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1. Introduction functions.
Attesting to the spectacular growth in the field of structural

biology, the total number of coordinate files deposited in

the Protein Data Bank was rapidly approaching 30 000 entries

by the first week of March 2005.While X-ray crystal-

lography is the driving force behind this growth, NMR

spectroscopy has an increasing contribution in the area of

nucleic acid struture, where almost 45% of the entries have

used NMR techniques. Concurrent factors contribute to the

relative advantage of NMR for studying the structure of small

nucleic acid molecules. On one hand, the intrinsically

“polymorphic” nature of DNA and RNA molecules, with

no or weakly pronounced globular structure and a largely

undifferentiated molecular surface, makes it difficult to obtain

good diffracting crystald.On the other hand, advances in

enzymat'lc synthesis of R.NA and DNA now allow the Carlos de los Santos was born in 1953 in Buenos Aires, Argentina. He

preparation of large quantities of uniformly labeledd:, received his Ph.D. degree, in 1988, from the University of Buenos Aires,

15N-] samples’ > opening the door to the development of  studying the metabolism of Crithidia Fasciculata using carbon-13 nuclear

new NMR pulse sequences that provide new insights on magnetic resonance, under the supervision of Dr. Benjamin Frydman.

nucleic acid structure. In fact, the increased number of Soon after graduation, he came to the USA, where, supported by an

multidimensional NMR experiments now available not only International Fellowship from the CONICET (Argentina) and a Fogarty

. - . ellowship from the NIH (USA), he was a postdoctoral fellow in the
provides structure independent assignment methods but als aboratory of Dr. Dinshaw Patel, at Columbia University in New York.

permits the observation of spin interactions, which were fom 1932 to 2004, he worked as an Associate Laboratory Member in
mostly inaccessible with unlabeled samgfe¥.In addition, the Memorial Sloan-Kettering Cancer Center in New York. In 1994, he
NMR spectroscopy has the capability to monitor, at the started working as a Research Assistant Professor in the Department of
molecular level, base pair and other dynamic processes withinPharmacological Sciences of the State University of New York at Stony

a broad range of time scales (f0:10°* s), making it a B o e R e erees re e stucurd
unique comp_leme_nt for crystallo_graphlc stuches? In th's. biology of damaged DNA as a way to understand basic molecular
article, we will review NMR studies that have characterized echanisms of lesion recognition and repair. Presently, he is working on

the solution structure of short duplexes having damaged the structure of clustered DNA damage and exocyclic base lesions. He is
nucleotides that result from the action of physical or chemical a member of the American Mutagen Society and the American Chemical
insults. We will limit our survey to DNA duplex structures — Society.

that bear relevance for fundamental cellular processes,

including DNA repair and replication. Furthermore, we will Despite the progress on chemical approaches for the
cover NMR studies of duplexes containing artificial residues synthesis of isotopically enriched oligonucleotid&sheir

that have increased our understanding of DNA stability and preparation is still laborious and resource consuming.
protein recognition. Besides, the damaged nature of DNA lesions precludes the




NMR Structures of Damaged DNA Chemical Reviews, 2006, Vol. 106, No. 2 609

enzymatic preparation of labeled samples for NMR studies. includes DNA strand breaks, abasic sites, oxidized bases,
Therefore, the most sophisticated multidimensional tech- oxidatively fragmented products, and base deamination
niques have had limited application for studying the structure products. Most of these lesions are omnipresent in cellular
of damaged DNA and the large majority of studies reviewed DNA and are the substrate of base excision repair (BER).
here have followed well-establishéd and, to a lesser extent, We will next discuss the structure of DNA damages that
31p spectroscopic methods?? Briefly, proton chemical can be repaired by more than one mechanism but are grouped
shifts provide information about base pair alignments and abased on the similarity of their structure or generation
qualitative description of lesion-induced perturbations. Analy- mechanism. These damages include non-natural nucleotides,
sis of NOESY spectra allows the assignment of proton nucleotide alkylation products, pyrimidine photoproducts, and
signals and the computation of interproton distance boundsplatinum complexes.
that are used for structural refinement. Examination of two-  Many DNA damages result form the addition of polyaro-
dimensional correlation spectra, such as COSY, DQF-COSY, matic hydrocarbons or heterocyclic amines to €fe N,
and TOCSY, complete the assignments of proton signals andN?, or N” atoms of purine bases. They represent a chemically
can measurel-coupling constants among sugar protons, diverse set of ubiquitous environmental pollutants, which are
which determine the sugar conformation. Observatiotif present in car exhaust, tobacco smoke, pesticides, food
chemical shift alterations reflects the conformational transi- mutagens, and fungal toxins and shared the property of being
tion in the phosphate backbone. Following the NMR processed by nucleotide excision repair (NER). We will
characterization, computational methods generate refinedpresent all these studies in the same section.
structures. Manual computer-assisted modeling, distance- Since they are repaired by a unique enzyme system, base
restrained potential energy minimization (REM), and re- pair mismatches originated during DNA replication can be
strained molecular dynamics (RMD) all have been used to regarded as lesions and many NMR studies have described
generate three-dimensional models of damage-containingthe structure of many mismatch-containing dupleXés.
duplexes. RMD-generated models are more accurate, and irHowever, we will only describe the structure of lesion-
general, atomic coordinates obtained by this method arecontaining mismatches, which may be considered models
deposited in the Protein Data Bank. Throughout this review, of lesion-induced mutagenic intermediates, and leave the
we refer to the accession codes of specific structures. study of unmodified mismatches beyond the scope of this
In some instances, damage formation results in the loss'€ViéW. Also excluded from this survey are NMR studies of
of protons that are key for spectrum assignment and RMD. RNA structures, unmodified DNA duplexes, DNA triple
For example, base oxidation or formation of an abasic site N€lices, four-stranded DNA structures, parallel-stranded DNA
removes base protons, a fact that may underdetermine theédnd noncovalent intercalators, and drug binders, which, in

local duplex conformation at the lesion site. In these cases,9€neral, fail to activate repair mechanisms. Similarly, the
special care must be taken to evaluate the final RMD discussion of experimental and computational methods

structure since it may be biased by the intrinsic limitations €MPIoyed for nucleic acid structure determination is outside
or the implementation of molecular dynamics simulations. € scope of this article. While some excellent reviews

In addition, NOESY experiments can establish only short OVering the structure of a specific kind of lesions have
interproton distances, less than 5 A, which in duplex DNA appeared recently, more than 15 years have passed since the

correspond to protons located in the same or sequentiall2St comp”rehensive surveys on this subjéét="Thus, this
residues. Therefore, the use of NOE distance restraints forLeV'FW wi c?ver N dMR st:uctu(al st#dlles of damagethNAh
global shape determination leads to accumulation of experi- dUPlexes performed mostly during the last 15 years. Through-

mental errors and this type of data obtained solely by these®Ut this feV(ifW_ we ‘?’i” f|§||\||(,)qw 'UPAC—||UB defintiagons and
methods must be considered with caution. The use of residual®commendations for structural parameters.

dipolar coupling (RDC) restraints significantly improves the . .
NMR accuracy of the duplex curvature determinatidn; 2. Abasic Sites, DNA Nicks, and Gaps

however, the unavailability of enriched material has limited Fragmentation of the DNA sugar phosphate backbone
its application in the field of damaged DNA. Frequently, |aads to the appearance of nicks, gaps, and abasic sites
description of the three-dimensional structure information (Scheme 1). DNA nicks originate by cleavage of the
alone is insufficient to explain the biological properties of phosphodiester bond between adjacent nucleotides, and many
the damage. Measurements of chemical exchange ratesen;ymatic processes form them in cellular DNA. For
especially base pair lifetimes, have provided important jhgiance, DNA endonucleases catalyze the hydrolysis of
information that aids understanding of local dynamics at phosphodiester bonds, creating nidkand2. Formation of
specific DNA sites:* 2" Whenever appropriate, we present 5 yeyersible single-strand break is a key step of DNA
this type of studies in the review. The experimental frame- y,5|0gical transitions catalyzed by type | topoisomerase.
work for studying spin relaxation rates and how they relate ks are required intermediates after DNA repair synthesis
to local and global dynamics of macromolecules is well o qring DNA replication of the lagging strand, before DNA
established? However, since the limited number of studies jigases can seal them. One-nucleotide gaps originate after
performed on this area has been the topic of a recentyemgyal of a single nucleoside from double-stranded DNA.
comprehensive revie#,we will not discuss them here. They may be formed chemically or enzymatically by the AP-
Notwithstanding the existence of overlaps and exceptions,lyase activity of DNA glycosylases that produce single-
we have organized this review following the main pathways nucleotide gaps3 with 3'- and 3-phosphorylated ends.
of damage generation and repair mechanisms. We will review Radiomimetic antibiotics such as bleomycin can abstract the
first the structure of DNA lesions that result from the attack deoxyribose 4hydrogen, creating a free radical, which may
of small reactive particles, such as reactive oxygen speciesreact with molecular oxygen to form a hydroperoxy nucle-
or free radicals, which may be generated endogenously orotide. This compound is unstable, breaking into a single
as a consequence of ionizing radiation. This type of damagesnucleotide ga@ with 3'-phospholycolate-gphosphate ends.
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Scheme 1. Nucleotide Fragmentation in DNA
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Hydroxide radicals generated by ionizing radiation induce a
similar reaction.
Many processes cause the hydrolysis of the glycosidic 9
bond in DNA, creating an aldehydic abasic StgAP sites) Figure 2. Models used for studying DNA with nicks or gaps.
and a free nucleobas&Even under physiological conditions,
the solvolytic or oxidatively induced hydrolysis of the generated as the result of radical abstraction of the 1
glycosidic bond proceeds with a small but detectable rate. hydrogen followed by base elimination. Enediyne antibiotics
In eukaryotic cells, spontaneous hydrolysis forms approxi- of the neocarcinostatin family, UV light, gr-radiation can
mately 10 AP sites per cell per da¥.PurineN’ alkylation, form lactone AP sites inside the céll.
by low molecular weight compounds or bulky environmental
pollutants, can augment considerably the rate of glycosidic 2.1. Strand Breaks
bond hydrolysis. In addition, the continuous removal of
damaged bases by DNA glycosylases increases the burderf-1.1. Model Systems for NMR Study of Nicks and Gaps
of abasic sites present in the céfls he main processes that Three types of model systems have been used to mimic
generate AP sites, nicks, and gaps, as well as their repair bypNA with nicks or gaps. The earliest syste,consisted
BER* are outlined in Figure 1. of a long oligodeoxynucleotide segment annealed to two
AP sites are often called apyrimidinic or apurinic sites, shorter complementary fragmetft§Figure 2). Despite its
reflecting the identity of the base that has been lost. This simplicity, it had two major drawbacks: the possibility of
designation is not a formality because, although an abasicalternative sample annealing and fraying of duplex termini,
site is simply a deoxyribose residue in DNA, its origin can which together have limited its application. These shortcom-
be different and some of its biophysical properties depend ings are generally eliminated by the use of dumbbell systems.
considerably on the partner base, sometimes called the orphaBimolecular dumbbells8 are composed of two identical
base. For example, apyrimidinic sites are formed mainly via hairpins with complementary sticky ends that, due to their
enzymatic removal of damaged baséwhile spontaneous  symmetry, will have a reduced set of resonarféeEhe
as well as alkylation-induced hydrolysis of the glycosylic induced structural distortions of one nick on the second nick
bond contributes solely to the formation of apurinic sies. were considered negligible because of the four to six base
The lactone abasic sit@ a different type of AP lesion  pairs spaced between them. However, the most adequate
that is much less abundant than the aldehydic AP site, ismodel is that of the hexaethylene glycol-linked oligonucle-
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otide dumbbell9 reported recentl§? The artificial linkers are more stable and ordered than the duplex ends. However,
stabilize the duplex termini very effectively, such that the this is not the case of duplex&%ab, mimicking the damage
system behaves almost as an infinitely long duplex with a caused by the bleomycin antibiotic famif§/In this case,
single damage, eliminating any concern about cooperativity the gap ends are phosphorylated. The imino proton signals

between the two damages. of gap-flanking base pairs are significantly broaden, due to
] increased solvent exchange, and shift upfield by about 0.5
2.1.2. Effect of Nicks and Gaps on Duplex Structure 0.7 ppm. Base pairs next to those flanking the gap are

affected also, showing a reduced intensity of their imino
proton signals at 28C.*° The different behavior could be
attributed to an increase in electrostatic repulsions caused
by the charged ends, although variations between duplex
sequencet0andl11 may also play a role. Despite differences
in lesion-site stability, the NMR characterization of gap-
containing duplexes indicates the presence of a single B-type
conformation with the orphan adenine or guanine residues
dstacked in the helix. The presence of the gap results in the
loss of essential protons, needed for accurate structural
refinement, and thus, a reliable determination of duplex
curvature and discrimination between straight and kinked
duplex conformations is not possible. To compensate for the

. . . lack of experimental restraints and increase the accuracy of
A direct comparison between the nicked dumbledind RMD, structure calculation of duplekOahas been done in

an L.Jlnm.ofl'f'e(.jt dufpé)ex W'thc}he sam,\elzosltzem sequenli:e fSh(t)xvsthe presence of explicit three-site transferable intermolecular
similar intensity of base and sugar NOE Cross-peaxs or i€ , o hiia| (T1p3P) water molecules. The results suggest the
qorrequndmg nucleotides, suggesting that local Conforma'presence of two about equally populated duplex conforma-
tional differences between these systems are small. 'ntions, one with an approximately 2@nisotropic bend at the

a?fdltlto_tn, pthostphorylatn_)g at gré-ade pf the ln'Ck d(l)leds' ntot gap site and the other with an almost straight &sthough
artect Its structure consiaerably, causing only Small AIStance y,;¢ ohseryvation was based on a limited set of experimental

variations, estimated by the authors not to exceed more thandistances, it is consistent with results from two-dimensional

1 A, between the aromatic protons of nick-flanking resi- ; ; ; : ;
" . . : gel electrophoresis experiments that predict an anisotropic
dues?! The NMR spectra of all nick mimics studied to date bend on gap-containing DNZ.

exhibit slightly broadened and moderately upfield-shifted It is worth noting that gap-containing duplexé8and11

imino proton signals for the nick-flanking base pairs, | 5y an orphan purine nucleotide. Since purine residues have

demonstrating partial fraying of the duplex at the nick : o O .
42 4446 _ greater stacking ability than pyrimidines, conclusions based
site. However, the temperature dependence of ex- 5 the siryctures o0 and 11 cannot be automatically

changeable proton spectra shows th?‘t im_ino prOton.Signalsexpanded to gapped duplexes with orphan pyrimidine

of nick-flanking and internal base pairs disappear simulta- o e or to those where the gap is in a different sequence

neously, indicating that these dumbbells melt cooperatively. context. To date, no NMR studies are available for duplexes
In contrast to the case of nick-containing DNA, a jth a pyrimidine base opposite the gap.

conformation cannot be proposed for gap-containing DNA,

where all bases are stacked without distortion of the stgar 2 2 Apasic Sites

phosphate backbone. Theoretically, four conformations are

possible around the gap: a disordered state with frayed gap-2.2.1. AP Site Chemistry. Methods of AP Site Generation

flanking base pairs, a double helix with a bulged orphan for NMR Studies. AP Site Mimics

nucleotide, a straight double helix with a gap, or a kinked  Ap gjtas5 are 2_deoxyribose moieties phosphorylated at

double helix. Gel electrophoresis data predict a larger y,o 3_anq 5_positions. Since these two phosphates, located
conformational mobility for duplexes with a gap than for '

nicked oneg? Solution structures of four gap-containing Chart 1. Gap-Containing Duplexes

In contrast to expectations, early electrophoretic studies
of nicked duplexes have shown that formation of a strand
break does not cause a significant increase of DNA flex-
ibility, implying that the DNA around the lesion essentially
retains its ordered structufé.Subsequent NMR studies
confirmed this suggestion. Assignment of the imino proton
spectrum indicated that Watseg&rick (WC) alignments are
conserved for all nonterminal base pairs of nicked duplékes.
In addition, key sequential NOE contacts between base an
sugar protons, characteristics of a regular B-form DNA, were
also present3'P NMR spectra show small chemical shift
dispersion, further supporting the presence of a regular
B-form helix for nicked duplex.

duplexes of different sequence context are available to date 5GAGCCAG GACTCTG
(Chart 1), two with nonphosphorylated gap eiiti8ab) and CTCGGTCXCTGAGAC
the other two with 5phosphorylated/3phosphoglycolated
ends(11lab). 10a: X=dG
Comparison of the NMR spectra of a gap-containing 18:; ;('i;”geleted
duplex with those of an orphan guaniri9§ and those of
a nicked duplex with the same sequent@d showed that O. .OH
guanine imino protons of the gap-flanking base pairs are WC j’
hydrogen bonded. The amino protons of complementary 0\ 0 o o
cytosine residues are resolved and have a chemical shift /~_-0 O=p’ (i o™\

difference of about 1 ppm, indicating that they also partici- 0 1
pate in hydrogen bond formation. In contrast to the imino
proton signal of terminal base pairs that disappears at 16
°C, the imino protons of gap-flanking d@&C pairs are quite o
visible at this temperatur®.Similar observations have been o/\/ o/\/o
done for the case of a gap-containing duplex with an orphan N\ 11a: X=dG

adenosind 0b,*647indicating that base pairs flanking the gap 11b: X=dA

(0]
\ 7 /\/
pCCAAAG HO ACTGGGp
39
(0]
pGGTTTC—X—TGACCCp j

:
)
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at thefs- or o-position relative to the aldehyde function, are Scheme 2. Interconversion of AP Site States

good leaving groups, the direct preparation of AP site- )

containing oligonucleotides for structural studies is impos- o

sible using standard phosphoramidite chemistry. Two strat- ? I

egies are used to circumvent this obstacle. The first approach P ~P~o

generates the AP site postsynthetically, using an oligodoexy- 07 b oH 07 o

nucleotide containing a precursor at the desired position. The —0 b

abasic site precursor may be a deoxyribose moiety having a o Oof
. : i . o)

photolabile protecting grodpor a 2-deoxyuridine residue |

that generates an AP site after enzymatic treatment with o//'f\o* 0 o 0

uracil DNA glycosylase (UDGY? The second approach 0

makes use of chemically stable analogues (Chart 2) that retain

16 \ 15a
Chart 2. AP Site 5 and Its Stable Analogues 12, 13, and +H,0

1l4a,b 1
? 7 9 . 7
|
Peq- P P P 0
~\~0 ~Z\~0 <~ \~0 % (@] O/\
0" o5 5 "o 0" 05 4 0" 05 , OH on OH
OH
o R - -
? ? ? Q ?
|
P - _P. - P - P P
070 0% 0 070 0" >0 o710
o
O.. o O.. o..
5 12 L 15b 17
o 0
F|> - F|, - identical destabilization, indicating that the presence of a de-
o” go o” \50 OH oxyribose moiety does not make any meaningful addition
to the stability of gap-containing sampfésTherefore, gap-
OH and AP-site-containing duplexes can be expected to share
v 0

? many structural features, with probably a more ordered lesion
~A- P site conformation for the latter lesion. Numerous stud-

o) ies9.60.62.65 have mostly confirmed this expectation, showing
that formation of an AP site affects the duplex conformation
mainly at the lesion site and, to a lesser extent, adjacent base
the major structural features of natural AP sites. The simplestpairs (Table 1, Figure 3). Only when the AP site forms part
AP site isoster, the 1,3-propanediol linket, was employed  of an (A-T) tract, did perturbation of the duplex structure
only occasionally because of its significantly greater flex- go beyond the lesion site and neighboring base Sairs.
ibility. 53> The most widely used AP site analogue is the  The3!P NMR spectra of AP-site-containing duplexes show
2-hydroxymethyl-3-hydroxytetrahydrofuran resid8(THF),» most phosphate resonances within the chemical shift range
which lacks the hemiacetal hydroxyl. In addition, two that corresponds to canonical B-form conformations, with
isomeric carbocyclic basic site analoguetab have been  only one or two signals, mapped to lesion site residues, ap-
used recently in order to understand the effect of AP site pearing upfield. NOESY spectra display sequential cross-

_P
0%
o\.

14a 14b

anomeric configuration on duplex structiife. peaks between the base arid2l, 2", and 3 sugar protons
: . of 5'-flanking residues, indicating the presence of a right-
222 Chem@al State.of AF Sites in DN’_4 ) handed B-form duplex conformation. In addition, imino pro-
A deoxyribose moiety incorporated into DNA isyahy- ton signals appear in the £24 ppm chemical shift range

droxyaldehyde and, in principle, can exist in four intercon- and show NOE cross-peaks to their WC partners, establishing
verting chemical states (Scheme 2)or 3 cyclic hemiacetal  hydrogen bonding for all canonical base pairs of the duplex.
(15ab), a free hydroxyaldehyd#6, or a geminal dioll7, However, the duplex conformation at the lesion site is highly
the hydrated form of the hydroxyaldehyde. To establish how dependent on the type of adjacent base pairs and the orphan
DNA composition may affect the equilibrium among these pase.
forms,*3C and'’O NMR spectroscopy has been used to study
duplexes containing a single AP site opposite dA, dT, dG, 2.2.4. Role of the Orphan Base and Sequence Context
or dC5%8 The spectra showed that, in DNA, over 99% of = The existing NMR data show that local duplex structure
the natural abasic site exists in the cyclic hemiacetal form, depends on the identity of the orphan base and the type of
with less than 1% of the open hydroxyaldehyde state and AP residue used in the study, demonstrating the fundamental
no geminal diol detected. The ratio between theand role of hydrophobic and stacking interactions on lesion site
p-anomers is about equal for all orphan residues, with the conformation. Whether facing a natural or an AP site
exception of dC, where only a singl#C1 peak is present. analogue, orphan purine bases, being largely hydrophobic,
. . . stack always inside the helix. The position of orphan
2.2.3. Conformation of DNA Containing AP Sites pyrimidine residues shows more variability, but they are
A thermodynamic study comparing gap- and AP site-con- intrahelical when paired to the natural AP site. When the
taining duplexes showed that both lesions cause almostTHF abasic site analogue is used, orphan dC residues adopt
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Table 1. Structure of AP-Site-Containing DNA

AP site . ... » Orphan base PDB

Duplex sequence type® AP site position position” code Ref
o B

CGCGAXACGCC d-Rib I I I 1A9J, 1A91 59
GCGCTATGCGG
CGCGAXACGCC d-Rib * 1 I 1A9H, 1A9G 59
GCGCTCTGCGG
CGCGAXACGCC d-Rib E I 1 60
GCGCTATGCGG
CGCATTXTTGCG® d-Rib E /Maj I 1 1SJL, 1SJK 61
GCGTAAAAACGC
CCAARGXACTGGG d-Rib E E 1 1GJO, 1GIZz, 62
GGTTTCATGACCC 1GSE, 1G5D
CGTGXGTGCH? d-Rib Eol 1 51
GTACTCACG
CGTGXGTGC THF 1 1 63
GCACGCACG
CGTGXGTGC THF Eel Eol 63
GCACTCACG
CGTGXGTGC THF E E 63
GCACCCACG
CGTGXGTGC THF I 1 64
GCACACACG
AGGCTXGACTGC® THF 1 E /Min 73
TCCGACCTGACG
GTACXCATG THF I 1 55
CATGAGTAC
CGCACXCACGC THF E / Min I 65
GCGTGTGTGCG
CGCACXCACGC d-Rbl 1 1 70
GCGTGTGTGCG
GTACXCATG PD I 53
CATGAGTAC
CGTACXCATGC a-CAP 1 I I 1XCY 56
GCATGAGTACG
CGTACXCATGC B-CAP 1 1 1 1XCZ 56

GCATGAGTACG

“d-Rib, 2’-deoxyribose; THF, 2-hydroxymethyl-3-hydroxy tetrahydrofurane; d-Rbl, 2’-
deoxyribonolactone; PD, 1,3-propandiol; CAP, carba AP-site. %1, intrahelical, E, extrahelical;
NO, signal not observed for this isomer; Min, displacement toward the minor groove; Maj,
displacement toward the major groove. “Duplex with A*T tract. “No separate conformation was
obtained for the o and B anomers. “Topoisomerase II recognition site. *o-AP site isomer
reportedily absent in this duplex.

extrahelical conformations, whereas an orphan T base stack®P site, suggest that the deoxyribose position depends on
inside the helix when it is flanked by purine bases, or tends the type of orphan base, the configuration of the deoxyribose
to be solvent exposed when it is flanked by cytosine residuesacetal carbon, and lesion-flanking bases. When dA is the
that have weak stacking ability. orphan base, both isomers of natural AP sites may adopt an
2.2.5. Effect of the Anomeric Hydroxyl external conformation or, in a different sequence context,
only the-anomer is inside the duplex (see Table 1). In the

Sirgce n]:':ltural AP Isitesahavr? Iowbchem(;cal stapility,r]a Iarr]ge latter case, the authors proposed that a water-mediated
number of structural studies have been done using the chem; ' -
ically stable THF analogue. Duplex DNA containing THF hydrogen bond, formed between the orphan dA residue and

abasic sites is a good substrate for the action of DNA endo- fjheeoxhﬁg]éize?l,igtydifsx%le ‘t)gi_ ﬁiliflt\?vhleSrZ’ask?gr?ﬁattigi of
nuclease&® suggesting that it is an adequate AP site ana- y y ’

: ter bridge is impossible for theAP anomerl5a which
logue. However, the lack of the anomeric hydroxyl group awa :
increases the flexibility of the THF ring, a fact that could then adopts an extruded conformatfS@n the basis of these

give rise to conformational differences between natural and °PServations and the X-ray structure of the human Apel
THF AP sites. Unfortunately, since most structural studies €ndonuclease/THF-containing duplex complex, it was pro-
of natural AP-site- or THF-containing duplexes solved to pos.ed67that.th_e .enzyme only incises tienomer of the
date have used different sequence contexts, a direct comparil€Sion”’ Pyrimidine bases are too small for the formation of
son of the influence of stereoelectronic effects and anomeric SUCh @ bond that, according to the au_thors3 coul_d increase
OH hydrogen bonding on duplex conformation is not pos- the probability of the extrahelical AP site orientation.
sible. A striking finding of natural abasic sites has been the ab-
Another way to estimate the effect that the hemiacetal sence of thex-AP anomerl5ain a duplex having a dC or-
hydroxyl group has on AP site conformation is to compare phan residué’® an observation that is in full agreement with
the structure ofx andj AP site anomers, which exchange an earlier'3C NMR study performed by the same group.
slowly in duplex DNA. The NMR structures available to Possibly, this feature reflects the effect of the orphan cytosine
date, of duplexes with dA, dC, or T placed opposite a natural residue, the most basic aglycon in DNA, on the deoxyribose
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Figure 3. Structure of a DNA duplex containing a centrally located
apyrimidinic site. The figure shows thé-@eoxyribose moiety (in
red) displaced out of the helix and the orphan adenine (in blue) in-
trahelical without major distortions of the double helix. Hydrogen
atoms are not shown. Prepared from PDB entry 1€35i3ing
PyMol 555

mutarotation. A unique role of cytosine residues has been
shown in the phosphate bond scission catalyzed by HDV ri-
bozymé® and, presumably, in the opening of the malonodi-
aldehyde exocyclic guanine add¥atescribed in section 5.3.

To better understand the effect that C1-deoxyribose
configuration has on the conformation of the AP site in DNA,
our group introduced nonmutarotating andS-carbocyclic
analoguesl4ab of the lesion. These AP analogues lacks
gaucheeffects along the C3C4 and C4-C5 bonds and the
anomericeffect, which possibly drive the conformation of
the sugar. But, in contrast to the case of the natural abasi
site, there is no exchange between theand s-forms of
carbocyclic AP sites, facilitating the independent observation
of structural differences at the lesion site. The NMR
characterization of DNA duplexes containing an or
pB-carba-AP site residue opposite dA indicates a very similar
duplex conformation with both isomers of the carba-AP site
inside the helix. In addition, the RMD models show that both
the a- and S-hydroxyl groups participate in hydrogen
bonding®® It is worth noting that human Apel endonuclease
incises bothl4a and 14b AP site analogues with similar
efficiencyin vitro, indicating that C1-deoxyribose configu-
ration is not important for enzymatic recognitiéf.

Inside the cell, natural AP sites can exist also as a deoxy-

ribonolactone6 that possesses higher rigidity due to the
presence of an $garbon. The NMR characterization of a

duplex containing a deoxyribonolactone abasic site opposite

T shows a well-ordered right-handed helical structure with
both the AP site and its partner T residue inside the H&lix.
2.2.6. AP Sites in Unusual DNA Contexts

Some DNA sequences are preferential binding sites for
proteins that play a vital role in the regulation of gene ex-

c

Lukin and de los Santos

studied to date: a human topoisomerase Il binding site and
an d(AT)s tract. Some unusual features have been observed
in both cases.

DNA topoisomerases resolve topological problems as-
sociated with DNA replication and transcription. Type |l
topoisomerases act by creating reversible, bistrand nicks four
nucleotides apart and passing one strand through the gap
existent in the DNA-toposiomerase complex before sealing
both nicks’* The presence of an AP site in the topoisomerase
DNA binding sequence augments the enzymatic rate of DNA
cleavage by nearly 20-fold, increasing the number of double-
strand breaks far above the acceptable level and, therefore,
jeopardizing genome integrity. NMR spectroscopy has
solved the structure of a duplex having an apurinic site
located between the two cleavage sites of topoisomerase lI,
at their +2 positions’® Analysis of the NOESY spectra
establishes that WC alignments are present for all canonical
base pairs of the duplex, but standard basegar proton
interactions at the lesion site are missing on both the damaged
and undamaged strands. The RMD model shows the orphan
cytosine residue to be extrahelical, in the minor groove of
the duplex, and the THF residue to be inside the helix. As a
result of partial collapse of the gap opposite the AP site, the
duplex bends by 10 reducing the distance between the
topoisomerase cleavage sites from 15 A in the undamaged
duplex to 11 A. Such steric effects could be responsible for
shifting the equilibrium between the closed and cleaved
forms of DNA in the topoisomerase active site.

Phased d(AT), tracts bend the double-stranded helix,
facilitating the cellular organization of DNA. In addition,
d(A-T), tracts are often present near replication origihs,
promoter regions: and other consensus sequences, suggest-
ing their importance in gene regulation processes (see ref
76 and references therein). The NMR characterization of a
duplex having a natural AP site positioned at the center of
a d(A-T), tract profoundly affects the double-helical con-
formation. The structures of both the and s-anomer-
containing duplexes differ considerably from each other and
from that of the undamaged d{R), tract control. The duplex
containing theB-deoxyribose has a straight conformation,
but the shape of ita-counterpart is more compressed (Figure
4). In contrast to the case of other AP-site-containing
duplexes, the structure of these duplexes is highly perturbed,
with disruption occurring as far as four base pairs away from
the lesion sité! While a complete understanding of such
differences remains to be established, it is likely that the
reduced thermal and thermodynamic stability of duplexes
containing d(AT), tracts is a major contributing factor.

2.3. AP Site Deletion —Mutation Models and
Clustered AP Sites

Abasic sites are noncoding lesions that can result in either
mutation during DNA replication or cell death. Induction of
the SOS response B colifacilitates synthesis past the AP,
which proceeds predominantly by incorporating dAMP. In
contrast, there is not a clear pattern of single-base mutations
in eukaryotic cell§® and a small number of one-base
deletions 1A) are also observed.While all the studies
mentioned above can represent structural models for base
substitution mutations, duplex samples with a different
number of residues in each strand are needed to describe

pression, DNA replication, and related processes. Formationthe conformation of-1A intermediates. NMR studies have
of abasic sites within these sequences can significantly characterized the conformations of two heteroduplexes

change their conformation, thus impairing regulatory func-
tions. Two such motifs containing a single AP site have been

containing an AP site in a1A context, reaching basically
the same conclusior$88! Data analysis showed that both



NMR Structures of Damaged DNA Chemical Reviews, 2006, Vol. 106, No. 2 615

Figure 4. Structure of DNA containing a natural AP site opposite the central adenine ofsdra#’” The figure displays a central
seven-nucleotide duplex segment with the AP residue in red and thigabAin blue. Panel A, th8-AP isomer; panel B, the-AP isomer;

panel C, unmodified duplex. Coordinates are taken from PDB entries 1SJL, 1SJK, and 1FZX, respectively. Panel D depicts the central
three-nucleotide segment of the duplex shown in panel B but with the damaged strand prominent. Prepared usi?®§y PyMol.

heteroduplexes adopt regular right-handed helical conforma-attention only recently. Although the same enzyme system
tions with WC base pair alignments throughout and the AP deals with singly damaged sites and MDS, lesion clustering
site residues pushed out of the helix without adopting a generally affects protein recognition and activity®” It has
defined conformation. The refined structures show the lesion- been established that human Apel and exonuclease Il can
flanking base pairs properly stacked in the helix and the AP readily generate double-strand breaks when two AP sites are
site exposed to solvent in both models. in a 3-direction to each other, indicated as the @irection,
Abasic sites formed by spontaneous depurination or by but their activity is significantly reduced when the lesions
the enzymatic removal of damaged bases are stochasticallyare in the opposite—<) orientation.
scattered all through the genome. Similarly, oxidized bases To identify the molecular mechanism of endonuclease
and AP sites produced by chemical agents also follow a inhibition, our laboratory performed the structural charac-
random distribution in cellular DNA. In contrast, ionizing terization of bistrand AP site duplexds8a (+1) and18b
radiation can generate several hydroxyl radicals in a single (—1), which differ only in the relative orientation of THF
energy deposition event, which may lead to the appearancdesions within the cluster (Chart 8).
of clustered DNA lesions or multiply damaged sites (MDS), = The NMR spectra showed that both MDS duplexes adopt
loosely defined as any combination of strand breaks, oxidizedvery similar right-handed helical conformations with WC
bases, and abasic sites within a helical fidfaven low doses  alignments across all canonical base pairs. At the MDS site,
of ionizing radiation can produce clustered damages in duplex18adisplays sequential NOE connectivities between
cellular DNA, and remarkably, only 20% of them are double- base and sugar protons of residues flanking the abasic sites,
strand break& The biological effects of double-strand breaks suggesting that THF residues are outside the helix and lesion-
have been widely studied, but other MDS have received flanking bases are close in space. In contrast, the absence of



616 Chemical Reviews, 2006, Vol. 106, No. 2 Lukin and de los Santos

Figure 5. Structure of DNA containing clustered AP sif@sThe figure shows the central segment of duplex8s and 18d with the
extrahelical tetrahydrofuran moieties in red and the orphan dG and dC residues forming regular WC base pairs. Prepared usig PyMol.

Chart 3. Duplex Sequences Containing Clustered AP Sites 2.4. DNA Nicks and AP Sites as Scavengers for
CGCATGFGTACGC CGCATGFGTACGC Polycyclic Molecules

GCGTACAFATGCG GCGTAFACATGCG DNA molecules possess a high propensity to trap hydro-
18a 18b phobic planar polycyclic moieties by intercalating them
between adjacent base pairs, resulting in an increase in helix
CGCATGFGTACGC CGCATGFGTACGC rise and a considerable distortion of the sugainosphate
GCGTACCFATGCG GCGTAFCCATGCG backbone. Opening of a hydrophobic binding pocket in
18¢ 18d duplex DNA is considerably facilitated by some structural
F=13 motifs with more flexible backbones, such as DNA with
bulged nucleotides that demonstrate high affinity toward

such NOE interactions in dupleb8bindicates that both AP intercalator€®®* To evaluate whether DNA containing a
sites are intrahelical, acting as spacers. In agreement withStrand break also has increased affinity toward duplex
the experimental distances, the RMD structure of dufix mtercalator_s,_ an NMR study h_as characterized the interaction
(PDB code 1HT7) shows the extrahelical THF residues, Of the antibiotic nogalamycin1@, Chart 4) with nick-
positioned at the edged of a widened major groove with the
orphan bases forming a propeller-twisted alignment that lacks
hydrogen bonds. In the case of duplé8b (PDB code CHs on
1HT4), the RMD structure is less perturbed with both AP :
sites aligning along the phosphodiester backbone and the
orphan bases forming an almost coplanardsmismatch

that also lacks hydrogen bonds. These structures lead to the
proposal that the {1) MDS duplex 18b, with the AP
residues less exposed to solvent and aligned along a more
regular DNA backbone, would impose a bigger challenge
for endonuclease recognition than the more distorted)
MDS duplex18a, with extrahelical abasic site residues.

To further understand the role played by the interaction
between neighboring orphan bases on the conformation of
bistrand AP lesions, our group also solved the structure of containing duplexe®: The NMR titration of two dumbbell
related duplexed8cd having the orphan dA replaced by (double-hairpin) duplexes having a strand break at the center
dC8 The NMR spectra indicated that the THF residues adopt of the stem region, either on a d(TpG) st&pa or its
extrahelical conformations in both MDS duplexes, with the complementary d(ApC) stepOb, shows that nogalamycin
subsequent formation by the orphan dG and dC residues offorms a single 1:1 complex in both cases (Chart 5). Complex
well-shaped WC base pairs. The RMD structur&&dshows
the AP site residues at the edge of the major groove of the
duplex while, in the duplef8d, they appear predominantly

Chart 4. Nogalamycin

Chart 5. Nicked Dumbbell Duplexes Used for the
Nogalamycin Binding Study

aligned along the DNA backbone with one of them at the G-C—A-C G-C A-C
edge of the minor groove (Figure 5). Importantly, the analysis c-G T-G C-G—=T-G
of human Apel incision reactions, using longer MDS 5

duplexes with the NMR sequence at their center, showed 20a 20b

that it cuts the{1) abasic sites more efficient#j suggesting
that extrahelical AP sites displaced into the major groove of formation has a significant stabilizing effect, increasing the
the helix are, as a general rule, easy targets for endonucleasel,, of both nick-containing hairpins by approximately .
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Figure 6. Structure of the complex formed between the nicked
dumbbell duplex20b and nogalamycirl9. The picture displays

Chemical Reviews, 2006, Vol. 106, No. 2 617

Figure 7. Structure of the complex formed between 2Go
bleomycin B221 and phosphoglycolated dupleXlb. The Cé*+
ion and a bound kD, molecule are shown in red. Prepared from
PDB entry 1G5E® using PyMol>%®

plays the bis-thiazole moiety of bleomycin intercalated into

the nogalose moiety in red and the aminoglucose in blue. Preparedthe gap, in parallel intercalator mode, with the guanidinium

from PDB entry 1LOR? using PyMol®%5

Analysis of NOE contacts between nogalamycin and DNA
protons indicates that the antibiotic intercalates at the nick
site in both samples, with the nogalose and bicyclo amino-

fragment forming an ion pair with the phosphoglycolate moi-

ety at the 3side of the gap. The metal binding center24f
shows sequence specific interactions with minor groove
atoms of the duplex and, therefore, is located close to the
intact strand near a segment opposite to the gap. As a result,

glucose moieties positioned in the minor and major grooves the metal Ca" ion is located near the H4éf T19, in the

of the helix, respectively. The RMD structures show that in
both duplexes nogalamycin adopts a similar orientation
relative to the dG-T strand (Figure 6, PDB code 1LOR),

right position for starting the second incision reactfon
(Figure 7).
In contrast to nicked or intact DNA that needs to adjust

having a dGpT intercalation sifé®
The increased affinity of nicked DNA for intercalators may

preformed hydrophobic pocket for binding polycyclic com-
pounds. 9-Aminoellipticin@2, a member of the ellipticine

have more important consequences than just the formationfamily, binds to apurinic but not apyrimidinic sites in DNA,
of tight noncovalent complexes. Radiomimetic antibiotics of forming Schiff base conjugates with deoxyribc®® which

the bleomycin family can bind duplex DNA and activate
molecular oxygen, inducing the abstraction of thg¥#bton
from a sugar moiety on one strand. The subsequent nucle-
otide fragmentation gives rise to a phosphoglycolatedgap
along with 10-20% double-strand breaks, which account
for the antibiotic cytotoxicity. The high level of double-strand
breaks produced by bleomycin could hardly be explained
by two statistically independent strand incision events on
DNA. It was proposed that after the first cleavage event
bleomycin does not leave the duplex molecule but instead
rearranges and forms a stable complex with the gap-
containing DNA, allowing for cleavage of the second strand
after reactivation of the dru§.

Bleomycins need an iron ion as cofactor for the oxygen
activation. Since Fé-bleomycins are highly active and
cleave DNA very rapidly, they have limited application for
structural studies. Cb-bleomycins, that fail to activate
molecular oxygen, have been used instead for studying the
conformation of bleomycirDNA complexes. The NMR
titration of C&*-bleomycin B2 21, Chart 6) with the DNA
dumbbell11b, a mimic of the first oxidation product, dem-
onstrates formation of a stable 1:1 complex. The solution
structure of this complex (PDB codes 1G5L and 1GJ2) dis-

can then cause strand breaks pilimination of the 3
phosphat® (Scheme 3). To establish the structure of the

Chart 6. Structure of Bleomycin B2?
NH,

21 HN

HN"NH,
a Atoms involved in metal ion binding are shown in bold face.
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Scheme 3. Adduct Formed between 9-Aminoellipticine and Natural AP Sites

_P
(o)
O..

24

reaction intermediate, an NMR study has characterized thejunction?®® The NMR spectra indicated that both molecules
reduced Schiff intermediate4 formed betweer22 and an adopt right-handed conformations with WC alignments for
AP-site-containing duplex with an orphan thymine b#se. all canonical base pairs. Both residues of the: PylF pair
In contrast to the AP-site-containing control duplex that exists are inside the helix, with the aromatic moiety intercalating
in two interconverting states, with the deoxyribose moiety between neighboring purine bases in the duplex or stacking
either intrahelical or extrahelical, the conjug&tadopts a over the 5flanking base pair in the templat@rimer. In
single conformation in solution. Analysis of NOESY spectra the latter case, residues of the template single-strand region
indicates that the 9-aminoellipticine moiety intercalates fold back over the PyTHF pair, protecting the hydrophobic
between lesion-flanking guanine bases, with its indole ring ring from solvent exposure. Interestingly, the NOESY spectra
occupying the gap present at the AP site. The pyridine part of both samples showed exchange cross-peaks for thé dA
of 24 faces the complementary strand, wedging between thepair at the 5side of the Pyr residue, suggesting that the
orphan thymine and its'8lanking cytosine residues and presence of the highly hydrophobic moiety partially alters
causing a partial displacement of the orphan residue into thethe dynamics of local stacking or the pairing of more polar
major groove. The tight packing &4 inside the helix is nucleobases.
consistent with the higher thermal stability of the aminoel- Sy )
lipticine-containing duplex, as compared to the parent AP- 3. OXidative Lesions
site-containing control DNA, giving some rationale for the  The process of mitochondria respiration or the interaction
inhibitory effect of22 on AP endonuclease activity. of ionizing radiation with water may produce reactive oxygen
The early recognition that DNA abasic sites may cause species, such as hydroxyl radicals or singlet oxygen, which
reading errors of polymerase-mediated sequencing reactionsieact with DNA bases generating oxidative damage. Nitric
led to the discovery that a nucleosidetphosphate with a  oxide, a mediator of many cell processes, forms peroxynitrite,
pyrene aglycor25 (Chart 7) is preferentially incorporated  which has similar reactivity to that of hydroxyl radicals
toward nucleobase oxidatidf DNA glycosylases continu-
Chart 7. Pyrene 2-Deoxynucleoside Triphosphate ously remove oxidized bases from nuclear DNA, reducing
the burden of oxidative lesions in the cell, and while the
o) OO exact number of lesions is very difficult to determine, it
'Fl, P - O‘ reaches a steady-state level of about-Gl2 oxoguanine
Ho 107 107 L0 residues per 0dG nucleotides in normal human celfs.
0 o o The purine C8 position and the €&6 double bond of
pyrimidine bases are the most frequent sites of dantf&ge.
OH We review below NMR structural studies of duplexes con-
25 taining 8- or 2-oxopurine, oxopyrimidine, thymine glycol,
base fragmentation products, or oxidized methyl thymine
opposite to AP sites by DNA polymeras&$8To character- lesions in DNA.
ize the conformation of PyAP pairs, which have no Lo o
possibility for hydrogen bond formation, our group estab- 3.1. Pyrimidine Oxidation Damages
lished the structure of two double-stranded samples having Under aerobic conditions, hydroxyl radical attack of
a PyrTHF pair (PDB codes 1FZL and 1FZS), one at the thymine initiates a series of conversions yielding damaged
interior of a 13-mer duplex and another at a prim@mplate sites with five different aglycon€$? namely isomeric thy-
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mine glycols26ab, hydroxymethyluracil7, urea28, form-
amide 29, and 5- and 5-hydroxy-5-methylhydantoir3®
(Chart 8). With the exception of the last lesion, all the others

Chart 8. Thymine Oxidation Products
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have been studied by NMR spectroscopy.

3.1.1. Thymine Glycol
The appearance of a glycol at the thymine 5,6 position

Chemical Reviews, 2006, Vol. 106, No. 2 619

helical structure, which remains a B-form helix with normal
WC alignments for all unmodified base pairs. At the lesion
site, Tg produces significant local perturbations, which mani-
fest by the interruption of sequential NOE connectivities on
both strands of the duplex and by the loss of hydrogen bond-
ing across the lesion-containing base pair. The RMD structure
obtained for one of these sampi®shows Tg displaced to-
ward the major groove of the duplex, increasing significantly
its exposure to the solvent. The authors concluded that the
extent of structure perturbations caused by a single Tg in
duplex DNA is comparable to that produced by a single AP
site.

3.1.2. Pyrimidine Fragmentation Derivatives

Urea (Ur) and formamide (Frm) nucleotide moieties in
DNA are fragmentation products of lesions initially formed
by reaction of active oxygen species with thymine and, to a
lesser extent, cytosirté€s In addition, it has been reported
recently that further oxidation of 8-oxopurines also yields
some Ur moieties in DNAL! Like any amide, these residues
may exist in two virtually not-interconverting conformations,
cis or trans with a 2:3 ratiot?%13 In addition, like any
nucleotide, they can havesynor anti orientation around
the glycosidic bond, with each orientation being nearly
equally probable (Chart 9).

Chart 9. Conformation of Urea and Formamide Glycosides

A X
HN™ ~O HN™ R
HO 0 HO 0
OH OH
trans-anti cis-anti
R O
OJ\ R“/<
NH NH
HO 0 HO—‘ 0
OH OH
trans-syn cis-syn
28: R=NH,
29: R=H

The presence of these lesions in cellular DNA is likely to
have important biological consequences. Although the Ur
and Frm moieties retain some hydrogen bonding potential,

causes the loss of base aromaticity, affecting its planarity in vitro studies show that both types of damage significantly
and hydrogen bonding ability and increasing the bulkiness impede DNA replication An Ur residue present in the
and hydrophilicity of the base. Thus, it should come as no template strand blocks DNA polymerase activity one nucle-

surprise that thymine glycol (Tg) generally blocks DNA
replicatiori®* 1% and induces base substitution mutati#fis.
To evaluate the structural impact of Tg in DNA, NMR stud-

otide before the lesion or, under conditions of decreased
specificity, right at the damage sit®.The Klenow fragment
of DNA Pol | can bypass a Frm lesion by incorporating

ies have characterized undecamer duplexes containing alGMP, whereas Tag DNA polymerase introduces one-base

single thymine glycol lesion in a'%i(...G Tg C..)%®or 5-
d(...A Tg A...}%° sequence context. In these studies the Tg

deletion mutations'#
To explain these biological effects, several studies have

lesion was generated postsynthetically, via permanganatecharacterized the conformations of duplexes having pyrimi-
oxidation of single-stranded oligonucleotides, which produces dine fragmentation products. The NMR spectra of a decamer

mainly cis glycols. Thus, only the B,6S Tg 263, the pre-
dominant form, and, to a lesser extent, tI86R Tg 26b di-

duplex containing an Ur opposite thymine showed that, while
the overall duplex structure retains the major features of

astereomer, are present in the damaged duplex. FurthermoreB-form DNA, large changes are observed at the damage site,
trans isomers are less stable and gradually epimerize into which were strongly dependent on the conformation of the

the correspondingisisomers' Thereforetrans Tg isomers
are also absent on the samples.
The 3P, imino proton, and NOESY spectra showed that

Ur moiety!'® The exchangeable proton signals of the Ur
residue, as well as its partner andflanking nucleotides,
were significantly broad, precluding observation of NOESY

a Tg lesion causes moderate disruption of the right-handedcross-peaks at the lesion site. Analysis of one-dimensional
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NOE difference and nonexchangeable proton NOESY spectra The significant number of one-base deletion mutations
indicates that Ur and its partner thymine residue adoptin- observed during Taq polymerase replication of Frm-contain-
trahelical conformations. Simultaneously, the presence oning DNA*has urged the NMR characterization of duplexes
the same NOESY spectrum of cross-peaks between lesioncontaining frame-shift mutation intermediates. Analysis of
flanking base pairs establishes their spatial proximity, sug- the NOESY spectra shows small distortions of a canonical
gesting that both lesion site residues are extruded, with theB-form helix with lesion-flanking base pairs stacking on top
subsequent collapse of the residual gap. On the basis of thesgf each other, indicating that the Frm residue has been

contradictory observations, the authors concluded that the€xtruded from the duplex. The RMD data indicate that a large

on the isomeric form of the Ur moiety. Theans—anti iso- residue. The refined solution structure (PDB no. 1OSR_)
mer would be present in the intrahelical conformation where démonstrates a close analogy between d“p!ggs containing
it forms the hydrogen bonded pat, with the complemen- &N extrahelical formamide or an AP site residtfe.

tary thymine residue, outlined in Chart 10, whereasdise 3.1.3. 5-Hydroxymethyluracil

Chart 10. Proposed UrT Pair Alignment The 5-methyl group of thymine may be the subject of
CH, oxidation, leading to the formation of 5-hydroxymethyi-2
H “"O\?/% deoxyuridine27 (dU"M) in DNA.11%120Generally speaking,
H<n” . .
N N this change on the methyl group has a little effect on base
HNAO.Y.Y. RN, pair properties?! a fact that has been used for the enzymatic
) o incorporation of diverse nonradioactive labels into DNAL?3
dRib In addition, dU™™ completely replaces thymidine in the SPO1

bacteriophage genome, demonstrating its ability to serve as
a carrier of hereditary informatiot3* and has a very low
. N . . mutation frequency in murine ceft8>However, the existence
ur ISOMErS are unab!e to pair with thy”ﬁ'”e’ leading to the of 5-hydroxymethyluracit DNA glycosylase in mammalian
extrusion of both residues from the helix. cells, which is responsible for the excision of @Ufrom

In contrast to urea derivatives, Frm-containing DNA exhi- single- and double-stranded DNASwould suggest that its
bits well-resolved NMR spectra, allowing the complete struc- presence may have deleterious effects.

tural characterization of duplexes wittis or trans lesion NMR spectroscopy has examined the alignment df\4U
isomers. Analysis of the NMR data indicates a small depen- dA or dUM-dG base pairs located at the center of heptamer
dence of duplex structure on lesion isomerism, when a Frm duplexes?” The NMR spectra indicate the presence of
residue is opposite to d& or dG¢%7In the FrmdA du- canonical B-form duplex conformations with formation of
plex, both lesion isomers can adopt intrahelical or extrahelical a regular dM-dA WC alignment, or a wobble dt¥'-dG
conformations, whereas its partner adenine is always insidepair that is essentially identical to that of the dGnismatch.
the helix. In the intrahelical conformation, this-Frm residue Analysis of NOESY spectra shows that the hydroxymethyl
is synaround the; angle, forming two hydrogen bonds with  (HM) group of dU™ does not rotate freely but points away
adenine, while théransisomer remainsnti, forming only from dU™ H®, adopting a conformation that depends on the
one. Overall, the behavior of Frm lesions and their effects identity of the opposite purine. In the #¥-dA pair the HM

on duplex conformation closely resemble those of apyrimi- hydroxyl is located on the'Side of the base plane, whereas
dinic sites. it is positioned on 3side in the dUM-dG-pair-containing
duplex. Molecular modeling of the d4-dA duplex predicts

The preferred incorporation of dGMP opposite the Frm X
; ; o : the formation of a hydrogen bond between the HM hydroxyl
lesion29 during DNA replication suggests the existence of and N of the B-flanking guanine or ®of the dU™ residue.

a specific interaction between these two residues, and theI ; :
o n contrast, modeling of the d-dG duplex predicts the
NMR characterization of the FrG duplex demonstrates formation of only the intranucleotide hydrogen bond. While

a y\{ell—ordered structure in solution. All the NOE connec- the fast solvent exchange rate precluded observation of these
tivities that characterize B-form DNA are present through  yyqragen bonds, the authors proposed that they might explain
both strands of the duplex containing thens-Frm isomer. the different behaviors of d@ and dU™-dG base pairs at
The formyl proton of the Frm moiety displays normal inter- gjeyated pH. In contrast to the imino protons of-FGAG:

and intranucleotide NOE cross-peaks, demonstrating that itqy, or dU™-dA pairs that do not dissociate until the alkaline
adopts an intrahelical duplex orientation. In tieFrm case,  pNA denaturation starts, proton chemical shifts suggest that
its formyl proton lacks of NOE connectivity to the Haf the Ka value of the d¥™ imino group on the dt"-dG

the 3-flanking nucleotide, but other cross-peaks present on pair is as low as 9.7, allowing the transition to a WC-type
the spectra demonstrate that the damaged residue is insidgair upon ionization. Importantly, as indicated by the authors,
the helix. The RMD structures of both duplexes show the the presence of small amounts of the ionized™dG pair

Frm carbonyl oxygen hydrogen bonded to the imino proton at physiological pH can account for the slight mutagenic
of the partner guanine base, a fact that is proposed to accouneffect of dUM-dG 127

for stabilization of the intrahelical conformation and the Formation of internucleotide hydrogen bonds between the
miscoding properties of the lesion. It is worth noting that duH™ hydroxyl and N of the B-flanking adenine residue
analysis of ROESY spectra reveals the existence of confor-has also been reported on duplexes containing aldti),
mational exchange in the case of thens-Frm isomer. The  step!2812° The RMD structures show that simultaneous
structure of the minortransFrm species has not been formation of these hydrogen bonds on both strands of the
characterized in detail, but it most likely contains extrahelical duplex results in an increase of base twist and roll angles,
residueg?t reducing stacking between lesion site bases and increasing

31
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local DNA flexibility. The authors concluded that these Chart 11. 8-Oxopurine Lesions
conformational features may facilitate the recognition of 0 NH,
dU"M-containing sequences by transcription factors, such as H H S
the case of TF-1 of SPO1 phatfé13t o= | )N\H o= | j‘
. N" N7 ONH, N7 N7
3.1.4. 5-Hydroxyuracil dRib dRib
This lesion appears generally as a consequence of oxida-
tion of the cytosine 5,6 double bond to 5,6-cytosine glycol
32that is unstable and undergoes hydrolytic deamination or
dehydration, leading to the formation of 5,6-dihydroxyuracil
33and 5-hydroxycytosind4 lesions, correspondingly (Scheme
4). Levels of these lesions present in rat tissues were found

36 37
11)235 In contrast to thymine glycol and pyrimidine frag-
mentation products, 8-oxodG does not block polymerase
activity but is highly mutagenic, incorporating dC and
significant amounts of d&® at a ratio that is strongly
dependent on the type of polymerase involved in DNA

Scheme 4. Conversion of Cytosine Oxidation Products replication’*” The product of adenin€® oxidation, 8-oxo-

NH, NH, 7,8-dihydroadening&7 (8-oxodA), is less abundant and at
HO -~ HO L~ least 1 order of magnitude less mutagenic than 8-oxXG8i&?
. — A — L L However, a subsequent study reported that eukaryotic DNA
HO™ N° 70 NO polymerasest and 3 could incorporate dG and dG or dA,
32 ORI 34 dRib respectively, opposite 8-oxod&? suggesting the existence
of hydrogen-bonded alignments that stabilize the mutagenic
l ‘ base pair intermediates.
Compared to unmodified purine nucleotides, the 8-oxo
o] o] lesions have two distinctive features, increased conforma-
HO NH HO NH tional variability and altered hydrogen-bonding properties.
N — | A The presence .of a bulku_ar and more electror)egatlve 8-ox0
HO™ 'N” "0 N" "0 group destabilizes thanti conformation, making theyn
33 dRib 35 dRib orientation almost equally probable. Thus, 8-oxopurine

nucleotides can present their Watsddrick or Hoogsten
edge to the partner base, increasing the number of possible

abundant oxidative lesions. Since b@Band34 are able ~ base pairs that it can form in DNA? and notably, more

to slowly convert to the hydroxyuracil (d¥) derivative35, than one alignment is theoretically possible with a given base.
considerable levels of the latter lesion are normally detected Furthermore, althougtN NMR spectroscopy showed that
in tissues. dO9" lesions are highly mutagenic, causing, ©Only the amido tautomer of the lesion is found on free
predominantly, d@&C — dA-T transitionsi33 However, the nucleosides?the duplex environment could potentially shift
possibility of base pair formation with nucleotides other than this equilibrium in cellular DNA.

dA has been predicted kb initio 6-31G** computations. Solution NMR studies have studied the alignment of
Proton and phosphorus NMR spectroscopy have character-8-0xopurine-containing base pairs on duplexes containing
ized four self-complementary duplexes containing a single dC,**dA,**4or dG“>(PDB code 1N2W) opposite 8-oxodG,
dUCH lesion paired to dA, dC, dG, or T. The limited set of as well as of the duplex with an 8-oxoeApair-*¢4(PDB
spectroscopic data obtained for these samples suggest thatode 1FJB). Since the H8 proton is absent in 8-oxopurines,
all duplexes adopt a nondistortegtpe conformation. The ~ the nucleotide conformation around the glycosidic bond
shape and chemical shift of the imino proton signals indicate cannot be assessed as usual, by evaluating the intensity of
that the damaged base is hydrogen bonded with dA, dG, orthe intraresidue NOE cross-peak between the H8 and H1
T partners and forms a less stable pair when it is opposite toprotons. As a result of the studies discussed below, the

to be comparable to that of 8-oxod&,one of the most

dC ¥4 No additional information on d® lesions is available
to date.

3.2. Purine Oxidation Products
Oxidative attack to purine bases causes hydroxylation at

conformation of 8-oxopurine around thengle was inferred
mainly from NOE interactions observed for the exchangeable
protons.

Observation of numerous NOE interactions between
8-o0x0dA-H2 and imino, as well as amino, protons of residues
located at and flanking the lesion site establish that the

the C8 or C2 position without affecting base aromaticity. g_oxodA forms 8-oxodAT WC alignments 38 (Chart
Changes in hydrogen-bonding potential and orientation of 12138146 The anti conformation of 8-oxodA places the’H
the base dipole are the main consequences of purine 0XIdatIOI’broton on the major groove of the duplex, where it resonates

a_nd on_Iy alter stacking and base pajr align_ment at the lesionground 10 ppm and shows NOE interactions with other major
site. Since none of the NMR studies reviewed below has 4rgove protons of the sequence. Similarly, the 8-oxodG

or base pair planarity, we will limit our discussion to the glignments39in a self-complementary dodecamer containing
lesion site structure and its alignment. two 8-oxodGdC base paifé? (Chart 12). The Fproton of
8-oxodG also resonates at about 10 ppm but, in this case,

3.2.1. 8-Oxopurines shows no NOE interactions, a fact consistent with its major

The C8 position of purine nucleotides is the most
susceptible to free radical oxidation. Singlet oxygen forms
a tricyclic intermediate that gives rise to 8-hydroxypurine
36 (8-o0xodG) along with some other minor byproducts (Chart

groove localization.

When 8-0x0dG is opposite to dA, it adoptsynglycosidic
torsion angle and forms a mutagenic Hoogsten type align-
ment 40 with the mismatched partner dA? In the syn
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Chart 12. Base Pair Alignments of 8-oxodAT 38 and
8-oxodG Opposite dC, dA, and dG 39-41
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The NMR characterization of a self-complementary duplex
containing two 8-oxod@IG pairs showed essentially the
same base alignment at the lesion site as the 8-0xaAG
duplex*® (Chart 12). However, in this case, the RMD
structure (PDB code 1N2W) demonstrated that the usual
Hoogsten geometry required a conformational adjustment in
order to form a hydrogen-bonded 8-oxodG alignment 1.
8-OxodG moves slightly toward the major groove, and its
partner guanine does in the opposite direction, which brings
the imidazolone ring of 8-oxodG close to the WC edge of
dG, allowing the formation of one normal hydrogen bond
and one bifurcated three-center hydrogen bond. This adjust-
ment at the lesion site affects the stacking pattern of 8-oxodG,
which is now stacked preferentially with its-Banking
neighbor. Nevertheless, thi, of the 8-oxodGdG duplex
is higher than that of the 8-oxod@A one, indicating that
the latter pair causes a larger reduction of duplex thermal
stability. At first sight, this observation seems to contradict
the mutagenic specificity of DNA polymerases, which do
not incorporate dG opposite the lesion. Therefore, keeping
in mind that replicative DNA polymerases use both hydrogen
bonding and geometry matching as the basis for incoming
dNTP recognitiot?”148 it must be concluded that the
perturbed Hoogsten geome#y of the 8-oxodGdG pair is
unacceptable for these polymerases.

conformation, the H1 imino and 2NHamino protons of ] )

8-0x0dG are on the major groove and experience a significant3.2.2. 2-Oxoadenine (Isoguanine)

upfield shift, indicating that they are not hydrogen bonded.  Isoguaninet2 (isodG, Chart 13) is a rare adenine oxidation
Conversely, the H7 imino proton shifts downfield by product that has severely reduced hydrogen-bonding capa-
approximately 2.6 ppm and displays numerous NOE contactsbilities with normal nucleobases in DN&2 Since the WC
with imino and amino protons of adjacent base pairs, edges of isoguanine and guanine are mirror images, the
indicating that it is hydrogen bonded to the lesion partner former cannot form WC type base pairs with dC or T. IsodG
dA residue. A distance-restrained energy-minimized model can adopt a stable hydrogen-bonded alignm&minly when
shows that the 8-oxod&yr)-dA Hoogsten pair causes no it is paired to the non-natural isocytidine base or after mirror
significant distortions to the duplex conformation. Although image problems are resolved. For example, a regular WC
8-oxodG was found predominately in the 6,8-dioxo form, type isodGdC base pair4, or the analogous isod@G,

the presence of additional H36 NOE cross-peaks for all  readily occurs in parallel DNA duplex&8 (PDB code
cytosine residues of the sample leads the authors to concludd BE5), a situation that is not known to ocdnrivo. Usually,

that about 15% of the lesion is present in a minor tautomeric oxidation of the adenine C2 produces only a single isodG
form. Interestingly, no additional signals were observed for moiety opposite T in the context of an antiparallel double-
protons belonging to lesion site residues or flanking base stranded DNA. In principle, an isodG pair can form a
pairs. Unfortunately, the small population of the alternative wobble alignment45 that, in comparison with the d@
form precluded its characterization furtiét. mismatch, should exhibit reversed base displacements, with

Chart 13. Isoguanine 42 and Its Alignment with IsodC 43, dC 44, and T 4547
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isodG shifted toward the major groove and T shifted in the Chart 14. Mismatches Formed as a Result of Base
opposite direction. Desamination

Alternatively, isodG may transform into the 2-enolN o o CHs
protonated tautomers forming isodiGalignments46 and m y%
47, respectively, with regular WC geometry. The fact that N
isodG partially exists as the 2-hydroxy isomer in a low polar -~ ?//N\ - 77/N\
environment?® suggests that such an alignment may actually 0 0 o
form in duplex DNA. (NIU\N’H

A combined NMR and X-ray study has characterized the N N/)\NH
structure of the self-complementary dodecamer, d(CGC[iG]-  4rip 2 dRib
AATTTGCG), containing two isod& base paird>! At low
temperature, the presence of six partially resolved signals,
accounting for all 13 imino protons of the sequence, indicates o O
that the symmetry of the duplex is retained. In addition, they \?/g
resonate in the 214 ppm chemical shift range, suggesting N
that all base pairs of the duplex are hydrogen bonded.
Importantly, a strong NOE cross-peak is observed between
isodG H1 and T H3 protons, indicating that a wobble isodG </N | N’
T alignment is present at 2. Raising the sample temper-
ature causes the appearance of a second form that amounts dRib 2
to 40% of the duplex population at £C. Since the imino
proton signals of internal base pairs did not change at high 50
temperature, the authors ruled out the putative formation of
a hairpin and concluded the second form of the duplex hascan remove uracil bases from single- and double-stranded
the enol tautomer of isodG forming a WC alignment. DNA. UDG uses a mechanism that efficiently excludes
Sustaining this hypothesis is the observation that the X-ray thymine bases form its catalytic pocket in a sequence
structure of an identical duplex crystallized in a complex independent manné®However, it has been established that
with Hoechst 33342 shows both the wobllb and WC E. coli UDG poorly excises uracil when a dU residue is
isodGT 46 (or 47) base pairs present on the same duplex located at any of the first three positions of a tetraloop region.
molecule!®! In addition, the observation that AMV reverse In addition, higherKy, and lower Vmnax values for these

48 49

transcriptase incorporates T opposite isodG duimngitro substrates indicate that both enzyme affinity and its catalytic
reverse transcription of DNA further supports the existence rate are affected by changes in conformation caused by the
of the minor enol tautomer of isodt3? loop formationt>®

To understand the modulation of UDG activity by local
4. Nucleotide Deamination Damage DNA conformation, a series of NMR studies have determined

] . the structure of dU-containing hairpins (Chart 15), observing
The exocyclic amino groups of nucleobases may undergo

spontaneous deamination, which in the case of cytosine leadschart 15. du-Containing Hairpin Duplexes
to the emergence of uracil residues in DNA Similarly,

conversions of 2deoxyadenosine to inosine (I) and df 2 5'-...ATCC v T 5'-...ATCC T u

deoxy-5-methylcytidine to thymine also occur, albeit with 3-..TAGG _ T 3-.TAGG _ T

less frequency. Left unrepaired, the @@ 48, T-dl 49, and 51a T 51b T

dGT 50 mismatches formed in this process can cause dG

dC — dA'T, T-dA — dC-dG, and dGdCVe — dA-T ' ‘

transition mutations, respectively, with profound implications 5"---ATCC T 5I'---ATCC T

for genome integrity (Chart 14). 3-..TAGG TUY 3-..TAGG u T
To evaluate the structural consequences of deamination 51c 51d

products, an early NMR study has three heptamer duplexes

containing a central d@U, T-dl, or dGT mismatcht>* The U = 2'-deoxyuridine

NMR data showed that these duplexes are regular right-
handed helices, with deoxyribose residues in a-&lo similar stem structures but with marked conformational
conformation and canonical WC base pair alignments outsidedifferences at the loop regidfi>-162 The RMD structure of
the mismatch sites. NOESY spectra of the exchangeablethe U4 hairpin $2d) (PDB code 1QE7) shows the uracil
protons displayed strong cross-peaks between the iminobase stacked between the @nd 3-flanking residues and
protons of mismatched bases, establishing the presence of 8,-DNA values for the sugarphosphate backbone angles
wobble pair in all three cases. Although three-dimensional at the loop regiod® Conversely, in the refined structure of
models of the wobble alignments were not reported, the the U2 62b) hairpin (PDB code 1DGO) where UDG uracil
available data indicate they are similar to that described incision is retarded the most, dU and itsflainking residue
earlier for dGT mismatche3®>-15" with the pyrimidine and  adoptsynconformations around the glycosidic torsion angle
purine bases displaced toward the major and minor groovesand thea, y, and ¢ backbone dihedral angles of the loop
of the duplex, respectively. assume the unusutthns conformationt®* RMD structures
The most frequent and deleterious deamination event in of the U1 628 and U3 62¢ (PDB codes 1111 and 1IDX,
cellular DNA is the conversion of cytosine to uracil, respectively), that are incised by UDG somewhat more
generating d&lU mismatches. DNA uracil DNA gycosylase efficiently than the U2 hairpin, show all loop residues in
(UDG) is a member of a large superfamily of enzymes that anti coformations and @rans conformation for backbone
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dihedral angles of the dU residif.0On the basis of these
observations and of X-ray data available Ercoli UDG,'63

the authors proposed that a stretched out backbone confor
mation of the dU nucleotide reduces the affinity of the scissile
residue for UDG.

5. Alkylation Damage

Besides oxidative and nucleophilic attacks, nucleic acid

bases can be damaged by carbon electrophiles that prefer

entially add to ring and exocyclic nitrogens and, to a lesser
extend, to base peripheral oxygens, giving rise to alkyl or
Shiff base derivatives. In living cells, three major mecha-
nisms lead to the appearance of alkylated bases in DNA.

The first mechanism involves the sequence specific enzyme-

catalyzed methylation of DNA bases, which occurs in most
prokaryotic and eukaryotic organisms as a control for various
cellular processe¥* Although only theanti rotamer ofN®-
Me-adenine oN*Me-cytosine (defined relative to the imino
nitrogen position) can form canonical WC alignments, these
lesions usually have minor effects on DNA conformation.
The NMR characterization of an oligodeoxynucleotide con-
taining the dG A T C) sequence motif hemimethylated at
adenineN® showed that the duplex has all residues in the
anti conformation around thg torsion without significant
distortions of the B-type DNA conformatioi§® Rotamer
interconversion proceeds slowly in the NMR time scale, and
both theanti 52a(PDB code 1UAB) and syB2b (PDB code
10Q2) conformers (Chart 16) are embedded in the stem,

Chart 16. Synand Anti Isomers of N6-Methyladenine

HSC\N,H H\N,CH3
N XN N XN
¢ ¢ |
N N/) N N/)
dRib dRib
anti syn
52a 52b

causing a small adjustment of the alignment of the methylated
adenine. SimilarlyNé-methylation at a d(TpA) step of a 16-

Lukin and de los Santos

5.1. Products of Alkylation by Monofunctional
Agents

It has been established several decades ago that nitro-
samine agents, such Bsmethyl-N-nitrosourea ant-meth-
yl-N'-nitro-N-nitrosoguanidine, are able to both induce cell
transformation and suppress tumor growth. The chemical
basis for these phenomena is the same, namely, the ability
of nitrosamines to alkylate almost all oxygens and endocyclic
nitrogens on DNA. The positions most frequently attacked
are theN’ of guanine and backbone phosphate oxygens,
which in combination account for about 85% of all alkylation
productst®” However, NMR characterization of a dodecamer
duplex containing a singld’-methylguanine residue shows
that the alkyl damage has almost no effect on DNA con-
formationi® Conversely, alkylation of guanine or thymine
oxygens has severe structural consequences because the
imino nitrogen ofO%-alkyl guanine53 or O*alkyl thymine
54 lesions (Chart 17) changes its character from a hydrogen

Chart 17. O-Alkylated Guanosine and Thymidine Residues

.C
O/R o H,
P E\A'ICHB
4
NN, O
dRib dRib
53a : R = methyl 54
53b : R = ethyl

bond donor to an acceptor, preventing the formation of can-
onical WC base pair alignment®. As a result, the carci-
nogenicity of a given alkylating agent does not correlate
directly with the overall number of alkylation products but
rather with the fraction of these two minor alkyl lesior$.

5.1.1. 05-Alkyl Guanine

08-Alkyl guanine lesions considerably destabilize DNA.
A UV-melting study has determined the stability of modified
self-complementary Dickerson dodecamers d(@ G A A
TTCM C G), whereM is O-MedG (34a) andN is any of
the four natural deoxynucleotides, observing lowgralues

mer duplex does not cause considerable changes of the globahan those of unmodified duplex&é Depending on the base

DNA conformation but only a subtle variation in DNA dy-
namics!® SinceNé-adenine oiN*-cytosine methylation is a
fundamental epigenetic mechanism, these products will not
be considered DNA damages, and we will leave the dis-
cussion of such modifications beyond the scope of this
review.

The second mechanism of DNA alkylation involves the

pair type, T, of modified duplexes decreases in the following
order: dGdC > dG'T > 05-MedGdC > O5-MedG-dA >
05-MedGdG > O°f-MedGT. However, bacterial DNA
polymerases incorporate only dCMP and TMP oppdSite
MedG duringin vitro primer extension studies, with TTP
being severalfolds a better substréfeand the lesion causes
only dGdC— dA-T transition mutationgn »iz0.1”3In other

direct attack of exogenous low molecular weight compounds, words, formation of the least stable base pair appears to be
such as alkyl halogenides, sulfonates, nitroso compounds,highly preferable during DNA replication. To understand the
and other common pollutants, widely present in chemical structural bases of this phenomenon, a comparative NMR
waste and tobacco smoke. Alternatively, intracellular oxida- study has characterized a series of modified Dickerson
tion transforms nonreactive unsaturated organic pollutantsdodecamers having@-MedG T 174 Of-EtdG T17°> (OF-EtdG,

into highly reactive alkylating agents, which may react with 53b), O®-MedGdC 76 O5-EtdG-dC "’ dG'T, or dGdC base
nucleobases causing DNA damage. In the third mechanism,pair at the 10th position, with the latter two as controls for
alkyl lesions may appear in the cell as a result of reactions wobble and WC base pair alignments.

between nucleobases and endogenously generated com- A common feature in all these duplexes is the observation
pounds, such as acrolein and malondialdehyde. Alkylating of characteristic inter-nucleotide NOE cross-peaks that deter-
agents that react with DNA bases can be mono- or bifunc- mine thesyn (relative to guanine-N conformation of the
tional, and in the latter case, formation of either a cyclic alkyl group, a fact most probably due to stereoelectronic ef-
adduct or an interstrand cross-link is possible. All these typesfects similar to thegaucheeffect on aliphatic compounds.

of damage, namely, monoalkylated bases, cyclic adducts, andHowever, the small dispersion &P NMR signals and the
interstrand cross-links, are discussed below. similarities in NOESY spectra put the d@C-, 05-MedG
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T-, and O5-EtdG T-containing duplexes in one structural However, there was no experimental data presented to
group, which has the regular B-type conformation and the describe the conformation of th®® methyl group in this
normal WC type geometry at the lesion-containing base pair. case, and hence, it is not clear how steric problems in the
In contrast, theD5-MedG-dC- andO8-EtdG-dC-containing base paib8 were resolved.
duplexes have spectra similar to those of theT@uplex, The increased basicity of cytosine in B&-alkdGdC pair
establishing a second group with wobble geometry at the implies that a significant fraction of the protonate#alkdG
lesion site. dCt pair 58 is present at physiological pH and, therefore,
Because of the significant steric repulsion with thymine- may account for dC incorporation during DNA replication.
04 or cytosine-NH, the synconformation of theO®f-alkyl This conclusion is partially corroborated by X-ray results
group does not favor the WC base pair geometry with either demonstrating the WC type geometry for this pair in
base. As a result, the distance betwegfhalkdG-N1 and crystalline Z-DNA10
the thymine imino proton is too long and formation of a  The stability ofO®-MedGdA and O%-MedGdG pairs is
hydrogen bond does not take place. This is consistent with between those 0f05-MedGdC and O5-MedG T pairs,
the observation that the imino proton signal of @eMedG suggesting that some ordered alignment takes place there.
T pair has a lower chemical shift value and a faster solvent According to an early NMR studif! both bases of th&°-
exchange rate than other hydrogen-bonded imino protons ofMedGdA pair assumeanti conformations around thejy
the duplex. Thus, only one hydrogen bond stabilize<afe torsion angle and are stacked inside the duplex. At the same
MedG T base paib5, which is open slightly toward a major  time, significant chemical shift changes of sugar protons at
groove. It is worth noting, however, that this alignment is and adjacent to the lesion site suggest that the local geometry
in contradiction with two subsequent X-ray studies, which is perturbed considerably, a common characteristic of pu-
establish ananti orientation of theOS-alkyl group and rine—purine mispairs. On the basis of these facts, the authors

formation of two hydrogen bonds across @eMedG T pair proposed a tentative mispair alignméstwhere the adenine
56 in the crystalline state (Chart 18§ base is displaced toward the minor groove and forms two
H-bonds with theO5-MedG residue.
Chart 18. Solution 55 and Crystalline State 56 Alignments The 05-MedGdG duplex shows a strong NOE cross-peak
of the O°-MedG-T Pair between the H8 and Hbrotons of the methylated nucle-
o CHa otide. Further, NOESY cross-peaks are absent betv@Sen
_CH, MedG-H8 and aromatic protons of adjacent bases that are
H-~ N HC - usually seen between nucleotides with gremgle in theanti
N— N 7]/ “dRib range. On the other hand, the lesion partner dG residue shows
(/N | 7 N’H deb /]\N’H ° normal spectral properties. On the basis of these observations,

the authors conclude th@®-MedG adopts aynconforma-
tion around they torsion and forms a Hoogste@%-MedG
55 56 dG base pair a alignme®0, stabilized by two hydrogen

i bondg8 (Chart 20).
In contrast to the WC alignment, the wobble geometry of

the O°-alkdGdC base paib7 (Chart 19) does not cause Steric  chart 20. 06-MedG-dA 59 and Of-MedG-dG 60 Base Pair

dRit; H dRIb

- Alignments
Chart 19. 05-MedG-dC Base Pair Alignments
CH
</ f\ "dRib
ﬁ h ﬁ A
N’H “dRib N’H
deb dRib u 59
\ CH
57 58 -N I
,Z// Jy—0-... H N
clashes when the alkyl group assumesyaorientation. In WJ N b M
accordance with this, the cytosine amino protons appear as NN H< N _
: ' . . . - ~7 N dRib
a single downfield-shifted peak, implying that the amino dRib |
group is rotating fast on the NMR time scale and forming a H
weak hydrogen bond. This base pair alignment changes when 60
cytosine is protonated under acidic conditions. The effect
of cytosine protonation on the behavior@f-alkdGdC pairs The above-mentioned studies only made qualitative de-

was studied using a modified Dickerson dodecamer bearingscriptions of base pair alignments and hydrogen bonding at
a >N-label at theN! or N? position of O5-methylguanine. the lesion site without reporting the refined structural model
The pH dependence dfN chemical shifts displayed a of OS-alkyl guanine lesion-containing DNA. A refined
sigmoidal shape with an effectivé&pvalue close to 5, which  solution structure (PDB code 1PYJ) of an 11-mer duplex
was associated with protonation of the lesion partner cy- containingO®-[4-oxo-4(3-pyridyl)-butyllguanine ([POB]dG)
tosine. On the basis of the disappearance of the sigmoidal61, a product of guanine-lkylation by the tobacco specific
pH dependence at high temperatures and the amplitude ofitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
chemical shift changes upon protonation, the authors con-(NNK) paired to dC has been reported recedthAnalysis
cluded that lowering the pH induces transition of the wobble of the NMR spectra demonstrates that this duplex shares
08-alkdGdC pair57 to a protonated WC alignme®8.17° major features with the previously studi€@f-methyl and
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-ethyl derivatives. All unmodified nucleotides exhibit sharp, mutagenic profile ofD8-alkyl lesions. It has been noted that
well-resolved resonances consistent with a predominantfree energy differences between matched and mismatched
B-type helical conformation. TheD8-[POB]dG residue base pairs, between 0.2 and 4.0 kcal/#$dhre insufficient
exhibits conformational heterogeneity, which broadens the to explain nucleotide incorporation. It was proposed later
base and sugar proton signals, complicating the assessmerthat not only the energy of the base pair but also the correct
of its conformation by standard NOE methods. However, geometry of the alignment for the incoming nucleotide is a
the 13C chemical shift value of the'arbon ofOf-[POB]J- key selection criterion during DNA replicatidft*8In the

dG suggests that its glycosidic bond is in i conforma- case 0f085-MedG, onlyOf-MedG T andO8-alkdGdC* (58)

tion and internucleotide NOE cross-peaks establish that thepairs meet this criterion, explaining incorporation of T and
damaged residue stacks in the helix. TO&[POB]dGdC dC opposite05-MedG, as well as the absence of other
base pair adopts a wobble alignment (Chart 21), similar to mismatches during DNA replication.

Chart 21. O5-[POB]dG and Its Alignment with dC 5.1.2. O*Alkyl Thymine

During DNA replication,0*MeT also induces dAT —
dG-dC transition mutations, and as in t@f-alkylguanine
case, wobble and WC base-pairing modes have been
o} considered to explain this behavior. It has been observed
i that a duplex containing a@®*-MeT-dG base pair shares

o E many key structural features with tk$-MedG T duplex18®
H \(\ Nucleotides at the alkyl lesion-containing base pair are in
fN , N\n/N\dRib the anti conformation around thg torsion angle with their
N//]\N/H ) WC edges facing each other. The conformation of @e
4 alkyl group is syn relative to the imino nitrogen. The
chemical shift of the guanine imino proton in th¥-MeT-
61 dG base pai62 (Chart 22) is upfield from the value observed

N
¢
N

dRib b dRib

that reported previously for th@®-MedGdC pair57. NOE Chart 22. O*-MeT Pairing with Purine Bases
interactions between the aliphatic chain of POB and lesion-

flanking bases indicate the POB group is coplanar with the H,C 0-CHs o]
modified guanine. In addition, its pyridine ring shows no z//éN HN N
NOE cross-peaks at short or moderate mixing times and, N,& s [ D
thus, is exposed to solvent. The conformation of the alkyl ORI “H=N" N7 N
chain around the C606 bond is intermediate betweegn H dRib
and anti values, suggesting a comparatively low rotational
barrier. The RMD structure predicts the formation of an 62
additional hydrogen bond between POB and the cytosine
amino group of the lesion-containing base pair (Figure 8). G o CHy
~dRib
dRibN/\k N\\/'G
63

in the normal dGJC and wobble d& base pairs, ruling
out the possibility of a wobble alignment across @feMeT-
dG base pair. Instead, the authors suggest the formation of
a WC-like O*-MeT-dG pair stabilized by the formation of a
single hydrogen bond.
In contrast, the NMR evidence indicates tétMeT pairs
to adenine, forming a wobble alignment geome&§) (with
a single hydrogen bond between B&MeT imino nitrogen
and a proton from the adenine amino grdéip.

Figure 8. Alignment of theOS-[POB]dG-dC pair with atoms are 5.1.3. Bases Alkylated by Small Aliphatic Epoxides
colored by type. Prepared from PDB entry 1P¢{ising PyMol>%®

Many low molecular weight aliphatic epoxides are widely
Despite this putative additional interaction, the presence of used as industrial chemical intermediates. The smallest
the POB lesion considerably decreases the duplex thermaimember of this class, ethylene oxide, is also use for
stability. Overall, the structural characteristics of this duplex sterilization of food and surgical products. Furthermore, small
are consistent with previous observations mad®femethyl epoxides may be produced endogenously by the enzymatic
and O%-ethyl derivatives. oxidation of corresponding alkenes, which are common
Comparison of the base pair alignments describe®for environmental pollutants present in car exhaust and tobacco
alkyl guanine shows that, while any normal nucleotide is smoke. All these epoxides may react with soft nucleophile
able to pair withO®-MedG, only theO5-MedG T pair 56 centers present in cellular DNA, such as the endocyclic base
retains a normal WC geometry, aiding understanding of the nitrogens, giving rise, preferentially, t@-hydroxyethyl
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derivatives of cytosine-N3, adenine-N1, and guanine-N7. In Scheme 6. Products of Adenine and Epoxide Interactions

many instances, the base-pairing properties of alkylated NH,
residues are severely compromised, explaining why some N— Ny R
epoxides, or their alkene precursors, are established carci- ¢ | J o+ )o
nogenic agents in animals and are probably involved in N™ N R
human cancer etiology. dRib

Reaction of ethylene oxide with DNA gives rise to, among
other products, amN®-hydroxyethyl derivatives5 that un- R'_ _OH l
dergoes rapid deamination, producing 3-hydroxyettyl-2 I

deoxyuridine (HEdUB6 (Scheme 5388 which cannot form

R "NH NH, R' o R
. . . N " R"
Scheme 5. Reaction between Ethylene Oxide and Cytidine /N SN /N =N l\(R «NfLNA\(
CA J=—C 1 J o Z  on
NN NN NN

NH, NH 0
O . ) .
ﬁN YN | N-OH | N> OH dRib . dRib . dRib .
—— —_—
N/&o NAO N Ao
dRib dRib L a second type of epoxy-derived adducts (Scheme 6). Reaction
64 65 66 of BD epoxide with adeniné\! gives rise to an unstable

intermediate57, which may undergo either deamination to

a WC base pair alignmerin vitro primer extension studies  the N'-alkylated deoxyinosiné8'°2 or Dimroth rearrange-
using A-family polymerases demonstrate that the presencement to theNS-alkyladenine derivative69'% (Scheme 6).
of HEdU in the template strand blocks DNA replication. ~ NMR spectroscopy and RMD simulations have solved the

However, in experiments with a mutated Klenow fragment solution structures of these DNA lesions located at the second
or T7 DNA polymerases lacking proofreading activity, HEdU codon-61 position of the humax-ras protooncogene. The
induces dGJC— dA-T transition mutations and, to a lesser NMR studies have determined the structure of duplexes
extent, dGdC — T-dA transversion mutation§® These containing the 1,2-epoxy-3-butemM&-deoxyinosine adduct
results indicate a misinstructive rather than noninstructive (BDOdI) (70) or the (R,3R) (71) or (2539) (72) conforma-
behavior of the lesion, suggesting that some specific interac-tions of the 1,2-dihydroxy-3,4-epoxybutehé-adenine ad-
tions between HEdU and an incoming adenine or thymine duct, namedR-BDTdA and SBDTdA, respectively (Chart
base may take place during DNA replication. The NMR 23).
characterization of a DNA duplex containing HEd&6
opposite adenine partially clarifies the nature of these Chart 23. 1,2-Epoxy-3-butene Purine Lesions

interactionst®® The NMR spectra show that all nonterminal OH OH
nucleotides adopt a B-type helical conformation, with both

bases of the HEdWA base pair in theanti range around Ho ¥ N\ OH HOJ/\[OH
the y torsion angle.3P NMR chemical shifts have low o ~OH H H
dispersion, indicating a uniformBype conformation of the N /E N N
sugar-phosphate backbone, and NOESY spectra indicate ¢ | J“ CH, /N N /N N
that all base pairs of the duplex, including the lesion- N" N7 N L <N »
containing HEdUdA pair, retain WC orientations. The RMD dRib aRiE N dRIE N
structure (PDB code 1KXS) demonstrates, however, that the

bulky hyrdohyethyl (HE) group increases the '€C1 70 71 72
distance on the lesion-containing pair from an average value

of 10.8 A, for a normal dAT pair, to about 13 A, forming In contrast to nonalkylated inosine, BDOdI is incapable

a small bulge at the lesion site. Although variations of this of forming WC base pairs with dC, due to the presence of
distance were small during the RMD simulations, the HEAU a bulky group at the WC edge. Nevertheless, this adduct is
dA base pair and, especially, the HE group fluctuate among strongly mutagenic irE. coli, inducing dCTP incorpora-
several conformations. The authors observe that-86% tion.'** The NMR spectra of an 11-mer duplex containing
of these states the distance between the OH proton of HEthe most mutagenic isomer of BDOdI, ti&enantiomer,
and adenine N1 favors the formation of a hydrogen bond. paired to T show that the global DNA conformation is almost
For other conformations, a hydrogen bond between HEdU unperturbed by the presence of the lesi¥mHowever, to
04 and the adenine amino group is possible. While formation avoid steric clashes§BDOdI assumes aynconformation
of these hydrogen bonds does not contradict the NMR data,around its glycosidic bond, placing the alkyl chain in the
signals of the HE alcoholic and adenine amino protons were major groove of the duplex. The RMD structure (PDB code
not observed in the spectf®. In addition, the putative  1U6N) displays the hypoxantine base displaced toward the
formation of these hydrogen bonds would suggest stabiliza- major groove without interacting with the thymine residue
tion of the HEdUdA pair, explaining dA incorporation in the complementary strand. The gap left $BDOdI is
during DNA replication, but is insufficient to account for presumably filled by water, increasing the solvent exchange
the observed selectivity of the lesion. Additional structural rate of the thymine imino proton and explaining its absence
data about base pair alignments of HEdU and other nucleo-in the spectra. On the basis of these observations the authors
bases are needed in order to understand the misinstructionapropose that during DNA replication a protonated cytosine
behavior of HEdU. would pair to thesynBDOdI residuer3 (Chart 24), forming
Inside the cell, cytochrome P450 dependent monooxyge-an alignment similar to that observed earlier foN%,
nases may oxidize butadiene (BBjproducing a series of  propano-d®®® (see section 5.3) and explaining the prefer-
mono- and diepoxides that attack at adenine N1 a, creatingential dCTP incorporation opposite to the lesion. Structural
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Chart 24. Proposed Alignment of theS-BDOdI-dC Pair PdG), and 6-methyl-8-hydroxy442-propano-dG81 (Chart
H;_C\ OH 26), which result from the reaction of malondialdehyde,
H Chart 26. Six-Membered Exocyclic Guanine Adducts

N _— +
eH™N N N N N
N- 4 7
) R <f ) <fL
1) N N/J\N/ N N/)\H

dRib’ ! D
73 dRib dRib
78 79
studies of DNA containing a BDOedC base pair are needed o o CH
to verify this hypothesis. :

In contrast to BDOdFF0, R-BDTdA 71andS-BDTdA 72 «NfLN/j% «NfLij%
adducts are much less mutagenic. They do not block DNA N N/)\N OH N N/J\N OH
replication considerably and mutation levels are smaller than dRib H dRib H
0.25%?°” The NMR characterization of DNA containing 80 81

either anR-BDTdA-T*% or an SBDTdA-T**° (PDB code

1U6C) pair shows normal WC alignment at the lesion- acrolein, and crotonaldehyde with DNA. The development
containing base pair, with the side chain of BDT embedded of ultrasensitive detection methods led to the discovery of
in the major groove in both cases. However, the type of background levels of exocyclic adducts in DNA samples
mutations induced by BDTdA depends on the configuration recovered from unexposed humans or from laboratory rats
of BDT,?% implying that some specific interaction of the fed with a chemical-free diet. The search for the mechanism
lesion side chain and DNA takes place. Sirf@8DTdA of formation of these endogenous adducts identified several
induces dAT — dC-dG transversion mutations, a DNA lipid peroxidation products, includingans-4-OH-2-nonenal,
duplex with anS-BDTdA-dG mismatch has been studid. acrolein, and molondialdehyde, as the most likely culprits.
The lesion-containing mismatch shares common propertiesFurthermore, the cellular level of these lesions increases with
with its nonalkylated counterpart, which has both bases stress, inflammatory processes, and metal store diseases,
oriented with their WC edges facing each other and the making the study of correlations between exocyclic adducts
guanine residue slid toward the minor grod%The authors ~ and downstream biological effects, such as mutagenesis, cell
propose the formation of a hydrogen bond between the transformation, and cancer, the subject of active reség&tch.
B-hydroxyl group and dG, which could partially explainthe ~ The first etheno base structurally characterized in DNA
mutagenic profile of the lesion, but the corresponding proton was edA 74 paired to T or dG residues at the center of a
was not detected in the spectra, a fact probably due to fast9-mer duplexX2%Sequential interactions observed on the

exchange with solvent. NOESY spectra recorded at 16 indicate that both duplexes

adopt right-handed helical conformations with an increase

5.2. Alkylation Damages Caused by Bifunctional of nucleotide dynamics at and around the damaged base,
Agents mostly seen in thedA-dG duplex. All undamaged residues
o adopt ananti conformation around their glycosylic torsion

5.2.1. Acetaldehyde Derivatives angle and canonical WC base pair alignments. In the case

The need of fluorescent probes for studying nucleic acid Of theedA-T duplex,edA is alsoanti with no spectroscopic
structure and dynamics led to the introduction of ethenobases €vidence of hydrogen bonding across &ii\-T base pair.
more than 30 years ago. Interest in the biological propertiesAN €nergy-minimized model of the duplex structure derived
of ethenobases followed the realization that the P540 systent!Sing NOE distance restraints shows that the bases of the
activates chemicals of widespread industrial use, such as¢dA'T pair are not coplanar. ThelA adduct is perpendicular
vinyl chloride, chloroacetaldehyde, or urethane, to bifunc- {0 the helical axis and stacks properly between flanking bases,
tional alkylating agents, which then can react with DNA but its partner T residue is inclined toward itsside without
bases forming Ne-etheno-dA74 (edA), 3N*-etheno-dC75 forming any hydrogen bonds. In the case of HuA-dG
(edC), 1N?-etheno-dG76 (1N%-edG), andN2 3-etheno-dG ~ duplex,edA adopts asynconformation, resulting in adA-

(N2,3-dG) 77 (Chart 25)% Subsequent epidemiological ~ (Syn-dG(anti) alignment82 that is stabilized by formation
of two hydrogen bonds, with the striking feature that both

Chart 25. Etheno Nucleotide Lesions hydrogen donors are located on the same molecule (Chart

N N/\> 0 0 27). TheedA(syn-dG(anti) alignment proposed in the early
|3 |
@Nf\N N «kajl\x </N | )'N\ Chart 27. edA(syn)-dG(anti) Pair Alignment
J P N NN NTONTNH =
NTON NSO L H o (\N
Rt N R dRib =/ o = \\\N
74 75 76 77 N s =
CA L NN grip
studies linked these chemicals to the higher frequency of NTONT N
liver tumors observed in workers of paint factories, leading dRib H
to strong regulatory policies. Promptly, the list of exocyclic 82

lesions expanded to include the dG adduct formed by
malondialdehyd&8 (MdG), 6-hydroxy-IN?-propano-dG/9 NMR study was later confirmed by X-ray crystallography
(y-(OH)-PdG), 8-hydroxy-N?-propano-dG80 (o-(OH)- methods%’
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T
dG
Figure 9. Highly staggereddC-dA pair as seen from the major
groove. The etheno fragment is colored red. Prepared from PDB
entry 1B6Y2%8 using PyMol®®
A second etheno lesion that has been structurally charac-
terized by NMR spectroscopy and restrained molecular
dynamics wasedC 75. Our laboratory has reported the dC

solution structures of 11-mer duplexes having a centrally
locatededC residue paired to dA, T, dC, or & 21 The
NMR spectra indicate that all four duplexes are regular right-
handed helices with residues having amti conformation
around theity torsion angle and base pairs stabilized by WC
hydrogen bonds. Proton signals of nucleotides outside the

lesion site have very similar chemical shifts, narrowing )
structural differences among these duplexes to the lesion-Figure 10. Alignment of theedC-T, edC-dG, andedC-dC base
pairs. Putative hydrogen bonds are shown as dotted lines. Prepared

containing base pair and its interaction with flanking residues. g 'ppR entries 1B5K. 1B6X. and 1860 respectivey211 using
The lesion partner determines the structural adjustmentspyyo)sss ' ' ’ ’

needed to accommodate the lesion inside the helix, and in )

all four cases a defined average structure is present in solutiordisplaced toward the major groove of the héfikWhen the
without evidence of alternative conformations at’®5 The repair protein binds, its substrate intercalates, from the minor
most unusual structure is that of théC-dA duplex where  groove side of the duplex, a three-amino-acids wedge inside
both residuesedC and dA, havey torsions in theanti the DNA helix and extrudes the scissile base into its catalytic

conformation but a highly staggered base pair alignment (4.8 Pocket:*® It is conceivable that a major-groove-positioned
A), with residues displaced toward theit-&ide, avoiding edC or T residue does not block or even favor the extrusion
any steric clash that would result from tpenti conforma- ~ Process and formation of a productive DNArotein com-
tion. The aromatic planes oédC and dA are almost Plex. A scissile residue located in the minor groove of the
perpendicular to the helical axis, facilitating stacking interac- helix would interfere with the extrusion process blocking
tions at the lesion site, but there are no hydrogen bonds acrosé€ enzyme activity. In addition, while the staggeret:
the lesion-containing base pair (Figure 9). dA alignment does not support this hypothesis, it does not
The otheredC duplexes accommodate the lesion in a refute it either. It is worth noting that lesion-flanking base
similar fashion by forming a sheared base pair alignment pairs_were differe_nt_fpr the enzymatic and structural studies,
where edC and its partner base are displaced toward the OPening the possibility that sequence dependent effects may
major and minor grooves, respectively. TheC residue  Pe hindering the observation of a staggeedd-dA align-
adopts aynconformation, forming a stronglC(N4)-T(H3) ment. Modeling studies show that, in principklC-dA is
hydrogen bond, and the duplex is slightly kinked at the lesion able to adopt a sheared alignment that could be stabilized
site. On the contrary, the helix remains more or less straight by @€dC(O2)-dA(N6H) hydrogen bond. Additional struc-

and all residues are in thanti conformation in the:dC-dG tures of theedC-dA duplex, as well as the structural
andedC-dC duplexes, allowing the formation of hydrogen characterization of the W-edG adduct, which is also
bonds across the lesion-containing base pair, nawuBy repaired by MUG, are needed to further evaluate the
(02)~dG(N1H) andedC(02)-dC(N4H) (Figure 10). structural basis for the recognition edC by these proteins.

The structure of these duplexes provided a partial explana- . —
tion for the observation that bacterial MUG and mammalian 5.2.2. Acrolein and Malonaldehyde Derivatives
hTDG, which remove uracil or thymine residues when they  To overcome problems associated with the synthesis and
are present in d@lU or dGT mismatches, can cleavelC purification of MydG (78) and acrolein adducts/9, 80),
residues paired to any base in double-stranded BNRAs many biological and structural studies have used?1,
in the case of theedC duplexes, the d@ or dGdU propano-d@3 (PdG), as a chemically stable lesion analogue.
mismatch alignment is highly sheared with the T residue NMR spectroscopy and restrained molecular dynamics have
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determined the solution structure of duplexes containing PdG segment and in the&i(...T X T...) contexf81%|n the latter
opposite dG, dA, or dC, abasic sites, and two-base deletionsequence context (PDB codes 1LAS and 1LAQ), PdG
in a loop region of a hairpin sample. Early studies of 9-mer reduces the thermal stability of the duplex by 2l NMR
duplexes having a centrally located PdG residue paired toexperiments performed at 2@ show that the sample has
dA or dG establish that duplexes are right-handed helicesvery similar properties to those reported for the Fdisand
with unmodified nucleotides in thenti conformation around  PdGdG duplexes, with residues haviggorsion angles in
the y torsion angle and WC hydrogen bonds present on all theanti conformation and canonical base pairs stabilized by
canonical base pairs, including those flanking the legtbAt’ formation of WC hydrogen bonds. At the lesion site, PdG
At the lesion site, the Pd@A-containing duplex displays a adopts asyn conformation around the torsion angle,
pH dependent conformational exchange, with broad NMR forming a PdGgyn-dCt(anti) 86 base pair alignment
signals at neutral pH and &pvalue around 7.6. Charac- stabilized by two hydrogen bond§(Chart 29). In the d(CG)
terization of the duplex structure at pH 5.8 indicatesya

conformation for the torsion angle of PAG with concomitant  Chart 29. PdG(syn)-dC*(anti) Pair Alignment

protonation of its partner dA residue. The refined structure H
shows a PdGyn)-dA*(anti) base pail84 properly stacked H"\i
between flanking base pairs and stabilized further by (\\N o 5/\
formation of two hydrogen bonds (Chart 28). The PdG HN\G HNC N
N—Z N~ T arib
Chart 28. Propano-dG 83 and Its Alignment with dA 84 /N—ﬂ °
and dG 85 dRib
HoN 86
(\\ —H N -
0 N O W%/N\dmb stretch, PdG causes a larger thermal stability reduction with
N N HN~—( o HNEN a 24°C drop in the duplex melting temperature.
¢ | ,)\ﬁ N—¢ »//N“ The exchangeable proton spectra indicate that at least two,
NONTON N or even more, cytosine residues are protonated at the working
dRib dRib pH value of 5.8. As seen with other PdG duplexes, the lesion
83 84 also adopts aynconformation around thg torsion angle
N and forms a PdGfyr)-dCt(anti) base paiB6. The presence
0 jN of additional NOE interactions leads to the conclusion that
\\7‘/%/ ~dRib the y torsion angle of the 'Sside lesion-neighboring dG
(\\N o---'-"""H’N =N residue exchanges betwesyn and anti conformations,
HN\ﬂ\?\ H-N generating multiple duplex structures in solutddhOn the
N—Z N H basis of these observations, the authors proposed a correlation
NJJ between the presence of sequential Hoogsteen base pair
dRib. alignments and the high frequency of two-base deletion
85 mutations measured in the d(GGpntext. It is worth noting

that in this work the adduct was only three base pairs apart

duplex shows similar NMR parameters for all residues, from the duplex end, a fact that could have promoted partial
including those located at the lesion site, but in this case, dissociation of terminal base pairs with simultaneous pro-
formation of a PdG{yn-dG(anti) base pair alignmer85is tonation of cytosine residues and formation of alternative
pH independert!*21¢The initial NMR characterization of  structures. The unusually high reductionTgf suggests that
the PAGdA duplex at basic pH indicates that all residues, end-sequence effects may have played a determining role in
including those at the lesion site, adopt i conformation the thermal stability of this duplex. Hence, to understand
around they torsion angle. The Pd@&iti)-dA(anti) alignment the biological implications of these observations, it should
shows PdG inclined in the'8lirection and partially inter-  be of interest to study a DNA duplex with a PdG-containing
calated between its partner dA and theé&ighboring residue.  d(CG) segment farther away from the end.
The partner dA residue adjusts in an equivalent manner, Additional studies of PdG-containing duplexes have placed
appearing inclined toward it$-8ide and intercalated between the lesion opposite an abasic site (&F)as the 5residue
PdG and its 5neighbor residue. No hydrogen bonds stabilize on a two-base bulg&®2??1or on the loop region of a hairpin
the alignment at basic pH, suggesting that a pH-driven sequenc®&? (PDB code 1LAE). At 10°C and pH 7.3, the
balance between hydrophobic and hydrogen-bonding con-PdGAP-containing duplex adopts a right-handed helical
tributions to duplex stability determines the Pd@& base structure with all residues including the PdG lesion in the
pair alignment in solutioA!® Further refinement of the PAG  anti conformation around thg torsion angle and WC base
dA duplex structure at high pH keeps intact the essential pair alignments throughout the duplex. At the lesion site,
elements of the Pd@A alignment described above but the PdG adduct is inside the helix with its exocyclic ring
shows the adduct largely displaced in the major groove of partially filling the cavity left by the absence of a partner
the helix. Since the major groove location of PdG allows base and properly stacking between flanking base pairs. The
rotation around the torsion angle, the authors used this AP residue is also intrahelical and faces the PAG moiety.
structure to propose a path for the exchange between theThis structure and the structure of the Pd& duplex at
acidic and basic conformations of the Pd@& duplex in basic pH discussed above were the first reports supporting
solution??’ the concept that hydrophobic interactions may stabilize a

The NMR characterization of a PdG residue paired to dC helical duplex structure without the need for hydrogen
has been performed under acidic conditions in two different bonds?!® Stacking of an intrahelical PdG adduct with
sequence contexts, specifically at the center of a d{CG) neighboring base pairs without formation of hydrogen bonds



NMR Structures of Damaged DNA

Chemical Reviews, 2006, Vol. 106, No. 2 631

is observed also in the structure of a double-stranded the formation of WC hydrogen bonds at the lesion-containing

oligonucleotide that has a single PdG lesion as thre&idue
of a targeted XpC bulge. At 2%C, the duplex is kinked at
the bulge site by 20635°, separating two regular helical

base paif?*@However, during the recent characterization of
mutagenic properties of MG, the same research group
identified NMR evidence supporting the formation of a WC

domains with base pairs stabilized by canonical WC align- alignment at the MG-dC base paif?® an alignment that
ments. Direct NMR evidence places the PdG residue insidehad been reported previously for th OH)-PdG78 adduct
the helix in theanti conformation aroung and stacking with  in duplex DNA225

the guanine molety of the'Slanking dCdG pair. The dC In contrast to the open conformation seen in duplex DNA,
residue at the '3side of the bulge is extruded toward the \ 4G is chemically stable and remains ring-closed when it
major groove of the helix, where it stacks with ariigh- is the B-residue of a two-nucleotide bul§fé (PDB code
boring guanin&®2=(Figure 11). An additional example of 129 Outside the bulge site, the duplex takes on a regular
helical structure with base pairs stabilized by WC alignments.
Both residues of the bulge are in tlati conformation
around they angle and appear inside the helix, where they
lack hydrogen-bonding interactions. Globally, the duplex
structure is similar to that of the duplex containing a two-
nucleotide bulge, with PdG as thé&taulged residue in the
same sequence contéxt.However, a notable difference
between these duplexes is that the aromatic moieties of the
bulged residues are parallel and properly stacked on top of
each other only in the case of the,dG lesion.

Chemical rearrangement of an exocyclic ring also occurs
in the case ofy-(OH)-PdG 78, the main lesion formed by
acrolein (Scheme 7¥>When paired to dC, duplex annealing
triggers the opening of the M2-propano ring ofy-(OH)-
PdG to theN?-y-oxopropyl form 88), which places the

d y-oxopropy! chain in the minor groove of the helix and

Figure 11. Lesion site structure of duplex DNA having a targete

5'(PdG dC) bulge. This lesion site view shows the major groove
prominent with bulged residues in red. Reproduced with permission
from ref 221. Copyright 1995 American Chemical Society.

facilitates the formation of a regular WC p&a® with the
opposing cytosine. The ring-opened conformatiop-¢OH)-
PdG causes minimal perturbation of the helical structure, and

standard WC alignments are present throughout the duplex

an oligodeoxynucleotide structure having a PdG adduct sequence. Despite the similarities in the chemical rearrange-
stabilized without formation of hydrogen bonds is that of a ments experienced by(OH)-PdG and MdG adducts, these
stem-loop sample where the adduct was at the center of aesions have different biological properties, where only the
three-residue loop region. In this case the lesion stacks overM:dG lesion is mutagenic in bacteria. The insertion of ACMP
the final dGdG pair of the stem region with one side of the during DNA replication is likely to trigger the chemical
PdG ring almost completely exposed to solvent. The structurerearrangement of both lesions to their ring-opened forms,
and the thermodynamic stability of this duplex were very facilitating translesion DNA synthesis. It is possible, though,
similar to those of a control hairpin where a dG residue that the highly flexible propenal chain ¢f(OH)-PdG 88
substituted for the PdG lesié? can be more easily accommodated in the catalytic pocket of

For several years the structure and the biological propertiesthe DNA polymerase than the more rigid conjugated system
of DNA-containing PdG residues served as models for the of M1dG 873, explaining their different mutagenic activities.
lesions produced by malondialdehyde and acrolein, two
endogenous alkylating agents formed during lipid peroxi- Scheme 7. Conversion of 78 and 79 to Ring-Opened Forms

dation and oxidation damag®&.However, the validity of this o o)
NfLN/j NfLNH KOH
/] ¢ | §
(A NN
78 87a

structural analogue was partially called into question after
dRib dRib

M1dG and y-acrolein adducts78—80 were efficiently
introduced into DNA samples and the NMR characterization
o}
N NH he)
oy
N N/)\H
dRib 87b

R

of these duplexes revealed unexpected re&#3.22> When

a duplex sample has an;MG-dC pair, the exocyclic adduct
spontaneously and quantitatively convertsNib(3-oxo-1-
propenyl)-dG 873), a ring-opened conformation that reverses
to M1dG upon thermal denaturation (Scheme 7). The authors
postulated that the lesion partner dC residue plays an active
role during rearrangement to a ring-opened conformation by
participating in the transient formation of a Shiff base
intermediate. Interestingly, the NMR data suggested that ring-
opened states of MG 87 do not form WC hydrogen bonds

with dC8° The refined duplex structure shows thi-(3- O OH o]
oxo0-1-propenyl)-dG lesioB7 in theanti range aroung with N N NH o
the propenyl chain located in the minor groove causing only ¢ )N\ — ¢ | /)\f
local perturbations on the duplex structure. The lesion partner N"NTON N™ N

dC residue protrudes slightly into the major groove of the dRib H dRib

helix, a displacement that was considered sufficient to hinder 79 88
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Recently, our laboratory has established the solution 5.3.1. Cross-linked Bis-pyrimidines
structure of a related duplex containing tir@crolein adduct

80 paired to dC at the center of an 11-mer dug®xThe
duplex is stable at room temperature, has all unmodified complementary &t GAAA XTTT C G) undecamers

ini _ 3 28 4, . -
residues in th@nti range around thg angle, and canonical containing ar°T-ethy T (91, Chart 315 or N'dC-ethy|

WC alignments on all normal base pairs. At the lesion site, Chart 31. Ethylene Interstrand Cross-links
o-(OH)-PdG has itg torsion angle in thesyn range, is

An original approach has allowed the preparation of self-

coplanar with its base pair partner, and stacks mainly with HG P QA H\/\ N
the B—ne.ighboring res_idue. Clear NMR evidence indicatgas 2/_/<N/\/N>_\g (/_\<N N>/_\>
protonation of the lesion-partner dC, even at pH 6.9, with N—( >N N—( YN
formation of ana-(OH)-PdG6yn)-dC*(anti) base paif0that dRb  © O dRb dRib O o 4Rib
is stabilized by at least one hydrogen bond (Chart 30). In
91 92
Chart 30. y-(OH)-PdG-dC 89 and a-(OH)-PdG-dC 90 Base .
Pair Alignments N*dC (92)??° fragment at the middle. The structural charac-
H terization of duplexes having tfes (PDB code 1S37) 092
H,,\j HO (PDB code 1N4B) ICL at the central step shows that the
m Hh linker Iocation is different in each case. In tB&-containing
o NN >//N o duplex_, the Imker_ is located between the.W(.Z e_dges of the
N H 37/ “dRib Nﬁj HH cross-linked thymines anq, therefore, remains |n.5|de the helix,
¢ i _— _ whereas on duple®?2 it is exposed to the major groove.
NN N arib” V"~ THeN The geometry of both cross-linked mismatches is close to
dRib O)\N that of the canonical WC pair, with a face-to-face base
dRib orientation and a C+C1' distance of about 10.2 A, very
o~ close to the 10.7 A value of normal WC pairs. As a result,
89 90 both duplexes form a compact stem with a regular B-type

conformatior?3%-231Despite the flexibility of the ethyl linker,
summary, several precepts emerge from the structures ofihe tetrahedral geometry of its carbons causes, in both cases,
x torsion angle of the adduct to tisgnconformational range  the magnitude of this effect is different. In the case of the
with formation of an adducsfyn)-partner@nti) base pair  thymine ICL91 duplex, the cross-linked bases show only a
alignment is often the lowest energy structure of duplexes moderate propeller twist that has negligible consequences

having exocyclic lesions. Second, exocyclic lesions can be on adjacent base pairs and the rest of the DNA (Figuré2).
stabilized inside the helical DNA structure without participa-

tion of the damage residue in hydrogen bond formation. This
principle applies in general to all bulky aromatic systems,

including polycyclic aromatic hydrocarbon lesions and

pyrene residues. Finally, the wobble base pair alignment
adopted bydC lesions explains the processing of this lesion

and dGT mismatches by the same DNA glycosylase.

5.3. Interstrand Cross-links

Bifunctional alkylating or acylating agents are capable of
producing interstrand cross-links (ICLs). DNA cross-links
are formed by exotic compounds that are generally absent
in the cell, including nitrogen mustards, diepoxybutane, 2,5-
bis(1-aziridinyl)-1,4-benzoquinone, and cisplatin. The DNA
major repair pathways, BER, NER, and MMR, remove
lesions from one strand of the duplex without affecting the
complementary strand, which serves as the template for
subsequent gap-filling synthesis. An ICL that covalently
binds both strands of a duplex requires a more elaborate
repair mechanism and, thus, represents a major challengesigure 12. Lesion site structure of duplexes containing 1L
for the cell. Further, ICLs also are an impassable block for (top panel) an®2 (bottom panel). The pictures display central three-
DNA replication and may casue cell death, a property that nucleotide segments with cross-linked residues in red, the ethylene

explains the use of many cross-linking agents as anticancertether in green, and flanking thymine and adenine residues in blue
and wheat, respectively. Hydrogen atoms are not shown. Prepared

drugs??’ ) _ ) ) _ from PDB entries 1S3#° and 1N4B3! using PyMol555
To understand putative mechanisms involved in recogni-

tion and repair of ICL, the spatial structure of DNA fragments In contrast, cytosine ICO2 significantly alters the structure
containing such lesions must be known. However, site of its surroundingg®* Thymine imino protons of ICL-
specific incorporation of relevant ICLs into DNA is a difficult ~ flanking dA-T base pairs appear slightly upfield and show
task, because such a synthesis is not compatible with solid-strong NOE cross-peaks to the hydrogen-bonded and exposed
phase phosphoramidite chemistry. To circumvent this prob- amino protons of their partner adenine and to the methylene
lem, DNA duplexes containing artificial linkers have been protons of the linker. Strikingly, they do not exhibit cross-
studied as models for the lesions occurringvivo. peaks to the adenine-H2 proton, which is a normal NOE
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Figure 13. Structures of self-complementary duplex@s (left panel) and96 (right panel) containing the trimethylene linkéd. The
pictures show cross-linked guanine residues in red, opposing cytosine residues in blue, and the linker in green. Hydrogen atoms are not
shown. Prepared from PDB entries 1HZ2and 1LUH?34 using PyMol3%®

interaction present across @R base pairs. The RMD  or d(GpC) step of self-complementaryAddG G C G*C C
structure of this duplex shows the cytosine ICL fragment T), 95and d(T C C G* C G G A) 96 octamers, where G*
significantly propeller twisted, causing the partial rupture of indicates cross-linked residug$:234
the alignment of adjacent dA base pairs, which has only According to NMR data, cross-linked guanine bases adopt
one hydrogen bond between thymine 4-oxo and the adeninean anti conformation around thg torsion angle with the
amino group (Figure 12). The lesion-flanking dApairs are alkyl tether substituting the amino hydrogen normally
also highly propeller twisted and sheared, showing the involved in WC hydrogen bonding. The tether conformation
adenine and thymine residues are shifted toward the minorand the relative position of guanine bases across the ICL
and major grooves of the helix, respectively. These perturba-are completely different in duplexé& and 96, leading to
tions place flanking thymine imino protons far from the quite distinct overall conformations. In dupl@%, the linker
adenine-N3 and close to the cytosine-O2 of the ICL, an adopts a W-type conformation, haviagti-periplanar C-C
arrangement that is consistent with the NMR observations. and C-N bonds, and produces an almost perfectly planar
In addition, the helical twist at the d(ApC) step increases, dG-dG mismatch at the lesion site with a longer' €C1'
almost doubling the value observed in canonical B-DNA. distance. Cytosine residues, which were paired in the parent
The local helix diameter at the ICL site, measured as the duplex to the now cross-linked guanines, lack base pair
distance between phosphate groups of complementary nuclepartners and form a wedge between the guanine ICL and
otides, increases by 2.5 A, with a concomitant decrease inadjacent d&C pairs (Figure 13). The two wedges are
the width of both the major and minor groo\&s. symmetrically situated relative to the 14 and mutually

. compensate their inherent bend so that the main global
5.3.2. Guanine ICLs

) ~ Chart 32. Three-Carbon Guanine ICL
In the proper sequence context, some bi-electrophiles o

discussed in the exocyclic lesions section are theoretically N
capable of forming ICLs. It has been reported that malono- /K /K
dialdehyde can form Schiff base type guanine 3 (Chart /\/\

32), only in oligonucleotides containing d(CpG) stéfs. deb deb

Since the linker93 has limited stability and exists in

equilibrium with its open form, its structural characterization 0

is problematic. As a result, the factors responsible for N

sequence specific formation of ICI93 remain to be )\ )\
/\/\

established. To perform NMR studies, the guanine trimeth-
ylene linker94, a chemically stable mimic of the malono- dR'b dR'b
dialdehyde ICL, has been incorporated at the central d(CpG) 94
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distortion of the helix is only a sharp decrease of the twist pyrrole component 098 is lost after formation of the ICL
angle at the lesion site, with values of about {PDB code 100but is needed for the delivery of ICL-forming groups to
1HZ2)233 the DNA. The NMR characterization of duplexes having

In duplex96, the linker adopts a nonplanar skewed U-type cross-links97 or 98 at d(CpG) steps shows smaller perturba-
conformation, withgaucheC—C and C-N bonds, allowing tion of the DNA structure than that for the trimethylene
central cytosine residues to remain opposite to their partnerlinker. In both duplexes, the NMR spectra indicate the amino
cross-linked guanines (Figure 13). However, the linker causesprotons of the cross-linked guanines are hydrogen bonded
steric restrictions that induce a large propeller twist in the to the 2-oxo groups of partner cytosine residues and are in
lesion-containing pairs and a prominent buckle in the ICL- slow exchange with solvent, indicating that, in contrast to
flanking base pairs. Furthermore, the four central base pairsthe case of the trimethylene linker, solvent-exposed guanine
of the duplex show almost zero helical twist, flattening the amino protons were substituted by tB& and 98 linkers.
major and minor grooves in the vicinity of the lesion site As a result, two d&IC base pairs are formed at the cross-
(PDB code 1LUH). link sites of both duplexes, as represented in Chart 35,

In contrast to the trimethylene linker, the malonodialde-
hyde linker is a chain of conjugated double bonds, which Chart 35. Schematic Representation of Base Pair
impose additional limitations on its conformation and require Alignments and the Linker Conformation of ICL 99 and 100
it to be planar. As shown by tH# and96 duplex structures,

a planar tether conformation is present only in the case of
the d(CpG*) cross-link, explaining the specificity of mal-
onodialdehyde ICL formation at d(CpG) steps.

It is interesting to compare the structure of the guanine
trimethylene ICL with those of four-carbon cross-links
formed by mitomycin C972% or the 2,3-dihydroxymeth-
ylpyrrole—distamycin conjugated8 (Chart 33%%¢ These

Chart 33. Mitomycin C 97 and the
2,3-Bis(hydroxymethyl)pyrrol —Distamycin Conjugate 98

G,

N
HCH without disrupting the formation of regular WC alignments
in the other base pairs of these duplexes. In the case of the
HN._O mitomycin C ICL, NMR-based energy minimization pro-
duced two models that differed only in the pucker of the
nonplanar pyrrol ring of the linke®®® In both models, the

7 "N—CH,

bulky aromatic fragment is in the minor groove of the helix,
partially exposed to solvent and without causing steric
clashes. In the case of the ICI00 an energy-minimized
model shows the bulky conjuga®8in the minor groove of
the duplex, where the shape of the distamycin moiety nicely

HO
o
g G s T
o N © fits the curvature of the double heff€ ICL 100 induces
CH, small perturbations of the duplex conformation, including a
08 buckle in opposite directions of the cross-linked-dG base
pairs that brings the guanine moieties close to each other
and decreases the helical twist at the lesion site.

compounds have modified alkyl groups at positions 2and 3 |n summary, structural comparison of duplexes having a
of a pyrrole nucleus, which are capable of forming covalent saturated trimethylene ICL with those containing a four-
bonds with the exocyclic amino group of guanine, producing carbon partially unsaturated skeleton of 1G9 or 100
isosteric ICL99and100(Chart 34). The bis-hydroxymethyl  ingicates that the latter moiety is an optimized linker that
does not disrupt d(CpG) steps.

aShown in bold face is the four-carbon ICL-forming segment.

Chart 34. ICL Formed by Mitomycin C and the
2,3-Bis(hydroxymethyl)pyrrol —Distamycin Conjugate

N P ? N
Y )= !

6. Pyrimidine Photo-cross-link Products

6.1. Type of UV Lesions and Reaction

dRib NH N N oRb O o0 N Mechanisms and Stereochemistry of Products

~_NH, ﬁﬁNH HN»\&\Z When two pyrimidine bases are properly positioned,
o VS =" 1 excitation of electronic transitions in one of them may cause
dRib NH - HN dRib formation of cross-links. Depending on UV radiation wave-
H,N __ length, DNA conformation, and direction of the attack,
CH, SN different chemical reactions may take place in DNA, forming
Dst several addition products, including cyclobutane pyrimidine

99 100 dimers (CPDs), 6-4 pyrimidinepyrimidone products (6-

4PP), and 6-4 Dewar products. They are briefly discussed
Dst = distamycin residue below.
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6.1.1. [2+2] Cycloaddition moiety of 6-4PP always has%R6S configuratior#*® and,
as in the CPD case, the wavelength of UVC light is the most
efficient for generating these lesions.

The resulting photoprodudtO4 has an absorption maxi-
mum at 324 nm, so subsequent irradiation with UVA or
sunlight induces its rearrangement into the Dewar isomer
105, which retains the configuration of the chiral atoms. The
(6-4)Dewar photoadduct is chemically stable but upon UVC
irradiation rearranges back to the 6-4PP (Schenté*®s

CPDs, the [2-2] cycloaddition products of two pyrimidine
bases, are the predominant lesions formed by UV irradiation
of DNA. Formation of CPDs is more rapid upon irradiation
with UVC light, A < 290 nm, but they remain the major
photoproducts of UVB or UVA radiation, that has longer
wavelength or sunlight irradiatiofi’ As all [2+2] photoin-
duced olefin cycloaddition reactions, formation of CPD
proceeds as a&yn cycloaddition and, depending on the
relative orientation of pyrimidine bases, three different
stereoisomeric products are possible. In right-handed du-
plexes, where bases are in #gti conformation around the
x angle and stack with each other, formation of tieesyn

CH,
CPD 101 is heavily favored, with less than 2% &fans \ﬁLNH Me\ﬁLNH H)\J\/('OH
isomers as minor products. When pyrimidine bases have 07N

random orientation, as is the case in molten DNA, all possible K‘\é Ve f\\so
CPD stereoisomers are formed, including titses-syn| 102 //b -
"
o 4

Scheme 9. Formation of the 6-4PP 104 Lesion and Its
Rearrangement to the 6-4Dewar 105 Dimer

(major) and tharans-synil 103(minor) lesion$*® (Scheme ¢ g ° 5
L L . \ 0 OH \ (0] . OH
8). To form a CPD, pyrimidine moieties must be spatially o 0=P—0
° T
Scheme 8. Structure ofcis-syn101, trans-syn-1 102, and uve - o
trans-syn-ll 103 Cyclobutane Pyrimidine Dimers 104
o] o] UVA
Me Me o) CH,
NH \ELNH "'/j"\ /’K’ HNJ\)f'OH
N~ "0 o)\N .,
H H oA H N o
,(5 ! g
/ N
4, HO : Me
Q o OH o g)"'OH
o o 0=h~?
e} (6]

a result, UV irradiation of DNA activates all three processes
Q Me Me, Q Q' Me Me Q depicted in Schemes 8 and 9, giving rise to the formation of
3 k cissyn CPD, 6-4PP, and 6-4Dewar lesions in a 17:3:1

HNT Y NH HN " NH
in 237
O)\N N’&o O)\N 5 N’J*o ratio:

H H H H Photodimerization, the process that leads to the appearance
0 0 o 0 of pyrimidine photoadducts in living cells, is also used for
the preparation of dimer-containing oligonucleotides for
HO

Q.0 OH HO Q o OH structural studies. While solid-phase synthesis approaches
P _P are available for the site specific incorporation of pyrimidine
" o " %o~ photoproducts in oligonucleotidé®;?*6the majority of NMR
102 103 studies have used samples prepared using photodimerization

reactions. This approach involves UVB or UVC light
irradiation of a single-strand oligonucleotide containing a
couple of adjacent thymine residues, followed by HPLC
purification and subsequent annealing to the complementary
CPD formation occurs predominantly between thymine strand. Since only the pair of targeted thymine residues can

bases, but cytosine may also participate and minor quantitiesP® Present in the damage-containing strand, the structural
of dC-T, T-dC, and dC-dC CPDs are present after DNA information of pyrimidine photoproducts available to date
irradiation24924\When cytosine takes part in a CPD, the loss relates mainly to dimers flanked by purine residues.

of aromaticity increases its deamination rate, giving rise to . . I

a dU-T, T-dU, or dU-dU CPD. In addition, fluorouracil can 6.2. Conformation of DNA-Containing Pyrimidine

also form CPDs as well as an additional lesion that results PN0t0o-Cross-links

from opening of the cyclobutane riri¢y Early NMR and X-ray studies of dinucleotides containing
iy pyrimidine dimers established that the relative orientation
glnﬁwgﬁec?écgagd;%? dﬁ]’;%ep /lz\%zgarrangement of the of damaged residues is different from that observed in
4 4 unmodifed DNA. In addition, all the dimers have the main
The second type of photoinduced lesion involves the centers for hydrogen bond formation modified, a fact that
formation of a covalent bond between thenBicleotide C4 should severely affect the stability of damaged duplexes.
and the 5nucleotide C6, giving rise to a pyrimidine (6-4) Nevertheless, the NMR characterization of duplexes contain-
pyrimidinone (6-4PP) addud04. The 5-hydroxypyrimidine ing pyrimidine dimers available to date indicates that the

close but not necessarily contiguous in the DNA sequence.
Indeed, formation of a CPD has been reported to occur
between thymine bases separated by a bulged nucledtide.
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structural changes caused by these lesions are confined to &hart 37. Base Pair Formed bytrans-syn-ICPD 102

four-nucleotide segment covering the photoadduct and flank- HN N=, 3
ing base pairs. These structural changes are discussed below. o 2 WN\dRib
e -
6.2.1. Cis-syn Cyclobutane Pyrimidine Dimers > o’}'j‘NN e \
Since the cyclobutane ring afs-synCPD is not planar, dRib/ o @N‘dRib 5
dihydrothymine residues can adopt, in principle, a right- Me /}\jH """""
handedLO6or left-handedLO7twist (Chart 36). In addition, dRib/N 0

Chart 36. Right-Handed 106 or Left-Handed 107 Twist of

Gis-synCPD? spectra indicated that distortions of the duplex structure are

localized to the 5moiety of thetrans-synl CPD and neigh-
boring bases. The strong intensity of the base-anomeric
proton NOE cross-peak suggests that the glycosidic bond of
the lesion 5thymine is in asyn conformation, so that its
WC edge is facing the major groove of the helix and only
the 3-component of the dimek02forms a hydrogen-bonded
base pair with the opposing adenine residue (Chart 37). In
agreement with this alignment, thg, of the transsynl
CPD-containing decamer is 2wer than that of a related
duplex containing theis-syn CPD. In contrast to the case
of the cisssyn CPD, the duplex spectra of theanssynil
lesion showed no unusually shiftéP or imino proton sig-
nal, suggesting the absence of major distortions in the con-
106 107 formation of the sugarphosphate backbone. However, since
aDouble arrows show the strongest NOE interaction in each case.  the imino proton signals of the duplex were not assigned,
the hydrogen-bonding status of the lesidft8/mine could
the cyclobutane ring pulls the pyrimidine bases together and, not be experimentally determinét.
as a result, they cannot have the parallel orientation observed
between nucleobases of unmodified DNA duplexes. Early
X-ray and solution-state NMR studies established that the
cyanoethyl ester of theis-syn CPD dinucleotide adopts a
left-handed conformatiorl(7), displaying a—29° base twist,
as opposed to the right-handed 3@lue observed in B-form
DNA.247-2499 Thus, the presence of thiss-synCPD confor-
mation in double-stranded DNA should disturb its structure
considerably. Nevertheless, the NMR studies of lesion-
containing duplex&8®2%2 revealed that formation of eis-
synCPD causes only small distortions in B-form DNA, an
observation that is fully consistent with an early computer
simulation prediction made by Kollman and co-workéds.
NOE interactions between the photoadduct H6 and; CH
methyl groups (Chart 36) established that, in duplex DNA,
thecis-synCPD changes the cyclobutane conformation from
a left-handed twisL07, observed in the isolated dimer, to a
right-handed twistl06 form?5! (Figure 14). Similarly, the
recent NMR characterization of a uracyl CPD-containing
duplex also indicates a right-handed twist between the
damage base8? Transition to a right-handed twist partially
alleviates the structural perturbations caused by CPD forma-
tion, and all imino protons of the duplex, including those at
the lesion site, are hydrogen bondé&tHowever, NMR and
UV melting studies suggest that the presence of these base
pairs slightly reduces the thermal stability of duplex DNA.

.. NOE

6.2.2. Trans-syn Cyclobutane Pyrimidine Dimers

Until recently, a detailed three-dimensional model of
DNA-containingtrans-pyrimidine dimers was not available.
Since at least one base is constrained in an unusual CONgigyre 14. Structure of acis—syn CPD 101 containing duplex.
formation, as described schematically in Chart 37, this lesion The picture displays the central four-nucleotide segment with the
would be expected to induce a larger distortion in the DNA major groove prominent (top panel) and t@l-d(ApA) base pair
structure than theis-synCPD. NMR spectroscopy was used alignments as seen from the minor groove (bottom panel, only base

. . atoms are shown.). Theis—syn CPD adopts a right-handed
to characterize the conformation of a decamer duplex CON- Conformation and the base pair formed between thiynine and

taining a thymineranssyntl CPD#** Analysis of chemical  the complementary adenine is highly propeller twisted. Prepared
shift perturbations and the pattern observed in the NOESY from PDB entry 1TT3% using PyMol?5°
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6.2.3. (6-4) Pyrimidine—pyrimidinone and Dewar Adducts of mutagenic duplex intermediates containing dG or T paired
) ) to the 3-thymine of thecis-synCPD closely resemble those

The formation of 6-4PF104 and 6-4Dewarl0S dimers — of the matched duplexes without any further distorfig?s
causes dramatic changes in the hydrogen bond potential 0frhe presence of two well-resolved imino proton signals that
the cross-linked bases. One WC hydrogen-bonding atom ofspow a strong NOE cross-peak between them indicates the
the lesion 3pyrimidine, theo* of a 3-thymine or theN* of formation of a classical d@* wobble alignment between
a 3-cytosine, is lost and thi¥® position becomes sterically  {he (G residue and the lesiohtBymine, which is displaced
hindered. The Spyrimidine residue loses aromaticity and  {5ard a minor groové® Similarly, a T-T* wobble align-
acquires an additional hydrophilic group. In addition, the tWo men; stabilized by two hydrogen bonds is present when
rings become almost perpendicular, making impossible their ymine is opposing the lesior-Biymine, which in this case
simultaneous base pairing and stacking inside the duplex.is”gisplaced toward the major groove of the dugi&xin
Despite their close topology, the geometries of 6-4PP and contrast, ais-synCPD-containing duplex having to two dG
6-4Dewar lesions are different. The rearrangement of the flat yesjqes paired to the damaged thymines adopts an extremely
aromatic pyrimidinone ring to the extended and folded Dewar yistorted conformation with highly propeller-twisted di3

type bicyclic system changes the relative ring orientation \opple pairs and a sharp kink at thesite of the dime?®
within the lesion, affecting the duplex conformation at the

damaged site. The NMR characterization of a 6-4PP dimer-
containing duplex showed that thérgsidue of the lesion
remains essentially unperturb&d Despite being consider-
ably propeller twisted, the 5,6-dihydro-5-hydroxythymine
forms a hydrogen bond with its partner adenine and stacks
partially with an adjacent purine residue. No hydrogen bond

is present between the'-8omponent of 6-4PP and the X - | ;
opposing adenine, and according to the RMD model, the Deoxyguanosine substitution of the dA residue opposite the

5-OH group of the 5,6-dihydro-5-hydroxythymine is hydro- €Sion pyrimidone ring increases the thermodynamic stability
gen bonded to the NS of this base. of the 6-4PP-containing dodecamer by 0.5 kcal/mol and that

of a 6-4Dewar lesion-containing duplex by 0.3 kcal/r#l.
Interestingly, the latter lesion causes much lower mutation
levels?6? comparable to those predicted by the A-rule for
noncoding damages. Therefore, the mutagenic behavior of
6-4PP and 6-4Dewar photoproducts cannot be explained in

Instead of these interactions, the Dewar bicycle displays NOEterms of free energy differences that the presence of these
o ) lesions causes in duplex DNA.
peaks with its 3flanking base. There are no hydrogen bonds T o
between 5,6-dihydro-5-hydroxythymine and its partner ad-  The NMR characterization of DNA duplexes containing
enine residue, which, according to an RMD structure, shifts @ 6-4PP or the 6-4 Dewar photoproduct and adenine or
toward the Dewar moiety of the photodimer, supposedly guanine paired to the'3ide of the lesions gave some
forming a single hydrogen bond between its amino group rationale for these observatiof?§:2>*263264The experimental
and the Dewar bicycle N3. Despite the absence of experi- data show that an adenine residue positioned opposite the
mentally observed hydrogen bonds between 6-4Dewar bases -Part of 6-4PP or 6-4 Dewar dimers is unable to form
and opposing adenine residues, this lesion produces smallepydrogen bonds, whereas its replacement by guanine leads
distortions in the global DNA conformation than the 6-4PP, to the appearance of hydrogen bonds, causing significant
causing only a helical bend of about®2hs opposed to the  alteration of the global DNA shape. However, the conse-

Contrary to thecis-syn CPD, 6-4PP lesions are highly
mutagenic in bacteria, inducing incorporation of dG opposite
the lesion 3-pyrimidone ring?%? A thermodynamic study
showed that a centrally located 6-4PP paired to d(ApA)
causes an about 6 kcal/mol stability reduction of a dodecamer
duplex?®®a value close to that observed for duplexes having
a four-nucleotide internal loop or a single abasic %it#'-

The conformation of a DNA duplex containing the
6-4Dewar adduct05is dramatically different®” In contrast
to the 6-4PP, the most perturbed part of the 6-4Dewar lesion
is the 5,6-dihydro-5-hydroxythymine base, which does not
show NOE cross-peaks with its'-Banking dA residue.

4% value produced by the latté?® guences of it are opposite for 6-4PP or 6-4 Dewar adducts.
In the 6-4PPd(GpA)-containing duplex, the pyrimidinone
6.3. Base Pairing of Pyrimidine Photoproducts 02 group of the lesion forms hydrogen bonds with the imino

and amino groups of its partner guanine and the WC edge
While the three major pyrimidine dimersis-syn CPD, of the dimer 5-hydroxypyrimidine moiety is hydrogen

6-4PP, and 6-4Dewar, cause mutations in bactergsyn bonded to the opposing adenine base. As a result, when
CPD is the least mutagenic of them, inducing about 5% of 6-4PP pairs to d(GpA), distortions of the DNA backbone
TT — TA and 1% of TT— TC base substitution mutations. and global duplex shape are smaller than those when d(ApA)
A thermodynamics study showed that the presencecid-a is opposing the lesiéh’ (Figure 15). In the (6-4)Dewar
synCPD adduct at the center of a dodecamer duplex reducesd(GpA) duplex case, the lesion partner guanine also forms
its stability by about 1.5 kcal/mol and incorporation of a T two hydrogen bonds; however, in this case, one of them is
residue complementary to the lesiorg§rimidine causes a  formed between its amino group and the Dewar bicycle O2
slight additional stability penalty of just 0.7 kcal/n¥s?, groups, whereas the second hydrogen bond involves the
suggesting that theis-syn CPD patrticipates in interstrand guanine imino proton and the 5-hydroxypyrimidine 2-oxo
hydrogen bonding in both cases. In agreement with thesegroup. As a result, the latter moiety becomes almost
data, analysis of NOESY spectra reveals that the thymine orthogonal to its opposing adenine, causing a sharp kink in
imino protons of thecis-syn CPD are hydrogen bonded, the helix and significant local distortiof¥ (Figure 15),
although they resonate somewhat upfield from the usual which are greater than those observed for a duplex having
chemical shift range (Figure 14). While it was initially d(ApA) opposed to the lesion. These effects on global duplex
proposed that this upfield shift reflected the presence of weak conformation would oppose the increase of stability produced
hydrogen bonding, the altered diamagnetism of 5,6-saturatedoy hydrogen bonding, explaining in part the low frequency
thymine rings and stacking interactions with flanking bases of T — C transitions observed for (6-4)Dewar adducts. In
can explain these shifts satisfactorily. The NMR structures addition, the geometry of thé-Bewar bicycledA alignment
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Figure 15. Global conformations of duplexes containing 6-4RB4j or 6-4Dewar {05 dimers paired to a d(ApG) segment (panels A
and B, hydrogen atoms not shown). Lesion site conformation of these duplexes (panels C and D, only base atoms are shown). Putative
hydrogen bonds are shown with gray lines. Prepared from PDB entries?8CHid 1QKG8 using PyMol?%®

Figure 16. X-ray (A) and NMR (B) structures of duplexes containing a CPD lesion (shown in red). Panel C depicts packing interactions
in the crystal structure with one duplex embedded in the major groove of another. Hydrogen atoms are not shown. Prepared from PDB
entries IN4B* and 1TT¥% using PyMol?%®

is highly regular, favoring the incorporation of a properly 6.4. Cis-syn CPDs and Changes in Global DNA

stacked dA residue, despite the lack of hydrogen bonding Conformation

the base pair. There are conflicting reports regarding the extentisf
Table 2 summarizes the structural properties of pyrimidine synCPD-induced changes in the global DNA conformation

photodimers. when d(ApA), d(GpA), or d(TpA) residues are opposing the
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Table 2. Structural Properties of Pyrimidine Photoproducts

Lesion Type and Sequence” Lesion Site Properties’ Helix Shape®
5’-side 3’-side Bend Unwind PDB Ref.
@) @)
CPD
5'-(..AA T™T AA..) WC (2) WC (2) 7 ITTD 265
(..TT A-A TT..)-5’ Bek, Prp,
CPD
5/-(..AA T"T AA..) WC (2) WC (2) 30 IN4E“ 271
(..TT A-A TT..)-5’ Bek, Prp
CPD
5'-(..CA T"T AC..) WC (2) WC (2) ~9 15 252
(..GT A-A TG..)-5' Prp
CPD
5'-(..CA T°T AC..) WC (2) Wbl (2) ~10 IPIB 260
(..GT A-G TG..)-5' Prp Prp, Bek
CPD
5'-(..CA T"T AC..) Wbl (2) Wbl (2) ~44 ISNH 260
(..GT G-G TG..)-5’ Prp Prp (24°)
Bck (44°)
CPD
5'-(..CA T"T AC..) WC (2) Wbl (2) 12 1QLS 261
(..GT A-T TG..)-5' Prp (45°) She, Stg
PP
5'-(..CA T"T AC..) WC (2) NR 44 32 256
(..GT A-A TG..)-5' Prp
PP
5/-(..CA T"T AC..) WC (2) NR (2) 27 2 ICFL 263
(..GT A-G TG..)-5' Prp
DW
5'-(..CA T"T AC..) NR (1) NR 21 16 257
(..GT A-A TG..)-5' Prp 258
DW
5/-(..CA T"T AC..) NR (1) NR (2) 43 39 1QKG 264
(..GT A-G TG..)-5' Prp (57°)

Lesion type indicated by . “CPD, cis-syn cyclobutane pyrimidine dimer; PP, (6-4) pyrimidino-
pyrimidinone adduct; DW, (6-4) Dewar adduct. bW, Watson-Crick; Wb, wobble; NR, non-regular.
Between parentheses is the number of hydrogen bonds. “Bck, buckle; Prp; propeller twist; Stg, stagger;
She, shear. “All duplexes were bent toward a major groove. dX-ray structure.

lesion. On one hand, the NMR solution studies show minimal in the CPD-containing dodecamer reveals that one duplex
distortions in the global shape of DN%2% (Figure 16b), molecule is embedded in the major groove of another (Figure
including a change in the backbone phosphate conformation16c), suggesting that the bend observed in the structure could
at the 3-side of the lesion that reduces the interstrand phos- result from crystal packing forces. Similar conclusions were
phate distance across the minor groove and causes a smalieached also in the case of DNA molecules containing
helix bend toward the major groove and a slight unwind of A-tracts where crystal packing influences the extent of
the duplex at the lesion site (Table 2). These observationsbending?’>274 However, it was later shown that packing
are fully consistent with gel electrophoresis results of dup- forces, being generally weak, are not able to bend a canonical
lexes having phasetls-synCPD lesion¥f and several free  B-DNA helix?”® and can only shift, instead, an already
MD structures’®72680n the other hand, a number of exper- existent conformational equilibrium in duplexes that have
imental and theoretical studies, including free MD simula- increased flexibility. Furthermore, using an essential dynam-
tions?%° ligase circularization oftis-syn CPDs containing  ics approachi’®it has been found that thermal fluctuations
linear DNA?2"°and the X-ray structure of a lesion-containing in acis-synCPD-containing duplex have a significantly larger
dodecamér? (Figure 16a), predict up to a 4bend of the global bend component than those in the parent duplex and
helix toward the major groove of the duplex after adduct that the d(ApA) segment opposite the lesion contributes
formation. Importantly, it was proposed that the bend induced significantly to these motions, serving as a hid¢elhere-
by the cisssyn CPD is responsible for damage recognition fore, assuming that thes-synCPD lesion decreases the local
by photolyase and DNA endonucleaseV repair enzyffies. DNA rigidity without affecting its average conformation in

In the case otis-synCPD lesions, bend differences be- solution, it is conceivable that the bend observed in the
tween X-ray and NMR structures cannot be simply ascribed crystal structure represents one conformational state of the
to sequence specific structural variations, because duplexesluplex in solution. Accordingly, the inconsistencies between
used in these studies have almost identical sequences (Tabléhe X-ray and DNA ligation results, on one side, and the
2). Two factors are usually considered to cause global shapeNMR and PAGE data, on the other, would disappear. Further
discrepancies between X-ray and NMR DNA structures, experimental confirmation of these findings would suggest
namely, the effect of packing forces in the crystal and the that not only the shape but also the flexibility of the lesion-
inherent limitation of short-range NOE interactions to predict containing DNA molecule could serve as a distinctive feature
accurately duplex curvature. Analysis of packing interactions for cis-syn CPD recognition.
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Scheme 10. Formation of Psoralene Mono 109 and dominant product, but with further UVA irradiation of DNA,
Cross-linked 110 Adducts a second cycloaddition reaction occurs between the psoralene
X pyrone ring and the thymine residue on the opposite strand,

CH, HC., o generating the cross-link produtiQ Since the psoralene
o 0._0 dRib / furane ring loses aromatiqity a_fte_r formation of.the cyclobu-
HC—\ P . tane monoadduct09, UV irradiation of DNA with 50 nm
shorter wavelength light is optimal for generating the XL
CH, H,C product. As a result, formation of psoralene cross-links can
X be stopped after the first cycloaddition reaction, provided
1088 X=NH 109 that 400 nm monochromatic light is used for irradiation. In
108b X=OH contrast, when the psoralene pyrone ring reacts first and
forms the cyclobutane lesidll, the remaining benzofurane
moiety no longer absorbs UVA light and interstrand cross-
links are not formed upon further irradiatiéff. Psoralen
monoadducts and XL adducts and related compounds are
cytotoxic for proliferating cells, explaining the therapeutic

H,C ° use of these drugs for local treatment of psoriasis.
X NMR spectroscopy was used to characterize the structure
of self-complementary octamer duplexes having-ami-
nomethyl-4,58-trimethylpsoraled08a(AMT)28%281gr g 4-
hydroxymethyl-4,58-trimethylpsoralerl08b (HMT)?282:283
111 110 located at a central d(TpA) dinucleotide step. In the AMT
] case, only the XL adduct has been characterized, whereas
6.5. Psoralen Adducts and Interstrand Crosslinks RMD structures have been obtained for the XL and MAf

Formation of a [2-2] cycloaddition product in DNA is lesions of HMT (PDB codes 203D and 204D, correspond-

not restricted to two pyrimidine moieties only. Psoralenes ingly).

108 a family of furocoumarine intercalators with specific MAfter formation of a thymine psoralen monoadduct, the
affinity for d(TpA), steps, can also produsgncis cyclobu- cyclobutane moiety shares many structural features with the
tane adducts with thymine upon irradiation of the intercalated syncis CPD, including the spto s@ transition on the
complex with UVA light?”8 Since both the furane and pyrone hybridization of cross-linked atoms. As a result, a parallel
rings of psoralen&08 participate in the cycloaddition reac- orientation of the psoralen and thymine moieties is no longer
tion independently, three photoproducts are possible, namelypossible, a fact that should cause greater structural perturba-
the furane monoaddud09 (MA(), the pyrone monoadduct tion of DNA than that seen with classical noncovalent
111 Mpy), and the interstrand cross-lidk 0 (XL) (Scheme intercalators. The NMR spectra of the MAf-containing
10). Initially, the furane cyclobutane lesid®9is the pre- duplex suggest that the psoralene residue stacks properly

Figure 17. Structure of DNA duplexes containing a Ma0d9 (left panel) or an XL110 (right panel) psoralene adduct (colored red).
Hydrogen atoms are not displayed. Prepared from PDB entries?29a&d 204382 using PyMol>%°
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inside the helix, adopting the usual parallel intercalating Chart 38. Relevant Diammino Platinum(ll) Compounds

mode, and causes almost no perturbation to tH&aBking
dA-T pair. In contrast, the dA base pair containing the
adducted thymine is significantly buckled, allowing the
adenine base to maintain stacking interactions with both
psoralen and a flanking cytosine residue (Figure 17).
Although the buckled dAT alignment does not favor proper
hydrogen bonding, analysis of the exchangeable proton
spectra indicates the adducted thymine H3 proton has a slow
solvent exchange rate suggesting the formation of a strong
hydrogen bond. Even at 51C, when the duplex melting
process is quite advanced, this imino proton exhibits the
sharpest signal in the spectridfi.

When the MAf monoadduct forms the second cyclobutane
ring originating the XL product, the conformation at the
furane side of the lesion undergoes minimal additional
changes. However, the DNA structure near the pyrone
cyclobutane ring of the psoralen XL is dramatically perturbed
(Figure 17). A large buckle of the dA pair makes the plane
of the bases almost orthogonal, affecting the following two

base pairs of the duplex. As a result, the imino proton signals

of these base pairs start widening at 2D and disappear
completely from the spectrum around-480 °C. In contrast,
the imino proton signal of the furan-side dApair is clearly
visible at these temperatur&s. These observations are
consistent with early results demonstrating higher thermal
and thermodynamic stability in duplexes containing a MAf
monoadduct than in those with an Mpy les#Sh.

The NMR structures of MAf and XL adducts of HMT in
DNA show that these lesions cause® 2¢hd 25 unwinding
of the helix, respectively, agreeing with an early circular-
plasmid titration study that established values similar to the
unwinding produced by ethidium bromid®. Although a
combined NMR and computational study predicted that the
XL adduct of AMT would produce an up to 3&ink on the
duplex?8® a more recent NMR study demonstrated that the
MAf monoadduct causes only af Bink in the duplex and
the XL lesion does not bend the DNA at #it.

7. Cross-links Induced by Platinum Compounds

7.1. Formation of Adducts and Their Structure

By the end of the sixties, it was found thi&t coli could
not divide under the effects of an electric field. Subsequent
studies attributed this phenomenon to the presenagsef
diamminedichloroplatinum12 (Chart 38), a well-known in-

organic compound that appeared in the media as a produc
of the reaction between the platinum electrodes and am-

monium chloride present in the buffer. Commercially known
as cisplatin, 112 is cytotoxic, possesses a pronounced anti-
tumor activity in mammals, and, along with some of its close

analogues, is one of the most effective and widely used anti-
cancer agents (for a review, see ref 286). While many addi-

tional platinum compounds have been investigated to im-
prove further the anticancer properties of cisplatin, the more
promising candidates, such as carboplatidor oxaliplatin
114, still retain the essential structural features originally
identified in112 namely a square platinum(ll) complex with
two ammine ligands orientetls and two leaving groups. In
contrast, platinum(ll) complexes having leaving groups in a
transorientation, such as transplatii5 possess no or very
little biological activity. The primary target of cisplatin and
related compounds is cellular DNA, where, after the nucleo-
philic hydroxyl substitution of its chloride anions, they bind

t
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Cisplatin reacts preferentially with adjacent purine bases,
and thecis-Pt-d(GpG) intrastrand cross-links account for
about 60% of the adducts detected in DNA. Other important
lesions are about 25% of Pt-d(ApG) cross-links and less than
8% of a cross-linked product between nonadjacent guanine
bases, Pt-d(GpXpG), and an interstraod-Pt(GG) ad-
duct?®7288 Formation ofcis-Pt lesions has multiple conse-
guences for the normal cell function. Pt adducts partially
block DNA replication and induce several types of mutations.
Cisplatin inhibits transcription and telomere growth, and it
increases the affinity of some transcription factors and high-
mobility-group (HMG) proteins for DNA®6 It is believed
that the therapeutic effects of cisplatin result from the
combination of all these properties.

Despite being biologically inactivity, transplatin and related
compounds also form DNA adducts, although, due to steric
reasons, cross-links between adjacent purine bases cannot

form. In double-stranded DNA, transplatin forms adducts

across d&C pairs, giving rise to the formation of ICL
11728°whereas, in single strand DNA samples, cross-linked
adducts occur between bases separated by at least one
nucleotide?®®

7.2. Geometry of Major Pt Lesions

Since platinum(ll) complexes have a square geometry, the
N’-Pt-N” angle of the adduct should beQ@nless the cross-
linked purine bases imposed severe steric constraints that
deform its geometry. Early X-ray diffraction studies con-

to the N7 atoms of two nearby purines, giving rise to the firmed that in di- and trinucleotides havings-Pt lesions

formation of cross-linked adducts (Chart 39).

this angle is close to 9¢° In these structures, guanosine
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Table 3. Structural Properties of cis-Pt-N’,N’-d(GpG) Intrastrand Cross-links

Duplex Sequence Lesion Properties Helix Shape
7 7 . Guanine . I
f el e outofplanel) (| NrEvs L WICH || o vt | SPES (Rt

angle  (5°-G*/ 3°-G*) sugar  Pairing

dihedral

() (A) (*) () )
CCTCAGECCTCCT 89.8 1.32/0.35 35 e T IPGC 294
GGAGTCCGGAGG
CCTCT@ETCTCC™® 98 4 1.3/08 25 5,3 30 IIHH 295
GGAGACCAGAGG
CTCCEECCT 88.7 0.89/0.03 5 3,5° 499 IKSB 296
GAGGCCGGR
CCTEETCC 87.5 0.85/0.56 42 5 3 58 21 1AU5 297
GGACCAGS
CCTCTEETCTCC 90 0.75/0.83 49 5 3 78 1A84 298
GGAGACCAGAGG
CCTCTEETCTCC® 1.2/08 26 5 40 299
GGAGACCAGAGG
ATACATGGTACATA 69 0.88/0.3 44 CENE < ) 26 300
TATGTACCATGTAT
CTCTCEETCTC 0.5/0.6 50 5 3 80 25 301
GAGAGCCAGAG
CTCAGCCTC 3 55 302
GAGTCGGAG

“Displacement of the Pt atom out of cross-linked guanines plane. “Oxaliplatin complex. “X-ray
data. “Observed at low temperature. “Very weak signal due to fast water exchange.

residues adopt aanti conformation around thejr angle and
are oriented “head-to-head”, with the WC edge of the bases
pointing toward the same side. ThE-Pt-N” angle is in the
76—87° range, making stacking of the cross-linked guanine
bases impossible. Such a geometry is hardly consistent with
a B-type DNA conformation, suggesting that the formation
of a Pt cross-link in double-stranded duplexes must result
in a major perturbation of the DNA structure or, alternatively,
in a change in the adduct geometry. Early NMR studies
established that thEPt chemical shift values observed for
a complex ofcis-Pt and two 2deoxyguanosine'5nono-
phosphates,<2455 ppm for thecis-Pt-d(GpG) cross-link
in single-stranded oligonucleotides are2450 ppni®? in
double stranded duplexé®are all very close. Sinc¥°Pt
chemical shifts are very sensitive to the complex geometry,
these data imply that platinum cross-links in DNA share com-
mon features with low molecular weight cisplatin adducts.

All NMR studies of DNA containingis-Pt-d(GpG) cross-
links reported up to dat&3%? (Table 3) reveal that this is
mostly the case. Analysis of the NOESY spectra show that
duplexes having ais-Pt-d(GpG) adopt regular right-handed
helical conformations, with residues in taati conformation
around the glycosidic bond and canonical WC alignments
for all unmodified base pairs. At the lesion site, a strong
NOE cross-peak between the H8 protons of cross-linked
guanine bases is always present, establishing a “head-to-
head” orientation of theis-Pt-d(GpG) adduct in the duplex.
In addition, the observation of strong intraresidue bas$#
NOE cross-peaks, which are weak for undamaged duplexes,
indicates that the sugar of the lesioh-guanosine (and
sometimes those of both damaged residues) adopteradd
conformation, typical of A-form DNA.

The RMD models of duplexes containingia-Pt-d(GpG)
lesion show that the adduct mostly retains a flat square o
geometry, with all angles of the platinum(ll) complex°90  Figure 18. Structure of the central four-nucleotide segment of a
but the Pt atom is slightly displaced from the guanine planes, C';Psth%ﬁanc)jgggtﬁg"cige v?/ugflet)r(l étigoginlﬁi)kegygzg%% f?tr%gl% grf]?
decreasing in this way the roll angle between the bases. Th : . N \ s
dihedral angle (Table 3) formed by the plane of the platinatedeglabottom panel). Prepared from PDB entry 1484ising PyMoF
guanines is smaller than that observed in the dinucleotidelonger parallel, their ability to simultaneously form WC base
cis-Pt-d(GpG) complex, but nevertheless, the bases remainecpairs with partner cytosine residues is considerably impaired.
largely unstacked (Figure 18). Since platinated bases are noThe experimental data consistently demonstrate that the
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Figure 19. X-ray (top left panel) and NMR (top right panel) structures of duplexes containomgRt-d(GpG) lesion in identical sequence
context. The pictures display the damaged d(GpG) fragment in red, the Pt cross-link in green, and the lesion partner cytosine residues in
blue. Close-up view of the cross-linked d(GpG) segments in the X-ray (bottom left panel) and NMR (bottom right panel) structures, showing
differences in the crystalline and solution states. Hydrogen atoms are not shown. Prepared from PDB entPésathldIDA84%8 using

PyMol 555

lesion 3-guanine base forms a stable WC base pair in duplex is consistent with a bend value of abouf 4létermined using
DNA. In contrast, evidence for participation of thé-5 PAGE mobility assays of DNA containing phaseid-Pt-
platinated guanine in WC base pair alignments is limited d(GpG) adductg®®However, despite these similarities, some

and observed only at low temperatures. guantitative differences occur between structures obtained
in solution and the crystal state. A comparison of N9fR8

7.3. cis-Pt—d(GpG) Cross-links and Global DNA and X-ray*?¥structures obtained for duplexes having close

Shape or identical sequences has established that in solution the

DNA is more bent and the square planar geometry of the

Structures of DNA having cisplatin intrastrand cross-links platinated d(GpG) segment is less perturbed. In the crystal
available to date, obtained from NMR or X-ray data (Table the situation is the reverse (Figure 19). It is worth noting
3), share essential common features, including the wideningthat a partial transition to an A-form DNA is present in the
of the minor groove near the lesion site, transition of some X-ray structure of duplexes containing @s-Pt-d(GpG)
nucleotides at or near the lesion from'aePdo to a 3endo lesion, which probably results from the combined effect of
conformation, and a considerable DNA bend toward the adduct-induced structural perturbations and crystal packing
major groove, in the 3680° range. The latter observation forces.
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To better establish the extent of DNA bend induced by groove of the duplex, allowing the presence of a sqoare
Cis-Pt-d(GpG) in solution, NMR spectroscopy was used to Pt-d(GG) complex geometry. The lesion partner cytosine
characterize the structure of an 11-mer duplex having aresidues are extruded from the helix into a position com-
cisplatin analogue bearing a paramagnetic TEMPO moiety pletely exposed to solvent, facilitating the inversion of the
112b. The presence of the paramagnetic group causes adamaged bases at the lesion site. In addition, the helix is
decrease of cross-peak intensity in the NMR spectrum, which left-handed, displaying a net unwinding value of 83r the
follows a 1/ distance dependency. The large gyromagnetic three-step segment at the lesion site, and bent toward the
ratio of the electron allowed the determination of distance minor groove of the duplex by about 4%° (Figure 20).
bounds up to 20 A apa#!3%The RMD computations using
a combined set of NOE and paramagnetic distances produced
a duplex conformation very close to that obtained using NOE
distances alone. However, distances between the paramag-
netic label and protons at duplex termini were considerably
smaller than those computed for a straight or moderately bent
DNA. The RMD structure revealed a pronounced 80plex
bend, being the largest value ever obtained for platinated
DNA by NMR spectroscopy. In addition, these results are
the first direct measurement of long-range distance in the
platinated duplex and suggest a highly kinked shape of
cisplatin cross-linked DNA in solution.

A second question concerning the shapeisft-d(GpG)
lesion-containing DNA is the need for separating cisplatin-
induced effects from sequence specific variations of DNA
structure. Preparation of platinated duplexes generally in-
volves the introduction ofis-Pt-d(GpG) cross-links in single-
stranded oligodeoxynucleotides, followed by their purifica-
tion and subsequent annealing to the complementary strand.
Thus, thecis-Pt-d(GpG) adduct is always present in a
pyrimidine rich context and, in addition, most duplexes
characterized up to date are A-T deficient. To compensate
for these limitations, an NMR study has characterized the
structure of a 14-mer duplex havingces-Pt-d(GpG) cross-
link in an adenine rich conteX° The RMD structure showed
that the duplex has essentially the same conformational

features identified earlier, including a 5Bend toward the Figure 20. Structure of a DNA duplex containingdis-Pt-d(GpG)

major groove that, in contrast to the cases of Previous jerstrand cross-link. The picture shows the d(GpG) fragment in
structures, was localized at thesdde of the lesion. Clearly,  red, the Pt cross-link in green, and the complementary cytosine

the diversity of bend values observed dis-Pt-d(GpG)- residues in blue, adopting an extrahelical conformation. Hydrogen
containing duplexes suggests that formation of the intrastrandatoms are not shown. Prepared from PDB entry 1E9Rsing
cross-link may actually increase DNA flexibility at the lesion  PyMol.>>

site.

In contrast tacis-Pt cross-linkstrans-Pt forms ICLs across
; i dG-dC base paird 17, producing smaller distortions of the

7.4. Platinum Interstrand Cross Links double helix. The NMR characterization of a dodecamer

While cis-PtN7,N’-d(GG) interstrand cross-links are minor duplex having a transplatin ICL shows that the major
lesions produced by cisplatin, they may have crucial biologi- structural perturbation is thenti to syntransition of the cross-
cal effects because the repair of ICLs in the cells is less linked guaninel 18 (Chart 40)3°¢ The geometry of the cross-
efficient. Two NMR studies have characterized the structure linked fragment closely resembles that of a Hoogsten base
of DNA having acis-Pt-d(GG) interstrand cross-link located pair but with an increased distance separating the platinated
at d(GpC) steps of the duplé®:3°6Although in these studies dG and dC bases, which may explain the fact that while
the lesion is present in different sequence contexts, thelesion-flanking base pairs adopt proper WC alignments, their
structures of both duplexes are very similar and close to theimino protons have increased solvent exchange rates. The
X-ray structure published a couple of years I&te(PDB energy-minimized model shows that these pairs remain
code 1A2E). In B-form DNA, the distance between guanine stacked inside the helix, but to avoid steric clashes with the
N7 atoms at d(GpC) steps is about 7.5 A; therefore, a ammine groups of the platinum complex, there is an increase
significant structural rearrangement is necessary for the of the helical rise at the lesion site. In addition, there are
formation of acis-Pt-d(GG) interstrand cross-link, which  compensatory variations of base pair twists that result in an
greatly affects the duplex conformation at the lesion site. average value of 36for the whole duplex® A similar
Each damaged guanine intercalates in the opposite strandalignment was observed in an 12-/11-mer duplex containing
between the other platinated base and itmdighboring a trans-Pt d(&A) ICL.3% The sequence used for this study
residue. The damaged guanine bases stack over each otherso contained a d@ mismatch one base pair apart from
in face-to-tail fashion, explaining the observation of a weak thetrans-Pt ICL that was apparently inconsequential for the
NOE cross-peak between their H8 protons. The platinated structure adopted by the platinated mismatch. The duplex
residues are overturned form their normal position in B-form structure retained a regulator B-form conformation with the
DNA in a way that places their N7 atoms facing the minor transPt d(GA) ICL assuming a pseudo-Hoogsten alignment
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Chart 40. Alignment of (dG-dC) 118 and (dG-dA) 119
trans-Pt ICL and Proposed M-DNA 120 Base Pair
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119and the dGT mismatch adopting a wobble geometry. It
is worth noting that these observations are in contrast to the
base pair alignments in M-DNA20Q, which also contains a
metal ion per base pair but chelated between the two WC
edges of the complementary amino a&itl.

7.5. Other Platinum Adducts

Early studies showed a marked difference in the antitumor
activity of mono- and bidentate platinum lesions, leading to
the conclusion that only cross-linked adducts were biologi-
cally significant. However, the need to reduce cisplatin
nephrotoxicity and widen its anticancer spectrum resulted
in the screening of thousands of platinum(ll) and platinum-
(IV) chelates and, among them, a number of hybrid com-
pounds containing intercalating moieties (for a review, see
ref 311). One of these compounds with promising antigrowth
activity in many tumor cell lines, PT-ACRAMTU1R1Y),
contains an acridine moiety tethered toistPt complex with
a single leaving group. This compound forms DNA adducts
122(Chart 41) having a single bond with guanine or adenine
N7 and intercalates its acridine moiety at tHeskle of the
platinated residue, resulting in very tight complexes. In
addition, the high affinity of acridine for d(CpG), d(TpA),
and d(GpA) steps drives the formation of PT-ACRAMTU
adducts to those sites, expanding the affinity of cisplatin that
is mostly restricted to d(GpG) step'g.A recent NMR study
has characterized the solution structure (PDB code 1XRW)
of an octamer duplex containing a PT-ACRAMTU addtiét.
The NMR spectra indicate the presence of a right-handed
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Chart 41. PT-ACRAMTU 121 and the
PT-ACRAMTU- N7-dG Monoadduct 122

NH
H HZ;\I
H NS
N8’ he TP
e T Pt NH [ UNH,
_NH él NH, H,C N o
H,C =
.,N\)/_“/(
dRib _NH
N=
NH,
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helical conformation with residues in tlaati range around
they torsion angle and WC base pair alignments throughout
the duplex, including at the damaged-containingaiGpair.

At the lesion site, the platinum complex retains a square
planar geometry with the acridine moiety directed toward
the B-side of the damage strand, facilitating its intercalation
inside the duplex (Figure 21). The helix is partially unwound

Figure 21. Structure of the central five-base-pair segment of a
DNA duplex containing the Pt-ACRAMTU addut2 The picture
shows the intercalated acridine moiety in red and the lesion-
containing base pair in blue. Hydrogen atoms are not shown.
Prepared from PDB entry 1XR## using PyMol3%°

at the lesion site, but the pronounced bend that characterizes
the structure otis-Pt interstrand cross-links is completely
absent. Interestingly, formation of the intercalative acridne
platinum complex augments significantly the duplex thermal
stability, increasing 13C its Ty, value. On the basis of its
intercalation manner and the effect on duplex stability, the
PT-ACRAMTU lesion is structurally closer to th&l’-
alkylation—intercalation compounds discussed in the next
chapter than t@is-Pt cross-link adducts.

8. Bulky DNA Lesions

8.1. Endogenous Activation of Polyaromatic
Compounds and Their Reaction with DNA

A large number of polycyclic aromatic hydrocarbons
(PAHS), their nitro derivatives (NPAHS), biotoxins, and
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Scheme 11. Endogenous Activation of Arylamines and Nitroaromatic Compounds
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food mutagens cause the formation of bulky DNA lesions Scheéme 12. Metabolic Activation of PAHs and Their

in vivo. Most of these lesions disrupt cellular replication and Addition to DNA

transcription of DNA, producing a high level of mutations

or effectively halting DNA and RNA synthesis. The nucle- @:

otide excision repair (NER) pathway repairs bulky lesions.

This pathway is able to recognize a large number of

structurally diverse bulky adducts. NER involves multiple

protein complexes and several steps, which include lesion

recognition, excision of a 2432-base segment surrounding o)

the damage site, repair DNA synthesis, and ligase reaction.

The last two steps of this process are relatively clear by

now 3 but the factors leading to initial damage recognition

still remain to be completely understood. Indeed, understand- 125

ing correlations between the structure of bulky lesions and

their biological properties has been the subject of vigorous j + HO

research for the last four decades. A comprehensive review

specifically dedicated to the structure of DNA containing OH DNA

PAH lesions was published about eight years #go. ‘ HO
The majority of bulky lesions result from the electrophilic

addition of an activated polyaromatic compound predomi- HO

nantly to the amino oN” group of purine bases or to ti@¥ OH OH

position of guanine (for a review, see refs 316 and 317). 126

Addition at cytidineN* adducts can also occur, albeit only Most bulky moieties are either good helix intercalators or

small amounts of these lesions are formi€®ince polyaro- groove binders, and the formation of noncovalent complexes

matic compounds are essentially nonreaciee se their with DNA increases considerably the production of covalent

cellular activation is a prerequisite for DNA damage genera- DNA adducts, with the common structut®6.32?

tion (Schemes 11 and 12). In living organisms, a reductive  The ability of PAH diol epoxides (DEs}125 to form

pathway may transform nitroaromatic compounds to hy- harmful DNA adducts is extremely dependent on the position

droxylamine derivative423 Similarly, metabolic oxidation  of the epoxy group. Epoxidation of the terminal ring adjacent

can convert food mutagens and other aromatic amines to corto a “bay” or “fjord” region (Chart 42) produces highly

responding hydroxylaminek?3 Upon further activation by =~ mutagenic and tumorogenic speciésin most cases, the

— - = g.DNA

HO

OH

enzymatic esterification123 forms cationic specied24, base nitrogen reacts with the epoxide position adjacent to
which can react as nitrenium iod43a leading to the ap-  an aromatic PAH ring, to the aflatoxin alkoxy group, or to
pearance of purin€® adducts, or carbenium iod4h, gen- any other carbocation stabilizing group present in the
erating aminoaryl derivatives of guanine or adenine (Schememolecule.

11) (for a review, see refs 319 and 320). To present here the large number of lesion-containing

Activation of unsaturated compounds, such as polycyclic duplex structures that have been solved, we will group them
aromatic hydrocarbons or aflatoxins, depends on their according to the type of damaged nucleotide and the posi-
oxidation by the cytochrome P450 monooxygenase systemtion of the bulky group. Furthermore, in order to facili-
(CYP) to the corresponding epoxides. Similar to the case of tate structural comparisons, we will discuss here the struc-
butadienein vivo epoxidation (section 5.1.3), oxidation of ture of other base modifications that, while less studied
the terminal ring of PAH and subsequent partial hydrolysis than PAH adducts, meet the broad criteria of bulky DNA
yields some amount of diol epoxidE25 (Scheme 12§ lesions.
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Scheme 13. Isomeric Benza]pyrene Diol Epoxides and theN?-Guanine Adducts They Forn?
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aThick arrows show the major metabolic pathway.

8.2. N2-Deoxyguanosine Lesions damaged conformations they induce appear to apply to other
] ] bulky lesions.

8.2.1. Benzo[ajpyrene (BJajP). Lesion Stereochemistry The stereochemistry of BJP DE adduct formation, which
and Structural Organization. also applies to the vast majority of other PAH DE adducts,

DNA lesions formed by benza]pyrene (BR]P), one of is described in Scheme 13. Four chiral centers are present
the most potent and well-known PAH carcinogens, were in DE adducts126, consequently, 16 diastereomers are
among the first PAH lesions to be fully characterized by theoretically possible. Due to the stereoselectivity of the CYP
NMR spectroscopy and computational methods. Thesesystem, each epoxidation step produces about 95% of
studies have particular relevance since general rules cor-epoxidesl27aand128a respectively, making DE28athe
relating the stereochemistry of BPDE addut®6 and the predominant metabolically activated form ofdp in the

cell. In addition,128ais the most carcinogenic isomer of
Chart 42. “Bay” and “Fjord” Regions of PAH all four DEs128a—d. As for most epoxides, nucleotidieans
Fjord addition is preferred for thR SSR-128aandSRR,S128b

DEs, whereas opening of their enantiom&28cd proceeds
via cis addition (see ref 324 and references therein). The
reaction of BPDE with DNA yields a complex mixture of
products, including a major fraction of adducts that form at
the N? position of guanine, as well as®-dA and N’-dG
lesions. The biological activity of each of these adducts and
sequence dependent effects are only partially known.

The majority of NMR studies of PAH lesions have been
done on adducts sharing the stereochemistry of lesions
129a-d; and therefore, it is possible to describe their
stereochemistry using only two independent parameters. In
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R,S-B[a]P-N?-dG+dC S,R-B[a]P-N?-dG+dC

Figure 22. Structures of duplexes having B[aN*-dG lesions derived from isomeric B[a]P-DE28aand 128h. All pictures show the
central five-base-pair segment with the minor groove prominent. Adapted with permission from ref 315. Copyright 1997 American Chemical
Society.

the present section we will use a two-letter notation with minor groove duplex protons locate the aromatic moiety in
the first and second letters indicating the configurations of the minor groove of the helix. However, significant shielding
benzylic carbons connected to the hydroxyl and the baseoccurs for the H1proton of the lesion partner dC and its
nitrogen, respectively. 5'-neigboring residue, demonstrating that in this case the

NMR studies have established that duplexes containingPyrene ring is directed toward the-@nd of the lesion-
isomeric BR]P triol adductsl29a—d share several common  containing strand (Figure 223 This structural motif, named
features. The NMR characterization of an 11-mer duplex the external minor groove conformation, is frequently
having a centrally located29aresidue opposite d@R,S adopted by lesion-containing duplexes to accommodate bulky
B[a]P-N?-dG-dC, flanked by GG base pairs, reveals the DNA adducts. The different orientation of thed¥P moiety
existence of a stable right-handed helix, with residues in the in the minor groove observed in these early reports illustrates
anti range around the torsion angle and WC alignments @ precept that was later extended to other PAH lesions: the
throughout the duplex, including at the lesion-containing base absolute configuration of the lesion linkage carbon deter-
pair. Observation of specific NOE interactions between the mines adduct directionality, with th® isomer pointing to
adduct and minor groove duplex protons, as well as the largethe 3-end of the damaged strand and Résomer toward
shielding experienced by Mprotons of residues located at the opposite side.

the 3-side of the lesion, places the pyrene moiety in the  |tis worth noting that analogous NMR features, including
minor groove of the helix, where it is directed toward the the formation of a right-handed helix with WC base pair
5'-end of the lesion-containing strand (Figure 22). alignments throughout the duplex, had been reported previ-

Characterization of a related duplex having §R-B[a]P- ously in duplexes having guaniid lesions of pyrrole[1,4]-
N2-dG lesion 129d indicates the formation of a similar benzodiazepine antitumor antibioti&s:33 Interestingly,
double-helical structure in solution with WC base pair correlation between the minor groove orientation of the bulky
alignments throughout the duplex. As in the case of the substituent and the configuration of the lesion linkage carbon
adduct129a specific NOE interactions between adduct and was also noted® (see below).
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Ensuing NMR studies of duplexes containing tRéR- deletion duplexes, which have the pyrene moiety inside the
B[a]P-N2-dG 129b*! or SS-B[a]P-N?>-dG 129c isomep3? helix with formation of 10 canonical WC base pairs. The
opposite dC in the same sequence context lead to quitemost notorious difference between these systems is the
different conclusions. In these duplexes, the aromatic pyrenegroove location of the damaged residue, which in turn
moiety intercalates inside the helix, displacing the lesion- determines the site from where the intercalation takes place.
partner dC residue from the base stack into the major grooveln the case of theR SB[a]P-N?>-dG 129a 1A model, the
of the duplex and blocking the formation of a lesion- damaged residue locates in the major groove of the helix
containing base pair (Figure 22). Pyrene intercalation with the intercalated pyrene moiety pointing toward the
displaces also the damaged bases, which now appear in theninor groove. Conversely, in tf&R-B[a]P-N>-dG 129dand
minor (in the129bcase) or major (in th&29ccase) groove  RR-B[a]P-N?>-dG 129b 1A samples, damaged dG residues
of the helix. As a result, each isomer intercalates from a are located in the minor groove of the helix, from where the
different side of the helix, affecting the “groove look” of aromatic moiety intercalates. Interestingly, while all the
these structures, a characteristic that has been put forwardesion-containing A models are more stable than the
to explain differences in their biological properties. This unmodified 1A control, theR,S-B[a]P-N?-dG 1A model has
structural motif, called base-displaced intercalation, is another9 and 19°C lower Ty, values than th&R-B[a]P-N*-dG and
conformation that frequently accommodates bulky adducts the R R-B[a]P-N?-dG 1A duplexes, respectively, suggesting
in DNA duplexes. an energy penalty when pyrene intercalation proceeds from

The possibility that the duplex structure may be exchang- the major groove of the he'f’?@-s In addition, the Order of
ing between an external, minor-groove and an intercalated thermal stability correlates with the fact that Inutations
base-displaced conformation was entertained early in thesgtroduced by human Példuring translesion DNA synthesis
studies. The NOESY spectra of tReR-B[a]P-N>-dG-dCand &€ not detected in the presence cz)f mfgf’[a]P'N -dG
SSB[a]P-N~dG-dC duplexes show the presence of ex- |€Sion but are highest fdR R-B[a]P-N*-dG: _
change cross-peaks at low temperafiité3indicating the Two manuscripts have characterized the conformation of
existence of a second duplex conformation that, in the casePutative replication intermediates withRS-B[a]P-N*-dG
of the RR-B[a]P-N2-dG-dC isomer129h, has the pyrene  129aat a primet-template junction, mimicking the DNA
moiety not intercalated in the helix with hydrogen bonding Structure when the damaged residue is the next base to be
across the lesion-containing base pair. Furthermore, whileopied* and after insertion of dCMP opposite the lesion
the duplexes havingS-B[a]P-N?-dG-dC or SR-B[a]P-N2- (PDB code 1AXO)*! The duplex segment of both samples
dG-dC flanked by GC base pairs adopt a single structure in 2dopts a regular B-form conformation with residues in the
solution, an 11-mer duplex containingReS-B[a]P-N2-dG- anti conformation around thej torsion angle and WC base
dC pair in the (5..T X C...y(5-...G C A...) sequence context Pair alignments. The single-stranded region of the pre-dCMP
shows two different conformations. The main conformation, incorporation sample shows a high degree of conformational
with the aromatic moiety external in the minor groove of freedom without adoptlnzg a defined structure. Jitersion
the helix and pointing toward the'-Bnd of the modified ~ angle of theRSB[a]P-N*-dG residue is in thesynrange,
strand, exchanges with a minor form, which hypothetically &nd the purine moiety appears on the major groove, allowing
has the pyrene ring intercalated between flanking baseStacking of the pyrene ring on top of the duplex segment.
pairs333 The effect of base context on duplex conformation After dCMP incorporation, the smgle—strand_ed region is more
has been epitomized recently by a report showing that a StructuredR S-B[a]P-N>-dG forms a WC pair with dC, and
5-methyl-dC substitution of the fesion-flanking dC residue € Pyrene ring appears in the minor groove of the nascent
in the (8-...C X C...}(5-...G C A...) sequence changes the duplex. The X-ray structure of a thermophilic DNA poly-
conformation of theSR-B[a]P-N*-dG lesion from the  Merasein complex with damaged DNA containing Ri&-
external, minor-groove alignmé#t to a base-displaced ~ BlaP-N-dG in the template strand has been reported
intercalated structure (PDB code 1Y9HJ.In this case, ecently”** Despite differences induced by the presence of
pyrene intercalation displaces the lesion-partner residue intoPacterial enzyme, the DNA structure of the insertion complex
the major groove and the damaged dG residue in the minorS0lved by X-ray crystallography (PDB code 1XC9) shares
groove of the helix, resembling the arrangement previously SOM€ important features with that seen by NMR spectro-
seen with the] R-B[a]P-NdG isomer on the nonmethylated = SCOPY- Namely, th& SB[a]P-N-dG residue isnti, forming
duplex?® Interestingly, thek SB[aJP-N-dG (1298, which & canonical WC base pair with the incoming dC residue,
also adopts the external, minor-groove alignment, does notand its pyrene moiety is located external in the nascent minor
change to an intercalated structure upon methylation of the 9700Ve of the helix.
5'-lesion-flanking dC,. shovying, once again, a correlation 8.2.2. Benzo[ajanthracene (B[aJA)
between _adduct configuration and du.pl_ex structure. It was  The NMR characterization df--dG adducts of different
hypothes!zed that favorable hydrophobic interactions b_et""ee”polycyclic aromatic hydrocarbons has complemented our
the cytosine methyl group and the2 pyrene moiety, which are nqerstanding of correlations between duplex structure and
only present with theSR-B[a]P-N*-dG isomer, were the  aqquct topology. BenzeJanthracene has three linearly
driving force behind this structural change. arranged aromatic rings that create an elongated hydrophobic

Patel and co-workers have studied the conformation of moiety with a bay region at one end of the molecule. The
R,S-B[a]P-N>-dG, SR-B[a]P-N*>-dG (PDB code 1AXL),and  NMR characterization of an 11-mer duplex having a centrally
R,R-B[a]P-N?-dG adducts in the context of one-base deletion locatedR,S-B[a]A-N?-dG triol adductl30(Chart 43) paired
mutation (1) intermediates where, basically, the lesion- to dC establishes the presence of a predominant right-handed
partner dC residues were removed from the unmodified helical structure with residues in thenti conformation
strand of their original 11-mer duplex sequef®e3*’ In all around they torsion angle and WC alignments throughout
three cases, analysis of the NMR spectra showed that thethe duplex, including at the lesion-containing base ffir.
presence of the bulky adduct stabilized the 11-mer/10-mer The polyaromatic moiety id30resides in the minor groove
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Chart 43. R,S{(—)-trans-anti)-B[a]A-N2-dG Adduct Chart 45. S,R-((+)-trans-anti)-B[c]Ph-N?-dG 132a and
0 R,S{(—)trans-anti)-B[c]Ph-N?-dG 132b Adducts

0
N N” NH
dRib  Ho,
Ho“‘g !
OH
130

132a 132b

of the helix, where it is directed toward thé-énd of the
damaged strand, adopting an alignment similar to that formation with all residues in thanti range around thg
previously seen with thR,S-B[a]P-N?-dG lesion1295325:333 torsion angle and WC base pair alignments throughout,
with which it shares theS configuration at the benzylic  including across the lesion-containing base pair (PDB code
linkage carbon of the adduct. 1HVﬁV).flnt(;insic stericfclﬁsheB?] inhduce a consliderable twist
at the fjord region of the RJPh moiety, allowing its
8.2.3. 5-Methylchrysene (MCh) o intercalation inside the helix at thé-8ide of the lesion with
The solution structure of an 11-mer duplex containing an partial exposure of the nonaromatic ring in the minor groove.
SR-MCh-N*-dG-dC base pair in the (5..Gs Xe C7...):(5"- B[c]Ph intercalation increases the base pair rise at this step
...Gis C17 Gys...) sequence context has been establidffed.  of the duplex and induces buckle of the lesion-containing
In relation to BR]P, MCh lacks one aromatic ring and has and 5-flanking base pairs without disrupting their hydrogen
a methyl substitution at the edge of its bay region, converting bonding (Figure 23). The duplex having t8&-B[c]Ph-N-
it into the more crowded fjord region (Chart 44). Analysis (G jsomer shows a similar B-type conformation with WC
base pair alignments all the way through (PDB code 1HX4).
Chart 44. SR~((—)-trans-ant)-5-MCh-N*dG Adduct The B[c]JPh moiety intercalates in this case at tHesile of
the lesion, increasing the distance between base pairs and
inducing a small buckle on the lesion-containing pair. As in
the RSB[c]Ph case, intercalation causes some loss of
planarity on the aromatic ring system and displacement of
the guanine amino nitrogen from the base plane, resulting
in a chair conformation for the cyclohexene ring otpth.
It is worth emphasizing that the conformation §R-B[c]-
PhN?-dG (1329 and RSB[c]PhN*-dG (132b) lesion-
131 containing duplexes is very different from that observed for
B[a]P adducts. In the latter case, tBdR and R,S isomers
of the NMR spectra reveals the existence of a regular right- do not intercalate at all and intercalation RR- and SS
handed helical structure stabilized by formation of WC base B[a]P-N*-dG causes the complete disruption of the lesion-
pairs all through the duplex, including at the lesion containing containing base paf-*¥In this regard, the conformation
the SR-MCh-N2-dG-dC pair. The MCh moiety is located in ~ of the SR- andR,S-B[c]Ph-N*dG-dC duplexes makes up a
the minor groove of the helix, stacking mostly over the third structural motif for accommodating minor-groove-
complementary strand with its aromatic ring system directed attached bulky PAH lesions in DNA.
toward the 3end of the damaged strand. The methyl group g 2.5 Styrene Oxide (SO)
of MCh is at the floor of the minor groove, where it wedges  1he str re of DNA lexes havin 1 rR
between the ¥C17 and G-G;¢ base pairs, bending the helix (1335 Zt-sut;trzneeC())xidd\dz-?jlé;p;d;jct %L-S%-ﬁé(-d?g@pgired
about 47. In a brzoad sense, thezitructu_re re_sembles that of i 4 has been describ:347 As compared to previous
the SR-B[a]Pd-N*-G-dC duplex}®® but in this case, the  paH |esionsa-SON2-dG adducts (Chart 46) have a single
lesion-containing base pair is buckled and the polyaromatic

MCh moiety is more exposed to solvent. Interestingly, the chart 46. S-a-SO-N2-dG 133a andR-a-SO-N2-dG 133b
related duplex having thR,SMCh-N?-dG lesion placed in  Lesions

the same sequence context shows broad NMR signals and 0 o
is structurally heterogeneous. Its conformation has not been N
refined yet3 ¢ ]\)BN\H A )N\H
8.2.4. Benzo[c]phenanthrene (B[c]Ph) N™ °N” °NH N
L . dRib dRib |
The NMR characterization of duplexes having B&- " GH.OH > CH.OH
B[c]PhN?-dG (1323 or RSB[c]Ph-N?-dG (132h) lesion H= o
paired to dC at their centers illustrates further the dramatic
effect that adduct topology can have on duplex conforma- 133a 133b
tion 3% In this case, guanine bases bind to a benzylic carbon
of benzof]phenathrene that, as in tR-MCh-N-dG lesion, benzyl group attached to the guanine amino nitrogen, re-

is next to the more crowded fjord region of the aromatic ducing minor-groove crowding at the lesion site. The NMR-
ring system (Chart 45), imposing additional constraints to refined models establish the presence of right-handed helical
the double-stranded structure. NMR spectra ofRi&B| c]- structures with all residues in thenti range around theg
PhN2-dG-dC-containing duplex show a predominant con- torsion angle and WC base pair alignments throughout the
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R S-B[¢]Ph-N?-dG+dC S,R-B[c]Ph-N?-dG+dC

R.S-B[c]Ph-N0-dA*T S,R-B[c]Ph-NI-dA-T

Figure 23. Structure of duplexes having isomeric B[c]RR-dG lesions132ab (top panel) and B[c]PINS-dA lesions147ab (bottom
panel). All pictures show the central three-base-pair segment with the minor groove prominent. Adapted with permission from ref 345.
Copyright 2001 Elsevier.

duplex, including at the lesion containing base pair. In both Chart 47. cis-Tamoxifen 134, 2-Acetylamino Fluorene 135,
duplexes, the benzyl ring is external in the minor groove of and Their N>-dG Adducts

the helix, where it can rotate rapidly in the NMR time scale. H,C, Ve

The R isomer is oriented toward the-8nd of the lesion- N

o]
containing strand, and ttf&isomer is oriented in the opposite H,C O o
direction, following the directionality initially observed for _ /M . }—C:H3
the RS and SR-B[a]P-N*-dG adduct$?5:326 Interestingly, O O N
the presence of thB-a-SON?-dG adduct induces a larger O Q H
perturbation of the duplex structure at the lesion site than
the Sisomer, and when the sequence context changed from 134
(5-..G X T..) to (8-...A X G...), a refined structure could

not be obtained*’

8.2.6. Other N2-Guanine Lesions

Additional studies dealing with the structure of duplexes
containing other bulkyN>-dG lesions are the reports describ-
ing adducts ofs-cistamoxifen G-cisTAM, 134) and 2-acetyl-
aminofluorene (2-AAF135 (Chart 47). NMR spectra of
an 11-mer duplex containing &ciss TAM-N?-dG adduct
(136) opposite dC indicate the presence of a right-handed
helical structure with all residues in trati conformation 136 137
around they torsion angle and WC base pair alignments
throughout. The tamoxifen molecule resides in a widened S-ciss-TAM moiety in the minor groove of the duplex might
minor groove, which has almost doubled its width, with the compromise the fidelity of DNA polymerases.
substituted phenoxy ring directed toward tHeeBd of the In the 2-acetylaminofluorene adduct case, 2-ARFdG
modified strand and the two phenyl rings directed in the 137, our laboratory just concluded the NMR characterization
opposite direction. Similar to the-SON?-dG case, the  of an 11-mer duplex having a 2-AAR?-dG-dC pair at its
spectra show a single averaged signal fordtteo andmeta center. The NOESY spectra establish the presence of a re-
protons of each phenyl ring, indicating that all three aromatic gular right-handed helix with all residues in tlaati con-
moieties are in fast rotatio® On the basis of these formation around thes torsion angle and WC base pair
observations, the authors concluded that the presence of amlignments throughout the dupléX. The 2-AAF moiety

135
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Table 4. Data for Duplexes HavingN?-dG Adducts
Double-Stranded Duplexes Having Bulki-dG Lesions

adduct duplex sequence PDB
lesion name topology length context structural motif entry ref
R,S-B[a]P 129a bay 11-mer 5(...CG*C..) minor groove, Sside oriented 325
RSB[a]P 129a bay 11-mer 5(... T G*C...) minor groove, 5side oriented 333
- (2nd form: Bf]P stacked)
RS-B[a]P 129a bay 11-mer 5(...5MeC G*C...) minor groove, 5side oriented 334
SR-B[a]P 129d bay 11-mer 5(..CG*C..) minor groove, '3side oriented 326
SR-B[a]P 129d bay 11-mer 5(...5"eC G*C...) intercalated, dG*: minor groove displaced 1Y9H 334
RR-B[a]P 129b bay 11-mer 5(...CG*C...) intercalated, dG*: minor groove displaced 331
SSB[a]P 129¢ bay 11-mer 5(...CG*C..) intercalated, dG*: major groove displaced 332
R.SBl[a]A 130 bay 11-mer 5(.GG*T..) minor groove, 5side oriented 343
SR-5-MeC131 bay 11-mer 5(..CG*C..) minor groove, '3side oriented 344
SR-B[c]Ph132a fjord 11-mer 5(...C G*C...) Bf]Ph 3-side intercalated dG*: WC-paired 1HX4 345
RSB[c]Ph132b fjord 11-mer 5(...C G*C...) Bfc]Ph 5-side intercalated dG*: WC-paired 1IHWV 345
11S-anthramycinl38a 6-mer 53-(..TG*C...) minor groove, 5side oriented 327,329
Sa-S0133a 11-mer 5-(..GG*T..) minor groove, 5side oriented 346
11-mer 5-(.AG*G..) minor groove, 5side oriented 347
R-0-SO133b 11-mer 5-(.GG*T..) minor groove, 3side oriented 346
11-mer  5-(..AG*G..) minor groove, 3side oriented 347
S-cisTAM 134 11-mer 5(..CG*C..) minor groove, 'Sside oriented 348
2-AAF 135 11-mer 5(..CG*C..) minor groove, '3side oriented 349
R-mitomycin-C139 9-mer 53-(..CG*T...) minor groove, ‘3side oriented 199D 352
11Stomaymycin138b 6-mer 53-(..TG*C...) minor groove 328
One-Base Deletion Mutation Intermediates Having BUN&dG Lesions
adduct duplex sequence PDB
lesion namé topology length context structural motif entry ref
R,SB[a]P 129a bay 11-mer 5(...CG*C...) intercalated, dG*: major groove displaced 335
SR-B[a]P 129d bay 11-mer 5(..CG*C...) intercalated, dG*: minor groove displaced 1AXL 336
R,I__?—B[a]P 129b bay 11-mer 5(...CG*C...) intercalated, dG*: minor groove displaced 337

aLesion linkage carbon is underlined.&fp, benzof]pyrene; BR]JA, benzog]anthracene; 5-MeC, 5-methylchrysenecIBh, benzoflphenanthrene;
a-SO, a-styrene oxidegis-TAM, cistamoxifen; 2-AAF, 2-acetylaminofluorenilndicates PAH topology and configuration of benzylic carbons.
¢ Lesions always paired to G No residue paired to the lesion. Nanot applicable.

resides in the minor groove of the helix, where it is directed ~pt 48 Anthramycin 138a, Tomaymycin 138b, and
toward the 3end of the lesion-containing strand, as was the \itomycin C 139 N>-dG Adducts ’
case of theSR-B[a]P-N?>-dG paired to dC (Figure 24). o o

138a 138b

Figure 24. Structure of duplex DNA having a 2-AAR?-dG lesion
137 paired to dC. This view shows the central region of the sample
with the minor groove prominent. 139

Remarkably, the lesion considerably increases duplex stabil- Furthermore, som8treptomycespecies produce antibiot-
ity, giving a 6 °C higherT, and 1.80 kcal/mol less Gibb’s ics of broad use in cancer chemotherapy that react with DNA
free energy than the unmodified counterpart. Interestingly, forming covalent dG lesions. NMR studies have character-
this 2-AAF adduct has been detected in rat liver almost one ized the structures of duplexes having an anthramixgin-
year after discontinuation of carcinogen feeditfguggesting  dG 327:32%a tomaymycinN2-dG 328:3300r a mitomycin CN?-

that it may resist repair and supporting the hypothesis that dG monoadduét? (PDB code 199D) paired to dC (Chart
adduct-induced stability prevents lesion recognition by the 48). In all cases, the duplex adopts a regular B-form
NER systent>! conformation, stabilized by formation of WC alignments
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throughout and the bulky antibiotic moiety external in the
minor groove of the helix. In the tomaymyci-dG adduct,
two species were formed during preparation of the duplex
sample, which corresponded to tBeand R configurations

at the lesion linkage carbon. While the specific minor groove
orientation of each isomer could not be established, the
antibiotic moiety showed a different orientation in each
case??83300nly one adduct with th& configuration at the
lesion linkage carbon was present in the anthram&in-
dG-dC duplex, and in this case, the alkyl side chain of the
pyrrole ring was directed toward thé-&nd of the modified
strand®?7:32° Similarly, in the case of the mitomycin &2-

dG monoadduct, only one product wikhconfiguration at
the linkage carbon formed during the preparation of the

sample and the duplex structure showed that the mitomycin

moiety is pointing toward the'fnd of the modified strant?

In summary, three different structural motifs have been
described to date for bulki?>-dG adducts in duplex DNA:
(i) external conformation, in the minor groove of the duplex,
(ii) intercalated with groove displacement of the damaged
base, and (iii) intercalated without displacement of the

damaged base. Concurrent factors determine the local duplex

conformation at the damaged site including the absolute
configuration of the adduct linkage carbon, the adduct
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Scheme 14. Duocarmycin 140a, CC1065 140b, and Their
N3-dA Adducts

NH,
N \N
</N |

MeOOC
Me"

b: R=

OMe

topology, and the lesion sequence context. The existence of

these structural motifs may help to explain the diverse
biological responses triggered by bulk§-dG lesions. Table

4 compiles NMR studies performed on duplexes hawig
dG adducts.

8.3. NB-Adenine Lesions

Streptomycespecies also produce antitumor compounds,
such as duocarmyciifg0g and CC1065140b) antibiotics
that react with the endocyclic adeniNéin double-stranded
DNA. These highly potent minor groove binders consist of
a pyrroloindole moiety (“ring A”) linked by amide bonds to
two additional pyrroloindole units, in the case of CC1065,
or to an indol ring, in the case of duocarmycins. The
cyclopropane moiety of ring A is part of a semiquinone-
type system, which makes it prone to nucleophilic opening.
After fast noncovalent minor-groove binding with&(A/T
A A A¥) or 5'-d(A/T T T A*) sequence specificityl40ab
slowly forms a covalent bond with thé® of adenine denoted
with an asterisk>33%* yielding CC1065N3-dA 141b or
duocarmycin AN3-dA 141alesions (Scheme 14). The NMR
characterization of duplex DNA containing a CC1085-
dA lesion 141b **N-labeled at the 6-amino group showed

two doublets that originated from the damaged adenine amino

protons, resonating in the 9-®.2 ppm range. Additionally,
the imino proton of the lesion-partner thymine residue moves

drastically upfield and appears as a sharp signal around 11.5
ppm. These observations led to the conclusion that the

predominant tautomeric form of the lesion has the amino
group doubly protonated, with the resulting positive charge
delocalized over the entire adenine moi#&fFurther studies
of duplexes containing a CC106%-dA lesion 141156357
or the related CPI-CDRAN3-dA adduct®® indicated that all
residues arenti around they torsion angle and form WC
alignments, including at the lesion-containing base pair that
is minimally distorted. The bulky substituent locates in the
minor groove of the duplex, directing its longer part toward
the B-end of the damaged strand and forming roughly @ 45
angle with the helical axis (Figure 25).

A subsequent study of a sample having a DUsAdA-T

base pair showed essentially identical NMR parameters,

indicating the presence of a positively charged adenine
base®*® The damaged duplex adopts a regular right-handed
duplex conformation, with residues in thati conformation
around the glycosidic angle and WC base pair alignments.
The refined three-dimensional structure (PDB code 107D)
shows the lesion in the minor groove with the same
orientation previously defined for the CC1065 adduct. In
closing, all duplexes having adeniNg lesions characterized

to date showed the presence of a minimally perturbed B-form
conformation, with the adenine ring positively charged and

Figure 25. Central region of a dodecamer duplex having a
CC1065N3-dA lesion 140b paired to T, shown with the minor
groove prominent. The picture depicts the van der Waals surface
of two water molecules proposed to mediate the affinity of CC1065
(colored yellow) for AAA and TTA sequences. Adapted from ref
357. Copyright 1991 American Chemical Society.
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Chart 49. S,R-((—)-trans-anti)-B[a]P-N¢-dA 142a,
R,S-((+)-trans-anti)-B[a]P-N¢-dA 142b, and
R,R-((+)-cis-anti)-B[a]P-Né-dA 142c¢ Adducts

OH

1
Figure 26. Intercalation of theSR-B[a]P-N°-dA adduct142a(in dRio 142c
red) in duplex DNA. The top panel shows a quasi-intercalated
con)formatil[c))n seen in the’(5.% F30\*A...) sequencqe context. The are changed from (6..C A* A...) to (5-...A A* G...) 361,362
bottom panel depicts the fully intercalated structure seen in'the 5 The global structural properties of these duplexes are within
(..A A* G...) sequence context. Both views display the major the B-intercalated family, with canonical WC base pair
groove prominent. Adapted with permission from ref 361. Copyright glignments throughout the duplex andaB} intercalation
1998 American Chemical Society. at the 5-side of the lesion, causing a buckle at the lesion-

L , ) containing and 5flanking base pairs. The pyrene moiety

stacked inside the helix and the bulky ring system external jhtercalates from the major groove of the helix but, in this

in the minor groove of the duplex. case, crosses the base pair stack and appears on the floor of
. . the minor groove (Figure 26). In addition, change of the
8.4. \°-Deoxyadenosine Lesions duplex sequence increases conformational flexibility at the

intercalation site, a fact that resulted in the observation of
8.4.1. Benzofajpyrene (BlajP) two different exchange processes. In one study, computer
Besides guanine, a second major target o&]B[DE simulation of deoxyribose J-coupling constants suggests that
(128a—d) attack is the 6-amino group of dA. This reaction the sugar pucker of the-fesion-flanking dA is best described
follows the same stereochemical rules indicated for dG as about equal populations of fast exchangihgrizlo and
lesions and produces a set of diastereomera]BNS-dA 3'-endo conformer#! Refined models with the sugar pucker
adducts similar to those shown in Scheme 13. The major-fixed on one or the other conformation show that the 2
groove location of the adenine amino group suggests thatendo to 3-endo exchange moves the dA residue more toward
the most likely location of a bulky aromatic moiety would the major groove. In the other study, the presence of
be external on the major groove of the duplex or intercalated exchange cross-peaks in the NOESY spectra in combination
in the base pair stack. NMR spectroscopy, in combination with ab initio calculations of chemical shift perturbations
with restrained molecular dynamics, has determined the led to the conclusion that thetorsion angle of the damaged
structure of DNA duplexes having a8 R-B[a]P-Né-dA residue is in slow exchange between a promineriq%)
residuel42a(Chart 49) paired to T in two different sequence anti and a minor €5%) synconformation®$? The structure
contexts*®9-362 |n the (8-...C X A...) sequence context, the of the minor syn conformer was not refined. While both
data establish the presence of a right-handed helix with all processes can be occurring simultaneously aihie<> syn
residues in theanti conformation around theiy torsion exchange involves a larger number of atoms undergoing
angles and WC alignments all through the duplex. The longer excursions, a fact that, qualitatively, is consistent with
pyrene moiety intercalates only partially at tHesfle of the the slow exchange character of this process. Interestingly,
damaged residue, stacking largely with théeSion-flanking the R,S-B[a]P-Né-dA adductl42bincorporated in the same
base pair, a geometry called “quasi-intercalated” by the sequence was too dynamic and the solution structure of this
authors (Figure 26). To accommodate the aromatic moiety, duplex could not be established.
the lesion-containing base pair and théesion-flanking base The NMR characterization of an 11-mer duplex having a
pair buckle in opposite directions and the helix raised at this centrally locatedR,R-B[a]P-N8-dA adductl42cpaired to T
step doubles the value that is seen in canonical B-formin the (3-...C X C...) sequence context establishes the
duplexes. Base H5 and H6 protons of lesion-flanking dC presence of a regular right-handed helix with all residues in
and cyclohexene H8 and H9 protons ofaBf show broad the anti conformation around thg torsion angle and WC
NMR signals indicating increased flexibility at thé-&ide base pair alignments throughout the dupi&xThe refined
of the lesion, presumably associated with an exchangestructure (PDB code 1AXV) shows that the aromatic moiety

between two-half-chair conformations of theaf cyclo- intercalates at the' side of the damaged residue, perturbing
hexene ring® This structural family and its variations is somehow the WC geometry of the lesion-containing base
named the Sintercalated, WC aligned conformation. pair that appears propeller twisted and buckled and the helical

Additional studies have established the structure of twist at the lesion site that is reduced (Figure 27). As in the
duplexes when residues flanking t8&-B[a]P-Né-dA lesion case of aSR-B[a]P-Nb-dA-T pair positioned in the (5...C
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Figure 27. Structure of DNA duplex having aR,R-B[a]P-Né-dA
lesion 142¢ shown with the major groove prominent and the
intercalated B[a]P moiety in red. The picture displays the central
five-base-pair segment. Prepared from PDB entry 1A%Msing
PyMol 555

X A..) context30 adduct intercalation is only partial by
favoring stacking of Bf]P with the 3-lesion-flanking base
pair. Interestingly, the NMR characterization of a related
benzop]pyreneN®é-dA lesion, that lacks the 7- and 8-hy-
droxyl groups but shares the configuration of chiral atoms
with the R,R-B[a]P-N?-dA adductl42¢ generates basically

Chemical Reviews, 2006, Vol. 106, No. 2 655

Chart 50. R,R-((—)-trans-syn)-B[a]P-N¢-dA 142d and
S,S{(+)-trans-syn)-B[a]P-N6-dA 142e Adducts

HO

142d 142¢
adopts a regular right-handed helical structure within the 5
intercalated, WC-aligned famiff> Similarly, the NMR
spectra of theSR R SB[a]P-Né-dA isomer indicate the
presence of a right-handed helix wijttiorsion angles in the
anti range on nonmodified residues and WC alignments on
all canonical base pairs. However, clear differences are
present at the lesion site of the latter duplex where the
damaged residue adoptsanconformation and is not WC
hydrogen bonded to its partner T. The refined structure (PDB
code 1JDG) shows the pyrene system of #eR,SB[a]P-
Né-dA residue intercalated toward its-8ide, causing an
evident buckle at the lesion-containing arielanking base
pairs (Figure 28). Therefore, as in the case of isomer B[
N?-dG adducts, the configuration of the cyclohexene linking
carbon primarily defines the orientation of the aromatic
moiety at the lesion site.

Other examples of a direct relationship between lesion
configuration and duplex structures are the results obtained

the same structure (PDB code 1N8C). However, the absencewith 9-mer mismatched duplexes having BB-B[a]P-N°-
of hydroxyl groups allows deeper penetration of the aromatic dA (1429 or the SRR SNS-dA (1426 adduct paired to

moiety in the helix and improves stacking at the lesion site,

dG 3677369 The SR-B[a]P-N8-dA-dG duplex adopts a per-

suggesting that OH substitutions on the lesion cyclohexeneturbed right-handed helical structure with WC base pair

ring modulate the extent of BIP intercalatior#®*

It is illustrative to compare the previous structures of
duplexes containing lesions derived from trgi-B[a]P-DE
with those obtained from the rasyndiasteromerd28cd

alignments outside the lesion site. The damaged dA residue
is in the anti range with the aromatic moiety intercalated

toward the 5side of the lesion, displacing its partner dG

residue into the major groove and causing a large buckle at

of the diol epoxide. NMR studies have characterized the the 3-lesion-flanking base pa#f’ The SRR SNb-dA-dG-

structures of duplexes having &,8S9S,10R(—)-trans-syn
B[a]P-N6-dA 142d or a 7S,8R,9R,105+)-trans-synB[a]P-
NB-dA lesion142e(Chart 50) (note that a four-letter notation

containing duplex also forms a right-handed helix stabilized
by WC alignments on all canonical base pairs but with
increased conformational dynamics at the lesion site. The

is used to describe the configuration of these two compounds)duplex structure is in slow exchange between a main

paired to T in an identical sequence cont&k€% As seen
in other adducts with the Foconfiguration at the benzylic
linkage carbon, th& S,SR-B[a]P-Né-dA-containing duplex

5'-end

conformation wher&R R,SNé-dA is in thesynrange around

they torsion angle and a minor form where it is in tasti
conformation. In both cases, two hydrogen bonds are present

5'-end

105-Adduct

10R-Adduct

Figure 28. Intercalated structure d§S-B[a]P-N®-dA 142eand RR-B[a]PN¢-dA 142d adducts, derived from the rasyn diolepoxide,

paired to T. The picture displays the central three-base-pair segment with the major groove prominent. The lesion-containing base pair is

colored yellow and the pyrene moiety green. Reproduced with permission from ref 366. Copyright 2001 American Chemical Society.
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at the lesion-containing base pair and the pyrene moiety
intercalates at the'&ide of the damaged residefs:36°

8.4.2. Benzo[ajanthracene (Bla]A)

As in the case oN?>-dG adducts, additional studies of
different PAHNS-dA lesions complement our understanding
of correlations between adduct geometry and duplex struc-
ture. Relatively recent studies have established the structure
of DNA duplexes having the bay regiddS-B[a]A-Né-dA
143aor SR-B[a]A-Nb-dA 143blesion (Chart 51) paired to

Chart 51. R,S{(+)-trans-anti)-B[a]A- Né-dA 143a and
S,R-((—)-trans-anti)-B[a]A-N6-dA 143b Adducts

HO  OH

143a 143b

T.370-372 Independent of the configuration at the benzylic
linking carbon of the lesion, the NMR data show the presence
of a r|ght-ha_nded hellcal structure W'th residues in i Figure 29. Intercalated structure of (toBR-B[a]A-NS-dA 143b
range for thelytorspn angle and wC ahgnr_nents through.oqt and (bottom)R.SB[a]A-N°-dA 143a adducts paired to T. The
duplex. The aromatic moiety intercalates inside the helix in picture shows the central three-base-pair segment with the major

an isomer dependent manner, appearing toward 'tse&l& groove prominent. Lesion-containing base pairs are colored red and
of the damaged dA when the lesion has 8l configura- the anthracene moiety yellow. Reproduced with permission from
tion37° or toward the 3side in theR,Sisomer casé’* With ref 371. Copyright 1999 American Chemical Society.

both lesion isomers, the BJA plane is almost orthogonal

to the damaged adenine. In addition, base pairs flanking the
intercalated aromatic moiety buckle in opposite directions,
creating a cavity that allows stacking of &p with the
lesion-partner T residue. Furthermore, R& isomerl143a
stacks preferentially over thé-8ide lesion-flanking residue

Chart 52. 8S,11R-(trans-anti)-B[a]A- N6-dA Adduct

whereas th&R isomer143bdoes it over the residue at the N
5'-side of the lesion, increasing the stability of damaged 4
duplexes (Figure 29). Perturbation of the B-form structure N

is more pronounced with th& S isomer where the WC dRib
alignment of the lesion-containing base pair is practically )
lost due to its extreme buckle. Interestingly, this duplex duplex structure makes this nonbay adduct a better substrate
adopts a second conformation with the damag&B[a]A- for NER, explaining its lack of mutagenicity.

Né-dA residue in thesynrange around thg torsion angle, .

in slow exchange with the maj@nti form 371 8.4.3. Styrene Oxide (SO)

Sequence composition effects were partially investigated Early NMR studies have characterized the structure of
in the case of theSR-B[a]A-N°-dA isomer by changing  duplexes having aR-o-SON®-dA 145a0r Sa-SONS-dA
lesion-flanking residues from 5..C X A...) to (8-...A X lesion145b(Chart 53) paired to T within the {5..C X A...)
G...)¥2 As reported previously for BJP-N6-dA adducts or (5-...A X G...) sequence conteXt**”>The NMR data
where similar research was do#@3'the global structural ~ show that duplexes havirg or S-a-SO-NS8-dA lesions are
features and mode of PAH intercalation are basically identical regular right-handed helices with residues in #mi range

in both sequence contexts. around they torsion angle and WC base pair alignments
Interestingly, changing the lesion linkage carbon on the throughout, including at the lesion-containing pair. Rae-
B[a]A-N6-dA lesion from the bay region of BJA to a SO phenyl ring is external, in the major groove of the helix,

nonbay region position has a profound effect on duplex directed toward the 'send of the damaged strand, and
conformation. The NMR characterization of a duplex having flipping slowly on the NMR time scale. Signal overlap of
the SR-B[a]A-N8-dA lesion 144 (Chart 52) paired to T in  the lesion phenyl protons, particularly in the-(5C X A...)

the (B-...C X A...) sequence context shows the aromatic sequence context, hindered exact positioningR@f-SO in
moiety intercalating inside the helix at thé-&de of the the major groove of the helix and complicated the analysis
damaged residue, stacking poorly with flanking residues, and of sequence dependent effects. However, three-dimensional
causing the loss of WC alignments at the lesion-containing models obtained by rMD show thRta-SO is less edgewise
and 3-flanking base paird’® On the basis of these observa- and more perpendicular to the base pair plane in the.®
tions, it was suggested that the increased perturbation of theX G...) contex’ In contrast to the case of tHe isomer,



NMR Structures of Damaged DNA Chemical Reviews, 2006, Vol. 106, No. 2 657

Chart 53. a-SO-NS-dA 145a,b andf-SONE-dA 146a,b that both theR- andS-3-SON®-dA-T duplexes have similar
Adducts conformations. The refined structures show a regular helical
b, SHOH CH.OH structure with WC alignments throughout and thesO
5:\© HJ 2 phenyl ring in the major groove of the helix, where it is
HN HN/,\© remarkably exposed to solvetit.
N S
</N | /)N </N | \/)N 8.4.4. Benzo[c]phenanthrene B[c]Ph
dRib N ‘5" N As in the case of guanine lesions, studies of isomera}-B[
145a dRib  145p PhN®-dA lesions were the first to determine the structural
consequences of having bulky fjord region adducts on the
PH OH major groove of the heliX’®38°The NMR spectra of 11-
HN%@ HN/\FQ mer duplexes containing either §R-B[c]Ph-NC-dA 14787
Ny W H or RS-B[c]Ph-NS-dA 147blesiort® (Chart 54) paired to T
7
<N | @ </N | 7 Chart 54. SR-((+)-trans-ant)-B[c]Ph-N6-dA 147a,

R,S{(—)-trans-anti)-B[c]Ph-N6-dA 147b, and

! I
dRib i
' dRib SR-((+)-trans-ant)-B[g]C-N°-dA 148

146a 146b

the phenyl ring of th&-a-SO is directed toward the-gnd
of the lesion-containing strand and flipping rapidly on the
NMR time scale, establishing a less crowded major groove
at the 3-side of the lesion. Two-dimensional spectra show
that S.a-SONS-dA adopts a single conformation in the{5
...A X G...) context but equilibrates between two conforma-
tions in the (5...C X A...) sequence. In the latter duplex,
the structure of the minor conformer could not be refiféd.
Dramatic sequence dependent effects are observed for the
structure of duplexes having tife or S-.a-SON®-dA lesion
mismatched to dC, in the sequence contexts indicated
above?’®377In the (B-...C X A...) sequence, the alignment
of the R-a-SON®-dA-dC mismatch is pH independent and
the global stability of the duplex is reduced under acidic
conditions. Furthermore, thB-a-SON®-dA-dC mismatch
induces major distortions in the duplex structure, hindering
the refinement of a three-dimensional model. In contrast, the dRib 148
S-a-SON?-dA-dC mismatch-containing duplex adopts in the
same sequence context a defined right-handed helicalin the (8...C X C...) sequence context reveal the presence
structure with WC alignments present at all canonical base of a predominant conformation in solution, with all residues
pairs. TheS-a-SO moiety is located in the major groove of in the anti conformation around the angle and WC
the duplex and oriented toward théehd of the adduct-  alignment throughout, including at the lesion-containing base
containing strand?® pair. The BE]JPh moiety intercalates in a configuration
In the (B-...A X G...) sequence context, theSON®-dA- dependent manner, with ti&R enantiomer appearing at the
dC duplex is more stable at low pH, presumably due to the 5'-side and theR,S isomer at the 3side of the damaged
formation of a protonated wobble mismatch alignment. In residue and causing a minor buckle of the lesion-containing
this sequence, there is an inversion of the major grove base pair in both cases. In both isomers, the]®j
directionality of the styrene ring whereby tRea-SO points cyclohexene ring adopts a distorted half-chair conformation,
toward the 3end of the damaged strand and tBe:-SO with the aromatic ring system showing a nonplanar propeller-
isomer points in the opposite direction. Once againRie like conformation and stacking partially with residues of the
SONe-dA isomer induces the largest perturbation on duplex unmodified strand (Figure 23).
structure, disrupting hydrogen bonding at the lesion-contain- The NMR characterization of an 11-mer duplex containing
ing and the 5lesion-flanking base paifé! While the the SR-benzofjchryseneNé-dA adduct 148 (Chart 54)
biological implications of these structures have to be paired to T establishes a conformation that is similar to that
established, they compile a remarkable example of the typeof the SR-B[c]Ph-Nb-dA-T duplex3® As in theSR-B[c]Ph-
of conformational changes that may result from changing N°-dA lesion, the lesion linkage carbon 8fR-B[g]Ch-Né-
the duplex sequence. dA is next to the fjord region of the aromatic moiety.
The same group determined the structures of duplexesHowever, benzachrysene has an additional aromatic ring
having anR-5-SONS-dA 146aor S3-SON®-dA lesion146b that increases the hydrophobicity of the lesion. The lesion-
(Chart 53) paired to T. In these duplexes, the lesion linkage containing duplex adopts a regular right-handed helical
carbon is no longer asymmetric and the separation betweenconformation stabilized by the formation of WC base pairs
adenine and the phenyl ring of SO increases by a@bup. (PDB code 1CR3). The BJCh ring system intercalates at
The NMR characterization shows that increasing the tetherthe 3-side of the damaged dA, has edges on both grooves
length of this lesion reduces adduct-induced perturbations of the duplex, and stacks preferentially with the lesion-partner
of the duplex structure, which is now very close to that of a T residue.
canonical B-form conformation. Additionally, it eliminates It is interesting to compare the intercalative structures of
the influence of stereochemistry at the linkage carbon suchthe isomeric fjord region adducigl7ab and148with those
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Table 5. Structures of Duplexes Having BulkyNé-dA

adduct duplex sequence PDB
lesion name topology length context structural motif entry ref
SR-B[a]P 142a bay 11-mer 5(..CA*A..) B[a]P, 5-side partially intercalated 360
- A*, distorted WC pair
SR-B[a]P 142a bay 11-mer 5(..AA*G..) B[a]P, 5-side intercalated 361
A*, WC pair
SR-B[a]P 142a bay 12-mer 5(.AA*G..) B[a]P, 5-side intercalated 1FYY 362
A*, WC pair
RR-B[a]P 142c bay 11-mer 5(..CA*C..) B[a]P, 5-side partially intercalated 1AXV 363
- A*, distorted WC pair
R-B[a]Pd bay 11-mer 5(...CA*C..) Bl[a]P, 5-side intercalated 1IN8C 364
- A*, WC pair
RR-B[a]P142d bay 11-mer 5(..CA*C..) B[a]P, 5-side intercalated 365
A*, WC pair
SSB[a]Pe 142e bay 11-mer 5(...CA*C..) B[a]P, 3-side intercalated 1JDG 366
- A*(syn), weakly hydrogen bonded
RSB[a]A 143a bay 11-mer 5(..CA*A..) B[a]JA, 5'-side intercalated 370
- A*, distorted WC pair
SR-B[a]A 143b bay 11-mer 5(..CA*A..) B[a]A, 3'-side intercalated 1DL4 371
A*, distorted WC pair
R,SB[a]A 143a bay 11-mer 5(.AA*G..) B[a]A, 5'-side intercalated 117v 372
- A*, distorted WC pair
SR-B[a]A 143b bay 11-mer 5. AA*G..) B[a]A, 3'-side intercalated 372
- A*, distorted WC pair
SR-B[a]A 144 nonbay 11-mer 5(...CA*A..) B[a]A, 5'-side intercalated 1DJD 373
- A*, anti not hydrogen bonded
R-a-SO145a 11-mer 5-(.AA*G..) major groove, 5end oriented A*, WC pair 374
R-a-SO145a 11-mer 5-(...CA*A..) major groove, 5end oriented A* , WC pair 374
Sa-SO145b 11-mer 5-(..AA*G..) major groove, 3end oriented A*, WC pair 375
Sa-S0145b 11-mer 5-(...CA*A..) major groove, 3end oriented A*, WC pair 375
R-4-SO146a 11-mer 5(...CA*A.) major groove, no preference 1K5E 378
A*, WC pair
S-S0 146b 11-mer 5(..CA*A..) major groove, no preference 1K5F 378
A*, WC pair
SR-B[c]Ph147a fjord 11-mer 5(..CA*C..) B[c]Ph, 3-side intercalated 379
A*, WC pair
RSB[c]Ph147a fiord 11-mer 5(...CA*C..) B[c]Ph, 3-side intercalated 380
- A*, WC pair
SR-B[g]C 148 fiord 11-mer 5(...CA*C..) B[g]C, B-side intercalated 1CR3 381
- A*, WC pair

aB[a]P, benzo@]pyrene; BR]A, benzoplanthracenea-SO, a-styrene oxide;3-SO, S-styrene oxide; Bf|Ph, benzof]phenatrene; Bi|C,
benzof]chrysene? Indicates PAH topology and configuration at the linkage site. In th@lBase, the configuration of the next asymmetric
carbon is also listed.Lesions always paired to T.Cyclohexene ring reduced at positions 7 and Berived from thesyndiolepoxide.

Table 6. Structure Types of Mutagenic Intermediates Containing BulkyNS-dA Adducts

adduct lesion duplex sequence
lesion name topology partner length context structural motif ref
SR-B[a]P 142a bay dG 9-mer 5(...CA*C..) B[a]P, 5-side partially intercalated 367
- A*-dG, not hydrogen bonded
dG displaced in the major groove
R SB[a]P 142b bay dG 9-mer 3(...CA*C..) B[a]P, 5-side partially intercalated 368
- major form: A*(syn)-dG two H-bonds 369
minor form: A*(anti)-dG two H-bonds
R-a-SO145a dc 11-mer 5(..CA*A..) highly distorted. SO not defined 376
A*-dC, not hydrogen bonded
Sa-SO145b dc 11-mer 5(.CA*A..) SO, major groove,'3end oriented 376
A*-dC, not hydrogen bonded
R-a-SO145a dc 11-mer 5. AA*G..) SO, major groove, '3end oriented 377
A*-dC, protonated wobble pair
Sa-S0O145b dc 11-mer 5(..AA*G...) SO, major groove, 'send oriented 377

A*-dC, protonated wobble pair

aB[a]P, benzof]pyrene;a-SO,a-styrene oxide® Indicates PAH topology and configuration at the linkage site. In tre@B§ase, the configuration
of the next asymmetric carbon is also listed.

of bay regionNé-dA lesions discussed previoushp.369-372 stability. These structural differences have been associated
In all these cases, the configuration of the benzylic linkage with the resistance of fjord region PAH adducts to nucleotide
carbon determines the orientation of PAH intercalation in excision repaif>! Table 5 lists structure types of bulky®-

the helix.Risomers intercalate at thé-8ide of the damaged  dA-T duplexes, and Table 6 lists those of mismatches having
dA residue whereaS isomers do at the'side. However, bulky Né-dA adducts.

bay region lesions induce larger structural perturbations at 7 . .

the lesion site and reduce the thermal stability of the duplex, 8-2- N'-Deoxyguanosine Lesions

and a minor conformation is frequently present. In contrast, Alkylation of peripheral amino groups causes only small
due to their intrinsic nonplanarity, fjord region lesions distort alterations of the electronic structure of purine moieties, their
the helical structure to a lesser extent and PAH intercalation hydrogen-bonding ability, and the basicity of the nucleobases.
does not change or slightly increase the duplex thermal The major effects of exocyclic alkylation damages are
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Scheme 15N7-Guanine Alkylation Damage and lIts an exo8,9-epoxide153 which then reacts with DNA,
Degradation Pathway generating the cationic AREN’-dG lesion154, with the
DNA subsequent formation of an AP site or an ARBrmami-
R 9 dopyrimidine (AFB-FAPY) adduct155 (Chart 55).
l N7-Alkylation N NH
fL Chart 55. Aflatoxin-B, 152, Its Activated Form 153, andN”
R NH, Guanosine Adducts 154 and 155

e
+OH 0
—_—

g ol
"P‘\Oi HN N//k
e

154

associated with the steric clashes caused by alkyl or aryl
substituents or with their intercalation properties. In contrast
alkylation of the endocyclic guanine N7 nitrogen gives rise
to cationic lesiond49g which exist in equilibrium with the
more stable neutral zwitterionic for49b (Scheme 15).
Since the [, of 149ais close to 7.0 similar amounts of
both lesion forms are present at neutral pH. Lowering the
pH shifts the equilibrium towar@49a which undergoes fast
glycosidic bond cleavage yielding &fi-alkylguanine product
150and an AP site. In contrast, a pH increase facilitates a

nucleophilic attack on the iSrBT;idazolium ring, giving rise to of proton signals doubles in the spectra of tha @(C G A
alkylated FAPY lesiond 51 , T), duplex, which had shown a 1:1 stoichiometry of lesion
Probably due to an unfavorable conformation of the epoXy- formation. Both duplexes adopt right-handed helical con-
containing cyclohexen ring, most PAH diol epoxides do not omations with small perturbations localized at the adducted
react with guanine N7 in DNA. However, reactive Species g,anine. Chemical shift perturbations and NOE experiments
generated from some micotoxins, including aflatoxireiad indicated that ABFintercalates at the' Side of the damaged
related oxidatively activated alkenes, can efficiently alkylate 4 residue with its methoxy-cyclopentenone moiety located
the guanine N7 position. To date, NMR solution structures 4, the minor groove and the fused furan rings on the major

of duplexes containing several bulky N7 guanine lesions ha"egroove of the helix. Due to low thermal stability, refined

been reported. structural models of these short duplexes could not be
- - - - produced. Subsequent NMR studies using longer ANB
fé5éilo.né\ﬂatoxms By, Sterigmatocystin, and Pluramycin dG lesion-containing duplexes, with the 6-mer sequences
embedded at their centers, allowed the computation of their
In contrast to PAH diol epoxides that have the epoxy solution structure®”38 Both duplexes are right-handed
cyclohexenyl ring directly attached to a polyaromatic ring helices with residues in aanti conformation around thg
system, the oxidizable etheno fragment of aflatoxin and torsion angle and WC alignments throughout, including at
related compounds is attached to an intercalating moiety viathe AFB-N’-dG-dC base pair. AFBintercalates at the's
a cyclic or linear aliphatic linker. This allows proper side of the damaged residue with its methoxy-cyclopentenone
positioning of the electrophilic carbon of these compounds edge directed toward the minor groove of the helix. The
for alkylation of the guanine N7 position. Aflatoxin,B.52 duplex is moderately unwound at the intercalation step with
(AFB,), a mycotoxin produced by several species of the a significant increase in the helical rise, which is about twice
genusAspergillus contaminates food supplies worldwide. the value commonly observed on unmodified DNA. Base
AFB; induces mutations in bacterial and mammalian cells, pairs flanking the intercalated moiety buckle in the opposite
is an established hepatocarcinogen in rodents, and has beedirection, forming a pocket that fits the shape of ABF
correlated with the onset of liver cancer in humans (review (Figure 30). In both sequence contexts, the structures are
in ref 384). Cytochrome P450 enzymes metabolize A6B  very similar, suggesting that duplex composition plays a

Early studies characterized the reaction products of AFB

' 8,9-epoxide with two short self-complementary duplexes,
dATCGAT)and d(A T G C A T)385386Analysis of
UV melting profiles showed that formation of an ARBI-

dG lesion results in a small increase of duplex thermal
stability. One-dimensional NMR spectra indicated that, in
agreement with the 2:1 ABEDNA stoichiometry observed
during preparation of the sample, only thé&d{ G C A T),
duplex maintains the self-complementary symmetry after
formation of the AFB-N’-dG lesion. In contrast, the number
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Figure 30. Intercalated structures of aflatoxin B1 lesions. The top
panel shows the AFBI-dG lesion154 paired to dC, seen with
the minor groove prominent and the aflatoxin moiety in blue.
Adapted with permission from ref 387. Copyright 1998 American
Chemical Society. The bottom panel displays the AFB1-FAPY-
dG adduct155 paired to dC, shown with the major groove
prominent and the aflatoxin moiety in yellow. Adapted with
permission from ref 393. Copyright 1998 American Chemical
Society.

minor role in the structure of AFBcontaining DNA.
Similarly, the presence of a d@A mismatch next to AFB
N’-dG has only a slight influence on the structure of the
AFB;-containing duplex. The NMR characterization of a 10-
mer duplex containing an ARBN’-dG-dC base pair flanked
at its 3-side by a dGA mismatch shows a right-handed
helical structure, stabilized by WC alignment for all canonical
base pair$® The ABF moiety intercalates following the

Lukin and de los Santos

containing duplex, which has a high&y, than that of the
unmodified dCdA control sample. The mismatched dA
residue is displaced toward the minor groove of the helix,
forming a wobble-type d€@A alignment, which is proposed

to be exchanging between nonprotonated and adenine-N1
protonated forms (Figure 31).

Two additional studies, describing the solution structure
of mutagenic duplex intermediates, further support the
principle that AFB intercalates at the'side of the damaged
residue. The NMR spectra of an ABN’-dG-dA mismatch-
containing duplex indicate the presence of a single confor-
mation at neutral pH, with all residues in taati confor-
mation around the torsion angle, WC alignments at all
canonical base pairs, and AFBitercalation at the "sside
of the lesion. The mismatched dA residue is displaced toward
the major groove of the helix and does not participate in
hydrogen bonding. Despite the absence of hydrogen bonds
across the ABEN’-dG-dA mismatch, thél, of this duplex
is higher than that of the unmodified e@\ control,
indicating that an increase of duplex thermal stability is a
general corollary of ABFintercalatios® (Figure 31). The
other study determined the conformation of an AB¥-
dG-dC-containing duplex, with an additional dA residue
positioned 5to the lesion partner dCH1 insertion mutation
model)3! The NMR data establish the presence of a
predominant right-handed helical conformation with WC
alignments throughout the duplex, including at the lesion-
containing base pair, and intercalation of AB& the 5
side of the lesion. The extra dA residue also stacks inside
the helix, with its pyrimidine ring partially inserted between
the ABF. moiety and the damaged guanine ring. The refined
model shows that this noncoplanar alignment significantly
bends the helix axis (3% and unwinds the duplex (2%
facilitating stacking interactions at the lesion site. Intercala-
tion of ABF; also increases the stability of this duplex, which
has a 5°C higher T, than the unmodifiedt-1 insertion
mutation model control.

As mentioned above, the imidazole ring of the ARW-
dG adduct opens under basic pH conditions, forming AFB
FAPY 155 which has been shown to be more toxic and
persist longer inside the cell than the original lesi#Thus,

precepts described above, including an increase in the helicafollowing the same approach implemented for obtaining

rise, that almost doubles the canonical value, partial unwind-

ing of the helix, proper stacking of ARBnside the duplex,

sterigmatocystin-FAPY adduct®, base-catalyzed opening
of an AFB-N’-dG lesion already present in a double-stranded

and a small buckle of flanking base pairs. In addition, the duplex allowed the generation of an AFBAPY-dGdC

presence of ABEN’-dG stabilizes the d@A mismatch-

sample for structural studi€®® A recently formed AFB-

Figure 31. Structure of mismatched duplexes containing the ARBUG lesion154. The pictures show the central three-base-pair segment
with the major groove prominent. The left panel displays the intercalated AFB1 moiety flanked' liyCsd® mismatch. The right panel
shows the damaged residue forming an AR¥1dG-dA mismatch. Adapted with permission from refs 389 and 390. Copyright 2003 and

2002 American Chemical Society.
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FAPY-dG lesion exists as a mixture of rotational isomers basis of this model, the authors argued that upon alkylation
around the C5N5 bond, but after several days at@, they the hybridization of guanine N7 changed fron? $p S|,
convert to a single conformer, retainingg@onfiguration at facilitating the smooth insertion of Stg in the duplex.
the anomeric carbon. The NMR characterization of this sam- However, the fast solvent exchange of the SfegdG H8
ple establishes the presence of a regular right-handed helixproton, similar to that observed fd¥’-methylated gua-
with residues in thenti conformation around thg torsion nosine3®® strongly supports the presence of an aromatic
angle and WC base pair alignments throughout the duplex,imidazolium ring in157 with an spg guanine N7. Further-
including at the AFB-FAPY-dGdC base pair. The AFB more, no reasonable chemical structure can be proposed for
moiety intercalates at thé-Side of the lesion, very much as  cation157 having guanine N7 in the $gtate. Although the
the AFB;-N’-dG did, doubling the helical rise value at this authors did not disclose the parametrization of the damaged
step, unwinding the duplex by around°l@nd causing a  residue, the most probable explanation for the lack of N7
buckle in the 5lesion-flanking base pair (Figure 30). Re- planarity could be the use of nonrelevant parameters during
markably, theT,, of the AFB-FAPY-dGdC duplex is 15 RMD calculations. Thus, the structure of the $tGdG-dC-
°C higher than that of the unmodified control duplex. Ana- containing duplex should be reexamined further.
lysis of the refined structure suggested that the increase in Streptomycespecies synthesize a large number of anti-
duplex thermal stability might result from better stacking of biotics of the pluramycin family, which show goaul vitro
AFB; inside the duplex and the formation of an additional antitumor activity against a wide variety of tumor cell lirfé%.
interstrand hydrogen bond between the FAPY formyl oxygen Chemically, they consist of a planar aromatic ring system,
and an amino proton of a flanking dA residue. The authors related to the anthraquinone chromophore, substituted with
hypothesized that the increased thermal stability of AFB different sugar and epoxide functionalities. It has been
FAPY-dG might cause significant differences in the process- established that the aromatic chromophore intercalates inside
ing of AFB; adductsin vivo. Interestingly, a recent study the helix, with sequence specificity determined by the
using a host cell reactivation assay found that while both le- saccharide substitutié#-4°*and, subsequently, the epoxide
sions, AFB-N’-dG and AFB-FAPY-dG, are mainly repaired  group alkylates the N7 guanine position, producing a cationic
by NER, cells could tolerate ARBN’-dG adducts bettef? lesion. NMR studie®? 4% have characterized the solution

Sterignatocystinl56 (Stg) (Chart 56), the biosynthetic  structures of duplexes having altromycirlB8or hedamycin

159 adducts, which differ mainly by the absence of a C8

Chart 56. Sterignatocystin 156 and ItsN’-dG Adduct 157 sugar substitution on the aromatic chromophore of the former
(Chart 57) The NMR spectra of the self-complementary d(G

Chart 57. Altromycin B- N7-dG 158 and HedamycinN’-dG
159 Adducts

156 157

precursor of aflatoxins, is another mycotoxin produced by
Aspergillusspecies that may contaminate world food supplies
although to a lesser extent.

Stg-N’-dG 157 causes mutations in bacteffaand induces
liver cancer in rodent¥8 but its biological activity is about
10-fold lower than that of AFB Interest in the structure of
duplexes having the StyZ-dG lesion was born in an attempt
to explain biological differences between these two structur-
ally similar lesions. The NMR characterization of the lesion-
containing dA A T G C A T T), self-complementary
duplex®” showed that the NMR spectra remain degenerated
after formation of the Stg¥-dG adduct, indicating the
presence of two symmetrically positioned Stg moieties.
Analysis of NOESY data established formation of WC
alignments throughout the duplex and displayed right-handed
sequential connectivities that are interrupted between the Stg-
N’-dG and 5lesion-flanking residues. The distance-refined
model shows a regular duplex structure with Stg intercalated
inside the helix at the 'sside of the lesion but without /
disrupting the alignment of flanking base pairs. In contrast dRib 459
to the AFB case discussed above, the furan linkage carbon
of StgN’-dG is out of the guanine plane, allowing the almost AAG T A C T T C), having an altromycin B lesion on the
perfect stacking of Stg between flanking base pairs. On theinternal dG establish the presence of two drug molecules
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per duplexi®® As in the case of AFB the H8 proton of the ~ Chart 58. 2,7-DiaminomitoseneN’-dG Adduct
damaged residue exchanges fast with solvent and resonates
at 9.7 ppm, downfield from the normak7.8 ppm range
observed for dG, indicating the presence of a cationic
altromycin BN’-dG lesion. Sequential NOE connectivities

of the duplex are interrupted at thé$de of the damaged
residue, indicating the site of chromophore intercalation
inside the helix. In addition, NOE cross-peaks between drug
and duplex protons position the C10 disaccharide in the
minor groove while the C5 sugar locates in the major groove
of the helix. The refined structural model shows a regular
right-handed helix with WC alignments throughout the

than an increase in the helix rise and a small buckle at theyithout interruptions along the entire length of the duplex,
lesion-containing pair, insertion of altromycin B chro- including at the lesion site, suggesting that the 2,7-DAM does
mophore causes no perturbation of the duplex structurenot intercalate inside the helix. Furthermore, several NOE
the mitosene moiety in the major groove at tHesi8le of

the damaged residue. The refined three-dimensional model
(PDB code 1J0O1) shows the 2,7-DAM moieties in the major
groove of the duplex with both faces exposed to solvent but
without perturbing the overall B-form helical structure
(Figure 33). Interestingly, although 2,7-DAM-dG is a

160

Figure 32. Stereoview of a decamer duplex containing two
altromycin BN’-dG lesionsl58 Reproduced with permission from
ref 403. Copyright 1995 American Chemical Society.

derived for the related hedamychi-guanine lesion in the
5-(..T G*)***and 3-(...C G*) sequence context®%In

all the structures, the aromatic chromophore intercalates
inside the helix at the 5-side of the damaged dG residue
without causing major perturbations to the DNA structure.
The amino sugars reside in the minor groove of the duplex,
but their precise orientation varies among these stytfié%

In summary, duplexes containing pluramycin antibiotics
covalently bound to guanine N7 adoptdide intercalative
structures similar to those of the ABFRamily.

8.5.2. 2 7-Diaminomitosene

It has been established that treatment of mouse mammary
tumor cells with mitomycin C produces several guanine
adducts, including the guaniné-alkylation product of 2,7- ) )
diaminomitosene (2,7-DAM), a product of mitomycin C Figure 33. Structure of a dodecamer duplex having two 2,7-
degradatiort” The NMR solution structure of the self- diaminomitosenéN’-dG 160lesions paired to dC. The figure shows

the major groove prominent with duplex atoms colored by type
complemgntary ‘TGXTAT A C C A C) dodecamer, and mitlose%e moiepries in green. PrepF;red from PDB entry%ﬂ%ﬁ
where X is a 2,7-DAMN’-dG lesion160 (Chart 58), has  ysing MidasPIugse
been recently reported® The NMR spectra show that the
sample retains th€, symmetry after formation of the lesion, predominant lesion formedn vivo after mitomycin C
indicating the presence of two 2,7-DAM molecules per treatment, it is 2 orders of magnitude less toxic than
duplex. All residues are in thenti conformation around the ~ mitomycin CN?-dG adductd® The lack of 2,7-DAMN’-
x angle and form WC alignments throughout the duplex, dG toxicity is also in sharp contrast to the cases of other

including at the lesion-containing pair. Sequential NOE bulky N’-dG lesions, such as ARBr pluramycin antibiotics,
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which can damage cells irreversibly. The authors hypoth- The y torsion angle of 2-AARS8-dG is in thesynrange,
esized that the unusual major groove-aligned structure of theand its partner residue remaiasti with no evidence of
2,7-DAM-N’-dG adduct may be efficiently repairdéu vivo hydrogen bonding across the lesion-containing base pair. A
or properly replicated by high-fidelity DNA polymerases, distance-energy-minimized/unrestrained molecular dynam-
explaining its lack of toxicity. Further research is needed to ics model of the main conformer (Figure 34) shows the lesion
address this possibility.

8.6. C8-Purine Lesions

A large number of nitroaromatic compounds, heterocyclic
amines produced by cooking red meat or fish, the widely
studied 2-aminofluorene, and related aromatic amines, all
react with purine bases producing, predominantly, bulky C8
guanine lesions. None of these compounds is agterese
and they must be activated prior to the formation of a
covalent lesion. As discussed previously, metabolic activation

O.f thesg_ agents fO.IIOWS a two-step process (Scheme.ll), V\,’ithFigure 34. Stereoview of a DNA duplex having the 2-AAE%-
similarities and differences that can partially explain their dG lesion161 paired to dC. The picture shows a five-base-pair
different biological activities and cell specificities. Nitroaro- segment with the damaged dG residue in yellow displaced into the
matic compounds, such as 1-nitropyrene or 2-nitrofluorene, mzlorA%lrootv% all_?ﬁ/vmg the '_“terf;“matlon f()fﬂ‘g ZéAAF 'mr?tle%éns

: : i H red. apted wi permission from re . opyrig
undergo the enzymatic reducno_n of their nitro group to o Lo Chemical Society.
N-hydroxylamine, a reaction that in humans is catalyzed by

xanthinemoxidase or microsomal NADPH-cytochro@ee- partner residue inside the helix and the damaged guanine
ductas€!®In the case of aromatic and heterocyclic amines, jage displaced into the major groove, in agreement with the

the cytochrome P450 enzyme system oxidizes their aminoyaqe_displaced and insertion-denaturation models proposed
group to more reactivé&-hydroxylamine derivative®0411 more than 20 years earlié"~41° The 2-AAF moiety

Independent of their genesi;hydroxylamine products ex- itercalates inside the duplex and stacks with thieiking
perience a second cellular activation step by phase Il drug-pase pair. The acetyl group of 2-AAF resides in the major
metabolizing enzymes, which generate highly readv&ib- o506y of the helix with its oxygen atommans to the C8
stitutedN-hydroxylamine intermediates that form C8 guanine g,;anine position. In agreement with the conformational
lesions. Like other bulky adducts, C8 guanine lesion adducts heterogeneity described in this paper, a relatively retent
severely affect vital cellular processes, including gene tran- NvR study of a damaged duplex having a 7-fluoro-AAF-
scription and DNA reph'catlon,.and their presence in chro- ~s.4G shows the presence of two fluorine signals in slow
mosomal DNA is associated with the development of many exchange on the NMR time scdf.On the basis of the

types of cancer in laboratory ani_ma!s and humg‘i%l'wm analysis of solvent-induced isotope and magnetic anisotropy
In fact, the structural characterization of 2-aminofluorene gacts the authors conclude that the damaged duplex adopts
lesions has been the paradigm to understand at the moleculafyge_gisplaced structures in both conformations, differing
level processes of chemical mutagenesis. An extensive re,ny jn thecis or transorientation of the acetyl oxygen atom
view specifically dedicated to the structure of DNA having yith respect to guanine C8.
aromatic amine adducts has been publistiedo describe Two additional NMR studies have characterized mutagenic
here the large amount of structural studles'performed ON 4uplex intermediates having an 2-AAE-dG lesion opposite
duplexes containing bulky C8 adducts, we will group them 4 5 targeted-1A or —2A deletion on the complementary
by type, as we did with other bulky lesions. strand?21422 At the working temperature, the one-base
: ; : deletion 2-AAFC8-dG duplex shows two conformations, a
8.6.1. 2-Acety /am/nlof/-uorene @ AAE) fact that limited the resolution of the spectra, voiding the
To date, there is just one published structure of a DNA refinement of its three-dimensional structure. However, on
duplex containing a 2-AARs8-dG 161 lesion (Chart 59)  the basis of proton chemical shift values and the presence
(or absence) of NOE interactions, the authors concluded that

Chart 59. 2-AAF-C°-dG Adduct the minor population of the duplex has the 2-AAF moiety
intercalated inside the duplex, while it is external and points
Q to the 3-direction of the lesion-containing strand, in the
. predominant form. Similarly, the two-base deletion 2-AAF-
o] C8-dG duplex showed conformational heterogeneity in solu-
O N NH tion, a fact that precluded the refinement of a three-
N— | . dimensional model. On the basis of proton chemical shift
o N™ N7 "NH, values and a limited NOE data set, the authors proposed that
dRib all duplex conformations have the fluorene moiety interca-
161 lated inside the helix and that, in the predominant form (about

80% population), asyn 2-AAF-C8-dG residue and the'3
paired to dC'6 Analysis of the NMR data shows the lesion-flanking cytosine are extruded from the helix. Interest-
presence of two conformations in slow exchange on the ingly, the 2-AAF-C8-dG lesion increases the thermal stability
NMR time scale. The NOESY spectra indicate that the of both duplexes, which have a P& higherT,, than the
predominant form of the duplex (about 70% population) has unmodified base deletion control samples, suggesting a strong
all unmodified residues in thanti conformation around the  fluorene-stabilizing effect that seems to be strikingly inde-
x torsion angle with concomitant formation of WC base pairs. pendent of its conformation.
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8.6.2. 2-Aminofluorene (2-AF) conformation, the fluorene moiety is inside the helix with
Contrary to the 2-AAF case, extensive NMR studies have its C9-methylene edge pointing toward the major groove of
characterized the structure of DNA duplexes having a 2-AF- the duplex. AF intercalation takes place without disruption

C8-dG lesion162 (Chart 60) paired to dC, in different se- Of lesion-flanking base pairs, which remain WC hydrogen
bonded, stacking properly with the aromatic moiety, and

Chart 60. 2-AF-C8-dG Adduct displaces the lesion partner dC residue into the major groove
of the helix. Since the absence of the 2-8f~dG H8 proton
Q impedes a clear determination of th@ngle of the damage
. residue, its position in the structure is ill defined. Further,
0 restrained molecular mechanics generated three-dimensional
O N models that equally fit the experimental data with the 2-AF-
N— | /"“\H C8-dG residue in thesynor anti conformation, suggesting
H N N NH, that both conformations are equally probably. On the basis
dRib of kinetic considerations, by which a bulky 2-AE:-dG
162 residue would be unlikely to rotate tosyntorsion angle

conformation within a 10 ms lifetime, the authors concluded
quence context®3 428 All the experimental data recorded that the damaged residue remamsti in the intercalated
to date show that 2-AG8-dG-containing duplexes exist as  conformation also and, thus, appears in the minor groove of
a mixture of two conformations in slow exchange on the the helix (Figure 35}23424Two additional studies confirmed
NMR time scale, with a lifetime of a few milliseconds at 30 the main properties of these models and completed the
°C. The relative population of each state depends on duplexcharacterization of the AF-intercalated structt#e&?20On the
composition, with ratios varying from 1:1 to 9:1 among the basis of the downfield shift value of the 2-AE-dG H2
sequences studied. On the basis of the large chemical shifiproton (3.71 ppm), the authors concluded that in the AF-
changes observed for the AF protons between the two formsintercalated structure the damaged dG residue adopys a
and some specific NOE cross-peaks between duplex and AFconformation around thg angle and resides in the major
protons, the authors of early reports concluded that the fluor- groove of the helix (Figure 36/
ene moiety is exchanging between external and intercalated
conformationg’?®-42% In the external conformation, all resi-
dues are in aranti range around thg torsion angle with
WC base pair alignments throughout the duplex. The AF
moiety resides in the major groove of the helix without
affecting the global B-form conformation of the duplex. The
energy-minimized model of the external conformer showed
that the AF moiety is in the major groove of the duplex,
with its C9-methylene edge pointing to thégde of the
lesion-containing strand (Figure 35§:424In the intercalated

Figure 36. Base-displaced intercalated conformation of 2-&%-

dG after ref 427. The picture displays the five-base-pair segment
with the damaged residue located in the major groove of the duplex,
after adopting asyn conformation around the glycosidic torsion
angle. Reproduced with permission from ref 427. Copyright 1998
American Chemical Society.

NMR studies have established also the solution structure
of several AF-containing samples that represent replication
intermediates of the base-substitution antiA and —2A
deletion mutation processé®:43%-433 The observation that
dAMP and, to a lesser extent, dGMP are inserted opposite
2-AF-C8-dG lesion$**+435gave the rationale for the structure
determination of 11-mer duplexes containing a centrally
located 2-AFC8-dG-dA or 2-AF-C8-dG-dG mismatch flanked
by dC-dG base pair&°43°In contrast to the case of 2-AF-
C8-dG-dC duplexes discussed previously, the NMR spectra
of these mismatches show a single set of relatively sharp
proton signals, suggesting the presence of a unique duplex
conformation in solution. Assignment of the NOESY spectra
Figure 35. Stereoviews of duplex DNA containing a 2-AE- established that all the unmodified residues adoptuati
dG adductl62paired to dC. The top panel shows the major groove conformation around thg torsion angle and form regular
external conformation, and the bottom panel, the based-displacedy/C pase pair alignments. The 2-AE-dG HZ2 proton

intercalated structure. The picture displays the damaged dG bas -
in yellow, its partner dC residue in green, and the 2-AF moiety in ‘resonates around 3.6 ppm, downfield from the normarH2

red. Reproduced with permission from ref 424. Copyright 1994 H2" range, suggesting that thetorsion angle of 2-ARS*-
American Chemical Society. dG issynand, thus, locating the AF ring in the minor groove
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Table 7. Structure of Duplexes Having BulkyC8-dG Lesions

lesion sité duplex length sequence context predominant structural motif PDB entry ref

AAF-dG-dC 9-mer 5(CG*C)-5'-(GCG) dG*,synmajor groove displaced 416
dC, intrahelical
AAF, intercalated

AF-dG-dC? 10-mer 5-(AG*G)-5'-(CCT) dG*dC WC paired 423, 424
AF, major groove external, ®riented
AF-dG-dC? 10-mer 5(AG*G)-5'-(CCT) dG*anti or syn groove displaced 423,424

dC, major groove displaced
AF, intercalated

AF-dG-dC 15-mer 5(TG*A)-5'-(TCA) dG*-dC, WC paired 425
AF, major groove external
AF-dG-dC 11-mer 5(CG*C)-5'-(GCG) dG*,synmajor groove displaced 427

dC, major groove displaced
AF, intercalated

AF-dG-dC 11-mer 5(GG*C)-5'-(GCC) dG*dC, WC paired 428
AF, major groove external, ®riented
AF-dG-dA 11-mer 5(CG*C)-5'-(GAG) dG*, synintrahelical 429

dA, antiintrahelical
AF, minor groove external

AF-dG-dG 11-mer 5(CG*C)-5'-(GGG) dG*,synintrahelical 430
dG, antiintrahelical
AF, minor groove external

AP-dGdC 11-mer 5(CG*C)-5'-(GCG) dG*,synmajor groove displaced 439
dC, major groove displaced
AP, intercalated

AP-dGdA 11-mer 5(CG*C)-5'-(GAG) dG*, synmajor groove displaced 1AXU 440
dA, major groove displaced
AP, intercalated

ABP-dGdC 15-mer 5(TG*A)-5'-(TCA) dG*-dC, WC paired 442
ABP, major groove external
PhIP-dGdC 11-mer 5(CG*C)-5'-(GCG) dG*,synmajor groove displaced 1HZ0 443

dC, major groove displaced
PhIP, intercalated

2 AAF, 2-acetylaminofluorene; AF, 2-aminofluorene; AP, 1-aminopyrene; ABP, 4-aminobiphenyl; PhIP, phenylimidazopy8dinitar population
of AF-external and AF-intercalated duplex conformations.

of the helix. Three-dimensional models derived using shifts of the lesion-partner dA residue showed negligible
restrained energy minimization showed very similar struc- changes upon lowering the pH, challenging the proposition
tures that provided some details of the fluorene conformation that it is protonated at pH 5.9. Table 7 lists structure types
at the lesion site. In agreement with the experimental of duplexes containing 2-AE8-dG and 2-AAFCS-dG
distances, the AF moiety is located in the minor groove with lesions.
its C4—C5 edge facing the solvent, tilted toward tHesRle NMR spectroscopy was used to characterize the structure
of the damaged strand, and partially protected from water of a —1A mutation model containing a nonpartnered 2-AF-
exposure (Figure 37). A difference between these duplexesC8-dG residue flanked by & base pairé* Assignment of
NOESY spectra indicated that the duplex adopts a right-
handed helical conformation with all unmodified residues
in the anti conformation around thg torsion angle and
canonical WC base pair alignments. The damaged residue
is in thesynconformation and appears displaced in the major
groove of the helix, facilitating the intercalation of the
fluorene moiety inside the helix, where it performs rapid°180
o flips and stacks preferentially with thé-Banking base pair.
y 9, The refined structure shows that AF intercalation forms a
Figure 37. Stereoview of duplex DNA having a 2-A€5-dG-dG wedge at the lesion site, with the lesion-flanking dC residues
mismatch. Reproduced with permission from ref 415. Copyright MOre separated than their dG partners in the complementary
1998 American Chemical Society. strand (Figure 38). Helix intercalation of the 2-AF ring is in
sharp contrast to the proposed major groove 2-AAF location
is that the mismatch alignment and the relative position of in the main conformer of the 2-AAE?-dG —1A mutation
AF in the minor groove of the helix are pH sensitive only in - duplex;?* which, in principle, could explain their different
the 2-AFC8-dG-dA case?® In this duplex, the 2-AFRE8-dG mutagenic profiles. However, a refined structure of the latter
residue retains theyn conformation around ity torsion duplex has not been produced yet and any comparison
angle at pH 5.9, but chemical shifts of the fluorene H5, H6, between the AF and 2-AAF-1A mutation models would
H7, and H8 protons, as well as the H1 and H8 protons of be premature at this time.
the 3-flanking dG residue, move dramatically downfield. NMR studies have described the solution conformation
The authors proposed a structural model for the duplex underof two different—2A mutation intermediates, one having a
acidic conditions that has the lesion-partner dA protonated targeted d(G*pA) deletici¥?and the other with an untargeted
and hydrogen bonded with the 2-AB®-dG residue in the  —2A deletion where the 2-A8-dG lesion was flanked by
synconformation. However, the H2 and H8 proton chemical dC residue$® In both cases, the NMR spectra showed
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Figure 38. Structure of 2-AFE8-dG lesion-induced mutagenic intermediates. The pictures display extrahelical residues and the intrahelical
2-AF moiety in darker color. Left panet; 1A intermediate; center panel, targeted@A intermediate; right panel, untargete@A intermediate.
Adapted from refs 432433. Copyright 1995 and 1997 American Chemical Society.

Table 8. Structure of One- and Two-Base Deletion Mutation Intermediates Having BulkyC8-dG Lesions

lesior?  system type sequence context predominant structural motif PDB entry ref

AAF —1A 11/10-mer 5(CG*C)-5'-(G-G) dG*, anti intrahelical; 421
AAF, major groove external,'sriented

AAF —2A 12/10-mer 5(GCG*CC)5'(G-G-C) dG*,synmajor groove displaced; 422
3'-dC, major groove displaced; AAF, intercalated

AF —1A  11/10-mer 5(CG*C)-5'-(G-G) dG*, synmajor groove displaced; AF, intercalated 431

AF —2A  12/10-mer 5(CG*AC)-5'(G-G) dG*, synmajor groove displaced;-8lA anti, major groove displaced; AF, intercalated 432

AF —2A  12/10-mer 5(GCG*CC)5'(G-G-C) dG*,synmajor groove displaced;&IC, major groove displaced; AF, intercalated 1AX6 433

a AAF, 2-acetylaminofluorene; AF, 2-aminofluorene.

excellent resolution, allowing the assignment of most proton X-ray structure of a complex formed between an active DNA
signals and the refinement of three-dimensional models. Thepolymerase fragment and a 2-AB-dG-containing primer-
duplexes are regular right-handed helices with all uynmodified template demonstrates the important role played by the
residues in thanti conformation around thejy angle and enzyme in the conformation adopted at the juncti§ihe

WC base pair alignments (Figure 38). In the targeted structure of the preinsertion complex shows the 2@&¥-
d(G*pA) deletion, the 2-ARC8-dG residue isynand appears  dG-lesion in thesynconformation with the fluorene ring fully

in the major groove of the duplex, facilitating intercalation protected from solvent exposure. After dC insertion in the
of the AF moiety inside the helix. Its deletion partner dA, crystalline state, the damaged residue changastiand is

set at the 3side of 2-AFC8-dG, is displaced also into the WC hydrogen bonded, with the AF ring displaced toward
major groove where it stacks with the damaged guanine basethe nascent major groove and unexposed to water. Thus, it
An equivalent arrangement at the lesion site is present inis possible that the highly hydrophobic fluorene moiety,
the targeted d(G*pC)-2A duplex having 2-AFc8-dG and which is protected from solvent in the pre- and postinsertion
the B-lesion-flanking dC residue displaced into the major complexes, may bias the NMR study toward the observation
groove (Figure 38). Interestingly, a similar base-displaced of an intercalative 2-ARz8-dG conformation.

intercalated structure was proposed for a 2-ABFdG —2A ) o

duplex in identical sequence context but with thdesion-  8.6.3. 1-Aminopyrene (1-AP) and 4-Aminobiphenyl

flanking dC residue extruded in the major grodve. (4-ABP)

However, the low resolution of the NMR data, which  1-Nitropyrene, one of the most abundant nitroaromatic
precluded the refinement of a three-dimensional structure, compounds found in environmental samples, may be trans-
impedes an analysis of the differences between the 2-AF-formed inside the cell to hydroxylaminopyrene, which, upon
C%-dG —2A and 2-AAFC?-dG —2A duplexes. Table 8lists  further activation, can react with guanine, forming 1-ami-
the structure types of deletion mutation intermediates con- nopyrenec8-dG (1-APC8-dG) lesions163 (Chart 61)}12
taining 2-AFC8-dG and 2-AAFC8-dG lesions.

NMR studies have established the conformation of a 2-AF- Chart 61. 1-AP-C5-dG 163 and 4-ABPC®-dG 164 Adducts
C8-dG residue located at a primer template junction, before

incorporation of any lesion partrf€fand after addition of a O O
dC or dA residué® In all three structures the damaged 2-AF- O’
C8-dG residue is displaced in the major groove withits o] o]
torsion angle in theynconformation and the fluorene moiety _<NfLNH %NfLNH
N— N—
N/)\NH HoN N/)\N

stacking over the last base pair of the duplex segment. This

conformation shows few changes after the incorporation of H N 3 H,
a lesion-partner dC or dA residue, which appears displaced dRib dRib
into the minor or major groove of the helix, respectively. 163 164

Interestingly, in the latter case, the relative orientation of

the 2-AFC8-dG lesion and the newly incorporated dA Having four fused benzene rings, 1-AP is very hydrophobic
residue resembles, to some extent, their alignment in theand bulkier than the fluorene moiety, facilitating the iden-
2-AF-C8-dG-dA mismatch but with the bases far apart and tification of correlation between lesion topology, hydropho-
displaced into the major groove. On the other hand, a recentbicity, and DNA structure. Two studies have reported the
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conformation of the 2-ARZ8-dG-dA duplex shows the AF
moiety displaced into the minor groove, with the mismatched
bases inside the helix and stacking between flanking base
pairs#?° while 1-AP remains intercalated in the 1-AT3-
dG-dA duplex#® Thus, whether resulting from favorable
stacking interactions inside the duplex or entropically driven
by the aqueous media, it seems clear that the larger 1-AP
moiety prefers to intercalate in the helix. It must be noted,
however, that in a different sequence context the absorption
and fluorescence spectra showed the presence of several
conformations, with at least one conformer in which the 1-AP
is externally bound, indicating that duplex composition plays
a role also in lesion site structut®.

It is also informative to compare the structures of 2-AF-
C8-dG-containing duplexes with those of 4-aminobiphenyl-
C8dG lesions (4-ABRz8-dG). 4-ABP 164 (Chart 61) is
structurally similar to AF but lacks the C9 methylene bridge
that links the two phenyl rings, causing an increase of
flexibility and a loss of planarity of the aromatic moiety.
An early NMR study characterized a 15-mer duplex having
a 4-ABP-C8-dG lesion paired to dC in the d(T G* A)
sequence context? The NMR properties established that
the duplex adopts a predominant helical conformation with
WC alignments throughout, including at the 4-ABP-dG-
dC base pair, and the 4-ABP moiety located in the major
groove of the helix, where it is rapidly rotating. In additon,
Figure 39. Structure of the central five-base-pair segment of the data showed the presence of a minor conformation, about
duplexes having 1-AR8-dG 163 lesions opposite dC (top panel) 5—10% of the sample, which was correlated with an
or dA (bottom panel). Adapted from refs 439 and 440. Copyright intercalative 4-ABP structure. Interestingly, in the same

1996 and 1999 American Chemical Society. lesion context, the 2-ARE-dG-dC, containing duplex has
) ) a larger population fraction, about 3@0%, intercalated
solution structures of 11-mer duplexes having a 1@P-  inside the duple£? suggesting an energetic penalty associ-

dG-dC or 1-APC*-dG-dA base pair at their centers and ated with intercalation of the nonplanar 4-ABP ring system.

flanked by GG base pair§?**#4°The NMR spectra showed  Taple 7 lists the structure types of duplexes containing 1-AP
partially resolved protons signals that were somewhat gnd 4-ABF lesions.

broadened at the lesion-containing and lesion-flanking base
pairs, suggesting conformational dynamics at the damaged8.6.4. N-Methyl-2-amino-phenylimidazopyridine (PhIP)
site of these duplexes. Assignment of the NOESY spectra
shows that all unmodified nucleotides are in thati
conformation around thg torsion angle, forming regular
WC alignments. The damaged dG residues adoplyra

conformation and, along with their dC or dA partners, are ine lesion& Despite the rel for h health
displaced into the major groove of the helix, facilitating the 9tanine lesions:"Lespite he relevance for human heain,

intercalation of the aromatic 1-AP moiety inside the helix. preparation of large quantities of adduct-containing oligode-

Refined three-dimensional models of the 1-SRdG-dC oxynuclotides has been very difficult and little is known
duplex show the damaged residue tilted toward thsice about the structure of DNA containing these lesions. To date,

- - : ly the NMR structure of an 11-mer duplex having an
of the lesion-containing strand and the 1-AP ring system on . . T
stacking properly with flanking d@G base pairs (Figure N-methyl-2-am|_no-6-phen)él|mldazo[4,5]pyr|d|r(é8—dG 165
39). In the 1-APCE-dG-dA duplex (PDB code 1AXU), the  (Chart 62) lesion (PhIZ-dG) paired to dC has been
1-AP moiety stacks with flanking base pairs also, but in this
case, the damaged dG residue is tilted toward threde of
the lesion-containing strand. Furthermore, the refined struc-

Cooking of meat, chicken, and fish produces a series of
carcinogenic heterocyclic amines, generally called food
mutagens, including 1Q, MelQ, MelQx, and PhIP, which
after metabolic activation can generate predominantly C8

Chart 62. PhIP-C8-dG Adduct

ture shows the lesion partner dA is almost coplanar to the \\N
5'-flanking GG pair, though direct NMR evidence for this 7 N Q
alignment was lacking due to signal broadening at the lesion N-L N NH
site. Me' H—</N I _L

It is informative to compare the structures of 1-&P- " N NH,
dG-containing duplexes with those of the 2-8F-dG lesion
paired to dC or dA in the same sequence com&xXe°With 165

dC partners, 2-ARz8-dG and 1-APE8-dG duplexes show

almost identical intercalative conformations at the lesion site, solved?*® Topologically, PhIP consists of ai-methylimi-
differing only with the fraction of duplex adopting this dazopyridine moiety substituted with a phenyl ring that
structure, which is about 100% for 1-A® and 70% for breaks its planarity. Assignment of the NMR spectra showed
AF.#27 On the contrary, the mismatched duplexes adopt the presence of a right-handed helix with, as observed with
completely different lesion site structures. The predominant other bulky C8 guanine adducts, two slow exchanging
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directly, by depleting mono- and thiphosphate deoxynucleo-
side pools. The majority of them require activation before
they can block polymerase activity. Cellular metabolism
converts these compounds into the correspondintyi-5
phosphate nucleoside derivatives that are subsequently
incorporated in DNA by replicative or repair polymerases,
giving rise to the appearance of non-natural nucleotides.
Additionally, we will discuss in this section duplex structures
having point modifications that cannot appear during enzy-
matic DNA replication but are structurally related to lesions
discussed in this section.

9.1. Modified Bases with Altered
Hydrogen-Bonding Ability

9.1.1. Thioguanosine

Thioguanine is a good example of a small chemical
modification in DNA that can trigger important consequenc-
esfor living organisms. An early X-ray characterization
showed that 2deoxy-6-thioguanosine-dG) 166 (Chart
63) is almost identical to'2Aeoxyguanosine, differing only

Chart 63. S*-dG Lesion and a G4 Tetrad

Figure 40. Structure of a DNA duplex containing a Ph@-dG dRib
165 lesion paired to dC. The picture shows the lesion-containing dRib—p SN H NN r\/J
base pair residues (in red) displaced in the major groove and the . N )
intercalated PhIP moiety (in green) protruding in the minor groove. _.-HN N
Prepared from PDB entry 1HZ€ using MidasPlug56 ® N>\_N Q T

N NH N H e
conformations at the lesion site. The predominant form has «ij\/k B -K S
all unmodified residues in thanti conformation around the a NN, 9 N { ?
x torsion angle, forming regular WC alignments, including dRib N NH- MX:%—{N
at the lesion-flanking base pairs. The damaged dGyis <N | PN =
and, along with its partner dC residue, appears displaced into 3 N NHyeee N N=—gRib
the major groove of the duplex, facilitating intercalation of dRib
PhIP inside the duplex. The refined three-dimensional model 166 167 X=0,8

of the intercalated structure (PDB code 1HZ0) has the planar

imidazopyrimidine ring stacked between flanking base pairs in the length of the €S double bond, which is about 0.4 A
with the phenyl ring and th&l-methyl group positioned in  longer, and its van der Waals radius, which is bigger for the
the minor groove of the duplex, inducing a significant bend sulfur atom. Surprisingly, these subtle differences affect a
in the helix (Figure 40). A refined model of the minor long list of biological processes, explaining its clinical use
conformer, which depending on the temperature accountedas an antileukemic, immunomodulating, and anti-inflamatory
for about 16-30% of the sample, was not obtained, but the agent (for recent reviews, see refs 444 and 445). However,
analysis of chemical shift perturbations suggested that it haswhat causes the initial recognition 8f-dG as abnormal is
the damaged dG residue in thati conformation with the a basic question that only recently is finding some answers.
PhIP moiety located in the major groove of the helix. Thus, An initial NMR study characterized the DNA structure of
as seen with other bulky C8 guanine adducts, the FISIP-  two differentS$-dG-containing telomeric samples and of the
dG lesion exchanges between a base-displaced intercalatedelf-complementary Dickerson dodecamer with the lesion at
conformation and an external major groove conformation, a the fourth position, resulting in tw8-dG-dC pairs present

fact that may help to explain its mutagenic profile. on the same molecule separated by fourAase pairg?®
The duplexT,, of the damaged duplex, as measured by
9. Nucleotide Analogues analysis of UV melting profiles, is 15C lower than that of

the unmodified control, indicating tha#-dG affects the

DNA damaging agents introduce chemical modifications thermal stability of DNA. However, observation of imino
on natural nucleotides, resulting in a wide variety of lesions, proton signals resonating downfield of 12.5 ppm establishes
whose effects on DNA structure have been extensively the formation of a double-stranded duplex with WC align-
discussed in previous sections of this review. In this section, ments on all canonical base pairs, including all four@A
we will discuss duplex structures containing artificial inserts, pairs that separate the lesion sites. On the basis of the absence
which do not appear as the result of a damaging processof the $-dG imino proton signal and the decrease in duplex
but, nevertheless, may appear inside the cell following DNA thermal stability, the authors concluded ti#tdG blocks
replication. During the last four decades, a large number of the formation of WC alignments and must be considered a
nucleoside analogues have drawn attention as promisingnonconservative base modification. In the case of samples
anticancer and antiviral compounds. These agents generallycontaining $-dG within a telomeric sequence, the NMR
inhibit DNA replication either directly, preventing chain spectra obtained at 8€, when only a random conformation
elongation during polymerase-catalyzed replication, or in- is present in solution, were essentially identical to those
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Table 9. Duplex and Base Pait Stability Effects of S>-dG** measurement of imino proton exchange rates indicated that
duplex GC $.G-C GT SGT in the sequence context used for the study the lifetime of an
unmodified dGdC base pair is 126 ms, while that of the
AG°(37+c) (kcal/mol)y —8.14+0.5 —7.4+0.2 —5.2+0.3 —5.840.2 : : - ' L
%o (nfg) o (kealimol) 126+ 8  73+12 01+03 2.4+09 dG-T mismatch is about 0.1 ms, right at the detection limit
Kg (x10~7 mol1) 54403 52+4 1760+55 1534+ 220 of the method. The lifetimes of th&#-dG-dC and<S-dG-T
Topen(NS) 68+ 3 38+4 17+12 366+ 91 base pairs are about 7 and 2 ms, respectively, indicating that

2 Kinetic parameters measured &, Reported errors are standard  S-dG decreases the stability of the pairing with dC but it
deviations.zo, base pair lifetimeKg, base pair dissociation constant; ~ slightly increases that of a mismatch. Furthermore,$he
Topen lifetime of the opened base pair state. dG substitution increases the dissociation constant of the dG
dC base pair 1 order of magnitude, making it spend a longer

fraction of time in an open state, but has no effect on that of
In contrast, the control the dGT mismatch. Taken together, these studies indicate
that while $-dG causes no significant perturbations of the
DNA conformation, it profoundly affects the local base pair
stability of DNA duplexes.

recorded at room temperature.
sequences lacking-dG exhibited dramatic spectral changes
below 50°C, indicating the formation of G4 tetrads. Thus,
it was concluded tha&-dG blocks the formation of G4
tetrads. It is worth noting that factors affecting the stability
of WC base pairs and G4 tetrads are different. It is known
that, in the latter case, the efficient assembly of G4 tetrads
167 requires the formation of a complex with a sodium or ~ Two relevant features explain the wide use of 2-aminopu-
potassium iort4” In this complex, the metal ion is embedded rine 168 (2AP) (Chart 64) for biophysical and molecular
between the planes of two adjacent G4 tetrad layers, forming

an almost perfect octahedral complex with the O6 groups Chart 64. 2-Aminopurine and d2AP-T Base Pair

of all eight guanine residues. Even a single bulkier and

9.1.2. 2-Aminopurine

polarizable sulfur moiety per tetrad layer, which cannot bind NOE Oy/%

to alkali ions efficiently, disrupts the symmetry of this highly Ho NN

cooperative structure, thus blocking its formatiéh. N 7]/N~dRib
Two independent studies have challenged the conclusion (NfN </N | A w©

that S-dG residues impede formation of WC align- N N

ments#4844%|n both studies, a singl&-dG-dC base pair was H 2 dRib

introduced at the center of non-self-complementary duplexes, 168 169

and in one cas#? $-dG was also paired to T, forming an

$-dGT mismatch. As reported previously, the presence of piplogy studies of double-stranded DNA. First, 2AP is an
a singleS-dG-dC base pair decreases the duplex thermal environmentally sensitive fluorophore that induces small

stability but, in both studies, the imino proton signal35f changes in the DNA conformation and, thus, is a suitable
dG appears as a broad resonance around 11.5 ppm. Itprobe for studying nucleic acid structure and dynarfiigs.
addition, observation of NOE cross-peaks acrossStraG: Second, 2-aminopurine is a moderate mutagen, and duplexes

dC pair and betwee®*-dG H1 and the imino protons of  containing 2-deoxy-2-aminopurine (d2AP) residues have
lesion-flanking base pairs positively establishes the presencepeen the target of early vitro andin vizo DNA replication
of a WC $-dG-dC base pair alignment. Furthermore, the studies’s® When present in the template strand or as the
RMD structures showed that both duplexes are minimally jncoming residue, 2AP pairs predominately with thymine.
perturbed right-handed helices with requidG-dC base  However, in the presence of d(2AP)TP nucleosides, T4 DNA
pair stacking inside the helix. The only structural change polymerase induces up to 6%-@ — T-A transitions,
identified in both studies is a small opening of tBedG suggesting that 2AP can also pair to #¢.
dC base pair toward the major groove, which results from  An early NMR study characterized the alignment of d2AP
the presence of the bulkier sulfur atom (PDB codes IN17 T and d2APdC lesion-containing base pairs located at the
and 1KB1). Similarly, the NMR characterization and RMD  center of 7-mer duplexes. In the d2APduplex, the T H3
structure (PDB code 1KBM) of th&-dG-T duplex show a  proton of the lesion-containing base pair appears around 13.6
regular B-type conformation with formation of a woblge ppm and displays strong NOE interactions with the 2AP H6
dG-T alignment, almost identical to that seen on-d@G  and the imino protons of adjacent base pairs, indicating that
mismatche¥”4%° (PDB codes 113D and 1BJD) but with the d2APT base pairl69 adopts a WC geometry with
increased opening of the mismatch toward the major groove. formation of two hydrogen bondg A subsequent saturation-
Therefore, it was concluded th&dG is a highly conserva-  recovery study of a self-complementary decamer duplex
tive base modification that does not affect duplex structure showed that d2AP substitution of the innermost dA residue
and whose biological consequences are most likely relatedincreases the base pair opening rate by 6-fold and diminishes
to its stability effects. the duplexT,, by 10 °C. Thus, despite the WC geometry
Table 9 summarizes the results of a recent publication across the d2AH base pair, d2AP residues diminish local
reporting on the effect o#-dG on global duplex and local ~ and global stability of the duple®®
base pair stability®® Van't Hoff analysis of ultraviolet Proton spectra of the d2A#C duplex show an exchange-
melting curves indicated that a sample containing a single able signal around 9.4 ppm that originated from the damage-
$-dG-dC base pair has an about 1 kcal/mol less favorable containing base pair. Since in the 1D NOE difference
Gibbssy ) free energy of duplex formation than the corre- spectrum this signal exhibits strong interaction with 2AP H6
sponding dGdC control. In contrast, the Gibgs-c) free and the imino protons of adjacent base pairs, it was concluded
energy of the$-dG:T and dGT mismatch-containing  that the dC residue is mostly protonated at pH 7.2, forming
duplexes is almost identical and approximately 3 kcal/mol a d2APdC* alignmentl70a(Chart 65) that retains a regular
less favorable than that of the control. In addition, NMR WC geometry*>> However a subsequent study using dC
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Chart 65. Possible Alignments of the d2ARIC Base Pair in the anti conformation, and a WC geometty’1b, with
H,N HN the WC edge of d 2AP facing the Hoogsten side of dA.
H W H m Sequential NOE cross-peaks at the lesion site established
AN N NG N the presence of a wobble d2ARA pair 171ain solution#6!
</N N gf "dRib «Nf N T aRib
NN H N N/*N H 9.1.3. 5-Fluorouracil
dRib . dRib : 5-Fluorouracil172 (UF), a thymine analogue, is used in
170a y 170b combination therapy for the treatment gastrointestinal tumors
H N and other types of canc&®4%The therapeutic effects of
AT N UF result from its ability to alter nucleotide pools, disrupting
</Nj|\/gN' _ _N/ N nucleic acids synthesis and impeding growth and division
N N/)\N H T Y gRrib of tumor cells. The cellular metabolism converts 5-fluoro-
dRié H uracil into 5-fluoro-2-deoxyuridine 5phosphatd 73 (5-dU-
1706 MP), which inhibits thymidilate synthase, causing a reduction

of TTP levels!* 5-dUFMP is further transformed to dtJ
TP, its triphosphate derivative, which, after incorporation into
DNA by replicative polymerases, inhibits chain elongation
and causes strand breaks and mutations.

residues with its amino grodiN enriched showed that the
lesion-partner cytosine amino protons resonate as two separ
ated signals, ruling out the presence of both the protonated ) i o ) )
170a and the rare tautomeric forrh70b of cytosine. In In spite of thelr_s_tructural similarity, the (_1|fferent dlp_ole
addition, chemical shifts of the cytosine amino proton signals moments of thymidine and dmay cause distinct packing
indicated that one of them is hydrogen bonded and the in DNA. In addition, the imino nitrogen acidity of dUpKa
intensity of NOE cross-peaks across the d2d®base pair ~ — 8:15) is greater that of T f = 9.9), affecting the
suggested the formation of a wobble alignma&A0c?s7458 hydrogen-bonding properties of 8UNMR spectroscopy was

An additional NMR study of the d2ARIC base pair used to characterize the effect that "dblas on duplex
revealed that the transition from a wobH@0cto a dC" structure and dynamicS? A self-complementary octamer

protonatedl70aalignment does take place at low pH and, duplex h_aving theEcaR re_cognition sequence with two
based on the I, value of cytosine protonation, the ratio symmetrical d-dA base pairs mostly adopts a regular right-

between d2ARIC* 170aand d2APAC wobble170calign- handed conformation with WC base pair alignments through-
ments was calculated to be 1:25 at physiological pH. out. The imino proton signal of dUs broadened by solvent

Interestingly, this value corresponds to the frequency of A €Xchange with a water exchange rate similar to that of
T — G-C transitions observed when d2AP residues are {erminal base pairs. The temperature dependence of imino

present in the template strand during DNA replication studies Proton signals showed that 81, while broad, is visible

in sitro. Of the basis of these observations, the authors uptq_the duplex meltmg_temperature, indicating that the local
proposed that the presence of small amounts of ZAairs, stability of the dAdUF pair was not affectetf® Subsequently,
which have the proper WC-type geometry, might account &N NMR study compe}red the structure of self-complementary
for the mutagenicity of 2AP% It is interesting to compare ~ 8-Mer duplexes having zero, one, or two internaldiA"

the behavior of cytosine amino groups in the wobble d2Ap base pairs. It was found that the presence increases the
dC 170¢58 and O-alk-dG-dC 57177 base pairs. At the same roll angle \{alue by abopt Iolcausmg a slight benq in the
pH and temperature conditions, cytosine amino protons QOLJ_bIe_hellx at the lesion site but without affecting base
resonate separately around 9 and 6 ppm inlf@c pair, inclination or tip angles®

whereas they appear as a single signal around 7.70 ppm in It has been proposed that the increased acidity dfidU
57. The most likely explanation for this discrepancy is the responsible for its ability to form almost equally stable pairs
fast rotation, on an NMR time scale, of the cytosine amino with dA and d@"° and explains its mutagenic activity
group on the latter wobble pair, a feature that reflects Several schemes (Chart 67) have been suggested for the
hydrogen bond strength differences between these two pairs,

probably due to a lower basicity of th@f-alk-dG N1 Chart 67. Fluorouracil 172 and Its Base Pair Alignments

nitrogen. 174a,b
Besides thymine and cytosine, 2AP can pair with adenine o] o
during DNA replicatior©The NOESY spectrum of a 7-mer F NH F NH
duplex containing a d2A®A base pair demonstrated that | BN |o| | pe
the duplex adopts a characteristic B-DNA conformation with N o wo—P~0 N™ "0
both lesion site residues stacked inside the helix. The authors 0 koj
examined two possibilities for the d2AdA alignment (Chart
66): awobble paill 713 with both residues facing each other 172 173 OH
Chart 66. Possible Alignments of the d2ARJA Base Pair
Foo 0 F o O N
N H r AN H / s
¢ H N NN NHO N 7 NhN N,
N / \N H-N N dRib/ N:<N = \/7 /N‘< \ N N‘< >:N dRib
b - = i O---HN - L
dRib N= 2—\&7\‘ N-H- N NN dRib \=y  dRib dRib O-HN
N = H e N N / \
/ \=N  dRib H LN H,N

171a 171b 174a 174b
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alignment of dU-dG base pairs, including a wobble type alignments are hypothetically possible fé#t-MeOdCA and
1743 with the lesion displaced toward the major groove, N*-MeOdGG, including wobble alignments, base pairs with
and the WC-geometryt74h, with UF present in the rare  normal WC geometry, and pairs where tifemethoxy group
tautomeric form. The NMR study of a heptamer duplex is synor anti with respect to the lesion imino nitrogen.
having a central ddG mismatched revealed that three NMR spectroscopy was used to characterize the structures
exchangeable proton signals originate from the lesion- of duplexes containing a singé*-MeOdC lesion opposite
containing pair, in neutral and slightly acidic media. Two dA or dG#78 481 The NMR spectra showed the presence of
of them are bound to dG N1 and M3 imino nitrogens, regular B-form duplexes withN*-MeOdC and partner
and the other belongs to the freely rotating guanine amino residues properly stacked inside the double helix but with a
protons. These findings are consistent only with the presencedifferent N*-methoxycytosine tautomeric state in each case.
of a wobble d¥-dG mismatch alignmeni74a As pH Analysis of the exchangeable proton spectra of hfe
increases, thé%F chemical shift of d& and the chemical ~MeOdCGdA duplex established the predominant presence of
shifts of protons at and adjacent to the lesion site show the lesion imino tautomef75b with its N*-MeOdC H3
changes that are typical sigmoid titration curves, with a hydrogen bonded to the dA imino nitrogen, forming a WC-
midpoint around pH 8.3. In addition, the line width of the type N*MeOdCdA alignment176 (Chart 68). In addition,
% signal reaches a maximum at the same pH. These

observations clearly suggest that ionization of tfiendiety ~ Chart 68. N*-MeOdC-dA 176 and N*-MeOdC-dG 177a,b

is taking place at basic pH values with K4of 8.3, close to  Pair Alignments

that found for free dB (pK, = 8.15). A NOESY spectrum _NOE

recorded at pH 9.5 displays regular NOE connectivities for H /OMelj
both strands of the duplex, demonstrating the presence of N NHN
B-form conformation. On the basis of these findings, the EJ/—( >—\$
authors proposed that ionization of it basic pH triggers  grip’ N:/NWW"HN%N

the transition from a wobble ddG pair 174ato a WC o “4rib
alignment174h, where U is in an anionic state. Since the 176

pKa, for ionization of U™ in DNA is 8.3, about 10% of dt

residues are dissociated at physiological pH values, suggest- o OMe

. L N (0] HN

ing that the anionic form of Umay account for the observed ¢

levels of dG incorporatiof’? A similar transition from a N\Z/_«NH;\P/_\}

wobble alignment to a WC ionized base pair has been dRb  \=( N,

observed for duplexes containing a single 5-bromeett HNH-O dRib

pair, upon pH increase. However, due to the lower acid- 177a

ity of bromouracil, the transition midpoint is around pH

8.6473 strong NOE connectivities between O-methyl and H5 lesion
protons, and between O-methyl and aromatic protons of

9.1.4. N-Alkoxycytosines: Degenerated Bases Forming adjacent bases, indicated that thfemethoxy group isnti,

WC Hydrogen Bonds avoiding steric clashes durinl*-MeOdGdA base pair

MethoxyamineO-methoxyhydroxylamine, can substitute formation#78480481|n one of these studies, the experimental
the amino group of cytidine in DNA, formin’gl“-methoxy- data suggested the presence of a minor confo_rmation having
cytidine (\“MeOdC), a highly mutagenic residue that a wobble N4—MeOQC-dA pair .Wlth the adenlne_ residue
induces mainly G — A-T transition mutation&’4475 A displaced to the minor groove in fast exchange with the WC
striking feature of this modified nucleotide is its ability to  alignment:’® However, the NMR characterization of another

form stable base pairs with both adenine and guanine basesdUPIex, having a singlé\*-MeOdCdA pair in a different

The thermal and thermodynamics stabilities of 17-mer S€duence context, established the presence of only the WC-
duplexes having a singl*-MeOdGdG or N*-MeOdGdA type 176 alignment, suggesting that flanking residues may
ofinfluence the alignment of the lesion-containing base f34ir.

base pair are very similar to each other and close to those of! - 4 ; X .
corresponding duplexes with normal @G and dAdT pairs, Pairing ofN*-methoxycytosine with dG is somewhat more

but they are considerably higher than the stabilities of the comp_liqateti. The exchangeable proton spectra of duplexes
mismatch-containing duplexé® Since the equilibrium containingN*-MeOdCdG pairs show two sets of resonances,

constant of the amino and imino forms Mf-methoxycy- ~ With approximately a 1:1 ratio, indicating that the'-
tosine (Scheme 16) is close to unf®jt was proposed that MeOdCdG base pair exists as two slowly interchanging
conformations. The existence of two downfield imino proton

Scheme 16N*-Alkoxy-dC Tautomers and the Isomerism of signals with a strong NOE interaction between them and a
Their Imino Forms non-hydrogen-bonded guanine amino group establishes the
LOR +OR _OR RO presence of a wobblb*-MeOdCdG pair 177b for one of
HN N N N these conformations. The second form corresponds to a
N)j HN HN)j HN duplex having the amino tautomer bf-methoxycytosine
Y | =—— A | Py | A | forming anN*-MeOdGdG pair with WC geometryt 77a48°
o N 0" N o” N 0" N As in the case ofQOf-alkylguanine, the lesion imino
dRib dRib dRib dRib tautomer prefers aynmethoxy group configuration in free
175a 175b anti syn nucleotides and single-stranded DNA. Since this configura-

tion causes no steric clashes in the woblkiteMeOdCdG
the identity of the lesion-partner base could tip this balance pair, the imino tautomer readily forms this alignment, keeping
and, as a result, different tautomeric forig5aand175b the methoxy group in theyn orientation. However, ayn
would be pairing to dG and dA. In addition, several methoxy group configuration hinders the WC-type alignment,
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and consequently, change to anti orientation must occur  the alignment of a mutagenic base pair.
before the lesion forms a W@*-MeOdGdG pair. This

transition proceeds slowly and is the rate-limiting step of 9.2. Nucleotides Lacking Hydrogen-Bonding
duplex formatiorf.’® A close analogue olN*MeOdC with Ability

the aminoalkoxy function incorporated in a six-member ring ) )

system that freezes the conformation of the methoxy group 9.2.1. 3-Nitropyrrol Nucleotide

to anti, named P-nucleotid&78 was synthesized in order  sjnce the discovery of the double-helical nature of DNA,
to eliminate this effect” The NMR spectra of duplexes  nydrogen-bonding interactions between complementary bases
containing a TdA or PdA base pair overlap almost gare believed to play a pivotal role in stabilizing the DNA
completely, indicating that these duplexes are isostructural. strycture. Despite the high water capacity to form hydrogen
In addition, the thermal stabilities of -@A- or PdA- bonds that might compensate a decrease of interstrand
containing duplexes are virtually |nd|st|ngwshab_le, suggest- hydrogen-bonding energy, the effect of base damages on
ing that the P nucleotides form a normatlR WC alignment  pNA stability and conformation is frequently explained in
179 and are a better T substitute thawf-MeOdC*®  terms of hydrogen bond disruption at the lesion site. The
However, evenin the abser!ceﬂ_yh—antl Isomerism, pairing - contribution that “stacking forces”, a group of effects that
of the P-nucleotide to guanine is more complicated thanpair- combine hydrophobic, van der Waals, and interactions
ing to adenine (Chart 69). The NMR spectra of 8-mer petween aromatic moieties, make to duplex conformation
and stability has received much less attention. Since it is

Chart 69. P-Nucleoside 178 and Its Alignment with dA 179 very difficult to experimentally measure stacking interactions,
and dG 180a,b the relative contribution of each of its components is not

o H o completely understoot#>486 However, they are important
N| (/N NH-N for understanding DNA stability and sequence dependent

HN N N, N structural variationé?” It has been established that an

A | dRib" =/ N artificial nucleotide having a modified cytosine moidi§la

0o ’T‘ 0 “dRrib with enhanced stacking potential and normal hydrogen bond
dRib ‘ potential forms a canonical WC base pair alignment with

178 179 dG 181h increasing duplex thermal stability and without

N

0 distorting the double-stranded helical structéfté>DB code
N ; 1TUQ) (Chart 70).
A\

o Chart 70. Tricyclic dC 181a and Its Alignment with dG

_ N e HN
) A ) N, 181b
. ‘N NH----N . ‘N NH-eQ dRib
dRib N= >—N dRib N:<
HNH-oeenO \dRib NH2

o ] </ \N ) ,N / NHN/ \>
duplexes containing two-BG base pairs showed that both N—( dRib N=( N
the WC 180aand the wobblel80b alignments are present drib” O I_%\IHO dRib
in solution in slow exchange on the NMR time scale. 181 1816
a

However, the duplex population with ad& wobble pair

was considerably smaller than that observed for e However, whether stacking interactions alone are sufficient
MeOdCdG duplex. Despite the conformational and tauto- fqr the assembly of a double-helical DNA structure is still
meric inhomogenity of RIG pairs, the RIG duplex is an open question.

slightly less stable than a control having unmodified residues gy dies of duplexes having a 1<@oxy#-ribofuranosyl)-

and more stable than duplexes having® orN*-MeOdC 3-nitropyrrol (182 residue (M) (Chart 71) initially tested
dG pairs. Thus, since the P nucleoside can pair with all by 482 M ( ) y

natural nucleotides with minor consequences for duplex Chart 71. M Nucleoside

stability and conformation, it has become an ideal degener- NO,

ated base for promising applications for molecular biology U

and genetic engineerirfd® It is worth noting that the

existence of both WC and wobbled® base pair alignments HO7 o

was confirmed later by X-ray crystallograpf. _Q
The existence of low levels (16-105) of rare base OH

tautomeric forms in DNA, which can form mutagenic 182

intermediates with correct WC geometry, is one of the main

causes of genome instabilit§. However, in the case of DNA  the idea that a nucleotide analogue, able to stack within the

lesions, base tautomerism is seldom responsible for theDNA helix without forming hydrogen bonds, may serve as

appearance of mutations. For all base modifications describeda “universal” nucleotidé®® The electronic density and

in the previous chapters, base pairing of mutagenic inter- -electron distribution of 3-nitropyrrol, necessary for effec-

mediates results from functionality changes of hydrogen bond tive stacking, closely resemble those of natural nucleobases,

donors and acceptors or from strong hydrophobic interactionsbut it lacks hydrogen bond donors and only poor acceptors

in double-stranded DNA. To the best of our knowledge, are present. When incorporated into DNA, M nucleotides

alkoxycytidine derivatives are the first example of a base cause a decrease of dupléxthat is mostly independent of

modification for which tautomerism plays a decisive role in the partner base, and they behave as an almost perfect
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“wildcard” during sequencing reactioA¥. The NMR spectra  Chart 72. Z 183 and F 184 Nucleosides

of a 9-mer duplex containing a centrally locateddA pair Me F

indicate the presence of a regular B-form conformation with Me

unmodified residues adopting normal WC base pair align- '/‘1

ments. The RMD structure (PDB code 1DK6) showed that 4N E

the M residue adopts syn conformation with the 3-nitro- HO— o HO™ o

pyrrol moiety inside the helix directing its nitro group toward

the major groove. Stacking interactions of 3-nitropyrrol with OH OH

flanking bases are not as pronounced as those of a corre- 183 184

sponding thymine base in the parent duplex. TheMpair

shows a small buckle, and phosphate groups around the CGCATFGTTACC

modified nucleotide are slightly bulged (Figure 41). In G CF G1:4A XCAATGG
X =dA, 183

duplex conformation, which retains all the essential features
of B-form DNA. In both duplexes, bases of the modified
pairs adopt amnti conformation around thg angle and are
intrahelical, displaying a small propeller twist that causes
no major distortions on flanking base pairs. Steric clashes
between the Z H5 proton, which is absent in the parent
adenine base, and F H3 cause a slight displacement of Z
toward the minor groove of the duplex and an increase of
about 0.8 A in the CHC1' distance. Broadening of imino
proton signals adjacent to the artificial pair indicates
increased dynamics at the&ide of the modification site in
both the ZF- and dAF-containing duplexes. However, the
absence of imino proton signals at the modified base pairs
precluded the NMR determination of their opening rates. The
RMD models show that the ‘A, Z-F, and AF pairs have
very similar geometries (Figure 42), providing structural

Figure 41. Structure of the central three-base-pair segment of a
duplex containing a nitropyrrol nucleotide82 viewed with the
major groove prominent. The nitropyrrol moiety is colored red.
Hydrogen atoms are not shown. Prepared from PDB entry *P3K6
using PyMol%%

addition, the RMD structure suggests that the M nitro group
is not coplanar with the pyrrol ring. On the basis of these
observations, the authors concluded that the presence of the
bulky, non-coplanar nitro group hinders optimal stacking of
the pyrrol moiety with flanking base8! Furthermore, the
bulkiness of the 3-nitropyrrol moiety causes the disruption
of DNA triple helices when an M residue is present in the
Hoogsten third strantf?

9.2.2. Non-Hydrogen Bonding A and T Isosters

Two aromatic moieties, 4-methylbenzimidazole (33
and 2,4-difluorotoluene (FL84, have been examined as
isosteric analogues of adenine and thymine bases, respec
tively. Thermodynamics studies demonstrated thatdX-
T, and ZF pairs destabilize duplex DNA by approximately
4-5 kcal/mol with respect to the dA-containing control
sample, which is not surprising taking into account the almost
complete inability of Z and F to form hydrogen borfds.
However, the behavior of these nucleotide analogues during
DNA replication is much more unexpected. During template-
directed synthesis, the Klenow fragment of DNA Pol |
incorporates Z and F nucleotides opposite to T and A,
respectively, with similar selectivity to incorporation of
natural nucleotides. Furthermore, the PeKlenow fragment
catalyzes the selective formation ofZbase pairs, indicating
that, at the active center of DNA polymerases, specific
nucleotide interactions are possible without the formation

Z+F

Figure 42. Alignment of the dAT, dA-F, and ZF, pairs in DNA

of hydrogen bonds, provided that the geometry match of the

alignment is correct?*4%

To verify the hypothesis, NMR studies have characterized
the structure of dodecamer duplexes containing ¢n(RDB
code 1BW7)°" or Z-F (PDB code 1EEK¥® pair (Chart 72).

duplexes. Prepared from PDB entries 1BWand 1EEK®8 using
PyMol 5%

support for the hypothesis that a steric match between the
incoming and template nucleotides at the polymerase active

The presence of Z and F residues does not perturb the globatenter is necessary and sufficient for DNA synthesis.
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T-dA base pairs, the NMR spectra suggest no significant
. ) ) , violations of the global DNA geometry. Analysis of RMD
9.3.1. Aristeromycin and Other CarbocyC/IC Nucleotides models shows that duplexes havit@6 have A- and B-form

Carbocyclic nucleosides lack the endocyclic oxygen of the conformational features, with only a moderate flexibility
sugar ring. This absence leads to the disappearance of thre#crease in the carbocyclic moiety. Parent control duplexes
important stereoelectronic features, namely the anomeric@/S0 showed mixed A- and B-form DNA properties. As in
effect® and 3,4-gaucheand 4,5-gaucheeffectsi®0501 |n the single dAr residue case, it was concluded that the
normal nucleotides, the anomeric effect governs primarily carbocyclic T residue is a good structural mimic for
the sugar pseudorotation angle and the tmoicheeffects sequences containing stretches of T. _
drive the 3- and B-exocyclic sugar oxygens into a confor- However, this conclusion seems to be not universal. The
mation where they havgaucheorientations relative to 04 ~ NMR NOESY spectra of the Dickerson dodecamer having
As a result, the furanose ring of-Beoxynucleosides adopts W0 adjacent dAT base pairs at its center show a double
a 2-endo/3-exo conformation and the'ZBydroxymethyl set of cross-pgaks for interactions of the eight centrally
group assumes gauchée or gauche conformation. Since located nucleotide®8 After raising the temperature above
carbocyclic nucleotides lack these properties, incorporation 90 °C, these two sets of signals coalesce into one set,
of these analogues in double-stranded duplexes illustratedndicating that at room temperature they are in slow exchange
the contribution that sterecelectronic effects have in stabiliza- ©n the NMR time scale. Assignment of the spectra shows
tion of the DNA structure. Carbocyclic analogues are that one set corresponds to a regular B-form duplex with
absolutely resistant to DNA glycosylase activity and have canonical WC alignments at the adjacent dAbase pairs.
been used for biochemical and molecular biology stud- Analysis of the second set of NOE peaks suggests that the
i@ 502,503 alternative conformation of the duplex has the dApair

NMR spectroscopy has evaluated the impact on duplex forming Hoogsten alignmerit87. Interestingly, both dAfT
structure following the incorporation of a single'-2  Pase pairs of the duplex simultaneously adopt the same
deoxyaristeromycii85(dAr) residue paired to thymidig®  alignment type, demonstrating a high cooperativity of the

(PDB code 1EXL) (Chart 73). The NMR spectra indicated WC <> Hoogsten transition. The energetic difference between
the two conformations favors WC alignments by about 0.24

kcal/mol, resulting in a 2:1 duplex population ratio. RMD
structures of each form showed that, while WC dRAr
alignments do not perturb the duplex, formation of two
adjacent Hoogsten pairs causes significant distortion of the
double helix. In this case, the buckle, propeller twist, open,
tilt, roll, helical twist, inclination, and tip change considerably
at the center of the duplex, resulting in a narrowing of the
minor groove by 23 A.

9.3. Sugar- and Phosphate-Modified Nucleotides

Chart 73. dAr 185, Carbocyclic-T 186, and Hoogsten dAfT
Pair 187, with Relevant NOE Contacts Indicated by Dashed
Arrows

H,N

, 0
=N Me

N NH

) fk

HO— 4” N HO— N/&O
OH OH

186

9.3.2. Nucleotides with the Frozen Sugar Conformation

Stereoelectronic effects drive the conformational equilib-
rium of 2-deoxyribose to the'zendo/3-exo (“south”) range.
Nevertheless, the sugar ring remains flexible in duplex DNA,
exchanging mainly with conformations in theéxo/3-endo
(“north™) rangé®” (Scheme 17). This interconversion between

185
H

\ 0 Me -
Ne N~p }/g o
« HN \ié«
N //E ‘ >// N 0
.0

“""o N Scheme 17. Preferred 2Deoxyribose Conformations in
b( DNA
------ -0 187 -0 Base "o’\%/Base
that the presence of a dAr base pair produces minimal v - o)
perturbations of the right-handed helix that remains fully WC -0
hydrogen bonded. The RMD structure displays the dAr ™
residue with a texo conformation on its cyclopentane ring, "South” "North"

which is entirely consistent with the lack of anomeric and
endocyclicgaucheeffects. They backbone torsion angle of  sugar conformations partially accounts for the global flex-
the modified nucleotide, as well as those of adjacent residues;bility of DNA, and it is associated with kinks of the DNA

has typical B-form DNA values, and theé and 5 dAr-
flanking phosphate groups show ad®@nformation. The dAr

T base pair alignment displays a moderate®3Gopeller
twist that has no impact on the formation of WC hydrogen
bonds.

helix found in many DNA-protein complexe&® However,

the question of whether a single south north transition

per seis sufficient for the appearance of a kink in DNA can
hardly be answered, because in most DN#otein com-
plexes, or DNA duplexes with point modifications, it is

The question of whether the small structural perturbations almost impossible to separate purely conformational effects
caused by a single carbocyclic analogue can be amplifiedfrom other interactions.
by the presence of another nearby carbocyclic nucleotide was To separate these effects, a thymidine nucleotide analogue
investigated by characterizing the structure of a Dickerson (bh-T) 188 (Chart 74) having a bicyclo[3.1.0]hexane ring
dodecamer containing two carbocyclic thymidine nucleotides as a sugar mimic, has been synthesized. The cyclopropane
18659 Despite the presence of four consecutive carbocyclic- ring of 188locks the nucleotide conformation to the “north”
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Chart 74. Bicyclo[3.1.0]hexane Thymidine Nucleoside 188
0

G G
c c

<

C C AXYCGCG
G G XAAGCGC

189a: X=T, Y:
189b: X=T, Y=188
1

Y=

T
1
189c: X=188, Y=T
189d: X=Y=18

range without causing additional effe®¥sand, therefore,
facilitates the identification of conformational features in
DNA that correlate solely with the sugar pseudorotation angle

value. As we discussed previously, the accuracy in the

determination of the global DNA shape improves consider-
ably by running RMD with NOE distances and RDC
restrain$® A combined NOESY-RDC NMR study of
duplexes containing bh-T residu&89a—d used one-bond
natural-abundancé*C—'H couplings in anisotropic Pfl

phage solutions to obtain helical bend values with absolute

errors smaller than°®'! Dodecamerd89cand189bhaving

a single1l88residue at position 7 or 8 exhibit a helix bend
toward the major groove of 2®r 5°, respectively. Further-
more, the double T substitution ¥89dis additive, display-
ing a bend value of 14%at the center of the duplex. In
addition, since in the duplek89cthe modified residues are
adjacent and bend the helix in the same direction, the author

estimate that the transition of a single deoxyribose to a north

conformation bends DNA by°5These data demonstrate that
sugar transitions to a north conformation are sufficient to
induce a local kink in DNA.

9.3.3. Arabinonucleosides and Their Derivatives inside a
Duplex

It has been known for more than 40 years {hatrabino-
furanosyl nucleotides and their derivatives have important
anticancer and antiviral activity. Cytarabiti®0 (Chart 75),

Chart 75. Arabinocytosine 190 and Its Analogues
NH, NH,

ouN © « Base N~ ~o
HOW HO—| o/ HOW
OH OH OH ¢
190 191a: X=F 192
191b : X = OAk

191c: X=0OMe,Base=T

pB-arabinofuranosyl cytosine (araC), the most prominent
representative of this family, is a potent antileukemic drug
widely in use today in chemotherapl?. AraC undergoes
metabolic activation to the corresponding-d2oxy-3-
triphosphate derivative that inhibits viral, bacterial, and
mammalian DNA replication. DNA polymerases introduce
araC residues in DNA, and the biological effects of the drug
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correlate with the amount of araC present in cellular DA,

In contrast to terminators of DNA chain elongation, such as
AZT or 2',3-dideoxyinosine, araC possesses -dairoxyl
group capable of coupling with an incoming dNTP and,
therefore, is only a partial block for DNA synthes$ts.

As opposed to the more flexiblé-Beoxyribose moiety,
the ribofuranose ring is more rigid and exists exclusively in
a Z-exo conformation, due to the additiongducheeffect
between the 20H group and the 'doxygen. For the same
reasons and, also, due to the formation of intramolecular
hydrogen bonds!® araC5'¢ 2'-deoxy-2-fluoroarabinonucle-
otides1913°*” and 2-O-alkylarabinonucleotide91bmostly
adopt a sugar conformation in the south range. As a result,
incorporation of such analogues in duplex DNA should
induce only small structural changes.

To elucidate the molecular basis of DNA synthesis
inhibition, an NMR stud$*8 has compared the structure of
the Dickerson dodecamer having araC at the ninth position
(PDB code 170D) with that of the unmodified parent duplex
(PDB code 171D). The NMR spectra demonstrated that the
global conformation of the araC-containing duplex is B-type
with WC base pair alignments throughout. However, despite
the conformational similarity between freé-d&eoxy and
arabino nucleotides, the presence of th©R group of araC
causes intra- and internucleotide interactions that induce local
structural perturbations at the lesion site. On the basis of
the deshielding experienced by tR# signal of the 3
phosphate and the proximity of the phosphate oxygen and
the araC hydroxyl group, the authors proposed the existence
of a hydrogen bond between these two groups. As the refined
structure shows, formation of this hydrogen bond occurs
because araC adopts a'@o conformation, with a 55

Soseudorotation angle, which makes theQH and 3

phosphate groups pseudoequatorial and spatially close. In
addition, the base pair rise at the araC9-G10 step increases
to 4 A, relieving steric clashes between ard@® and 3-
flanking gaunine H8 (Figure 43A and B). The same
interaction is probably responsible for moderate variations
of the propeller twist and buckle of lesion-flanking base pairs.

The above-described propeller twist and buckle changes
are certainly small, and it is difficult to discriminate whether
the presence of the lesion or duplex sequence effects originate
them. Thus, it is not surprising that an earlier X-ray structure
displayed a 2endo sugar conformation for the araC residue
and no hydrogen bonding between itsh®droxyl and the
3'-phosphate groups of ar&®. It is unclear, however,
whether crystal-packing forces can explain these differences.
Similarly, a “south” sugar conformation is present in the
structure of a 20-methylarabinofuranosylthymine residue
191cthat replaces the second thymidine on a TATA box-
containing duplex?** RMD data (PDB code 214D) show only
negligible perturbations of the B-form DNA structure, with
the south conformation of the modified sugar resulting in
pseudoaxial orientations for both theriethoxy and the'3
flanking phosphate groups. It is worth noting that tHe 2
methoxy group in191cis not a hydrogen donor and thus
cannot form a hydrogen bond with theghosphate (Figure
43).

It has been observed that, during DNA replication, araC
and its derivatives preferentially inhibit lagging strand syn-
thesi§?52%that progresses by ligation of relatively short DNA
segments called Okazaki fragmepPtsSince the synthesis
of Okazaki fragments starts from an RNA primer, its 5
terminal side contains a junction between a chimeric RNA/
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Figure 43. Structure of DNA duplexes containing modified sugar residues. (A) The central four-base-pair segment of a duplex having the
cytarabine (araC) moiet$90 viewed from the major groove. Hydrogen atoms are not shown. (B) Close-up view of the araCpdG step
showing the proximity of araC'20H and guanine Batoms and the putative hydrogen bond between afaGHand a 3phosphate
oxygen. Prepared from PDB entry 178Busing PyMol5%° (C) Four-base-pair segment containing theO2arabinofuranosyl thymine

moiety 191cviewed from the major groove. Hydrogen atoms are not shown. Prepared from PDB ent3?21<ibg PyMol55°

DNA duplex and a normal double-stranded DNA segnfight, ~ Chart 76. Acyclovir 193 and Ganciclovir 194

which possesses unique conformational features. Thus, it is o Q
conceivable that the biological effects of araC result from /NﬁNH /NfJ\NH
structural perturbations of the Okazaki fragment RNA/DNA HO N | A HO N P
junctions during lagging strand DNA synthesis. A thermo- Loy N NH ) N" "NH,
dynamic study of the chimeric'%l(gaggaATXTTTG)5'-

d(CAAAGATTCCTC) duplex, where lower case letters 193 OH 194

denote ribonucleotides and = araC, showed that the araC
substitution increases the free energy of duplex formation
by about 2 kcal/mol with respect the case of the parent dC- - . o .
C())/ntaining sample. In additign, the imino proton gpectra of by thym@me_ kinases, befo_re they can mfyblt‘DNA synthesis
these duplexes suggested that araC destabilizes two base paify terminating DNA chain elongatioft® Since human
adjacent to its 3side5? The subsequent NMR characteriza- thymldlne klnqse .has reduced affmlt'y for theses drug;, their
tion of these samples establishes the presence regular helicdn€tabolic activation reaches meaningful levels only in the
conformations with WC alignments throughout and shows Presence of viral enzymes, explaining the selective inhibition
small local conformational differences between the parent of DNA synthesis in the virus-infected cef:>*In contrast

transformation to triphosphate derivatives, a process initiated

and araC-containing Okazaki fragmef&The RMD struc-  to acyclovir, which lacks a'3OH group and blocks chain
tures demonstrate that araC increases an intrinSihaRx elongation immediately after its DNA incorporation, ganci-
bend present on the unmodified RNA/DNANA junction clovir 194 frequently allows incorporation of one or more

to 41°. Interestingly, the sugar of araC remains within the natural nucleotides, resulting in the appearance of ganciclo-
south conformational range and does not cause significantvir-containing duplex fragments before inhibition of DNA
distortions of the structure of the DNA segment. The authors synthesis takes placé.
proposed that the change induced on the global shape of . . .
Okazaki fragments after araC incorporation might contribute 10 characterize the thermodynamics and structural impact
to the inhibition of lagging strand synthesis and, thus, explain ©f ganciclovir 194 (GAN) incorporation in DNA, a self-
the cytotoxic effect ofL90 complementary DNA duplex containing two symmetrically
The same group also studied the effect 2 ifluoro- positioned GAN residues opposite dC has been prepated.
cytidine 192 (gemcitabine) incorporation on the conformation Van't Hoff analysis of UV melting curves showed that the
of the same Okazaki fragment mod&l Although gemcit-  Presence of two GAMIC pairs reduces duplé, by 13°C
abine, another nucleotide anticancer agent of current use, ig¢d increases the free energy of duplex formation by 3.3
believed to act by similar mechanisms as araC, the NMR kcal/mol. The NMR structure of this duplex (PDB code
characterization of the Okazaki fragment model demonstrated1AC9) has the guanine base of the lesion properly stacked
that, in contrast to araC, the gemcitabine sugar ring adoptsinside the helix and forming normal WC hydrogen bonds
a north conformation. According to NMR data, incorporation with the partner cytosine on the complementary strand
of 192 perturbs the local conformation of DNA and affects (Figure 44). Although the duplex did not show major
base stacking at the DNANA/DNA-RNA junction but  perturbations of the global conformation, some structural
induces a smaller helix bend than ar&C. parameters around the lesion site change significantly. The
3'-lesion-flanking base pair displayed increased flexibility
and decreased twist angle values, and one of the sugar
Acyclic guanosine analogues, such as acycla@g and residues adopts a north conformation. On the basis of these
ganciclovir 194 (Chart 76), are nucleoside antiviral agents observations, the authors propose that these transitions at the
widely used for treatment of herpes and cytomegalovirus 3'-side of the lesion may account for the drug inhibitory
virus infections. This type of antiviral drugs requires effects on DNA synthesi®3

9.3.4. Ganciclovir—A Flexible Sugar Analogue
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Ganciclovir

Figure 44. Five-base-pair segment of a DNA duplex containing a
ganciclovir residue. The figure shows the modified residue in red
with its guanine base in blue. Hydrogen atoms are not shown.
Prepared from PDB entry 1AC% using PyMol>®

9.3.5. Stereoisomers of Natural
Nucleotides—a-Nucleosides

One consequence of free radical attack on DNA is the
abstraction of the sugar'-hydrogen, which under anoxic
conditions may lead to an inversion of the configuration of
the anomeric carbot#? In the absence of molecular oxygen,
a-2'-deoxyadenosind 95 (a-dA) is the main dA lesion
formed aftery-irradiation of salmon testis DNA® Not-
withstanding a considerable replication del&y, coli can
bypassu-dA lesions by causing one-base deletion mutations
in a sequence dependent mantié addition,o-dA-T pairs
moderately affect thermodynamic properties, destabilizing
the duplex by less than 2 kcal/nTgF.538

To understand the effects afdA in DNA structure and

dynamics, NMR spectroscopy was used to characterize the

solution structure of a decamer duplex having a singt-
T base pair at the fifth positioti® The RMD structures (PDB

codes 1S0T, 1S74, and 1S75) showed that duplex segments

flanking thea-dA-T pair adopt a regular B-form conforma-

tion with sugar puckers in a south range and canonical WC

base pair alignments. While the relative orientatiomafA
and T favors hydrogen bonding (Chart 77), the distance

Chart 77. o-Deoxyadenosine 195 and Its Alignment with T
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Figure 45. Structure of a five-base-pair segment of DNA contain-
ing a-deoxyadenosine opposite T. The picture displays a five-base-
pair segment showing stacking afdeoxyadenosine with the-3
flanking dC and not with the'Hlanking residue. Hydrogen atoms
are not shown. Prepared from PDB entry 188Tsing PyMol>%®

groove displacement of-dA. Sincea-dA is poorly stacked
with its 5-neighbor, there is an increase of the base roll at
this step and a decrease of the twist angle value that translate
into a considerable global shape change. Molecular dynamics
simulation using conventional NOE interproton distance
bounds and 25 additional RDC restraints revealed the
presence at the damage site of arf belix bend in the
direction of the major groove. The authors concluded that
these changes in global duplex shape might contribute to
the recognition ofa-dA residues byE. coli endonuclease
IV, which is able to excise this lesion from DNA duplexgs.
The consequences of changing the anomeric carbon
configuration may be compensated via polarity reversal of
the a-nucleotide, by which it is inserted in the DNA
backbone through'3 3 and 3—5' phosphodiester link$96
(Chart 7824°While such artificial constructs have never been

Chart 78. Concept of Polarity Reversal
5

196

observed inside the cells, they have drawn some attention
in the area of antisense technology since oligonucleotides
resistance to nuclease activity appears to increase by their

in canonical base pairs, a fact that is consistent with the fastpresencé&*-5*?The thermodynamics and structural properties

imino proton exchange rate observed for thelA-T base
pair. The a configuration of the lesion anomeric carbon
produces considerable displacementoefiA toward the
minor groove, which reduces stacking with theflanking

dC residue but, simultaneously, improves the interaction with
a cytosine at the 'sside (Figure 45). The RMD structures
also show a change in the backbone torsion angle, that
changes from gauche to ananti range, allowing the minor

of four self-complementary dodecamers containiogTt
dA > ia-dA-T, io-dG-dC, and &-dC-dG>** pairs with
polarity reversal on ther-nucleotides have been reported.
In general, these duplexes exhibit moderate reduction in
thermal stability withT,, values 5-10 °C smaller than those

of unmodified control samples. Imino proton resonances
appear as sharp signals in the low field region of the spectra,
indicating that internal base pairs of the duplex, including
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those containingt-nucleotides, are hydrogen bonded. Analy- studies have characterized the properties of oligodeoxynucle-
sis of scalar coupling constants, as well as NOE interactions, otides having modified phosphodiester bonds. Several phos-
indicates the presence of regular B-type helices with sugarphate modifications have been evaluated for increasing
rings of unmodified residues in a south conformation. The resistance to nuclease degradation, better hybridization
only exception is thed-dG-dC duplex, for which the ex-  abilit,y or cell penetration properti€$ Far less attention
perimental data predict a significant perturbation of the con- has been paid, however, to the effect of point phosphate
formation of the sugarphosphate backbone that is probably modifications in DNA structure and dynamics.
correlated with the low thermal stability of this sample. Phosphodiesters are the most chemically stable phosphate
Due to the reversed backbone linkage and anomeric con-esters, and pentavalent phosphorus is extremely resistant to
figuration of thea-nucleotides, the direct comparison of stan- oxidation or reduction. As a result, changes of the DNA
dard spectral features and structural parameters between nophosphodiester bond by the usual damaging agents are not
mal and modified duplexes, such as glycosidic torsion angle frequent. In addition, DNA polymerases are especially
values or NOESY patterns, is of little relevance. Thus, while sensitive to changes in the dNTRphosphate, and hence,
sequential NOE interactions between the aromatic proton ofthe appearance of phosphate modifications in DNA following
io-nucleotides and HH2'" protons of the 3neighbor are  the enzymatic incorporation of non-natural nucleotide tri-
broken, they are normal with the Hfroton, indicating no phosphates is possible only for a small set of analogues. The
overall violations of helix geometry. Similarly, the confor- effective enzymatic incorporations of phosphorothioate- and
mation of the inverted nucleotide sugar is not a proper methylphosphonate-containfg®*>°dNTP analogue$98and
criterion to evaluate helix type. For example, RMD structures 199 are rare examples of such events.
of the ia-T+-dA duplex197 (PDB code 1BX5) (Figure 46) The substitution of negatively charged phosphate oxygen
with a neutral hydrophobic alkyl group significantly affects
the hydration shell of DNA and electrostatic strand interac-
tions. NMR spectroscopy has been used in order to evaluate
the structural impact of having élor R methyl phosphonate
moieties in the 7-mer strand of 7-meB-mer duplexes. The
presence of six methyl phosphonate substitutions affects
significantly the hybridization and conformational properties
of the DNA, which differ from those of the unmodified
parent duplex and between tBandR methyl phosphonate
isomer§! (PDB codes 1K1R and 1K1H). The structural
effects of a single phosphonate modification on DNA have
been studied on decamer duplexes having a centrally located
R or Soctyl phosphonate group in one stra2@Q@ab, Chart
79)552 The RMD structures (PDB codes 1IEY and 1IEK,

Chart 79. Modified Phosphodiester Bond in Nucleotide
Analogues 198 and 199 and DNA 200a,b

Base
GCG AATOTCGC 07;03
CGCaTTA A GCG Y
Figure 46. Five-base-pair segment of the DNA duplex containing o} o} 0 F',
an incorporated oi-T-dA pair viewed from the major groove. B A P Y"") 0 o Base
Hydrogen atoms are not shown. Prepared from PDB entry $8X5 HO 1071 07 X Base X
using PyMolg55 0 o o
O-..
show minimal perturbations at the modification site, despite OH
the unusuay = 140 _a_nd pseudorotatlpn angle in th_e 200 198 : X =S 200a : X=0, Y=alky|
225 range3* In addition, the comparison of experimental 199 : X = Me 200b : X=alkyl, Y=O

coupling constant values with those derived from RMD
structures shows that the dC residue attached to'ts&l®  correspondingly) indicate that both duplexes have the es-
of ia-T is present with almost equal fractions of south and sential features of B-form DNA but with an increase of the
nonh conformers. Therefore, to better describe the conforma-ngrth population of the phosphonate-linked sugar residues.
tion and dynamics of thexrT-dA duplex, the authors used  |n poth duplexes, the octyl chain is highly flexible and adopts
time-averaged RMD (TAR), which enforces experimental myltiple orientations but without affecting duplex conforma-
restraints over a period of time, rather than at each simulationtjon, suggesting that the configuration of the phophonate
step, increasing the agreement with experimentald&the group plays a secondary role in duplex structure. In addition,
TAR simulations confirmed the large conformational flex- the RMD models show the presence of a helix bend at the
ibility of the dC® residue forecasted by RMD and demon- center of these duplexes. On the basis of these data the
strated that the'3-3' phosphodiester linkage is comparatively authors proposed that the phosphonate link increases both
rigid in contrast to the highly flexible'5-5" linkage®* local nucleotide and global duplex flexibility at the modifica-
e , tion site, supporting the earlier hypothesis that nonuniform
9.3.6. Modification of Phosphodiester Bonds neutral substitution of negatively charged phosphates causes
During the period of increased popularity of antisense asymmetrical cancellation of electrostatic repulsions and
DNA approaches, extensive biophysical and biochemical induces DNA bend3>3
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10. Concluding Remarks mostly block DNA synthesis catalyzed by replicative poly-
merases, so the involvement of translesion synthesis (TLS)

Research in the last two decades has greatly increased oupgymerases is needed. Since TLS polymerases have a wider
knowledge of damaged DNA structure. This bulk of infor- - 5cive site, the need for a WC-like geometry for mutagenic
mation allowed the identification of common conformational termediates is less imperative and NMR studies of lesion-
features that describe basic principles of damaged DNA ¢qntaining mismatches provide, in this case, limited informa-
conformation, intermediates of lesion-induced mutagenesis, ion ahout the structural basis of mutations. Nevertheless,
and lesion recognition by repair proteins. We briefly describe e structure of these mutagenic intermediates frequently
some of these principles below. _ shows specific hydrogen-bonding interactions, suggesting

Most Damages Cause Local Perturbations of the DNA {4t stabilization of lesion-containing mismatches plays a role

Structure. With only a few exceptions, the structures qyring inception or for propagation of chemical mutagenesis.
reported to date show that damages cause perturbations at Lesion Site Conformation Is Insufficient for a Complete

the lesion site and, frequently, flanking base pairs. In some . " :

instances, structural perturbations going beyond this point Undérstanding of Damage RecognitionCell repair systems
have been reported, but they are always minor and generally’2ve 10 recognize and eliminate any deviation from the
within the experimental error of the NMR methods used for canonical DNA structure. Several X-ray structures have
structure determination. Thus, whether these Iong-rangegg:]‘i’;ic:)enda?:gg'(éinssi(')gnht;é?é?er?;r%g%glsg??hzfrﬂig}ﬁgg%;gg'
structural perturbations result from the presence of the lesion ¢ incision of the DNA backbone, the BER system kinks

or express sequence dependent effects is, in many cases, sti ; . ;
an open question. The plasticity of DNA, which limits the 1€ helix extruding the damaged residue from the duplex and
_into the enzyme active site. Independently, the NER ap-

extent of lesion-induced structural perturbations, has impor .
goaratus creates a long internal loop and treats the damaged

near the lesion site conserve to some extent the ability to @Nd intact strands of DNA separately. These prot@hiA
participate of many metabolic transactions, including tran- interactions in many aspects are similar to those seen in other

scription and replication, a fact that reduces the acute toxicity Catelytic processes. For example, steric constraints present

that DNA damages have on the cell. Even when the lesion N the catalytic pocket of UDG explain the exclusion of
is present in a coding region, the existence of a transcription- tymine as its substrate. However, the whole spectrum of

coupled repair mechanism, which specifically repairs lesions |€Sions that are recognized by some glycosylases cannot be

present on the transcribed strand, further ensures cellular®XPlained by specific active site interactions. In many
activity in the presence of low DNA damage levels. On the instances, some lesions that are not substrates for a specific

other hand, the moderate changes that most damages induc@NA glycosylase can be readily modeled in the protein
on the structure of DNA require a sophisticated mechanism active site, suggesting that they are screened out during the
of lesion recognition by the DNA repair machinery. Since initial recognition process. In contrast to latter steps of lesion
repair mechanims are not 100% efficient, a background level Processing, its initial recognition can hardly be described by
of lesion-induced mutations are always present, a fact thatthe classical *key and lock” concept and, therefore, is much
correlates with disease etiology and the aging process. less understood. _Obscurlng this issue is the fact that DNA
Not All Lesions Destabilize the Double-Helical Struc- ~ damages recognized by different enzymes generally show

ture. While the large majority of damages cause a reduction NIy minor structural perturbations at the lesion site and
in the stability of DNA duplexes, some lesions produce the exhibit small variations in their shape. Furthermore, what
opposite effect. Reflecting the NMR ability to observe Makes a lesion detected as damage against the predominant
hydrogen-bonded proton signals, lesion-induced stability Packground of unmodified DNA residues s still an open
effects are frequently explained in terms of gain or loss in duestion, and itis almost certain that lesion-induced dynam-
hydrogen-bonding interactions at the lesion site. However, ICS IS an important component in this process. Similarly,
this bias generates a simplified view of DNA stability, and While the NER system recognizes a broad range of chemical
in most instances, the free energy of the duplex is determinedmodifications, the large variations on processing efficiency
by its entropy content. When damages stabilize the doubleSUggest that the duplex stability, its global shape, and the
helix, biological consequences may be of paramount impor- local conformation affect the |n|t|a! recognition of Iespn_s.
tance because lesion recognition and/or processing by thel Nus, the structure and dynamics of lesion-containing
repair pathways is affected by duplex stability, and thus, duplexe_s provide elements required for thelrlrecognltmn by
persistence of these lesions in the cellular genome wouldthe repair systems. Future research on lesion-induced changes
increase the onset of lesion-induced mutations. in global shape and local stability of DNA and variations of
Lesion-Induced Mutagenesis during DNA Replication its dynamic behavior are needed in order to fully characterize

Reflects WC-like Geometry.The structure of many lesion-  |€Sion recognition processes.

containing mismatches revealed that those retaining a regular In addition to the vast accomplishments of the last 20
structure on the sugaphosphate backbone have a tendency years, improved spectroscopic methods available today and
to appearin vizo or in witro during DNA replication. implementation of complementary experimental approaches
Conversely, damaged mismatches with distorted geometrypromise to generate a new wealth of structural information
occur very seldom regardless of their stability. These in the field of damaged DNA structure. Development of
observations suggest that the structures of these damagedovel methods fot*C-, 1°N-, and?H-labeling of undamaged
duplexes may serve as satisfactory models for mutagenicand damaged nucleotides will improve the accuracy of global
replication intermediates and, importantly, are consistent with shape features determined by NMR spectroscopy and will
the concept that replicative DNA polymerases favor the facilitate studies of damaged DN#protein complexes.
insertion of dNTPs that can adopt a WC-like geometry at Experimental and computational studies of duplex dynamics
their active sites. However, many lesions, including bulky will identify motional modes that can correlate with con-
adducts, pyrimidine photoproducts, or exocyclic lesions, formational rearrangements accompanying the formation of
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proteir—~DNA complexes. Structural and thermodynamics

characterization of lesion-containing duplexes and protein-
damaged DNA complexes is certain to uncover novel
structure-function relationships. X-ray structures of damaged
DNA—protein complexes will further explain mechanisms

of mutagenesis and repair. All these studies promise to
answer in the nondistant future most of the outstanding
guestions still remaining on the structural biology of damaged
DNA.
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