-
ated by the RRM, which often involves not only RRM-RNA
interactions but also RRM-RRM and other RRM-protein in-
teractions. The main protein surface of the RRM involved in
the interaction with the RNA is the four-to-five-stranded
B-sheet, which typically contacts two or three nucleotides.
Frequently, RRM-containing proteins bind more than three
nucleotides and recognize longer single-stranded RNA or
even internal RNA loops by employing of -strand loops and
N- or C-terminal flanking regions of RRMs (21-23).

To better understand the structural basis behind the
poly(A) independent transcription termination pathway, we
initiated an NMR study of Saccharomyces cerevisiae Nab3.
Here, we present the three-dimensional solution structure of
the Nab3 RRM in free form and in complex with the 5’-
UCUU-3" RNA substrate. The structure of the complex re-
veals recognition of the YCU sequence (where Y stands for
pyrimidine) by the Nab3 RRM. We confirmed the sequence-
specific intermolecular contacts by site-directed mutagenesis
and fluorescence anisotropy (FA) measurements, and their
physiological role was also confirmed by yeast phenotypic
analyses. Finally, we demonstrate that the weak RNA binding
of the isolated RRMs of Nab3 and Nrd1 is greatly enhanced
when Nab3 and Nrd1 form a heterodimer and bind the RNA
cooperatively.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Proteins—The cod-
ing sequence corresponding to the RRM of the Nab3 gene
from S. cerevisiae (961-1245) was amplified by polymerase
chain reaction (PCR), and cloned into a pET22b expression
vector (Novagen) via Ndel and Xhol restriction sites. The re-
sulting C-terminal His,-tagged construct was verified by DNA
sequencing. The protein was overexpressed in Escherichia coli
BL21-Codon Plus (DE3)-RIPL (Stratagene), transformed with
the pET22b-RRM Nab3 construct at 37 °C in M9 minimal
medium, supplemented with 50 mg/liter of ampicillin. For
isotope labeling, the medium was supplemented with
'NH,Cl and [U-'3C]glucose. Cells were grown at 37 °C to
Agoo ~1 and induced with 1 mm isopropyl B-p-thiogalacto-
side. Cells were harvested by centrifugation (6000 X g for 10
min), resuspended in lysis buffer (50 mm sodium phosphate,
300 mm NaCl, 10 mm B-mercaptoethanol, pH 8), and dis-
rupted by sonication. The cell debris was cleared by centrifu-
gation (14,000 X g for 60 min). Soluble lysate was loaded on a
nickel-nitrilotriacetic acid column (Qiagen), equilibrated with
lysis buffer, washed with a high salt buffer (50 mm sodium
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phosphate, 500 mm NaCl, 10 mm B-mercaptoethanol, 5 mm
imidazole, pH 8), and eluted with imidazole gradient (50 -500
mwm) of elution buffer (50 mm sodium phosphate, 300 mm
NaCl, 10 mMm B-mercaptoethanol, pH 8). The protein was sub-
sequently loaded on a Superdex 75 gel filtration column (GE
Healthcare), equilibrated with lysis buffer. The protein frac-
tions from gel filtration were dialyzed against lysis buffer. The
purified protein was 99% pure, as judged by Coomassie-
stained SDS-PAGE. For NMR measurements the pure protein
was concentrated to 2.5 mM in 550 ul of 50 mm sodium phos-
phate (pH 8.0), containing 300 mm NaCl, and 10 mm 3-mer-
captoethanol. The cloning, expression, and purification of
Nrd1 RRM-(340-410) were carried out in the same way as
for Nab3 RRM.

The expression and purification of the Nrd1-Nab3 het-
erodimer have been done in a similar manner as reported pre-
viously (19). To improve the yield of expression, we used
E. coli BL21-Codon Plus (DE3)-RIPL (Stratagene). We used
the following final buffer (50 mm Tris (pH 8.0), containing 150
mM NaCl, and 10 mm -mercaptoethanol) to have the same
conditions for all fluorescence anisotropy measurements.
Prior to RNA titration, all proteins were tested for the resid-
ual RNase activity using RNaseAlert Lab Test (Ambion). RNA
oligonucleotides were purchased from Thermo Fisher Scien-
tific/Dharmacon and Sigma.

Generation of Nab3 RRM Mutants—Site-specific mutagen-
esis was performed using the QuikChange site-directed mu-
tagenesis kit (Stratagene) with complementary sense and anti-
sense (AS) oligonucleotide primers as follows: R331A (S), 5'-
gcacaatattcctccgaagtcageattattcattggtaatttgeeg-3' and (AS),
5'-cggcaaattaccaatgaataatgctgacttcggaggaatattgtge-3'; N361A
(S), 5'-tccatacggtcatatcatgcaaatcgctatcaaaaatgectttggattcatt-3’
and (AS), 5'-aatgaatccaaaggcatttttgatagcgatttgcatgatatgaccgt-
atgga-3'; E397A (S), 5'-gcaaaaagttgatcctggcagtttctagctcgaatg-
c-3" and (AS), 5'-gcattcgagctagaaactgccaggatcaactttttge-3';
E397K (S), 5'-tggcaaaaagttgatcctgaaagtttctagctcgaatge-3' and
(AS) 5'-gcattcgagctagaaactttcaggatcaactttttgeca-3'; S399A (S),
5'-agttgatcctggaagttgctagetegaatgetegt-3' and (AS), 5'-acgag-
cattcgagctagcaacttccaggatcaact-3'; S399K (S), 5'-actttggcaaaa-
agttgatcctggaagttaaaagctcgaatgetegtee-3' and (AS), 5'-ggacga-
gcattcgagcttttaacttccaggatcaactttttgecaaagt-3'. All mutations
were verified by DNA sequence analysis.

NMR Spectroscopy—All NMR spectra of 2.5 mm uniformly
15N, *3*C-labeled Nab3 RRM in 50 mm sodium phosphate
buffer (pH 8.0), 300 mm NaCl, 10 mm B-mercaptoethanol
(90% H,0/10% D,O) were recorded on Bruker AVANCE 600
and 900 MHz spectrometers equipped with a cryoprobe at a
sample temperature of 30 °C. All spectra were processed with
Topspin 2.1 (Bruker BioSpin) and analyzed with Sparky 3.0
(T. G. Goddard and D. G. Kneller, University of California,
San Francisco). The 'H, 3C, and '°N chemical shifts of Nab3
RRM were assigned as described previously (24). All distance
restraints were derived from the three-dimensional *°N- and
13C-edited NOESYs and two-dimensional "H-'H-labeled
NOESY (with mixing time of 150 ms) collected at 900 MHz
spectrometer.

AKkin to the free Nab3 RRM, the backbone resonance as-
signments of Nab3 RRM in the bound form were achieved
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using three-dimensional triple resonance experiments:
HNCA, HNCACB, and CBCA(CO)NH (24—26). Resonances
of the aliphatic side chains were assigned by a combination of
three-dimensional HCCH TOCSY, three-dimensional
HNHA, and three-dimensional '*C-edited NOESY spectra.
Resonances of the aromatic side chains were assigned using
two-dimensional homonuclear NOESY, three-dimensional
13C, ,om-€dited NOESY, and two-dimensional (HB)CB(CGC-
D)HD spectra. All distance restraints were derived from the
three-dimensional ’N- and "*C-edited NOESYs (with mixing
time of 150 ms) collected at 900 MHz spectrometer. The RNA
resonances in complex were assigned using a combination of
standard through-space and through-bond experiments (27,
28). We could not assign all sugar resonances unambiguously
due to a high resonance overlap in the spectra (only unlabeled
RNA was used). The sugar pucker conformation for all nucle-
otides is C2'-endo, as identified in the two-dimensional
homonuclear TOCSY spectrum (strong cross-peaks between
the H1" and H2' resonances). Intermolecular distance con-
straints were obtained from the three-dimensional **C F,-
edited, F;-filtered NOESY-HSQC experiment (29), which was
recorded in H,O (with WATERGATE water suppression) as a
two-dimensional filter NOESY omitting **C chemical shift
evolution.

Structure Calculations—The preliminary structure deter-
minations of the free and bound Nab3 RRM were performed
with the automated NOE assignment module implemented in
the CYANA program (30). This automated NOE assignment
procedure is a re-implementation of the former CANDID
algorithm (31) on the basis of a probabilistic treatment of the
NOE assignment. CYANA carries out automated assignment
and distance calibration of NOE intensities, removal of mean-
ingless restraints, structure calculation with torsion angle dy-
namics, and automatic upper distance limit violation analysis.
The resultant NOE cross-peak assignments were subse-
quently confirmed by visual inspection of the spectra. The
predicted protein backbone ¢ and i torsion angle from the
chemical shifts (32) for the secondary structure elements were
also included in the calculations. In the next step, CYANA-
generated restraints along with manually assigned protein-
RNA intermolecular restraints were used for further refine-
ment of the preliminary structures with AMBER 10.0
software (33). This calculations employed a modified version
(AMBER {f99SB) of the force field described by Cornell ez al.
(34) along with a refinement protocol described in Padrta
et al. (35), and an explicit solvent. From 40 refined structures,
the 20 conformers with the lowest AMBER energy were se-
lected to form the final ensemble of structures. Structural
quality was assessed using PROCHECK (36) and WHAT IF
(37). Molecular graphics were generated using MOLMOL
(38) and PyMOL (57).

Fluorescence Anisotropy Measurements—The equilibrium
binding of Nab3 RRM to different oligonucleotides was ana-
lyzed by fluorescence anisotropy. The RNA oligonucleotides
were either 5’'-labeled with TAMRA or fluorescein attached
via a hexyl linker. The measurements were conducted on a
FluoroMax-4 spectrofluorometer (Horiba Jobin-Yvon Edison,
NJ). The instrument was equipped with a thermostatted cell
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holder with a Neslab RTE7 water bath (Thermo Scientific).
The whole system was operated using FluorEssence software
(version 2.5.3.0, Horiba Jobin-Yvon). The TAMRA fluoro-
phore was excited at 561 nm and its emission was collected at
581 nm. The widths of both excitation and emission mono-
chromatic slits were 8 nm and integration time was set to 3 s.
The fluorescein fluorophore was excited at 488 nm and its
emission was collected at 520 nm. For measurement with the
individual domains (Nrd1-(340—-410) and Nab3-(331-415))
the width of both excitation and emission monochromatic
slits were 7 nm and the integration time was set to 3 s. 10 nm
labeled oligonucleotide (volume 1.4 ml) was titrated with in-
creasing amounts of the protein in 50 mm sodium phosphate
buffer (pH 7.5), supplemented with 150 mm NaCl and 10 mm
B-mercaptoethanol. For measurement with the heterodimer
(Nab3-(191-565)—Nrd1-(1-548)), 1 nM fluorescein-labeled
RNA was used. Both excitation and emission monochromatic
slits were 14 nm, the integration time was set to 3 s.

In all measurements, an identical concentration of the
oligonucleotide was included in the protein stock solution
to prevent dilution of the RNA during titration. All experi-
ments were carried out at 25 °C in a stirred 1.5-ml quartz
cuvette. Protein aliquots were added stepwise until the cu-
vette was filled. After this point, a certain volume of the
sample was always removed from the cuvette before addi-
tion of a protein aliquot of the same volume. A fixed delay
of 30 s was set between each aliquot addition and start of
the measurement to allow the reaction to reach equilib-
rium. This delay was sufficient, as no further change in ani-
sotropy was observed. Each data point is an average of five
measurements. Neither TAMRA nor fluorescein labels
showed binding with any of the protein constructs.

The data were analyzed in SigmaPlot 11 software (Systat
Software). The experimental isotherms were fit to a single-site
binding model according to Heyduk and Lee (39) using non-
linear least squares regression. The data were normalized for
visualization purposes.

Yeast Strains and Plasmids—The plasmid for the expres-
sion of wild-type Nab3 in yeast contain 550 bp of NAB3 pro-
moter upstream of the AUG and a 286-bp sequence down-
stream of the stop codon. SV320 contains the wild-type NAB3
inserted in pRS415 (a LEU2 CEN plasmid) (40). Plasmids
SV321-SV326 contain point mutants R331A, N361A, E397A,
E397K, S399A, and S399K, respectively (see above for the
primers). Strain DLY889 containing the endogenous NAB3
under control of the GAL1 promoter (3) was transformed
with plasmids containing either wild-type Nab3 or Nab3 RRM
point mutants with a LEU2 selectable marker (SV320, SV321,
SV322, SV323, SV324, SV325, and SV326, respectively). The
resulting strains were used for growth tests and Western blot
analyses.

Growth Test Analyses—To test whether the mutated resi-
dues were essential for growth, the resulting transformants
were grown in SC-LEU-HIS + 2% galactose at 30 °C to an
Agoo 1.0. The cultures were then serially diluted in 96-well
plates by a factor of 10, and spotted onto SC-LEU-HIS me-
dium containing 2% glucose to repress the expression of the
endogenous NAB3 or control medium (SC-HIS + 2% galac-
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FIGURE 1. Overview of the RRM of Nab3 sequence, topology, NMR spectra, solution structure, and domain structure in Nab3 and Nrd1. A, amino
acid sequence of the S. cerevisiae Nab3 RRM along with its secondary structure elements and general consensus of RNP1 and RNP2 motifs. B, a schematic
drawing of the domain structure of Nab3 and Nrd1. C, two-dimensional 'H-">N HSQC spectrum of 2.5 mm uniformly '°N,'*C-labeled Nab3 RRM in 50 mm
sodium phosphate buffer (pH 8.0), 300 mm NaCl, and 10 mm B-mercaptoethanol (90% H,0, 10% D,0). The spectrum was acquired at 303 K on a Bruker
Avance 600 MHz spectrometer. The assignments are labeled by the one-letter code of amino acids accompanied by a sequence number. The side chain
resonances of asparagine and glutamine are connected by horizontal lines. D, stereo view of the 20 lowest energy structures of Nab3 RRM. The protein back-
bone is shown as a wire model. E, stereo view of the representative (the lowest energy) structure of Nab3 RRM shown as a ribbon diagram. The figure was

generated with MOLMOL (38).

tose). These plates were incubated at 24, 30, and 37 °C for 3
days.

Western Blot Analysis—Protein extracts were prepared
from cultures grown either on galactose containing medium
and cultures shifted to glucose containing medium (as de-
scribed above). Proteins were resolved on a 12% SDS-PAGE
gel, transferred to nitrocellulose membrane by a semi-dry
electroblotter (Bio-Rad), and probed for the presence of
Nab3p with the mAb 2F12 (41), or antibodies directed against
the HA epitope (sc805, Santa Cruz Biotechnology) present on
the endogenous Nab3. For loading control we used the anti-
bodies against Air2 protein (42).

RESULTS

Structure of Nab3 RRM—The RRM of S. cerevisiae Nab3
was examined by NMR spectroscopy (Fig. 1, A and B). The
'H, "C, and '°N chemical shift assignments were obtained as
described previously (24). All NMR experiments were mea-
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sured at a high salt concentration (300 mm NaCl, 50 mm so-
dium phosphate (pH 8.0), and 10 mm -mercaptoethanol) to
prevent protein precipitation. The solution structure determi-
nation of Nab3 RRM employed homonuclear and hetero-
nuclear NMR techniques. The ">N-'H HSQC experiment
shows a well dispersed spectrum (Fig. 1C), indicating a folded
domain. There are a number of missing peaks in this spec-
trum that mainly correspond to the N- and C-terminal re-
gions of the studied protein construct (outside of the RRM
domain). These regions were included in the study as they
often form additional structural elements (B-strand or a-he-
lix) in RRMs or contribute to the RNA binding. In addition,
several residues in the loops showed no NMR signals. These
missing signals are likely a result from the relatively high pH
used in the NMR study that was necessary to prevent the pre-
cipitation of Nab3 RRM. The three-dimensional structure of
Nab3 RRM was determined by combined automated NOESY
cross-peak assignment (30) and structure calculations with
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TABLE 1
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NMR and refinement statistics for Nab3 RRM and Nab3 RRM-UCUU complex

NMR distance and dihedral angle restraints Nab3 RRM Nab3 RRM-UCUU complex
Distance restraints
Total NOEs 857 852
Intra-residue 201 228
Inter-residue
Sequential (|i—j| = 1) 218 187
Medium range (1 |i-j|)5) 164 116
Long range (|i—j[bar = 5) 274 310
Hydrogen bond restraints 25 25
Intermolecular 11
Dihedral angle restraints
¢ and 76 88
Structure statistics”
Residual NOE violations (mean * S.D.)
Number > 0.20 A 1.5 (*+ 0.83) 4(+2)
Maximum (A) 0.24 (* 0.03) 0.46 (* 0.08)
Residual dihedral angle violations
Number > 10.0° 0 0
Maximum (°) 0 0
Ramachandran plot statistics®<?
Residues in most favored regions (%) 90.8 88.6
Residues in additionally allowed regions (%) 9.1 9.6
Residues in generously allowed regions (%) 0.1 1.7
Residues in disallowed regions (%) 0.0 0.1

Deviations from idealized geometry
Bond length (A)

0.0011 = 0.0001 0.0010 * 0.0001

Bond angles (A) 1.46 = 0.02 1.48 = 0.02
Average root mean square deviation to mean

structure (A)?
Protein

Backbone atoms” 0.57 = 0.12 0.49 = 0.10

Heavy atoms” 1.46 = 0.16 1.24 % 0.12
RNA

All RNA heavy atoms® 0.98 = 0.21
Complex

Protein” and RNA heavy atoms® 127 £ 0.12
WHAT IF structure Z-scores®¢

Packing quality -2.3 -19

Ramachandran plot appearance -3.5 -3.1

“Includes C2'-endo sugar pucker and anti conformation of the glycosidic bond was used for all nucleotides (56).

¥ Calculated for an ensemble of the 20 lowest energy structures.
¢ Based on PROCHECK analysis (32).

“ Calculated for the structured part of the protein construct.

¢ Calculated for U,C,Us,.

/Based on WHAT IF analysis (37).

& Z-score (54, 55) is defined as the deviation from the average value for this indicator observed in a database of high-resolution crystal structures.

torsion angle dynamics implemented in the program CYANA
2.1 (43), followed by refinement in explicit solvent using
AMBER 10 (33). An ensemble of the 20 lowest energy struc-
tures along with the best energy structure are shown in Fig. 1,
D and E, respectively. These structures have an average back-
bone root mean square deviation of 0.57 * 0.12 A for the sec-
ondary structure elements. A full summary of structural sta-
tistics including the backbone ¢-i angle distribution is given
in Table 1.

The three-dimensional structure of Nab3 RRM adopts a
compact fold with an BlalB2B3a234 topology that is similar
to the canonical fold of RRM family (21, 22). The fold is com-
posed of two a-helices and a 3, helix that are packed along a
face of a four-stranded antiparallel B-sheet. A central hy-
drophobic core composed of the residues shown in Fig. 14
stabilizes the fold of the domain. Nab3 RRM contains a
well conserved signature of the RRM family, RNP1 and
RNP2 sequences (44 —46). These two conserved amino acid
sequences found between Leu®**?—Leu®?” and Asn®**—
Phe®*”! are located on the 83- and B1-strands, respectively.
Their sequence compositions correspond to the general
RNP2 and RNP1 consensus (ILV)-(FY)-(ILV)-X-N-L and
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(RK)-G-(FY)-(GA)-(FY)-(ILV)-X-(FY), respectively, except
for the first two amino acids of the RNP1 (Fig. 14). Nab3
RRM has asparagine and alanine in these positions (Fig.
1A). The presence of aromatic residues in RNP1 and RNP2
sequences, which usually mediates the stacking interaction
with RNA bases, along with a number of basic and polar
residues on the B-sheet surface, indicate a potential role of
Nab3 RRM in RNA binding.

Characterization of the Nab3-UCUU Interactions by
NMR—To investigate the interaction and binding mode be-
tween Nab3 RRM and RNA, we carried out an NMR chemical
shift perturbation study with a UCUU element, which has
been shown to elicit transcription termination via the Nrd1
pathway. In the RNA titration experiment, we observed that
the protein amide resonances moved upon RNA binding from
their initial positions, corresponding to the free form, in a step-
wise directional manner until they reach their final positions that
correspond to the fully bound state, with stoichiometry of 1:1
(Fig. 2). Additional RNA aliquots resulting in excess RNA re-
sulted in no further change of chemical shifts, confirming the 1:1
stoichiometry of the complex. These titration data suggest that
protein amide resonances are in a fast exchange regime between
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FIGURE 2. NMR titration experiments of Nab3 RRM with UCUU RNA. A, 'H-">N HSQC spectra of Nab3 RRM alone (in red) and in the presence of 1 eq of
5'-UCUU-3’ (in blue) at 303 K. B, close-up views of the 'H-">N HSQC spectra, showing selected chemical shift changes during the titration. C, quantification
of chemical shift perturbations of Nab3 RRM upon binding to UCUU RNA. The combined chemical shift perturbations ([w yASun]? + [wAS8]?) 2, where
wyn = 1and wy = 0.154 are weight factors of the nucleus (52), are plotted versus the amino acid residue number. Large changes occur on the B-sheet sur-
face. The assignments of residues indicated by asterisks could not be obtained for neither the free nor bound protein, or indicates proline residues.

their free and bound forms relative to NMR time scale. The
binding of UCUU to the RRM of Nab3 induces chemical shift
perturbation of the residues shown in Fig. 2.

These chemical shift changes indicate that the above men-
tioned residues are involved in binding to the RNA, or alterna-
tively, could undergo a conformational change upon RNA bind-
ing. Mapping the perturbed residues on the sequence of Nab3
RRM delineates that the Nab3 RRM binds the RNA through its
B-sheet surface and also through the 8283 loop (Fig. 2C).

Structure of Nab3 RRM in Complex with UCUU—When
solving the structure of Nab3 RRM bound to RNA, we exten-
sively tested different lengths of RNA, buffer conditions, and
temperatures with the aim to optimize the NMR spectral
quality of the complexes. Longer RNA substrates, a UCUU

3650 JOURNAL OF BIOLOGICAL CHEMISTRY

core motif with flanking sequences, resulted in the significant
broadening of NMR signals of the complexes. Interestingly,
we obtained the NMR spectra of better quality (for both pro-
tein and RNA in complex) with a four-nucleotide UCUU de-
spite the fact that this RNA has lower affinity to Nab3 RRM
compared with the longer substrates (see below). Similar im-
provement of the NMR spectral quality by using of a minimal
specific RNA sequence has also been observed for other pro-
tein-RNA complexes investigated by NMR (47—-49). There-
fore, we pursued the structure determination of the Nab3
RRM-UCUU complex.

The RRM of Nab3 in complex with RNA display the canon-
ical RRM-fold with an BlalB2B3a2B4 topology and is similar
to that of the unbound form (Figs. 1 and 3). Akin to the free
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FIGURE 3. Overview of the solution structure of the Nab3 RRM in complex with UCUU. A, stereo view of the 20 lowest energy structures of the Nab3
RRM-UCUU complex. The protein backbone is shown as a wire model in black. The RNA heavy atoms are shown as a wire model in red. B, stereo view of the
representative (the lowest energy) structure of the Nab3 RRM-UCUU complex. The RNA is represented as a white stick model and the protein is shown as a
ribbon model with residues that contact the RNA shown in yellow. Putative hydrogen bonds are shown by dotted magenta lines. C, scheme showing con-
tacts between Nab3 RRM and the UCUU RNA. Protein residues that form putative hydrogen bonds to the RNA are shown in blue and the one having hydro-
phobic interactions are in yellow. A hypothetic recognition of U4 is labeled by a gray question mark. D, solvent-accessible surface representation of Nab3
RRM colored by electrostatic potential (blue, positive; red, negative) and stick representation for the RNA of the representative structure of the complex.
Figures were generated with MOLMOL (38).

FEBRUARY 4, 2011-VOLUME 286-NUMBER 5 YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 3651

T1T0Z ‘2 Areniga4 uo ‘1sanb Ag 1o ogl'mmm woly papeojumoq


http://www.jbc.org/

RNA Recognition by Nab3

form of Nab3 RRM, the N- and C-terminal regions as well as
the long a234 loop are structurally undefined due to the lack
of experimental data. The UCUU RNA adopts a single-
stranded conformation and the first three nucleotides are po-
sitioned over the whole B-sheet surface in a canonical ar-
rangement in which the 5" end is located on the first half of
the B-sheet (B4B1) and the 3’ end on the second half (8332)
(21, 22) (Fig. 2). The overall position of RNA on the B-sheet
coincides with the perturbed residues from the titration ex-
periment (Figs. 2 and 3). All bases have an anti conformation
of the glycosidic bond and C2’'-endo conformation of the
sugar pucker.

The NMR spectra provided a limited number of intermo-
lecular NOEs (11 unambiguous intermolecular NOEs) that
loosely define the position of U,C,U; on the B-sheet surface
of Nab3 RRM (Fig. 3A4), but are sufficient to reveal the molec-
ular basis of U,C, U, recognition by Nab3 RRM (Fig. 3, B and
C; the protein-RNA hydrogen bonds described below are in-
ferred from the final ensemble of structures and thus they
should be considered as putative hydrogen bonds). We could
not define the position of U, due to the lack of intermolecular
NOEs. Based on NMR titration data, we speculate that U,
could be recognized by the asparagine side chain or a main
chain of the B2—B3 loop that are in proximity to the base of
U,, as displayed in the representative structure (Fig. 3B). In
our NMR structure, C, and U, are involved in base stacking
with the aromatic rings of Phe®** and Phe®®®, respectively.
The Watson-Crick edge of C, is recognized by the main chain
carbonyl group of Val**® and the hydroxyl group of Ser®*® that
form hydrogen bonds with the amino and imino groups of C,,
respectively. One-half of the 20 structures in the final ensem-
ble has Arg**' in a position in which it contacts the O, oxygen
of C, (for the importance of Arg**! see below). In addition, it
is likely also that Ser** could be involved in the recognition
of C, as the resonances of this residue broadened beyond de-
tection upon RNA binding. Our structure also rules out the
possibility that a purine could be accommodated in the C,
position due to a steric restriction imposed by the Glu**” side
chain.

The recognition of U, is mediated by the Arg®*! and Asn>¢!
side chains. The side chain NH,, group of Arg®*' contacts the
O4 carbonyl functional group of the base and the side chain
carbonyl group of Asn®** forms a hydrogen bond with the
imino proton of U,. Akin to C,, the position of U, cannot be
exchanged by a purine due to a steric hindrance of Arg®*'.
The sugar of the U, residue is further contacted by the ali-
phatic region of the Lys®**® side chain.

In contrast to C, and Uj, the recognition of U, is less evi-
dent from the structure. A single hydrogen bond is formed
between the imino proton of U, and the Oe of Glu**”. There
are also hydrophobic contacts between the sugar and the base
of U, and the side chain of 1le**®. However, these contacts do
not explain fully the sequence specificity of a uridine nucleo-
tide. A cytidine nucleotide in this position could also form a
similar interaction with the glutamate. Altogether, our NMR
structure indicates that Nab3 RRM recognizes the YCU se-
quence (where Y stands for pyrimidine).
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Nab3 RRM Binds the Nab3 Termination Element with Low
Affinity—The FA measurements were carried out to further
characterize the binding of Nab3 RRM to various RNA sub-
strates. In FA measurements, formation of the protein-RNA
complex is monitored directly from an increase of the FA
value that occurs when the protein binds fluorescently labeled
RNA. Binding curves were recorded in the course of titration
experiments, where protein aliquots were added to 10 nm
fluorescently labeled RNAs (Fig. 4).

First, we assayed the binding affinity of Nab3 RRM to
UCUU that has been reported as the minimal Nab3 termina-
tor element. A tetranucleotide GUAA was used as a nonspe-
cific control substrate. The comparison of the anisotropy data
for specific and nonspecific four-nucleotide substrates along
with determined equilibrium dissociation constants (K ) are
shown in Fig. 4A. Corresponding logarithmic values of K,

(K, = 1/K,) are shown in graph in Fig. 4E. Nab3 RRM binds
the specific recognition sequence UCUU with more than
6-fold higher affinity compared with the nonspecific substrate
GUAA.

As terminator elements often occur in multiple repeats, we
tested a longer substrate with three UCUU repeats. The sub-
strate sequence was derived from the snR47 that is terminated
by the Nrd1 pathway (Fig. 4F). Nab3 RRM binds the three
UCUU-containing substrate with a K, of 48 = 2 uM, 1 order
of magnitude stronger than we observed for a single UCUU
motif (Fig. 4B). Furthermore, we assayed snR13, which is an-
other naturally occurring Nrd1-dependent terminator that
contains two UCUU and one CCU motifs (Fig. 4F). As ex-
pected, Nab3 RRM binds this substrate with a K, of 46 = 1
uM, a similar binding affinity to that of snR47 (Fig. 4B). As a
control, we used SL RNA, which has a similar size and its se-
quence lacks UCUU or even CU recognition motifs (Fig. 4F).
For this nonspecific substrate, Nab3 RRM binding is reduced
more than 30-fold compared with the snR13 and snR47 ter-
minators (Fig. 4, B and E).

Nrd1 RRM Binds the Nrdl Termination Element with Low
Affinity—As Nab3 RRM binds its termination motif with a
low affinity, we therefore decided to investigate the RNA-
binding properties of Nrd1 RRM, which is the second RNA-
binding domain occurring in the Nrd1-dependent termina-
tion complex (Fig. 1B). Akin to Nab3 RRM, we assayed the
binding affinity of Nrd1 RRM to RNA using FA. We found
that Nrd1 RRM-(340—-410) binds to the minimal termination
RNA sequence GUAA (GUAR is known as the Nrd1-termina-
tion element (where R stands for purine) (18) with a low affin-
ity in the mid-micromolar range (Fig. 4C; K, of 66 = 1 um).
Next, we assayed a longer RNA substrate, snR13, which con-
tains two GUAR motifs (Fig. 4F). The titration curve for
snR13 yielded a K, of 11 = 1 um (Fig. 4C).

A Complex of Nrd1-Nab3 Binds RNA with High Affinity—
As the Nrdl and Nab3 proteins form a heterodimer in vivo
and in vitro (19), we assayed RNA binding of the co-expressed
Nrd1-Nab3 heterodimer (19) using FA. As a substrate, we
used RNA derived from the snR13 terminator that contains
two copies of each recognition element (Fig. 4F). This RNA
substrate binds the Nrd1-Nab3 heterodimer with a K, of
2.4 * 0.3 nMm (Fig. 4D), about 4 -5 orders of magnitude stron-
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FIGURE 4. Equilibrium binding of Nab3 RRM, Nrd1 RRM, and Nrd1-Nab3 heterodimer with fluorescently labeled RNA monitored by fluorescence
anisotropy. A, Nab3 RRM was titrated with UCUU and GUAA (each 10 nm), and their binding isotherms are shown as red circles and triangles, respectively.
B, Nab3 RRM was titrated with snR47, snR13, and SL substrates (each 10 nm), and their binding isotherms are shown as red circles, squares, and triangles, re-
spectively. C, Nrd1 RRM was titrated with GUAA and snR13 (each 10 nm) and their binding isotherms are shown as blue inverted triangles and circles, respec-
tively. D, Nrd1-Nab3 heterodimer was titrated with snR13 (100 pm). £, summary of the association constants (K,) for the RRM of Nrd1 (in blue) and Nab3 (in
red) in their free forms as well as for the Nrd1-Nab3 heterodimer (in black). Logarithmic scale of K, is shown to cover a wide range of affinities. F, RNA se-
quences used in the affinity measurements. The buffers contained the same ion strength and pH values for all proteins. Equilibrium dissociation constant
(K,) was calculated from the best fit to the data using a single-site binding isotherm. Error is denoted as S.E. The data were normalized for visualization pur-

poses (A-C).

ger compared with the individual RRMs of Nrd1 and Nab3
(Fig. 4E). Another snR13-derived substrate, % snR13, contain-
ing only one copy of each recognition element (Fig. 4F), binds
the Nrd1-Nab3 heterodimer with only a slightly lower affinity
(K, of 5.3 = 0.6 nm). However, when one of the recognition
elements (either Nrd1 or Nab3) is removed from the %4 snR13
substrate, the affinity is reduced such that the dissociation
constant cannot be determined (saturation of the binding
curve cannot not be reached due to the low solubility limit of
the Nrd1-Nab3 heterodimer; data not shown).

Impacts of Nab3 RRM Point Mutations on RNA Binding
Affinity—It has been shown previously that mutations of C,
and U, in the UCUU motif reduce the binding affinity to
Nab3 (18) or to the Nrd1-Nab3 heterodimer (19). We per-
formed the converse experiments in which we assessed Nab3
RRM mutants for their ability to bind snR47 RNA in a quanti-
tative solution binding assay by fluorescence anisotropy titra-
tion experiments. We mutated the non-canonical amino acid
residues on the B-sheet surface (R331A, N361A, S399A, and
E397A) that specifically recognize the bases of the U,C,U,
sequence (Fig. 3, B and C). These residues surround the con-
served residues of RNP1 and RNP2 consensuses. We found
that mutants R331A and S399A showed a 3—4-fold decrease
in binding affinity of that demonstrated by the wild-type pro-
tein (Fig. 5A4). In contrast, mutants N361A and E397A showed
binding affinity similar to the wild-type Nab3 RRM (Fig. 54).

Functional Significance of the Nab3 RRM Residues That
Contact RNA—To address the importance of the specific con-
tacts identified in the Nab3 RRM-UCUU complex for Nab3
function in vivo, single amino acid mutants (R331A, S399A,
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S399K, E397A, and E397K) were prepared in a yeast expres-
sion vector and introduced into a yeast strain in which the
endogenous NAB3 promoter was replaced with the GAL1
promoter (3). To test whether the mutated residues were es-
sential for growth, the resulting transformants were spotted
onto glucose containing plates. The shift to glucose represses
the expression of the GAL1-driven endogenous NAB3, which
completely impairs cell viability (Fig. 5B). This lethality was
rescued by wild-type Nab3 (Fig. 5B8). Mutating the three resi-
dues involved in the recognition of C, and U, (Fig. 3), R331A,
N361A and S399A, or S399K, caused lethality (Fig. 5B), pro-
viding further support for the functional significance of these
contacts. In contrary, the Glu**” mutant displayed only slow
growth at 24 and 37 °C.

To further confirm that mutant lethality was not due to
impaired protein expression, we performed Western blot
analysis with antibodies directed against Nab3 and antibodies
against the HA tag present on the endogenous Nab3 only. We
detected similar levels of Nab3 in all proteins expressed episo-
mally, whereas no HA-tagged endogenous Nab3 was detected
in yeast grown on glucose medium (Fig. 5C).

DISCUSSION

RNA Recognition by Nab3 RRM and Its Comparison with
Other RRMs—W e have solved the structure of Nab3 RRM in
free form and in complex with UCUU. In both forms, the fold
of Nab3 RRM is very similar, with minor adjustments upon
RNA binding, and resembles canonical RRM (21-23). How-
ever, it has shorter a-helices than observed in the structures
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FIGURE 5. The important residues of Nab3 RRM that are required for RNA binding and cell viability. A, equilibrium binding of Nab3 RRM mutants with
fluorescently labeled RNA monitored by fluorescence anisotropy. The Nab3 RRM R331A, N361A, S399A, and E397A mutants along with the wild-type of
Nab3 RRM were titrated with fluorescently labeled snR47 substrate. Equilibrium association constants (K,) are shown for individual mutants with S.E. B, resi-
dues Arg>3", Ser®*°, and Asn®¢" are required for yeast viability. The indicated Nab3 RRM mutants were expressed episomally from pRS415 plasmids in the
yeast strain with the endogenous NAB3 driven by the GAL1 promoter. Mutant strains were spotted on plates containing 2% glucose and a control galactose
plate and incubated for 3 days at the indicated temperatures. Growth on glucose-containing plates leads to the repression of GAL1-driven wild-type Nab3,
and thus shows the functionality of the different Nab3 mutants. Vector is a control where the GAL1:NAB3 strain contains an empty pRS415 plasmid, wt is
the wild-type NAB3. C, expression of Nab3 proteins from pRS415 in glucose-containing medium. Western blot analysis was perfomed with protein extracts
from the original GAL1::NAB3 strain (DLY889) grown in galactose-containing medium and extracts from DLY889 transformed with plasmids carrying wild-
type and mutant NAB3 grown for 20 h in glucose-containing medium. Air2 was used as a loading control.

of canonical RRMs, and an extra 3, helix between the a1l he-
lix and B2 strand (22).

Nab3 RRM binds UCUU in a canonical manner as observed
in other RRM-RNA complexes (21-23). Specifically, Nab3
RRM contains a well conserved signature of the RRM family,
RNP1 and RNP2 sequences (44— 46). Two conserved pheny-
lalanine residues are used in RNP1 (Phe?*3?) and RNP2
(Phe®®®) to mediate the stacking interaction with RNA bases
C, and Uj, respectively. These aromatic residues are sur-
rounded by basic and polar amino acid residues that mediate
the sequence-specific recognition of C,U, and in part of U;.
The specifically recognized nucleotides are accommodated
on the B-sheet only and neither loops nor N-/C-terminal re-
gions to the RRM are involved in the recognition process.

Interestingly, the binding preference for CU has also been
reported for the polypyrimidine tract-binding protein (PTB)
(49). Unlike Nab3 RRM, PTB RRMs display additional topol-
ogy elements to the canonical RRM involved in RNA recogni-
tion and significantly differ from RNP1 and RNP2 consensus
(Fig. 6A). In particular, PTB RRMs lack aromatic residues in
RNP1 and RNP2 that usually make extensive stacking interac-
tions with the RNA bases and sugars as in the case of Nab3
RRM (Fig. 6). In addition, the structures of Nab3 and PTB
RRMs revealed that these domains are sequentially unrelated
on the entire RNA interaction surface, except for the last ser-
ine residue of B-strand 4 that is present in all PTB and Nab3
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RRMs (Fig. 6A). The serine residue is involved in recognition
of a cytosine in the structures of PTB (49) and Nab3 bound to
RNA (Fig. 6). Furthermore, in the structures of PTB RRM1-
RNA and Nab3 RRM-RNA, recognition of the 5'-end uridine
is mediated in a similar way in which its imino proton is con-
tacted by glutamine and glutamate, respectively (Fig. 6). In
both structures, a cytidine could be tolerated instead of a uri-
dine in this position. In contrast, recognition of the 3'-end
uridine is mediated differently in these two structures.
Whereas Nab3 RRM utilizes the side chains of arginine (in
B1) and asparagine (in 82) to recognize the uridine, PTB
RRM1 uses the main chain of leucine and lysine located in the
C-terminal extension to the RRM to facilitate the uridine
binding.

The importance of the serine residue, which is discussed
above, is demonstrated by our affinity measurements with the
Nab3 RRM S399A mutant that decreases the binding affinity
to its UCUU-containing substrate (Fig. 54). Correspondingly,
in vivo analyses of Nab3 S399A or S399K mutants show that
the serine residue is essential for yeast viability (Fig. 5B). Simi-
larly, the decreased affinity of the Nab3 RRM R331A mutant
to the RNA is manifested by the lethal effect in yeast (Fig. 5).
Interestingly, Asn®®', which specifically recognizes U, along
with Arg®*!, shows lethality in vivo for the N361A mutant,
whereas the affinity of this mutant is only slightly reduced
compared with the wild-type (Fig. 5). Furthermore, the
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FIGURE 6. Recognition of YCU by Nab3 and PTB RRMs. A, sequence alignment of PTB RRM1, -2, -3, and -4 and Nab3 RRM whose structures have been
solved. The alignment was performed using ClustalW (53) and manually optimized using the three-dimensional structural information (49). For the RRMs of
PTB, amino acids interacting with the RNA are shown in red boxes, residues in gray and black boxes are located in the B-sheet and residues in yellow and
cyan boxes are in the a- or 3, helices, respectively (49). Residues in gray boxes form the hydrophobic core of the domains. For the RRM of Nab3, residues in
red boxes are significantly perturbed upon RNA binding. B, comparison of Nab3 RRM (/eft: in yellow and red schematics) and PTB RRM1 (right: in cyan sche-
matics) binding to UCU nucleotides (represented as a stick model). The protein residues that mediate the specific recognition are highlighted as a stick
model. The C-terminal region of PTB RRM1 that mediates the recognition of Us is shown in magenta.

N361A mutant yeast strain shows accumulation of cryptic
unstable transcripts when shifted to glucose,” supporting the
functional significance of this contact in the termination via
the Nrd1 pathway. The Glu**” mutant does not have an im-
pact on RNA binding in vitro and causes only slow growth at
higher temperatures, indicating a minor role of this contact
for the function of Nab3. Altogether, these functional data
corroborate with our structural findings that Nab3 RRM spe-
cifically recognizes the YCU sequence.

Association between Nab3 and Nrd1 Increases the Affinity
to the Termination Sequences—QOur FA experiments
showed that Nab3 RRM binds UCUU with the high micro-
molar range of equilibrium dissociation constant (K), yet
the Nab3 RRM binds nonspecific four-nucleotide RNA
with a K, in the low millimolar range (Fig. 4). The observed
affinity for the specific RNA substrate is weaker than the
affinity usually observed for single canonical RRMs (21,
47). The affinity of Nab3 RRM binding to UCUU is lower
by 2-fold compared with the affinity of PTB RRM1 to
CUCU that also recognizes the YCU motif (Fig. 6) (47).
Interestingly, the apparent K, of Nab3 RRM binding to

7 F. Hobor, D. Hrossova, S. Vanacova, and R. Stefl, unpublished data.
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longer RNAs with multiple UCUU motifs (snR47 and
snR13) are ~50 uM, more than 1 order of magnitude stron-
ger than we observed for a single UCUU motif (Fig. 4). The
increased binding affinity likely originates from the pres-
ence of multiple binding sites and due to the presence of
flanking sequences to the UCUU motif in snR47 and snR13
RNA substrates. The effect of flanking sequences is likely
nonspecific, mediated by electrostatic interactions of addi-
tional phosphate groups. A similar increase in the binding
affinity, when multiple binding motifs are present, has also
been observed for the RRMs of PTB (47). The formation of
multiple complexes between the snR47-derived RNA sub-
strate and an RRM-containing Nab3 construct (Nab3-
(277-565)) has also been observed previously using elec-
trophoretic mobility shift assay (18). It has been also
demonstrated that mutations in the 2nd, 3rd, and 4th posi-
tion of the UCUU motif decrease the binding affinity to the
Nab3-(277-565) (18). Furthermore, our data showed that
Nrd1, the second RNA-binding subunit of the Nrd1 com-
plex containing a single RRM, binds its termination ele-
ment, GUAA, with a low affinity (K, of 66 = 1 uwm; Fig. 4).

Therefore, it is very likely that Nrd1 and Nab3 bind RNA in
a cooperative manner to achieve the nanomolar range of af-
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finity to snR13 RNA, as previously estimated using electro-
phoretic mobility shift assay (EMSA) (19). Indeed, our FA
measurements showed that the Nrd1-Nab3 heterodimer
binds snR13 RNA with a K, in the low nanomolar range, 45
orders of magnitude stronger compared with the individual
RRMs of Nrd1 and Nab3 (Fig. 4E). The RRMs of Nrd1 and
Nab3 do not bind each other (data not shown) and the re-
gions that mediate the formation of the heterodimer are lo-
cated near the N-terminal of each RRM (13).” It is difficult to
assay the binding affinity of full-length Nrd1 and Nab3 indi-
vidually due to their instability (19); the Nrd1 alone rapidly
aggregates.” However, other regions outside of the RRMs of
Nrdl and Nab3 are not expected to contribute significantly to
RNA binding as they do not contain an identifiable RNA-
binding domain. In a similar way, the cooperative RNA bind-
ing of two RRM-containing proteins U2AF®® and U2AF?” is
utilized to enhance the affinity and selectivity in the process
of defining the site of spliceosomal assembly (50, 51).

Implication for Poly(A) Independent Transcription
Termination—We have shown that the RRM of Nab3 binds
specifically the YCU sequence (where Y stands for pyrimi-
dine). This is in good agreement with previous functional data
that led to the proposal of the UCUU sequence as the Nab3
termination element (6, 18). However, the first position of the
UCUU motif is not fully conserved in some snRNA down-
stream sequences (18); it can be either U or C that perfectly
matches our structural findings. Furthermore, the last posi-
tion of UCUU is also not fully conserved but we cannot ex-
plain the recognition of another nucleotide due to the lack of
experimental data for the recognition of this nucleotide in our
structure. Considering the specificity only for the CU dinucle-
otide and relatively weak affinity of Nab3 RRM to YCU-like
sequences, it is evident that Nab3 alone cannot recruit the
Nrdl complex to the correct termination sites. Indeed, we
show the first quantitative evidence that the association of
Nrd1 and Nab3 (each protein contains a single RRM) facili-
tates high affinity binding and sequence selectivity. It remains
to be seen whether additional sequence elements are recog-
nized, in addition to YCU and GUAR, upon the association of
Nrd1-Nab3.
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Background: In contrast to mammalian TRF1 and TRF2, yeast telomeric protein Y/Tayl possesses two Myb domains.
Results: Kinetic and thermodynamic analyses revealed binding properties of individual Myb domains of Y/Taylp.
Conclusion: The combined presence of the two Myb domains synergistically increases the affinity of Y/Taylp to telomeric

DNA.

Significance: The study demonstrates evolutionary tinkering with telomere-associated proteins.

Double-stranded regions of the telomeres are recognized by
proteins containing Myb-like domains conferring specificity
toward telomeric repeats. Although biochemical and structural
studies revealed basic molecular principles involved in DNA
binding, relatively little is known about evolutionary pathways
leading to various types of Myb domain-containing proteins in
divergent species of eukaryotes. Recently we identified a novel
type of telomere-binding protein Y/Taylp from the yeast Yar-
rowia lipolytica containing two Myb domains (Mybl, Myb2)
very similar to the Myb domain of mammalian TRF1 and TRF2.
In this study we prepared mutant versions of Y/Taylp lacking
Mybl, Myb2, or both Myb domains and found that Y/Taylp car-
rying either Myb domain exhibits preferential affinity to both
Y. lipolytica (GGGTTAGTCA),, and human (TTAGGG),, telo-
meric sequences. Quantitative measurements of the protein
binding to telomeric DNA revealed that the presence of both
Myb domains is required for a high affinity of YITaylp to either
telomeric repeat. Additionally, we performed detailed ther-
modynamic analysis of the Y/Taylp interaction with its cog-
nate telomeric DNA, which is to our knowledge the first ener-
getic description of a full-length telomeric-protein binding to
DNA. Interestingly, when compared with human TRF1 and
TREF2 proteins, YITaylp exhibited higher affinity not only for
Y. lipolytica telomeres but also for human telomeric
sequences. The duplication of the Myb domain region in
YiTaylp thus produces a synergistic effect on its affinity
toward the cognate telomeric sequence, alleviating the need
for homodimerization observed in TRF-like proteins possess-
ing a single Myb domain.

* This work was supported, in whole or in part, by grants from Slovak
Research and Development Agency 0035-11 (to L. T.) and 0123-10 (to J. N.),
Scientific Grant Agency 1/0311/12 (to L. T.) and 1/0405/11 (to J. N.), and by
National Institutes of Health Grants ES 03773 and GM 31819 (to J. D. G.).

I This article contains supplemental Table 1 and Figs. 1-3.

" To whom correspondence should be addressed: Dept. of Genetics, Comen-
ius University, Faculty of Natural Sciences, Mlynska dolina B-1, 842 15
Bratislava, Slovak Republic. Tel.: 421-2-60296-433; Fax: 421 2 60296 434;
E-mail: tomaska@fns.uniba.sk.

32206 JOURNAL OF BIOLOGICAL CHEMISTRY

The ends of linear chromosomes are capped by nucleopro-
tein complexes (telomeres) providing a solution to the end-
replication problem and shielding the chromosomal termini
from recognition by exonucleases and DNA repair machinery
(1, 2). The major players in mediating telomeric functions are
proteins directly associated with chromosomal ends. These
include (i) telomerase, a unique reverse transcriptase carrying
its own RNA template representing the major molecular tool
for maintaining telomere length (3), (ii) single-stranded (ss)
DNA-binding proteins (e.g. human and fission yeast Potl or
budding yeast Cdc13) tightly attached to 3’ single-stranded
telomeric overhang through 1-3 OB-folds (4), and (iii) Myb/
homeodomain-containing proteins (e.g. mammalian TRF1,
TRF2, fission yeast Tazl, and budding yeast Rap1) binding to
the double-stranded (ds) repetitive part of telomeres (1, 5).
Other proteins (e.g Rapl, Tin2, and Tppl in Metazoa, Rapl,
Poz1, Tpzl,and Ccql in fission yeasts) associate with telomeres
indirectly via protein-protein interactions, and together with
DNA-binding proteins they form a protective complex called
shelterin (6). Finally, some proteins (e.g. tankyrase, various
nucleases, and DNA repair proteins) form transient contacts
with telomeres, whose frequency and duration depend on the
state of a particular telomere (1).

The sequences of telomere-associated proteins undergo rel-
atively fast evolutionary diversification (7), thus hampering the
identification of their counterparts in distantly related organ-
isms needed to uncover general principles of telomere mainte-
nance. These efforts are made easier by the fact that despite
their dissimilarities at the level of amino acid sequences, telo-
mere-associated proteins share common structural elements
(8). All known ds telomeric DNA-binding proteins contain at
least one conserved Myb/homeodomain, although the rest of
the proteins have very different sequence and domain topology
(1, 8). Thus, Myb domains of known telomeric proteins can be
used effectively as queries for searches within whole genomic
sequences of organisms distantly related to established models
for telomere biology (9-11).
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Yeasts, especially Saccharomyces cerevisiae, Schizosaccharo-
myces pombe, Kluyveromyces lactis, and Candida albicans have
proved to be invaluable models for the studies of telomeres (12).
The ascomycetous fungi are a highly heterogeneous group of
microorganisms comprising more than 1000 known species
resulting from diverse evolutionary trajectories (13), making
them ideal for comparative analysis of telomeres. With this
concept we initiated studies of nuclear telomeres in noncon-
ventional yeast species including Yarrowia lipolytica. We char-
acterized Y. lipolytica mutants lacking telomerase and found
that they rapidly lose telomeric repeats and survive due to
structural changes at the chromosomal ends (14). Character-
ization of proteins associated with the telomeres of this yeast
species led to identification of a protein Tay1 (telomere associ-
ated in Yarrowia lipolytica 1), which (with the exception of its
two Myb domains) does not resemble any known dsDNA-bind-
ing telomeric protein (15). YITayl protein and its homologs
found in S. pombe (Mugl52) and filamentous fungi thus repre-
sent a novel group of proteins protecting the ds portion of
telomeres. It was shown that Y/Tay1p exhibits a preference for
telomeric DNA in vitro and seems to bind to the substrate DNA
as a dimer (15). Interestingly, the sequences of both Myb
domains (Myb1, Myb2) are more similar to the Myb domains of
mammalian TRF1/TRF2 proteins than to Myb domains of yeast
telomeric proteins Rap1 (S. cerevisiae, C. albicans, K. lactis) or
Tazl (S. pombe). However, the contribution of individual Myb
domains to a high affinity binding to telomeric repeats was not
examined, and the binding properties of Y/Tayl were not com-
pared with those of its mammalian counterparts.

Here, using various biochemical and biophysical methods,
we investigated the contribution of each Myb domain to the
specificity of Y/Tayl toward telomeric DNA. We found that
although the individual Myb domains exhibit preferential bind-
ing to telomeric sequences, their combined presence dramati-
cally increases the affinity of the protein for telomeric repeats.
Interestingly, YITayl protein exhibits a substantially higher
affinity for human telomeric repeats than either TRF1 or TRF2,
raising both evolutionary and technical implications.

EXPERIMENTAL PROCEDURES

Microbial Strains—S. cerevisiae W303—1A (MATa, ade2-1,
his3-11, his3-15, leu2-3, leu2-112, trpl-1, ura3-1, canl-100).
Yeast cultures were grown in YPD medium (1% (w/v) yeast
extract (Difco), 2% (w/v) Bacto-peptone (Difco), 2% (w/v) glu-
cose) at 28 °C. Escherichia coli strain DH5a (Invitrogen; F~
D80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17
(rK™, mK™) phoA supE44 N\~ thi-1 gyrA96 relAl) was used for
cloning of recombinant DNA, and strain BL21- (DE3) (Invitro-
gen; F~ ompT hsdSB(rB~, mB™), gal, dem (DE3)) was used for
production of recombinant Y/Tayl—6HN proteins.

Construction of Yeast and Bacterial Expression Vectors Car-
rying Versions of the YITAY1 Gene—Recombinant DNA tech-
niques were carried out by standard procedures (16). The oli-
gonucleotides (supplemental Table 1) were synthesized by
MW G Operon, Metabion, or Sigma. For expression in S. cerevi-
siae, YITAY1 was amplified with primers YITayl_pYES_UP and
YITayl_pYES_DOWN using pTayl—-6HN plasmid DNA (15)
as a template. The primers carried HindIII and Xhol restriction
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sites in regions flanking the start and the stop codons of the
YITAYI open reading frame, respectively. To facilitate efficient
translation initiation, the primer YlTayl_pYES_UP contained
the Kozak sequence (5'-AAAAAA-3") immediately upstream
of the initiation ATG codon. The resulting PCR product was
gel-purified using the Zymoclean Gel Recovery kit (Zymo
Research), digested with HindIII and Xhol, ligated into the
pYES2/CT vector linearized with the same restriction enzymes,
and transformed into E. coli DH5a grown on LB solid media
with 100 wg/ml ampicillin. The resulting plasmid pYES-Tayl
carries YITAY1 under the control of the GALI promoter.

The mutant versions of pYES-Tayl lacking Myb1 (Al) and
Myb2 (A2) were prepared by inverse PCR with primers
AMyb1_UP and AMyb1l_DOWN (for Al) or AMyb2_UP and
AMyb2_DOWN (for A2) using pYES-Tayl DNA as a template.
The resulting PCR fragments were gel-purified, ligated using
T4 DNA ligase, and transformed into E. coli DH5a grown on LB
solid media with 100 wg/ml ampicillin. The mutant lacking
both Myb domains (AA) was amplified by inverse PCR using
AMyb2_UP and AMyb2 DOWN using pYES-Tayl-Al as a
template and cloned analogously as the single mutants. The
mutant versions of pYES-Tayl carrying substitutions at
selected sites within either Myb1 or Myb2 domains were pre-
pared by inversion PCR with the corresponding couple of prim-
ers (their names indicate the mutated amino acids; supplemen-
tal Table 1) using pYES-Tayl DNA as a template. The bacterial
expression vectors carrying mutant versions of Y/Tay1 lacking
Myb domains (pTayl-6HN-A1, -A2, and -AA) were prepared
analogously as described for pYES-Tayl plasmids with the
exception of using pTayl-6HN DNA as a template.

All PCR reactions were performed using 1 unit of Phusion
Hot Start High-Fidelity DNA polymerase (Finnzymes) and con-
tained each dNTP at 200 wM, corresponding primers at 1 um
and 10 ng of template DNA. The conditions of PCR reactions
were adjusted according to the sequences of the primers and
lengths of the final PCR product.

Yeast Growth Conditions and Transformation—Plasmids
carrying WT (pYES-Tayl) or mutant versions of YITAYI gene
(pYES-Tayl-A1, -A2, and -AA) were transformed into S. cerevi-
siae strain W303—1A using the lithium acetate method (17),
and transformants were selected for uracil prototrophy on solid
SD media (0.17% (w/v) yeast nitrogen base, 0.5% (w/v)
(NH,),SO,, 2% (w/v) glucose) containing corresponding amino
acids and bases with the exception of uracil. Cells from single
colonies were grown on SD media, then inoculated into liquid
SGal (the same composition as SD except that instead of glu-
cose, 2% (w/v) galactose was used as a sole carbon source)
media and cultivated for 6 h at 28 °C. Three microliters were
then spotted from 10-fold serial dilutions on either SD (repress-
ible conditions) or SGal (inducible conditions) solid media, and
the growth was inspected after a 3-day cultivation at 28 °C.

Purification of Recombinant YlTayl Proteins—The expres-
sion and purification of various versions of Y/Tay1 protein was
performed essentially as described in Kramara et al. (15) with
several modifications. Bacterial expression plasmids carrying
wild-type (pTayl-6HN-WT) as well as mutant versions
(pTayl-6HN-AL, -A2, and -AA) of YITAYI were transformed
into One Shot BL21(DE3) cells, and the transformants were
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grown on LB plates containing 100 wg/ml ampicillin. The cells
were then inoculated into 30 ml of 2XYT media (1.6% (w/v)
Bacto-Tryptone, 1% (w/v) Bacto-peptone, 1% (w/v) NaCl (pH
7.1)) containing 2% (w/v) glucose, 100 ug/ml ampicillin and
cultivated overnight (15 h) at 37 °C and 225 rpm. The cells were
centrifuged for 5 min at 3000 rpm (Sorvall RT 7 Plus) at 25 °C,
washed once with 2XYT, inoculated into 1 liter of 2XYT con-
taining 100 ug/ml ampicillin, and cultivated at 37 °C and 275
rpm until the A, reached a value of 0.7—0.8. The culture was
cooled to 28 °C followed by the addition of isopropyl B-p-1-
thiogalactopyranoside (final concentration 1 mm) and cultiva-
tion for additional 3 h at 28 °C. The culture was then centri-
fuged for 15 min at 5000 rpm at 4 °C (F10—6 X 500y rotor in
Sorvall RC 6+), the cells were washed once with 200 ml of
ice-cold phosphate-buffered saline, and the pellet was frozen at
—20 °C. The pellet was thawed on ice (30 —45 min) and resus-
pended in a final volume of 30 ml of buffer A (20 mm HEPES-
NaOH (pH 7.3), 300 mm NaCl, 1 mm DTT) containing 1X
Complete (EDTA-free) protease inhibitors (Roche Applied Sci-
ence), 10 mm MgCl,, 50 units of DNase I (Invitrogen), and 2 ug
of PureLink RNase A (Invitrogen). Lysozyme (Sigma) was
added to a final concentration of 1 mg/ml, and the suspension
was incubated for 15 min on ice with occasional shaking. The
cells were broken by sonication (5 X 20 s at a setting of 7 (Bran-
son Sonifer 450)). Each cycle of sonication was followed by 40 s
of incubation on ice. Triton X-100 was added to a final concen-
tration of 0.1% (v/v), and the suspension was incubated for an
additional 15 min on ice. The insoluble material was pelleted by
30 min of centrifugation at 15,000 rpm at 4 °C (F21-8 X 50y in
Sorvall RC 6+). The supernatant was mixed with a 0.5-ml bed
volume of the His-Select(R) Cobalt Affinity Gel (Sigma) equil-
ibrated with 3 X 10 volumes of buffer A. The whole suspension
was transferred to a 50-ml Falcon tube and incubated for 60 —90
min rocking at 7 °C. The beads were then washed 3 times with
20 volumes of buffer A containing 0.1% (v/v) Triton X-100 fol-
lowed by 5 X 10 volumes of the wash buffer I (20 mm HEPES-
NaOH (pH 7.3), 300 mm NaCl, 10 mm imidazole (pH 7.7)), and
5 X 10 volumes wash buffer II (50 mm sodium phosphate buffer
(pH 7.0), 50 mm NaCl, 10 mMm imidazole (pH 7.7)). The beads
were then transferred to a chromatographic column, and the
bound proteins were eluted with 6 X 1 ml of elution buffer (50
mMm sodium phosphate buffer (pH 7.0), 50 mm NaCl, 500 mm
imidazole (pH 7.7)). The fractions containing Y/Tayl protein
(or its mutant versions) were loaded onto 5-ml PD MidiTrap
G-25 columns (GE Healthcare) prewashed three times with
elution buffer without imidazole. The presence and purity of
proteins were verified by 10% SDS-PAGE stained with Coomas-
sie Brilliant Blue R-250. Concentrations of proteins were deter-
mined by the Bradford assay (Bio-Rad), and proteins were
stored in 100-ul aliquots at —80 °C.

Electrophoretic Mobility Shift Assay (EMSA)—The double-
stranded YITEL50 probe (carrying 5 Y. lipolytica telomeric
repeats)) used for EMSA was prepared by digestion of 15 ug of
pMH25 plasmid (15) in a final volume of 50 ul using 50 units of
EcoRI (New England Biolabs) followed by dephosphorylation
using 50 units of calf intestinal phosphatase. The resulting
50-bp fragment was gel-purified using the ZymoClean gel
extraction kit (ZymoResearch). The gel-isolated YITEL50 DNA
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was labeled with 10 units of T4 polynucleotide kinase (Fermen-
tas) and 50 uCi of [y->*P]ATP (final concentration 0.5 um) for
60 min at 37 °C in a final volume of 20 ul. Reactions were diluted
to 50 ul with water, and the labeled oligonucleotide was puri-
fied using G-50 Sephadex (GE Healthcare). The binding reac-
tion and gel electrophoresis were performed as described (15).

Electron Microscopy—The typical DNA binding reaction for
electron microscopy was performed in 10 ul of 1X HN buffer
containing 5 ng/ul substrate DNA and 7-10 ng/ul purified
YITaylp. The reactions were carried out at room temperature
for 15 min followed by the addition of 10 ul of 1.2% glutaralde-
hyde and incubation at room temperature for additional 6 min.
To remove the unbound proteins and fixative, the samples were
diluted to 50 ul in HN buffer and passed over 2-ml columns of
6% agarose beads (ABT Inc., Burgos, Spain) equilibrated with
TE buffer (10 mm Tris-HCI, (pH 7.4), 0.1 mm EDTA-NaOH).
Aliquots of the fractions containing the complexes were mixed
with a buffer containing spermidine and adsorbed onto copper
grids coated with a thin carbon film glow-charged shortly
before sample application. After adsorption of the samples for
2-3 min, the grids were dehydrated through a graded ethanol
series and rotary shadowcast with tungsten at 10~ 7 torr (18).
Samples were examined in an FEI T12 TEM equipped with a
Gatan 2kx2k SC200 CCD camera. Dimensions of particles in
the images saved from the CCD cameras were analyzed using
Digital Micrograph software (Gatan, Inc.). Adobe Photoshop
software was used to arrange images into panels for publication.

Isothermal Titration Calorimetry (ITC)’—ITC measure-
ments were performed on a VP-ITC instrument (Microcal; GE
Healthcare) at 25 °C. Solutions of protein and DNA were pre-
pared with the same batch of buffer (50 mm sodium phosphate,
50 mm NaCl (pH 7.0)) to minimize artifacts due to minor dif-
ferences in buffer composition. The duplex portion of the telo-
meric DNA was prepared by hybridizing the complementary
strands at a 1:1 molar ratio. The proper formation of the duplex
was checked by ion-exchange chromatography using Mono Q
HR 5/5 column (GE Healthcare) with a NaCl gradient from 0.1
to 2.0 M. The protein solution (11 um) was degassed and placed
in the cell (1.423 ml). The DNA solution (50 um) in a syringe
was gradually added to the protein solution in 25 injections of
10 pl at intervals of 5 min while stirring at 242 rpm. The exper-
imental data were fitted in Origin 7.0 software supplied with the
instrument using a one-site binding model. From the fit, the
binding enthalpy change (AH), association constant (K,) and
binding stoichiometry () were obtained. Binding free energy
(AG) and entropy (AS) contributions were determined from the
standard equation AG = —RTIn K, = AH X TAS. The uncer-
tainties in the parameters obtained are given by standard devi-
ation of three independent measurements and the minor inac-
curacy in determination of protein and DNA concentrations
(relative error contribution 10%).

Fluorescence Anisotropy—The equilibrium binding of Y/Tayl
protein variants to DNA oligonucleotide duplexes containing 1.5
telomeric repeat was analyzed by fluorescence anisotropy. The
DNA oligonucleotide labeled with the Alexa Fluor 488 (Invit-

2 The abbreviations used are: ITC, isothermal titration calorimetry; FA, fluores-
cent anisotropy.
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rogen) was allowed to hybridize with the complementary oligo-
nucleotide at an equimolar ratio. The complete formation of
the duplex was verified by PAGE. The measurements of fluo-
rescence anisotropy were conducted on a FluoroMax-4 spec-
trofluorometer (Horiba Jobin-Yvon, Edison, NJ) equipped with
a thermostable cell holder and magnetic stirrer. Samples were
excited with vertically polarized light at 490 nm, and both ver-
tical and horizontal emissions were recorded at 520 nm. The
integration time was 3 s. All measurements were conducted at
25 °C in 50 mum sodium phosphate buffer (pH 7.0) containing 50
mM NaCl. A fixed delay of 120 s was set between each protein
aliquot addition and start of the measurement to allow the
binding reaction to reach equilibrium. This delay was sufficient,
as no further change in anisotropy was observed. Each data
point is an average of three measurements. The experimental
binding isotherms were analyzed by nonlinear least squares
regression in SigmaPlot 11 software (Systat Software) using a
single-site binding model according to Heyduk and Lee (19)
and confirmed by numerical approach using DynaFit software
(20).

RESULTS

Heterologous Expression in S. cerevisiae Is a Convenient Sys-
tem for Assessing the Role of Myb Domains on the Activity of
YlTaylp—In silico analysis of the amino acid sequence of
YITayl protein revealed that it contains two putative Myb
domains (Ref. 15, Fig. 14). To investigate their contribution to
the biological effects of the protein, we took advantage of a
serendipitous finding that the expression of the YITAYI gene
from a strong (ADHI) promoter inhibits growth of S. cerevi-
siae.® To test the possibility that the inhibitory effect of YITAY1
expression is due to its DNA binding activity, we prepared an
expression vector with the YITAYI gene and its mutant ver-
sions under the inducible GALI promoter. As expected,
whereas the growth of the transformants carrying the wild-type
YITAYI (WT) on glucose was similar to the control strain, their
growth was dramatically reduced on media containing galac-
tose as a sole carbon source (Fig. 1B). Next, we tested the
mutant version of Y/Taylp lacking both putative Myb domains
(AA) and found that their growth on galactose was restored,
indicating that the DNA binding activity of Y/Tay1lp is respon-
sible for the growth inhibition (Fig. 1B). Importantly, expres-
sion of the mutant versions of Y/Taylp lacking either Mybl
(A1) or Myb2 domain (A2) did not interfere with the growth of
S. cerevisiae, demonstrating that both Myb domains are essen-
tial for inhibition of growth mediated by the expression of
YITaylp on S. cerevisiae.

Although the molecular mechanism responsible for the
inhibitory effect of Y/Taylp on S. cerevisiae is not clear (see
“Discussion”), the fact that it is dependent on the two Myb
domains enables studies assessing the importance of specific
amino acid residues for DNA binding of Y/Tay1p. With this aim
we constructed a series of mutant versions of YITAYI carrying
mutations in the conserved positions of the Myb domains. The
mutations were designed based on the phenotypes of the ver-
sions of hTRF2 mutated in different positions of its Myb

3 A. Mihalikova, S. Kinsky, and L. Tomaska, unpublished results.
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FIGURE 1.YITay1p contains two TRF-like Myb domains, both necessary to
confer growth inhibition in S. cerevisiae. A, shown is conserved features of
Myb domains of human TRF1 and TRF2 proteins and two Myb domains of
Y[Tay1p. Amino acid alignment was produced by ClustalW. Indicated are the
positions mutated in the corresponding mutant variants of Y/Tay1p, chosen
according to the results of Hanaoka et al. (21) and Konishi and de Lange (22).
Closed circles, amino acids that interact with DNA bases; open triangles, amino
acids that interact with the sugar-phosphate; closed triangles, amino acids
that interact with both DNA bases and sugar-phosphate; solid lines, helical
regions (positions of the residues in human TRF1 are adopted from Hanaoka
et al. (21)). Arrow, see “Discussion.” B, the inhibitory effect of galactose-in-
duced expression of YITAY1 gene from GALT promoter on growth of S. cerevi-
siae can be alleviated by deletion of Myb1, Myb2, or both Myb domains. The
scheme on left illustrates the nomenclature of the deletion mutants lacking
Myb1 and/or Myb2 used in this study. C, the inhibitory effect of expression of
YITAY1 gene on growth of S. cerevisiae is alleviated by point mutations in
some of the conserved amino acids.

domain (21, 22) (Table 1). The mutated genes were then
expressed under the GALI promoter to assess their effect on
growth of S. cerevisiae. We found that although two mutant
versions of Y/Taylp (E159K and E246K) inhibited growth of
S. cerevisiae cells on galactose, four versions (I178A, R189E,
1264A, and R283E) lost this ability (Fig. 1C, Table 1). The same
phenotype observed for deletion mutants and mutants carrying
point mutations indicates that the deletion mutants (A1, A2,
AA) can be used for a detailed biochemical analysis of the DNA
binding properties exhibited by individual Myb domains. Fur-
thermore, these results demonstrate that this heterologous
experimental system has a potential for fine mapping of the

JOURNAL OF BIOLOGICAL CHEMISTRY 32209

2102 ‘8T Jaquwaldas uo ‘exsewo] liwogn Ag 610 ogl-mmm wol) papeojumoq


http://www.jbc.org/

Biochemical Analysis of Tay1p Binding to Telomeres

TABLE 1

The positions mutated in Y/Tay1p and corresponding mutations in
hTRF1/hTRF2

The positions were selected based on the studies of Hanaoka et al. (21) and Konishi
and de Lange (22).

Mutation in Corresponding mutation Inhibition of growth
YlTaylp in hTRF2/mTRF2 in S. cerevisiae
WwWT Yes
Al No
A2 No
AA No
Mybl_E159K E454K/E449K Yes
Mybl_I178A 1473A/1468A No
Mybl_R189E R482E/R477E No
Myb2_E246K E454K/E449K Yes
Myb2 1264A 1473A/1468A No
Myb2_R283E R490E/R485E No

YITaylp protein (for example by mutagenic PCR) because it
provides a convenient read-out for mutations disabling DNA
binding.

Each Myb Domain of YlTaylp Mediates Preferential Binding
to Telomeric Repeats—The experiments in S. cerevisiae indi-
cated that both Myb domains of YI/Taylp are important for
mediating the effect of the protein, but they did not reveal
whether loss of a single Myb domain results in the inability of
YITaylp to bind DNA, or alternatively, if it is due to changes in
its specificity toward telomeric sequences. To address this
issue, we prepared a set of bacterial expression vectors carrying
the three-deletion versions of Y/Taylp (A1, A2, AA). The WT as
well as mutant proteins were produced in E. coli, purified by
affinity chromatography (Fig. 24), and assayed for their DNA
binding activities in vitro using EMSAs. These experiments
demonstrated that, similar to WT protein, both single mutants
(A1, A2) exhibit DNA binding (Fig. 2B), indicating that a single
Myb domain is fully competent for DNA binding. The double
mutant (AA) did not exhibit any observable binding, demon-
strating that at least one Myb domain is necessary for DNA
binding in vitro (Fig. 2B).

To assess the ability of various versions of Y/Taylp to bind to
telomeric repeats, the purified recombinant proteins were
incubated with the plasmid pYLTELS81 digested with BfuAl,
thus producing linear DNA molecules carrying 81 Y. lipolytica
telomeric repeats at one end (15). Visualization of the DNA-
protein complexes by electron microscopy clearly showed that
in contrast to the double-mutant lacking both Myb domains
(AA), all three versions of the Y/Tayl protein carrying at least
one Myb domain (WT, A1, A2) bound almost exclusively to the
telomeric tract, with only a low binding activity observed
toward the internal, non-telomeric region of the plasmid (Fig.
2C). Thus, single Myb domains (Myb1, Myb2) of Y/Taylp not
only have the ability to bind DNA but also exhibit preferential
binding to telomeric sequences.

Measurements of Thermodynamic Parameters of Y{Taylp by
Isothermal Titration Calorimetry Reveal Its High Affinity Bind-
ing to Telomeric Repeats in Dimeric Form—To gain insight into
the affinity and thermodynamics of wild-type Y/Taylp binding
to the DNA substrate, we performed measurements of Y/Taylp
binding to the 1.5 of the Y. lipolytica telomeric repeat (YITR1.5;
5'-TTAGTCAGGGTTAGT-3") by ITC. We used 1.5 telomeric
repeats because EMSA analysis indicated that it represents the
minimal binding site for Y/Taylp (15). A typical ITC profile
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preference for telomeric repeats. A, shown is SDS-PAGE analysis of purified
6xHN-Y/[Tay1 protein and its mutated versions lacking Myb1 (A1), Myb2 (A2),
and both (AA) Myb domains. B, electrophoretic-mobility shift assay demon-
strates that both Myb domains of Y/Tay1p are able to bind telomeric DNA.
YITR5.0, double-stranded DNA probe carrying 5 Y. lipolytica telomeric repeats.
C, shown is electron microscopic analysis of the binding of WT and mutant
versions of Y/Tay1p to a model telomere containing 81 Y. lipolytica telomeric
repeats. The total length of the linearized plasmid is 3500 bp; the length of the
telomerictractis 810 bp. The bound protein is represented by dark particles at
the terminal parts of DNA molecules.

obtained at 25 °C is shown in Fig. 3, top panel. Exothermic heat
pulses were observed after injections of DNA into the protein
solution. Each area of the exothermic peak was integrated and
corresponded to actual concentrations of the reacting mole-
cules. The values of molar heat of binding for each injection
were plotted as a function of DNA:protein molar ratio (Fig. 3,
bottom panel). The resulting thermogram showed a best-fit
according to a model for a single binding site by using a non-
linear least squares method. The thermodynamic parameters,
indicated in Fig. 3, bottom panel, were determined from the fit.
The experimental errors of the thermodynamic values shown
comprise a standard deviation of the fit for three independent
experiments and the accuracy in determination of reactant
concentrations.

The ITC experiments revealed that Y/Taylp binds to the
double-stranded telomeric DNA with relatively high affinity
(K, = 80 nm) (Fig. 3). Furthermore, the position of the
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FIGURE 3. Isothermal calorimetric titration of 15-bp telomeric DNA
duplex into full-length YITay1 protein. The measurements were con-
ducted at 25 °Cin 50 mm sodium phosphate buffer (pH 7.0) containing 50 mm
NaCl. The top panel shows the primary titration data; the lower panel shows
the binding isotherm constructed from the primary data. The model curve
(gray) represents the result of a nonlinear least squares fitting of the binding
isotherm.

inflection point of the thermogram indicates that one molecule
of the DNA duplex YITR1.5 is bound by two molecules of
YITaylp (Fig. 3). The thermodynamic data show that the rela-
tively high negative binding enthalpy (AH = —19 kcal/mol) is
partly compensated by entropy contribution (AS = —30 cal/
mol/K™%; —TAS = 9 kcal/mol). The negative binding enthalpy
observed by isothermal titration calorimetry demonstrates the
formation of hydrogen bonds and van der Waals interactions
during protein-DNA complex formation. Additionally, the cal-
culated negative entropy change corresponds to the constraint
of the intramolecular vibrational flexibility and the reduction in
the translational and rotational degrees of freedom after forma-
tion of the nucleoprotein complex (23). The enthalpy and
entropy contributions result in a well pronounced free energy
of binding (AG = AH — TAS = —10 kcal/mol), which corre-
sponds to the observed high binding affinity. From the thermo-
dynamic parameters obtained, it is obvious that the DNA
binding of Y/Tay1 protein is enthalpy-driven. Overall, the ther-
modynamic analysis of Y/Taylp binding to Y. lipolytica telo-
meric DNA disclosed the high affinity and dimeric protein
binding stoichiometry.

The High Affinity Binding of YlTaylp to Telomeric Repeats Is
a Result of Synergic Effect of the Two Myb Domains—If both
Myb domains of Y/Taylp are able to bind preferentially to telo-

SEPTEMBER 14, 2012+VOLUME 287+-NUMBER 38

Biochemical Analysis of Tay1p Binding to Telomeres

meric repeats, what is their contribution to the overall binding
characteristics of the protein? To address this question, we
employed fluorescent anisotropy (FA) and compared the bind-
ing affinity of WT along with the mutant versions of Y/Taylp
lacking Myb domains. The binding affinity of Y/Tay1p variants
to double-stranded DNA was monitored by FA measurement.
If the solution contains only free fluorescently labeled DNA
molecules, FA is relatively low, due to the fast rotational rear-
rangement of DNA molecules. If the protein aliquots are added
to the solution of labeled DNA, a bulky slower rotating protein-
DNA complex is formed, and the anisotropy value increases.
We used YITR1.5 (labeled with Alexa Fluor 488) as a DNA
substrate for Y/Taylp binding assays (same substrate as the one
used for ITC experiments). The anisotropy change described
the extent of Y/Taylp variants binding to telomeric DNA
duplex. The equilibrium binding affinity was quantified by
analysis of the recorded binding isotherms.

Importantly, both the association (K,) and dissociation (Kp)
constants obtained from the measurements of binding of WT
YITaylp to the DNA were in excellent agreement with these
parameters calculated from the ITC data (Fig. 4, Table 2). The
measurements of the binding of the mutant versions of Y/Tay1p
to the telomeric oligonucleotide revealed that both single
mutants (A1, A2) exhibit almost 4-fold lower affinity to the
substrate than the WT protein (Fig. 44; Table 2). The mutant
version of YI/Taylp lacking both Myb domains (AA), in agree-
ment with the experiments described above, exhibited negligi-
ble binding to the DNA (Fig. 44; Table 2). Thus, the equilibrium
binding data support the cooperative contribution of both Myb
domains to the overall high DNA binding affinity of Y/Taylp.

YiTayl Protein Exhibits Higher Binding Affinity to Both
Y. lipolytica and Human DNA Telomeric Repeats Than Human
TRF1 and TRF2—As the amino acid sequences of both Myb
domains of Y/Taylp are highly similar to the Myb domains of
hTRF1 and hTRF2 (15), it was of interest to compare the bind-
ing affinity of all three proteins (Y/Taylp, hTRF1, and hTRF2)
to either Y. lipolytica (YITR1.5) or human (HsTR2.0) telomeric
DNA. The binding of Y/Tay1p variants to double-stranded telo-
meric oligonucleotides was monitored by fluorescence anisot-
ropy. As one would assume, Y/Taylp exhibited much higher
(13-23-fold) affinity for the Y. lipolytica telomeric DNA
(YITR1.5) than either hTRF1 or hTRF2 (Fig. 4B, Table 2).

Surprisingly, the same result was observed when a human
telomeric oligonucleotide was used for the binding reaction.
Whereas the affinity of hTRF1 (K, = 114 nm) and hTRF2 (K, =
135 nm) for HsTR2.0 was similar to the affinity of Y/Taylp for
YITR1.5 (K, = 81 nm), WT YITaylp bound human telomeric
oligonucleotide with an ~8-fold higher affinity than either of
the human telomeric proteins (Fig. 4B, Table 2). Further ITC
analysis of WT YI/Taylp binding to human telomeric DNA oli-
gonucleotide HsTR2.0 has shown binding stoichiometry 2:1
(protein:DNA); i.e. two molecules of Y/Taylp bind one dsDNA
oligonucleotide. Moreover, the ITC measurement confirmed
the higher binding affinity (K,'"“ = 18 nm) of WT YI/Taylp to
human telomeric dsDNA HsTR2.0 (data not shown). Even one
of the single mutants lacking the Myb1 domain (A1) exhibited
more than a 2-fold higher affinity for HsSTR2.0 than hTRF1 or
hTREF2; similarly, the affinity of A2 was 2-fold higher than in the

JOURNAL OF BIOLOGICAL CHEMISTRY 32211

2102 ‘8T Jaquwaldas uo ‘exsewo] liwogn Ag 610 ogl-mmm wol) papeojumoq


http://www.jbc.org/

Biochemical Analysis of Tay1p Binding to Telomeres

A

>

a

2

s 0.18 i

0

s

o 014 | .

Q

c

3

n 010 B =

2

E

T 0.06 ! ‘ ’ , O
0 100 200 300 400

Tay1 (nM)

o
N
[N

Fluorescence anisotropy U0
o
o

0.14
0.10
0.06 | 7 . . . ,
0 100 200 300 400
Tay1 (nM)
C
> @ TRF1->human DNA ! '
Q. (.22 W TRF2->human DNA 3
o O TRF1->Y. lipol. DNA
£ L O TRF2->Y. lipol. DNA
) I
2 0.18
©
8 0.14
o
o
g 0.10 f
]
=
i 0.06 | & e

0 . 100 200 300
TRF1 or TRF2 (nM)

FIGURE 4. Binding of YITay1 protein to telomeric dsDNA. A, shown is equi-
librium binding of full-length YITay1 (WT, close circle) protein and its deletion
variants lacking Myb1 (A1, open square), Myb2 (A2, close triangle), and both
Myb domains (AA, open diamond) to fluorescently labeled DNA duplex
YITR1.5 monitored by fluorescence anisotropy. The 15-bp telomeric dsDNA
(10 nm) was titrated with protein solution at 25 °Ciin 50 mm sodium phosphate
buffer (pH 7.0) containing 50 mm NaCl. The sequence of the DNA was the
same as used in ITC studies. B, shown is equilibrium binding of full-length
Y[Tay1 protein and its deletion variants to human telomeric dsDNA hTR2
monitored by fluorescence anisotropy. The conditions were the same as in A.
C, shown is equilibrium binding of full-length TRF1 and TRF2 to human telo-
meric DNA HsTR2.0 (close circle, close rectangle, respectively) or to Y. lipolytica
telomeric DNA duplex YITR1.5 (open circle, open rectangle, respectively). The
experimental conditions were the same as described in A.

case of the human proteins (Fig. 4B, Table 2). Altogether, com-
parison of the binding affinity of Y/Taylp variants to Y. lipoly-
tica and human telomeric DNA demonstrated that Y/Taylp
binds both telomeric sequences significantly tighter than
human telomeric proteins TRF1 and TRF2.
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TABLE 2

Parameters of binding of Y/Tayl1p, hTRF1, and hTRF2 to Y. lipoly-
tica (YITR1.5) and human (HsTR2.0) telomeric oligonucleotides
obtained by FA measurements

ND, not determined.

HsTR2.0

Fit relative
error

YITR1.5

Fit relative
error

Protein K, x107¢ K K,x107° K,

Mt nm % Mt nm %
WwWT 12.30 81 11 66.7 15 8
Al 3.30 302 12 22.7 44 12
A2 3.28 305 11 16.9 59 21
AA <0.33 >3000 ND 0.58 1700 30
hTRF1 0.91 1100 18 8.77 114 16
hTRF2 0.53 1900 11 7.41 135 6
DISCUSSION

Telomere binding factors associated with either ss- or
dsDNA regions of the chromosomal ends represent an evolu-
tionarily highly divergent group of proteins (7, 8). Their only
common feature is the presence of a conserved sequence
and/or structural domain (OB-fold or Myb domain) mediating
specific binding to telomeric repeats. However, the topology
and the number of these DNA binding modules on the corre-
sponding proteins greatly vary. Comparative analysis of the
representatives of various types of telomere-binding proteins is
the only approach enabling extraction of both specific and gen-
eral characteristics of telomere protection in eukaryotes (12).

YITaylp of Y. lipolytica together with its homologues in
S. pombe (Mugl52) and basidiomycetous fungi (15, 24) repre-
sent a unique group of telomeric proteins possessing two Myb
domains that exhibit high similarity to the Myb domains of
mammalian TRF1 and TRF2. The similarities between amino
acid sequences of the Myb domains in some cases approaches
50% identity (Myb1 of YITaylp and Myb of TRF1; (15)), which
is a much higher value than that of the Myb domain of SpTaz1,
the most intensively studied fungal telomeric protein consid-
ered to be a functional orthologue of TRF1/TRF2. The main
difference between YITaylp and SpTazlp, TRF1, or TRF2is the
presence of two Myb domains within the single polypeptide of
Taylp. Although our previous data (gel filtration, electron
microscopy) indicate that Y/Taylp forms oligomers in vitro, it is
possible that in contrast to SpTazlp, TRF1, and TRF2, where
homo-oligomerization is a prerequisite for high affinity DNA
binding, the tandem Myb domains of Y/Taylp would allow a
single monomer of the protein to bind effectively its target
sequences.

The data supporting this hypothesis are derived from an arti-
ficial, yet highly informative experimental system. When we
tried to test the ability of Y/Taylp to bind Y. lipolytica telomeric
repeats using the one-hybrid system, we were unable to trans-
form S. cerevisiae with an expression plasmid carrying the
YITAY1I gene under the control of a strong constitutive ADH1
promoter.® When we placed YITAYI under the inducible GAL1
promoter, we demonstrated that the expression of this gene
inhibits growth of S. cerevisiae (Fig. 1). We currently do not
understand the reason for this inhibitory effect. EMSA assays
using Y. lipolytica, S. pombe, and S. cerevisiae telomeric tracts
as probes revealed that Y/Taylp is able to bind to telomeres of
distantly related yeast species in vitro (supplemental Fig. 1).
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However, it is unlikely that the inhibition of growth of S. cerevi-
siae cells expressing the YITAY1 gene is caused by its binding to
telomeres. First, we did not observe any differences in telomere
length in the S. cerevisiae-expressing YITAYI gene when the
cells were transferred from glucose to galactose (supplemental
Fig. 2). Second, YITAYI seems to be an essential gene for
Y. lipolytica (similarly to its S. pombe homologue Mug152 (15)),
which is able to survive in the absence of telomeric repeats (14).
It is more likely that in S. cerevisiae YITaylp competes for the
binding sites with essential DNA-binding proteins, possibly
ScRaplp and/or ScTbflp, both telomere-associated proteins
that are indispensable not due to their telomeric functions but
due to their binding to nontelomeric sites within the S. cerevi-
siae genome (25, 26). Displacement of such proteins by Y/Tay1lp
may thus interfere with their vital functions. Regardless of the
reason, the ability of Y/Tay1p to inhibit growth in S. cerevisiae is
dependent on its DNA binding activity (Fig. 1). The fact that
mutant versions lacking either Myb1 or Myb2 domain do not
affect growth of S. cerevisiae indicates that the high affinity
binding is achieved by the concerted action of both Myb
domains.

Experiments reconstituting the binding of Y/Taylp and its
mutant versions to telomeric sequences using EMSA and elec-
tron microscopy revealed that the individual Myb domains
bind DNA (Fig. 2B) and exhibit preference for telomeric
sequences (Fig. 2C). It is likely that the binding of the mutant
proteins containing a single Myb domain results from oligo-
merization of the protein (see above). On one hand, this would
suggest that the primary function of oligomerization for the
wild-type protein is not to facilitate the specific binding to the
DNA substrate but to mediate formation of telomere-telomere
bridges as observed in our previous report (15). On the other
hand, when the protein lacks a single Myb domain but retains
its ability to form oligomers, it should still bind DNA with some
specificity similar as in the case of the single hTRF1 Myb
domain, which is able to specifically bind to human telomeres
(27,28). This line of argument together with data from S. cerevi-
siae (Fig. 1) predicts that even though single deletion mutants
exhibit a preference for telomeric repeats, their affinity for the
substrate should be substantially lower than in the case of wild-
type protein.

The ITC and FA measurements point to exactly that direc-
tion (Figs. 3 and 4). Single deletion mutants lacking either Myb1
or Myb2 domain exhibited an almost 4-fold lower affinity for
the Y. lipolytica telomeric sequence than the wild-type protein.
This indicates that Y/Taylp Myb domains act synergistically to
set the affinity of the protein to the values observed by both ITC
and FA (K, = 70— 80 nm). Similar K, values have been obtained
for binding of human TRF1 and TRF2 to human telomeric
repeats (Fig. 4B, Table 2). These values are in good agreement
with data obtained by Hanaoka et al. (21), although these
authors observed that the DNA binding domain of hTRF1 has
an almost 4-fold higher affinity for human telomeric repeats
(K, ~ 200 nm) compared with hTRF2 (K, ~ 750 nm). The K,
values for h-TRF1 DNA binding domain obtained by Konig ez al.
(27) were much lower (~3 nm). Furthermore, we compared the
K, values obtained for YlTaylp lacking either the Mybl or
Myb2 domain with those of plant proteins from the SMH fam-
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ily containing single Myb-like domains (29). We found that the
affinities observed for Y/Taylp variants with only one Myb
domain fall into the interval observed for the SMH proteins (K,
~ 100 —400 nMm).

The thermodynamic values determined by isothermal titra-
tion calorimetry are in good agreement with the values
described in the single previous thermodynamic study showing
equivalent c-Myb domain interaction with their cognate DNA
sequence (30). In this study, Oda et al. (30) characterized the
specific binding of c-Myb R2R3, containing two Myb domains,
to its cognate DNA sequence using isothermal titration calo-
rimetry. The value of binding enthalpy for c-Myb R2R3 at 25 °C
(AH = —15 kcal/mol) is in good agreement with the value —19
kcal/mol measured for the Y/Taylp interaction with DNA in
our study. Similarly, values of free energy of binding AG are
comparable: —10 kcal/mol for YITaylp and —12 kcal/mol for
c-Myb R2R3; both values were measured at 25 °C. The compa-
rable values of thermodynamic parameters for DNA binding of
¢-Myb R2R3 or YITaylp, both containing two DNA binding
domains, allow us to speculate that the binding is mediated by
the same number of Myb domains. So, even though two mole-
cules of YiTaylp containing a total of four DNA binding
domains bind to the target sequence, only two DNA binding
domains may take part in the interaction with DNA at any time.
Itis possible that the remaining two DNA binding domains may
contribute to interactions leading to shaping of telomeric DNA
into higher-order structures in vivo. The comparison of
YITaylp binding affinity to its cognate Y. lipolytica and human
telomeric DNA reveals unexpected results. Intriguingly,
YITaylp exhibits about 8-fold higher affinity for human telo-
meric repeats than its mammalian counterparts (in fact, it binds
to human telomeres with about 4-fold higher affinity than to its
native Y. lipolytica telomeric substrate) (Fig. 4B, Table 2).
Hanaoka et al. (21) observed that several substitutions at criti-
cal positions within the Myb domain substantially increased the
affinity of binding of hTRF2, indicating that the natural selec-
tion does not necessarily lead to maximization of the binding
affinity. In addition to differences in amino acid sequences, the
higher affinity binding of Y/Taylp to human telomeric repeats
compared with hTRF1/hTRF2 may be caused by the presence
of tandem Myb domains on a single polypeptide, making the
binding more efficient than in the case of a single Myb domain-
carrying protein that provides the two Myb domains in the
form of homodimer. The observation that the affinity of Al
version of YITaylp is within the same range as the TRF1/TRF2
goes in line with this argument (providing it still can form
homo-oligomers observed for wild-type protein). Yet it is sur-
prising that A1 has higher affinity for the human probe than A2,
as Mybl1 (retained in A2) is more similar to the Myb domain of
TRF1/TRF2 than Myb2 (retained in A1), especially when both
single mutants exhibit very similar affinity to Y. lipolytica telo-
meric repeats. At present we do not have an explanation for this
discrepancy. Perhaps the presence of a lysine in Mybl, in the
position in which serine or alanine mediate the contact with
DNA (Fig. 1A, arrow; Ref 21), is responsible for a decreased
binding of the Myb1 domain to the human telomeric sequence.
As in the case of other telomere-binding proteins, like TRF1,
TRF2, and ScRapl (21, 27, 28, 31-33), more detailed structural
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analysis of Y/Taylp (or at least its Myb domains) would be
highly instrumental in addressing these issues.

The observations that Y/Taylp exhibits higher affinity for
human telomeres than to Y. lipolytica telomeres and that it
shows lower dissociation constants for binding to human
telomeres than human telomeric proteins TRF1/TRF2 under-
line one important general evolutionary principle: natural
selection does not necessarily lead to maximization of the affin-
ity of a particular DNA-binding protein to its cognate DNA
substrate. Perhaps the binding properties of a DNA-binding
protein are tuned to inferior values, thus, enabling its dynamic
association with the target DNA loci.

Comparative analyses, similar to that presented in our study,
allow one to formulate hypotheses about evolutionary paths
leading to contemporary telomeric binding factors. Even when
limiting the comparison to fungi and mammals and disregard-
ing proteins like Tbf1 able to bind telomeric repeats in vitro but
binding to subtelomeric regions in vivo (25), the repertoire of
Myb domain-containing proteins directly associated with dou-
ble-stranded regions of telomeres is quite wide. Modern fungal
or mammalian cells contain a diverse combination of three
major players: (i) TRF-like proteins (SpTazl, TRF1, TRF2) pos-
sessing a single Myb domain and binding to telomeres as homo-
oligomers (although a Myb domain of hTRF1 can bind to telo-
meric sequence (27)), (ii) Y/Tayl-like with two tandem Myb
domains exhibiting high similarity to Myb domains of TRF-like
proteins, and (iii) ScRapl-like proteins possessing two Myb
domains exhibiting a weak similarity to the former two groups
of proteins (32). The evolution of these three groups of proteins
could have proceeded in two phases (supplemental Fig. 3). Dur-
ing the first phase, the ancestral genomes accumulated precur-
sors of all three types of proteins possibly via the neutral evolu-
tionary ratchet (34) involving gene and domain duplications.
This might have generated a complex set of proteins that could
have adapted to either general functions related to regulation of
gene expression or more specialized functions at telomeres. In
some cases the proteins started to play both telomere- and non-
telomere-associated roles (ScRaplp, Y/Taylp) making them
essential components of the cell. In other cases, all three types
of proteins were adopted for a specialized function(s), leading
to loss of DNA binding activity (SpRapl, hRapl) and/or gene
loss (there does not seem to be a Y/Tayl-like protein in mam-
malian cells and conventional yeast models like S. cerevisiae,
K lactis, C. albicans, or S. pombe). Are there any advantages of
having two single Myb domain-containing proteins versus a
protein containing two Myb domains within a single molecule?
For example, the former is probably more dynamic in its effect
(in response to its cellular level) as a certain minimum level of a
protein is necessary to form homodimers with a reasonably
high binding affinity. In addition, having two separate telomeric
proteins forms a basis for higher levels of regulation that may be
important for complex mammalian cells. On the other hand,
the latter results in formation of more stable complexes inde-
pendently of the instantaneous concentration of the protein
and thus may be more tolerant to changes in environmental
conditions as could be expected in single-cell organisms. Future
studies on telomere-binding proteins as well as other compo-
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nents involved in telomere maintenance from various phyloge-
netic groups will fill the gaps in this incomplete picture.
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RESEARCH COMMUNICATION

Serine phosphorylation
and proline isomerization
in RNAP II CTD control
recruitment of Nrd1

Karel Kubicek,"®> Hana Cerna,'® Peter Holub,'
Josef Pasulka,' Dominika Hrossova,! Frank Loehr,”
Ctirad Hofr,' Stepanka Vanacova,'*

and Richard Stefl'*

ICEITEC-Central European Institute of Technology, Masaryk
University, Brno, 62500, Czech Republic; “Institute of
Biophysical Chemistry, Center for Biomolecular Magnetic
Resonance, Goethe-University Frankfurt, 60438 Frankfurt am
Main, Germany

Recruitment of appropriate RNA processing factors to the
site of transcription is controlled by post-translational
modifications of the C-terminal domain (CTD) of RNA
polymerase II (RNAP II). Here, we report the solution
structure of the Ser5 phosphorylated (pSer5) CTD bound
to Nrdl. The structure reveals a direct recognition of
pSer5 by Nrd1 that requires the cis conformation of the
upstream pSer5-Pro6 peptidyl-prolyl bond of the CTD.
Mutations at the complex interface diminish binding
affinity and impair processing or degradation of noncoding
RNAs. These findings underpin the interplay between
covalent and noncovalent changes in the CTD structure
that constitute the CTD code.

Supplemental material is available for this article.

Received March 26, 2012; revised version accepted July 12,
2012.

The C-terminal domain (CTD) of the largest subunit of
RNA polymerase I (RNAP II) consists of multiple tan-
dem repeats of the heptapeptide consensus Tyrl-Ser2—
Pro3-Thr4-Ser5-Pro6-Ser7 that is conserved from yeast
to humans. The CTD is essential and forms a flexible tail
of RNAP II. It serves as a binding platform for various
cotranscriptional processing factors (Hirose and Manley
2000; Maniatis and Reed 2002; Meinhart et al. 2005).
Phosphorylation and dephosphorylation of Ser2, Ser5, and
Ser7 create a unique pattern in coordination with the
transcription cycle (Komarnitsky et al. 2000; Meinhart
et al. 2005; Phatnani and Greenleaf 2006; Kim et al. 2010;
Mayer et al. 2010; Tietjen et al. 2010; Bataille et al. 2012).
This phosphorylation pattern, often called the CTD code
(Buratowski 2003, 2009; Chapman et al. 2008; Egloff and
Murphy 2008), controls the recruitment, activation, and
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displacement of various factors involved in transcription
and RNAP II transcript processing (Meinhart et al. 2005).
It has been proposed that the CTD code is also affected by
noncovalent changes in the CTD structure, such as
peptidyl-prolyl bond isomerization (Buratowski 2003);
however, the structural basis for such tuning of the
CTD code and its role in recruitment of RNA processing
factors are not yet fully understood. The importance of
the CTD isomerization for Ser5 dephosphorylation has
recently been demonstrated for the human and insect
Ssu72 phosphatases (Xiang et al. 2010; Werner-Allen
et al. 2011).

The pSer5 marks occur predominantly in the early elon-
gation phase and are essential in 3’ end processing of short
noncoding genes (Komarnitsky et al. 2000; Gudipati et al.
2008; Vasiljeva et al. 2008a). These marks are specifically
recognized by Nrdl and are required for the Nrdl-depen-
dent termination pathway, used at small nuclear/nucleolar
RNAs (sn/snoRNAs), cryptic unstable transcripts (CUTS),
and other short RNAP II transcripts (Steinmetz et al. 2001;
Arigo et al. 2006; Thiebaut et al. 2006; Vasiljeva et al.
2008a). Recent genome-wide studies in yeast demonstrated
the co-occurrence of pSer5 and pSer7 marks at some genes
in the early elongation phase (Kim et al. 2010; Mayer et al.
2010; Tietjen et al. 2010). In addition to specific phosphor-
ylation, the Nrdl termination pathway requires the Essl
(Pinl in humans) peptidyl-prolyl isomerase (Singh et al.
2009) that specifically isomerizes the pSer5-Pro6 peptidyl-
prolyl bond in the CTD (Gemmill et al. 2005). In yeast, Essl
stimulates dephosphorylation of pSer5-Pro6 in vivo (Singh
et al. 2009), and therefore it has been hypothesized that it
regulates the Nrdl association with the CTD (Singh et al.
2009). To gain insights into the recruitment process of
Nrd1 to the 5’ regions of genes, we determined the solution
structure of the Saccharomyces cerevisiae Nrdl CTD-
interacting domain (CID) in complex with a CTD peptide
phosphorylated at Ser5. The Nrdl CID structure reveals
a conserved CTD-binding site that engages the B-turn
motif of the CTD formed by Ser2;,-Pro3,~Thr4,—pSer5;,
and a site recognizing selectively the upstream pSer5, and
the cis conformation of the pSer5,-Pro6, peptidyl-prolyl
bond of the CTD. Furthermore, we show that the specific
recognition of pSer5 CTD by Nrdl CID is important for
the processing and degradation of noncoding RNAs
(ncRNAs) in vivo.

Results and Discussion

Affinity of Nrd1 to the CTD with ‘early’
phosphorylation marks

A previous study demonstrated that Nrd1 favors binding
to the CTD with “early” pSer5 marks over the CTD with
“late” pSer2 marks (Vasiljeva et al. 2008a). To test the
effect of the unphosphorylated CTD and the CTD with
the “early” pSer7 and pSer5 CTD marks on the affinity to
Nrd1, we performed a quantitative solution-binding assay
using fluorescence anisotropy (FA) experiments. We
found that Nrdl binds the pSer5 CTD with a signifi-
cantly stronger affinity compared with the pSer7 CTD
or unphosphorylated CTD (Fig. 1A). Nrdl shows also
only a slightly weaker binding to the doubly phosphory-
lated pSer5/7 CTD than to the pSer5 CTD (Fig. 1A),
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Figure 1. Structure of the Nrdl CID-pSer5 CTD complex. (A) Equilibrium binding of the Nrdl CID with differently phosphorylated CTD
peptides monitored by FA. Binding isotherms and dissociation constants (Ky) are shown. (B) Overlay of the 20 lowest-energy structures of the
Nrdl CID-pSer5 CTD complex shown in stereo view. The backbone of the Nrd1l CID and pSer5 CTD is shown in black and red, respectively.

suggesting that the co-occurrence of the pSer5 and pSer7
marks may not impair the recruitment of the Nrdl complex
in the early elongation phase.

Structure of Nrd1 CID bound to the phosphorylated CTD

To understand how the pSer5 CTD is recognized by Nrd1,
we determined the solution structure of a reconstituted
complex consisting of the CID (residues 1-153) of Nrd1l
and a 14-amino-acid peptide, the pSer5 CTD (two re-
peats of the heptapeptide CTD consensus phosphorylated
at Ser5; Tyrl,-Ser2,-Pro3,-Thr4,-pSer5,-Pro6,-Ser7,—
Tyrly-Ser2,-Pro3y,-Thrd,—pSer5,-Pro6,-Ser7;,) (Fig. 1B;
Supplemental Table S1; Supplemental Fig. S1). The
'H, '3C, and '°N chemical shift assignments for the
bound Nrdl CID were obtained as described previously
(Kubicek et al. 2011). The structure of the Nrdl CID is
formed by eight a helices in a right-handed superhelical
arrangement (Fig. 1B) and is virtually identical to the
structure of the Nrdl CID in the free form (Vasiljeva
et al. 2008a). The pSer5 CTD peptide contacts helices
a2, a4, and a7 of the Nrdl CID (Fig. 2A).

Recognition of the phosphorylated CTD by Nrd1l

The CTD peptide adopts a B-turn conformation at Ser2;,—
Pro3,-Thr4,—pSer5;, and docks into a hydrophobic pocket
of the Nrd1 CID that is formed by I1e29, Tyr67, Leul27,
1le130, and Metl126 using Tyrly, and Pro3y, residues (Fig.
2A,B). The hydroxyl group of Tyrl;, forms a hydrogen
bond with a conserved aspartate (Asp70) of Nrdl (Fig.
2A,B). The binding mode of the peptide at the B-turn
conformation resembles other previously determined
structures of the CTD bound to CIDs of Pcfl1, SCAFS,
and Rtt103 (Supplemental Fig. S2; Meinhart and Cramer
2004; Becker et al. 2008; Lunde et al. 2010). However, in
contrast to these CID-CTD complexes, Nrd1 binds more
residues upstream of the pSer5 CTD via a conserved
region at the N-terminal tip of helix a2 (Fig. 2A; Supple-
mental Fig. S3A). This unique region of Nrdl is used to
specifically recognize pSer5, via hydrogen bonding of
Ser25 and Arg28 to the phosphate group of pSer5, (Fig.
2A,B). Another region that is more upstream in the al-a2
loop has been previously suggested as the phosphoserine-
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binding site of Nrd1 based on a sulfate ion that was found
in the crystal structure of the free Nrdl CID (Vasiljeva
et al. 2008a). The sulfate ion located ~8 A away from
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Figure 2. Recognition of the pSer5 CTD by Nrdl. (A) Scheme
showing contacts between the Nrdl CID and the CTD peptide.
Protein residues that form hydrogen bonds and hydrophobic con-
tacts to the CTD peptide are shown in white sticks. (B) Scheme
showing contacts between the Nrd1 CID and the CTD peptide.
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the phosphoserine location identified in our
structure is coordinated using nonconserved
amino acids. The structure of the Nrdl CID-
pSer5 CTD complex shows that the specific
recognition of pSer5, is facilitated by the cis
conformation of the pSer5,~Pro6, peptidyl-prolyl
bond. This cis conformation maximizes the in-
termolecular contacts and prevents the peptide
from clashing with the al-a2 loop of Nrdl. A
conserved G26 in Nrd1 (all other CTD-contain-
ing proteins have a bulky and charged residues in
this position) (Supplemental Fig. S3B) allows for
loading of pSer5, into a highly electropositive
pocket (Supplemental Fig. S3A). This is the first
CID-CTD structure in which a phosphoserine—
proline bond is observed in the cis conformation
and in which a direct recognition of pSer5 is
found. Importantly, both features are intercon-
nected and thus required for the efficient bind-
ing. A similar conformation of the pSer5 CTD
peptide was found in the crystal structure of the
Ssu72-pSer5 CTD complex (Supplemental Fig.
S4; Xiang et al. 2010; Werner-Allen et al. 2011).

Interaction between Nrd1 and the CTD is
important for cell viability and the processing
or degradation of ncRNAs

Specific association of the pSer5 CTD with the
Nrdl CID was further tested in a quantitative
in vitro binding assay using FA. We titrated the
wild-type and mutant Nrdl CID against the
fluorescently labeled pSer5 CTD. Alanine or
aspartate (charge-swapping) substitutions at
positions Ser25, Gly26, Arg28, I1e29, and
Lys30 significantly decreased the binding affin-
ity with the pSer5 CTD (Fig. 3A; Supplemental
Fig. S6, control mutations of nonessential res-
idues). In comparison, the effect of mutants at
nonconserved positions Leu20, Lys21, and
Ser22 in the region that was previously sug-
gested to bind the phosphoserine (see above) is
much smaller (Vasiljeva et al. 2008a). D70R and
R74D variants of Nrdl could not be assayed
due to their instability at the high concentra-
tions required for FA measurements. Next, we
tested the effect of removal of phosphorylation
in the downstream CTD repeat (at Ser5;). We
found that the CTD peptide with a single
phosphorylation [pSer5(1P)] has the same affinity
for Nrdl as the CTD peptide phosphorylated at
both Ser5s (Supplemental Fig. S5). Furthermore,
mutations at Pro6, in the CTD peptide (P6,A
CTD and P6,R CTD) have a larger negative effect
on affinity to Nrdl than mutations at Pro6y,
(P6L,A CTD and P6,R CTD), confirming the
requirement of the cis conformation at pSer5,~
Pro6, for the binding to Nrdl (Supplemental
Fig. S5). The effect of the P6,R mutation is
larger than for P6,A, as the bulkier side chain
(the side chain at position 6, is solvent-ex-
posed) creates more unfavorable interactions
with the adjacent side chain of pSer5, decreas-

ing the stability of the cis conformation. This corrobo-
rates previous studies that showed that proline-to-alanine
mutations do not necessarily alter the cis conformation if

Phosphorylated CTD recognition by Nrd1l
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Figure 3. Critical residues of the Nrdl CID that are required for CTD binding, cell
viability, and RNA processing and degradation. (A) Equilibrium binding of the Nrd1
CID mutants with the pSer5 CTD peptide monitored by FA. Binding isotherms and
dissociation constants (Ky) are shown for individual mutants. (B) Phenotypic analysis
of the Nrdl CID mutants. The mutants were expressed from pRS415 plasmids in
the GAL1::NRD1 strain background. Growth on glucose-containing plates leads to
the repression of GAL1-driven wild-type Nrdl and thus shows the functionality of the
different Nrd1 CID mutants. (C) Phenotypic analysis of the Nrdl CID mutants. The
mutants were expressed episomally from pRS415 plasmids in the yeast strain where
the endogenous NRD1 was deleted and growth was supplemented with NRD1 on the
URAS3 plasmid (pRS316). To test the functionality of the different Nrd1 CID mutants,
cells were grown on 5-FOA-containing plates for 3 d at the indicated temperatures.
Wild-type NRD1 was used as positive control, empty pRS415 plasmid was used as
negative control, and Nrdl; 150 was the ACID. (D) snR33 snoRNA processing
efficiency and stability of NTSI and NEL0O25C CUTs analyzed by Northern blot
analysis. Mature U14 snoRNA represents a loading control. Total RNA was purified
from cells expressing wild-type NRD1 or the indicated mutants grown in glucose-
containing medium. (E) Western blot analysis of expression levels of the wild-type and
mutant Nrdl originating from pRS415 (faster-migrating band) in the yeast strain
where the endogenous NRD1 is under the galactose promoter. Protein extracts were
prepared from the original GAL1::NRD1 strain transformed with plasmids carrying
wild-type and mutant NRD1 grown in either galactose-containing medium (Gal) or
glucose-containing medium (Glc). (Top band) The genomic NRD1 copy contains
a fusion HA tag, resulting in slower gel migration. Proteins were detected using
specific antibodies against Nrd1p. Vectors with no insertion (vector) or containing the
wild-type NRD1 were used as negative and positive controls, respectively.

it is enforced by the structural context (Mayr et al. 1994;
Xiong et al. 2000). Altogether, the FA data strongly
support the phosphorylation-specific recognition ob-
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served in the structure of the Nrd1-pSer5 CTD complex
and that the interaction relies on the presence of the
invariant basic residues in the CID domain (Supplemental
Fig. S3A).

To determine the importance of these individual residues
for Nrd1 function in vivo, we monitored cell viability and
ncRNA processing/stability in single-amino-acid mu-
tants (Fig. 3B-D). The Nrdl strain lacking the CID
(Nrd1A1-150) was used as a reference for the CID-related
function. Deletion of the CID is not lethal (Vasiljeva et al.
2008a); however, we observed that deletion of the CID led
to inviability at 37°C (Fig. 3C). Similarly, to a lesser extent,
a temperature-sensitive (ts) growth defect was observed in
mutants of Ser25, Arg28, 1le29, and Arg74 (Fig. 3B,C). The
double mutant in the residues contacting the phosphory-
lated serine (Ser25+Arg28) exhibited the same growth
phenotype as ACID Nrdl (Fig. 3C). Nrd1 CID deletion
causes an accumulation of snR33 precursors in vivo
(Vasiljeva et al. 2008a). We observed that point mutants with
the ts growth phenotype showed snoRNA processing and
CUT degradation defects demonstrated by an accumulation
of pre-snR33 snoRNA and NEL025¢ and NTS1 CUTs,
respectively (Fig. 3D,E; Supplemental Fig. S7). None of the
Nrdl CID mutants tested displayed transcription termi-
nation defects that would be represented by readthrough
product accumulation. Importantly, the Ser25+Arg2.8 double
mutant showed processing and degradation defects compa-
rable with those of the mutant lacking the entire Nrd1 CID.
Taken together, these data demonstrate that specific recog-
nition of the pSer5 CTD by the Nrdl CID is important for
the processing and degradation of ncRNAs in vivo.

The Nrdl complex associates with the exosome and the
TRAMP complex (Vasiljeva and Buratowski 2006). Based
on our data, it is tempting to speculate that the Nrdl CID
mediates interaction with this processing and degradation
apparatus. As the Nrdl truncation lacking CID (A39-169)
has no effect on the exosome copurification (demonstrated
for Rrp6) (Vasiljeva and Buratowski 2006), it is likely that
other RNA processing and degradation auxiliary factors,
such as the TRAMP complex (LaCava et al. 2005; Vanacova
et al. 2005), are recruited through the Nrd1 CID.

Previous chromatin immunoprecipitation (ChIP) exper-
iments showed that Ess1 promotes the release of Nrd1 from
terminator regions (Singh et al. 2009). This observation has
been attributed to the indirect effect of Essl in which it
stimulates dephosphorylation by Ssu72 (Singh et al. 2009).
Ssu72 targets specifically the cis conformation of the
peptidyl-prolyl bond of the pSer-Pro-containing peptides
(Xiang et al. 2010; Werner-Allen et al. 2011). Here we
suggest that Essl can also directly regulate the associa-
tion of Nrdl with the RNA Pol Il CTD, as it specifically
recognizes the pSer5-Pro6 CTD in the cis conformation,
indicating that Ess1 may play a dual role in regulating the
Nrd1 pathway. A detailed understanding of this mechanism
will require further studies, but it is an exciting possibility,
particularly in light of recent observations that suggested
that Ssu72 may be a less “conformation-specific” phospha-
tase (acting also on the pSer7-Tyrl CTD peptide that is
unlikely to exist in the cis conformation) than previously
expected (Bataille et al. 2012; Zhang et al. 2012).

Conclusions

The structure of Nrdl CID-pSer5 CTD presented here
reveals that the CTD recognition by Nrdl requires both
phosphorylation and isomerization of the RNAPII CTD.
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This suggests that the coupling of covalent and noncova-
lent changes in the CTD structure regulated by kinases/
phosphatases and isomerases is crucial for the dynamical
process of recruitment and displacement of appropriate
processing factors during the transcriptional cycle. In
addition, we show that specific recognition of the pSer5
CTD by the Nrd1 CID is important for the processing and
degradation of ncRNAs in vivo, suggesting that these
events occur cotranscriptionally.

Materials and methods

Protein expression and mutagenesis

The DNA encoding the Saccharomyces cerevisiae Nrdl CID domain
(residues 1-153) was amplified and cloned into a pET22b expression vector
(Novagen) via Ndel and Xhol restriction sites. Details on cloning, expression,
and purification of the Nrdl CID construct have been described previously
(Kubicek et al. 2011). Protein mutants were designed on the basis of the NMR
structure of the Nrdl-pSer5 CTD complex and were prepared using the
QuikChange site-directed mutagenesis kit (Stratagene).

The CTD of RNAP II

It has been established previously that the CTD mimic consisting of two
repeats of the CTD canonical heptad yields the same binding affinity to Nrd1
CID as the CTD mimic of four repeats (Vasiljeva et al. 2008a). Thus, we used
a 14-amino-acid peptide, the pSer5 CTD (two repeats of the heptapeptide
CTD consensus phosphorylated at two Ser5s; Tyrl,~Ser2,-Pro3,~Thr4,—
pSer5,-Pro6,~Ser7,,~Tyrly-Ser2,-Pro3,-Thr4,—pSer5,-Pro6,-Ser7y,), in our
study to mimic the CTD phosphorylated at Ser5. Similarly, the unphosphory-
lated CTD, the pSer7 CTD, and the doubly phosphorylated pSer5/7 CTD
were used. The peptides were purchased from Clonestar Peptide Services.

NMR

All NMR spectra for the backbone and side chain assignments of 2.0 mM
uniformly '°N,'3C-labeled Nrdl CID in 50 mM sodium phosphate buffer
(pH 8.0), 100 mM NaCl, and 10 mM B-mercaptoethanol (90% H,0/10%
D,0) were recorded on Bruker AVANCE 600- and 950-MHz spectrometers
equipped with a cryoprobe at a sample temperature of 20°C. The spectra
were processed using an NMRPipe package (Delaglio et al. 1995), and the
protein resonances were assigned manually using Sparky software (T.G.
Goddard and D.G. Kellner, University of California at San Francisco).
The 'H, *C, and '°N chemical shifts of the bound form of the Nrdl CID
were assigned as described elsewhere (Kubicek et al. 2011). All distance
constraints were derived from the three-dimensional (3D) °N- and
13C.separated NOESYs and two-dimensional (2D) 'H-'H NOESY (with
a mixing time of 80 msec) collected on a 950-MHz spectrometer. Intermo-
lecular distance constraints were obtained from the 3D F,-'3C/**N-filtered
NOESY-["3C,'"H}-HSQC experiment (Zwahlen et al. 1997; Peterson et al.
2004), with a mixing time of 150 msec on a 950-MHz spectrometer.
Intramolecular distance constraints of the bound CTD peptide (unlabeled)
were derived from a 2D Fy,F,-'3C/**N-filtered ['H,'H]-NOESY (7, = 150
msec) (Zwahlen et al. 1997; Peterson et al. 2004). The NOEs were semi-
quantitatively classified based on their intensities in the 2D and 3D NOESY
spectra.

Structure calculations

The preliminary structure determinations of the Nrdl-pSer5 CTD
complex were performed with the automated NOE assignment module
implemented in the CYANA program (Guntert 2004). In the next step,
CYANA-generated restraints along with manually assigned protein-CTD
intermolecular restraints were used for further refinement of the pre-
liminary structures with AMBER 10.0 software (Case et al. 2005). These
calculations used a modified version (AMBER ff99SB] of the force field
described by Cornell et al. (1995) using a protocol described previously
(Stefl et al. 2010; Hobor et al. 2011). From 40 refined structures, the 20
conformers with the lowest AMBER energy were selected to form the
final ensemble of structures. Molecular graphics were generated using
MOLMOL (Koradi et al. 1996) and PyMOL (http://www.pymol.org). The
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atomic coordinates and restraints for the Nrd1 CID-pSer5 CTD complex
have been deposited in the Protein Data Bank under ID code 2106.

FA

The equilibrium binding of the Nrd1l CID to the differently phosphory-
lated CTD was analyzed by FA. The CTD peptides were N-terminally
labeled with the 5,6-carboxyfluorescein (FAM). The measurements were
conducted on a FluoroMax-4 spectrofluorometer (Horiba Jobin-Yvon).
The instrument was equipped with a thermostatted cell holder with
a Neslab RTE7 water bath (Thermo Scientific). Samples were excited
with vertically polarized light at 477 nm, and both vertical and
horizontal emissions were recorded at 525 nm. All measurements were
conducted at 10°C in 50 mM phosphate buffer (pH 8.0) containing 100
mM NaCl and 10 mM B-mercaptoethanol. Each data point is an average
of five measurements. The experimental binding isotherms were
analyzed by nonlinear least-squares regression in SigmaPlot 11 soft-
ware (Systat Software) using a single-site binding model according to
Heyduk and Lee (1990).

Construction of yeast plasmids

The pRS415 plasmid (CEN, LEU2) with insertion of the wild-type NRD1
gene surrounded by the NRD1 promoter and terminator (Vasiljeva et al.
2008a) was used as a template for QuikChange site-directed mutagenesis
(Stratagene). See Supplemental Table S2 for primer sequences and Sup-
plemental Table S3 for constructs generated in this study. The NRD1
ACID region was amplified as follows: Fragment 1: —340 nt up to +6 nt of
NRD1 with SVO F71 and SVO F72; Fragment 2: +453 nt up to TAA +300 nt
from the 3’ untranslated region (UTR) with SVO F73 and SVO F74
primers. The two resulting PCR products were ligated together and
inserted into the above-mentioned pRS415-based construct.

Yeast cultures and manipulation

Yeast were cultured under standard conditions in media with selective
markers corresponding to particular strains and vectors. Yeast trans-
formations were performed by the lithium acetate method.

Yeast growth test analysis

W303 (GAL1::NRD1)-derived strains (Supplemental Table S4) carrying
appropriate mutant NRD1 plasmids were grown in SD-LEU-HIS + 2%
galactose at 30°C to an O.D. of 1.0. The cultures were serially diluted by a
factor of 10 and spotted onto SD-LEU-HIS medium containing 2% glucose
to repress the expression of the endogenous NRD1 or control medium (SD-
HIS + 2% galactose). Plates were incubated at 25°C, 30°C, and 37°C.
EJS101-9d-derived strains (Supplemental Table S4) were grown for 3 d on
SC-LEU plates, then spread on SC-LEU plates with or without 5-FOA and
incubated at 25°C, 30°C, and 37°C.

Whole-cell protein extract preparation for Western
blot analysis

Protein extracts were prepared from cultures grown on either galactose- or
glucose-containing medium to an O.D. of 1.0. Five milliliters of culture
was harvested and lyzed by 1.85 M NaOH for 15 min on ice, and proteins
were subsequently precipitated with ice-cold trichloroacetic acid. Pellets
were resuspended in 5% SDS and 8 M urea buffer prior to SDS-PAGE
analysis. Proteins were resolved on a 12% SDS-PAGE gel, transferred to a
nitrocellulose membrane by a semidry electroblotter (Bio-Rad), and probed
for the presence of Nrd1p with the anti-Nrd1 sera kindly provided by David
Brow (Steinmetz and Brow 1998).

RNA isolation and analysis

For RNA analysis, cells were inoculated to an O.D. of 0.1 in glucose- or
galactose-containing SD medium and grown for 16 h at 30°C. RNA was
isolated by hot phenol extraction and stored at —80°C. Five micrograms of
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total RNA was denatured in 25% formamide, separated on an 8% denaturing
(8 M urea) polyacrylamide gel, and transferred to nylon membrane using
semidry electro-transfer. RNA was cross-linked to the membrane by UV
light (120 m]J/cm?) and hybridized with a probe in Ultra-Hyb buffer (Ambion)
according to the manufacturer’s instructions.

Preparation of DNA probes for Northern blot analysis

The DNA probe for snR33 was amplified from S. cerevisiae S288C
genomic DNA with primers Forward, 5-CGGAACGGTACATAAGAA
TAGAAGAG-3’, and Reverse, 5-TAAAGAAAACGATAAGAACTAA
CCTC-3'. The NTS1 probe 1 was prepared according to Vasiljeva et al.
(2008Db), by using primers Forward, 5-TGAGTGCTTGTATAAGTTTA
GAGAATTGA-3’, and Reverse, 5'-TTAATACTTTCCTCTTCGTCTTTT
TCTAC-3'. The NEL025¢ probe was amplified with primers Forward,
5'-CCTGTTGACATTGCAGACAA-3’, and Reverse, 5'-GCAAAGATCTG
TATGAAAGG-3'. The resulting PCR products were used as templates for
random primed labeling using [«->*P]dATP and the commercial kit (Roche).
To detect U14 snoRNA, the oligonucleotide 5'-TCACTCAGACATCC
TAGG-3' was 5’-phosphate-labeled by T4 polynucleotide kinase (New
England Biolabs) and [y-3?P]ATP.
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Novel approach to functionalized polycyclic aromatic hydrocarbons (PAHs) is presented. Incorporation of
cyclic nitrone framework into the structure of PAHs was studied with respect to their anti-proliferative
activities and interaction with double stranded DNA. Theoretical docking studies and UV titration meth-
ods were used for preliminary evaluation of binding of new PAH derivatives to DNA structure.
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Polycyclic aromatic hydrocarbons (PAHs) are widely studied
class of organic compounds from both chemical and biological
point of view. Well known carcinogenic properties of PAHs are be-
lieved to be a result of preliminary metabolic activation.! In sharp
contrast to the carcinogenic effects of PAHs, functionalized PAHs
were recently identified as important candidates for cancer ther-
apy.2 Mechanism of action is often simplified and studied at the
DNA level. A lot of discussion has been held about functional
groups being introduced to the structure of PAHs and their contri-
bution to the anticancer properties. It seems that polar side chains
containing OH, NH,, NHR, NR, and other similar groups may be
capable of interaction with DNA backbone by non-covalent inter-
actions (hydrogen bonding) and thereby provide the enhanced sta-
bility of the intercalation complex.> Limited number of studies
have shown a relatively good correlation between antitumor prop-
erties of DNA intercalators and strength of DNA binding,* however
plenty of other examples contradict this simplification and suggest
a rather more complex’® or completely different mechanism of ac-
tion.>>~¢ Furthermore, formation of free-radical species and reac-
tive oxygen species, especially in the proximity of DNA molecule,
was connected to many successful drug candidates including those
that are well known DNA interacalators.’®® Investigation of free-
radical species involvement in the mechanism of action of anti-
cancer agents and/or DNA intercalators therefore requires a new
synthetic targets that will hold all of the desired features. In the
following study we have selected a cyclic nitrone framework

* Corresponding author. Tel.: +420 549496615; fax: +420 549492688.
E-mail address: potacek@chemi.muni.cz (M. Potacek).
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linked to PAH moiety as new model of functionalized PAH deriva-
tives with a potential for DNA intercalation and resultant antican-
cer properties. Our selection of nitrone moiety as a key building
block was motivated by the well known reactivity of nitrones with
biologically interesting radicals’ and broad experimental evidence
dealing with biological activity of simple structured nitrones.?
Interaction of target molecule with DNA and the evaluation of anti-
cancer properties in vitro are the first choice methods for the study
of new functionalized PAH derivatives and will be presented in this
report.”

The synthetic design of new PAH derivatives was achieved by a
multicomponent reaction of compounds 1-3 (Scheme 1). All rele-
vant details of the presented nitrone chemistry were reported pre-
viously by our research group and can be found in the precedent
work.!°

The facile synthetic method (Scheme 1) yielded nitrones 4a-s
that are characterized by both of the desired structural frame-
works; (i) PAH moiety containing 1-4 fused aromatic cycles and
(ii) nitrone moiety bearing variously functionalized polar side
chains (see Scheme 2 for full list of prepared compounds).!!
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All prepared nitrones 4a-s were subjected to in vitro anti-
cancer screening on five cancer cell lines.!? Obtained results are
summarized in Table 1. Roscovitine and Imatinib were used as ref-
erence compounds with well known antiproliferative activity asso-
ciated with CDK inhibition.!3

According to results shown in Table 1, compounds 4a-e con-
taining less than three fused aromatic cycles were found com-
pletely inatictive and shown none (4a-d) or modest (4e)
antiproliferative activity in vitro. On the other hand, significantly
lower ICsq values were obtained for compounds 4g-s. In particular,
medium to good antiproliferative activities (on micromolar level)
that were comparable to reference compounds, were found for nit-
rones 4j-s. As expected, compounds that contain 1-pyrenyl moiety
showed significantly higher activities than their analogues with
lower number of cycles in the aromatic conjugate (compare activ-
ities for compounds 4b,e,g,hk). It seems that nature and size of
PAH moiety is crucial for the antitumor activity. These observa-
tions are in good agreement with the known low binding ability

Table 1

In vitro antiproliferative activity of compounds 4a-s on human cancer cell lines'2
Compound ICs0 (ULM)

K562 MCF7 CEM HCT116 BJ

4a >100 >100 >100 n.a. >100
4b >100 >100 >100 n.a. >100
4c >100 >100 >100 n.a. >100
4d >100 >100 n.a. n.a. n.a.
4e 69.7 >100 40.0 >100 n.a.
4f >100 >100 n.a. n.a. n.a.
4g >25 >25 >25 n.a. n.a.
4h >12.5 >12.5 >12.5 n.a. >12.5
4i >12.5 >12.5 >12.5 n.a. >12.5
4j >10 >10 n.a. n.a. n.a.
4k 8.9 >50 135 14.5 n.a.
41 >10 >10 n.a. n.a. n.a.
4m 11.2 >25 139 >25 111
4n 6.8 10.9 8.6 7.5 6.8
40 >20 >20 n.a. n.a. n.a.
4p >20 >20 n.a. n.a. n.a.
4q 7.1 9.6 n.a. n.a. n.a.
4r >20 >20 n.a. n.a. n.a.
4s >20 >20 n.a. n.a. n.a.
Roskovotin 42 11 n.a. n.a. n.a.
Imatinib 0.5 >10 n.a. n.a. n.a.

Tissue origin—K562 (blood), MCF7 (breast), CEM (blood), HCT116 (colon), BJ (skin),
n.a. = data were not analyzed.

of mono and bicyclic aromates to DNA when compared to aromatic
polycycles.* Moreover, a significantly lower in vitro and in vivo
antitumor activity of aromates with less than three fused benzene
rings was also observed in this regard.*>® To verify the hypothesis
in the case of compounds 4, we have tested computational dock-
ing!* of selected derivatives 4 (see Table 2) on a model of DNA du-
plex containing 10 base pairs. Two model sequences'®
(AAGAATTCTT), and (GGAAGCTTCC), were used in our calculations
as simulations of AT and GC intercalation sites, respectively.
According to the used method, interaction of ligand (compound
4) and DNA duplex takes place implicitly at central couple of base
pairs.

Calculated scoring function values of best complexes (Table 2)
showed expected trend in stability of intercalation complexes.
When number of cycles in the PAH moiety was increased (from
monocycic 4b to polycyclic 4g), most significant energy gap was
found between PAHs that contained two and three fused benzene
rings (compare values that was calculated for compounds 4e and
4g). Similar relative difference in scoring function values was ob-
served when the structure of side chains was altered while the
type of PAH was kept unchanged. It seems that type and structure
of functionalized nitrone moiety can alter the relative affinity to
DNA duplex. In all studied examples, the lowest values of scoring
function values were found for arrangement that allowed nitrone

Table 2
Docking study of compounds 4b,e,ghk-n,p,q and corresponding scoring function
values of compound 4/DNA complex

Compound Scoring function value (kcal/mol)
(AAGAATTCTT), (GGAAGCTTCC),
4b -37.4 -32.1
4e —404 —40.3
4g —48.9 —47.8
4h -49.9 —47.6
4k —47.8 —46.9
41 -50.4 -514
4m -52.1 -53.2
4n -53.1 -51.4
4p —54.5 —55.6
4q -60.3 -59.1

The scoring function values represent the lowest values for the orientation
(arrangement) of compound 4 and DNA duplex.' All nitrones were used as neutral
molecules for the docking study, no protonation of nitrone moiety or other func-
tional groups in the structure of nitrones were considered in the calculation.
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Figure 1. Visualization of compounds 4k (a), (c) and compound 4q (b), (d) intercalated into (AAGAATTCTT), duplex. Complexes are shown in wireframe and spherical

representation, respectively.
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Figure 2. UV absorption profile of compound 4n (2 x 107> M) in the presence of
increasing amounts of ct-DNA (0-2.5 x 107#M). The titration was done in
5 x 107> M phosphate buffer at pH 7.0. The graph inset shows double-reciprocal
plot binding analysis at 360 nm (ct-DNA concentration 5.1 x 107°-2.5 x 104 M).!¢

moiety and corresponding side chain to sit in the minor groove re-
gion of DNA duplex (Table 2). Thus the arrangement of compound
4 and DNA duplex complexes was analogous for simply structured
nitrones (4k) as well as for longer or branched molecular side chain
containing nitrones (4p). For selected visualizations of modeled
structures see Figure 1. On the other hand, no significant trend
and/or difference in scoring function value was found when inter-
calation at AT and GC site was compared for calculated complexes.

To study the interaction of compounds 4 and double stranded
DNA experimentally, spectrophotometric titration was used. Nit-
rone 4n was selected for this purpose, because this showed prom-
ising anti-proliferative activity (Table 1). In addition, relatively
simple and linear side chain in compound 4n should provide a well
defined mode of binding to DNA. Figure 2 shows UV profile of com-
pound 4n in the presence of increasing concentration of ct-DNA. As
expected, UV absorbance maxima of compound 4n at 360 nm
shows significant hypochromism (~28%) and new absorbance
maxima appears around 435 nm. Three well defined isosbestic
points were observed at 327, 399 and 480 nm.

The results obtained for compound 4n are in good accordance
with the behavior of substituted pyrenes intercalated to double

stranded DNA structure. Both red shift and strong hypochromism
of UV absorption maxima were observed for pyrenes coupled with
five-membered heterocycles® or with other similar polar (hydro-
philic) functional groups.!® UV absorption data of compound 4n
at 360 nm were analyzed according to known methods!” (see
graph inset in Fig. 2) to give estimation of association constant va-
lue K,=3.2 x 10> M. The analysis offered a clear indication of
binding of nitrone 4n to ct-DNA that is comparable to related pyr-
ene derivatives.® Due to the presence of unique nitrone functional-
ity in the structure of compounds 4 that has not precedent
example in the literature, further investigation is needed for full
confirmation of the binding mode.'®

In conclusion, we have presented a novel synthetic design of the
first PAH derivatives coupled to cyclic nitrones. According to our
preliminary studies presented in this Letter, the proposed method-
ology offers target molecules that are capable of interaction with
double stranded DNA structure. Examples of 19 new synthetic
derivatives of PAHs were tested for their antiproliferative activity
against five tumor cell lines. Nitrones that contain PAH with more
than two cycles showed promising activity on micromolar concen-
tration level. In particular, substituted pyrenes 4Kk,n,q offered the
best results from tested compounds. Functionalized pyrenes also
showed strongest binding to DNA duplexes according to calculated
relative energies of corresponding intercalation complexes. Inter-
action of compound 4n with ct-DNA showed UV characteristics
that are typical for intercalative mode of binding.
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