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NMR Solution Structure of an Oligodeoxynucleotide Duplex Containing the
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ABSTRACT. The exocyclic 3\*-etheno-2deoxycytidine adduct was incorporated at the center of the
oligodeoxynucleotide duplex d(C-G-T-A-682-C-A-T-G-Cyd(G-C-A-T-G-T-G-T-A-C-G), and its solution
structure was analyzed using high-resolution proton NMR spectroscopy and molecular dynamics
simulations. The experimental data indicate that the oligodeoxynucleotide duplex adopts a right-handed
helical structure with sugar puckers in the'@2do/C3-exo range and WatserCrick hydrogen bond
alignments for all base pairs. NOE connectivities establish&gharientation for the glycosidic torsion

angle of the exocyclic adduct. Restrained molecular dynamics simulations, using the full relaxation matrix
approach, produced a three-dimensional model in agreement with the experimental data. The structure
shows only minor perturbations in the sugar-phosphate backbone arficdar¥ of the helical axis at the
lesion site. On the refined model a well-formed hydrogen bond between T(N3HG(MN#) stabilizes

the eC(syn-T(anti) base pair alignment, reflecting the preference of the adduct fosytherientation.
Furthermore, theC(syn-T(anti) base pair stacks with flanking base pairs. We discuss a correlation
between the mutagenic properties of the adduct and the three-dimensional structure @fdtheand

€C-T duplexes.

Soon after the double helical nature of DNA was eluci- & Strauss, 1984). This mutational specificity, known as “the
dated, it became evident that the fidelity of genetic informa- adenine rule”, appears to be a general property of noncoding
tion is mediated by the formation of specific hydrogen bonds lesions, but the exact mechanism has not been established.
between the bases. Watse@rick hydrogen bonds define 3,N*-Etheno-2deoxycytidine ¢C)! adducts are produced
base complementarity and are believed to play a decisivewhen the human carcinogen vinyl chloride reacts with DNA
role in the incorporation of correct bases during DNA (Barbin & Bartsch, 1986; Singer & Spengler 1986). These
replication. Genomic DNA is continuously exposed to lesions are also generated by the reaction of lipid peroxida-
damaging agents, including xenobiotics, UV radiation, and tion products with DNA (el Ghissasst al, 1995) and have
activated oxygen species, that may produce changes in itsbeen detected as endogenous adducts in human and rat liver
chemical structure. In turn, these modifications can affect DNA (Nath et al, 1994; Nairet al,, 1995). The<C adduct
base pair alignment and impair the fidelity of genetic induces mainlyC—T transitions andC—A transversions
replication. DNA lesions can direct preferential incorpora- in zitro (Simhaet al, 1991; Zhanget al, 1995a) andn
tion of specific deoxynucleotides by mechanisms generally vivo (Palejwalaet al, 1993; Basuet al, 1993; Moriyaet
associated with the formation of hydrogen bonds. Tie al.,, 1994). The mutational frequency e€ is different in
methyl-2-deoxyguanosine adduct, a product of the reaction bacterial and mammalian cells, reflecting alternative process-
of alkylating agents with DNA, is a well-studied prototype ing of the lesion during DNA replication (Moriyat al,,
of a miscoding lesion that induces-€ transitions (Snow  1994).
etal, 1984; Loechleet al, 1984). This preference is likely In the present study we assessed the structural properties
to originate in the formation of a wobble -G base pair  of theeC-T base pair, which leads to the mutagea@—A
stabilized by hydrogen bonds during DNA replication. transversion, by solving the solution structure of the d(C-
Alternatively, DNA damage can impair the formation of G-T-A-C-C-C-A-T-G-C)}d(G-C-A-T-G-T-G-T-A-C-G) oli-
hydrogen bonds originating a noncoding lesion. Abasic sites godeoxynucleotide duplex (referred to in this paper as the
are an example of noncoding lesions: they partially block
DNA repllcatl,on and C_ause preferentlal Incorporation OT 1 Abbreviations: NMR, nuclear magnetic resonance; EDTA, diso-
deoxyadenosine opposite the lesion (Kunkel, 1984; Rabkin dium ethylenediaminetetracetate; TSP, sodium (2,213:3-(trimeth-

ylsilyl)propionate; NOESY, nuclear Overhauser effect spectroscopy;

COSY, correlation spectroscopy; DQF-COSY, double quantum filtered
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Ficure 1: (A) Chemical structure of Bl*-etheno-2deoxycytidine
(eC). (B) Sequence and numbering scheme ofd@€l duplex.

€C-T duplex), using NMR spectroscopy and restrained

Cullinan et al.

NMR data were processed and analyzed using the program
Felix (Biosym Technologies).

Computer Simulations.Restrained molecular dynamic
simulations were performed on a Silicon Graphics Indigo 2
workstation using X-PLOR 3.1 (Brunger, 1993) with an all-
atom force field set. Structures were visualized using Midas
Plus (UCSF, Computer Graphics Laboratory) and structural
parameters obtained with Curves (Lavery & Sklenar, 1988,
1989). Conditions used for the molecular dynamics simula-
tions were described previously [Korobket al, 1996
(companion paper)]. Two different starting models were
constructed from canonical A- and B-form DNA with the
glycosidic angle of thesC residue set to 30and 59,
respectively. The initial structures were energy minimized
by 3000 steps of conjugate gradient prior to 37.5 ps of
molecular dynamics simulations. Coordinates of the final 1
ps were averaged and subjected to 2500 steps of energy
minimization. Distance-refined structures were further op-

molecular dynamics simulations. \We also compare the (imized by 10 ps of molecular dynamics restrained by the

structural features @fC-dA [reported in the companion paper
by Korobkaet al. (1996)] andeC-T duplexes and correlate

these structures with the biological properties of the lesion.

The chemical structure of thels-etheno-2deoxycytidine

difference between experimental and back-calculated NOE
peak intensities (Yip & Case, 1989; Nilgesal, 1991). 899

experimental volumes measured from the NOESY (50, 90,
130, 170 and 210 ms mixing times) spectra were input as

adduct and the numbering scheme of the duplex sequencgegiraints with a 30% error range. A grid search revealed

employed in this study are shown in Figure 1.

MATERIALS AND METHODS

Synthesis and Purification of the Oligonucleotide Du-
plexes. 3,N*Etheno-2-deoxycytidine was synthesized as
previously described (Zhargt al, 1995b) and incorporated

into oligodeoxynucleotides using standard phosphoramidite

that an isotropic correlation time of 3.75 ns produced the
closest initial fit and this value was used during the molecular
dynamics simulations. Coordinates of the last picosecond
were averaged and energy minimized, yielding the final
NMR-restrained structures.

RESULTS

chemistry procedures. Isolation and purification procedures  assignment of the Nonexchangeable Protofi&ie one-

were reported elsewhere [Korobkaal., 1996 (companion
paper)].

Duplex Formation and Sample PreparationA 1:1
stoichiometry of theC-T duplex was achieved by monitor-
ing the intensity of the thymidine H6 and the sugar NMR

dimensional proton spectrum in,O buffer, pH 6.8, 25C,

is shown in Figure 1S, Supporting Information. The
spectrum shows excellent resolution and is characterized by
the presence of sharp lines as well as the absence of minor
resonances. Assignment of the nonexchangeable base and

signals during addition of the unmodified strand to the strand H1' sugar protons was accomplished by analysis of NOESY

containing thecC adduct, at 55C. The sample used for
NMR analysis consisted of 320 Q§ of duplex dissolved
in 0.4 mL of 10 mM phosphate buffer, pH 6.8, containing
50 mM NaCl and 1 mM EDTA in either 99.96%.,D or
90% H,0—10% D,O (v/v); this corresponds to a concentra-
tion of approximately 8 mM. The pH was adjusted by

spectra recorded in O buffer, pH 6.8, 25°C, following
standard procedures (Hageal,, 1983; Withrich, K., 1986;
van de Ven & Hilbers, 1988).

Figure 2 shows a region of the NOESY (300 ms mixing
time) spectrum (in duplicate) that establishes distance
interactions between the base (purine H8/pyrimidine H6)

degassed under nitrogen before data collection. Values inregions. Sequential connectivities can be observed without

D,0 buffer were uncorrected pH-meter readings.
NMR Experiments. One- and two-dimensional NMR

interruptions from C1 to C11 on the modified strand and
from G12 to G22 in the complementary strand (Figure 2, A

spectra were recorded on a Bruker AM series spectrometerand B, respectively). NOE cross peaks are observed between

operating at a field strength of 500 MHz. NOE buildup
experiments were collected on a Bruker AMX 600 MHz

the base (purine H8/pyrimidine H6) and deoxycytidine H5
protons in the G12-C13, A20-C21, A4-G&;6-C7, and G10-

spectrometer. Proton chemical shifts were referenced relativeC11 steps of the duplex (peaks A and B, Figure 4B, and

to external TSP at 0.0 ppm. Phase-sensitive (Sktted,
1982) NOESY (150 ms mixing time) spectra in®iwere

peaks A-C, Figure 4A, respectively). The deoxyadenosine
H2 protons are identified readily by their weak inter- and

recorded using a jump and return reading pulse (Plateau &intra-strand connectivities with Hlsugar protons, as is

Gueron, 1982). Phase-sensitive NOESY spectra®d (30,

observed in the modified and unmodified strands ofdGer

90, 130, 170, and 210 ms mixing times) and phase-sensitiveduplex (peaks B, Figure 2A, and peaks €J, Figure 2B,

COSY and DQF-COSY spectra were recorded with a respectively). The exocyclic H7 and H8 protons were
repetition delay of 1.3 s during which the residual water identified by the strong NOE peak between them and
signal was suppressed by presaturation. Time domain dataconfirmed by the presence of a COSY cross peak (data not
sets normally consisted of 1024 complex data points in the shown). Their specific assignment was based on structural
t, dimension and 256 complex points in thedimension. considerations and the NOE peaks detected at 300 ms mixing
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Ficure 3: Stacked plot portion of a NOESY (50 ms mixing time)
spectrum recorded indD buffer, pH 6.8, 25C, showing distance
interactions between base and'f¢tidine H5 proton regions.
Labeled peaks are assigned as follows: A, C1(H6)-C1(H5); B, C5-
(H6)-C5(H5); C,eC6(H6)<C6(H5); D, C7(H6)-C7(H5); E, C11(H6)-
C11(H5); F, C13(H6)-C13(H5); G, C21(H6)-C21(H5), andeX6-
(H6)-eC6(HYT).

of theeC6(H6)<C6(H1) NOE is particularly strong (Figure
2A, peak labeled C6). Comparison of NOE peak intensities
is more reliable at short mixing times when spin diffusion
effects are minimized. In the 50 ms mixing time NOESY
spectrum, the intensity of th&C6(H6)<C6(H1) interaction

' is comparable to the deoxycytidine H5/H6 cross peaks
(Figure 3, peaks X and AG, respectively), establishing a
4715 distance shorter than 3 A between the H6 and ptbtons

of the adduct.

Assignment of the H2 H2', H3' and H4 sugar protons
was based on the NOESY (50 and 300 ms mixing time),
COSY, DQF-COSY, and HOHAHA spectra following
standard procedures (Hageal., 1983; Withrich, K., 1986;
van de Ven & Hilbers, 1988). Chemical shift values of the
nonexchangeable protons detected yObuffer, pH 6.8,
25°C, are listed in Table 1.

Assignment of the Exchangeable Protoii$ie imino and

' ‘ base/amino regions (6-A4.5 ppm) of the one-dimensional
8.0 1.2 PPM proton spectrum in kO buffer, pH 6.8, 5°C, is shown in
Ficure 2: Duplicate counterplots of a portion of the NOESY (300 Figure 2S, Supporting Information. Nine partially resolved

ms mixing time) spectrum recorded inO buffer, pH 6.8, 25C, signals are observed between 12.0 and 14.0 ppm, with no

showing distance connectivities between base and styar
protons. Solid lines connect each base (purine H8/pyrimidine H6) resonance detected between 9.0 and 12.0 ppm.
proton to its own and 'Slanking HI sugar proton in the (A) Assignment of the exchangeable protons followed the

modified and (B) unmodified strands. Labeled peaks are assignedanalysis of a NOESY (150 ms mixing time) spectrum gOH
as follows: (A) A, A4(H8)-C5(H5); B,eC6(H6)-C7(H5); C, buffer, pH 6.8, 5°C. An expanded contour plot showing

G10(H8)-C11(H5); D, A4(H2)-A4(HY; E, A4(H2)-C5(H1); F, i it P,
AAH2)TIOHD): G, A4(H2)-A20(HT): H. ABHZ)-TOHI): 1 distance connectivities between the imino (X118 ppm)

os)
PPM

54

6.0

A20

Al4

A8(H2)-T15(HT): J, C5(H1)-cC6(H6); K, cC6(H8)-C5(H5): L, and base/amino (67€B.5'ppm) pr'oton regions. is shown i'n
€C6(H8)-C7(H5), and M,eC6(H8)-C5(H1). (B) A, G12(H8)- Figure 4A. AT base pair formation was monitored readily
C13(H5); B, A20(H8)-C21(H5); C, A14(H2)-A14(H)1. D, A14(H2)- by the presence of strong NOE cross peaks between
E%((:ll)) EI’—|A1A4%(2|2|_2T)9,(A|_|211)éI—'Tllﬁlldf(izz)(-)?l-llggHT%(Si?ZO(gz?l- thymidine imino and deoxyadenosine H2 protons. The

) H, - o - "), and J, : - :
A20(H2)-A4(HZ). Asterisks indicate the cytosine H5-H6 cross :{ndeper?dent a}ss!gnrr;eatooésa\ll( deoxyadenosmde de rggtons
peak. rom the analysis o spectra recorded in

allowed the identification of these NOE peaks for the T3
time. WheneC is syn as established by the short mixing A20, T9A14, T15A8, and T19A4 base pairs of the duplex
time NOESY experiment (see below), its exocyclic H8 (Figure 4A, peaks AD, respectively). Similarly, & base
proton is located in the major grove of the helix, where it pairs were identified by the presence of distance connec-
showed NOE connectivities to the C5(H5) and C7(H5) major tivities between deoxyguanosine imino proton and the
groove protons of flanking residues (Figure 2A, peaks K and hydrogen-bonded and non-hydrogen-bonded deoxycytidine
L, respectively). amino protons. We detected such interactions across the
The intensities of NOE cross peaks originating from the G2-C21, G16C13, G12C11, G16C7, and G18C5 base
€C6(H6) resonance are clearly unusual. T¢@6(H6)- pairs of the sequence (Figure 4A, peaks E,FEF; G, G;
C5(H1) and«C6(H6)-C7(H5) cross peaks are weaker than H, H'; and I, I, respectively).
analogous connectivities observed on the sequence (Figure We have observed NOE interactions between G2(N1H)-
2A, peaks J and B, respectively); at the same time, intensity A20(H2), T3(N3H)-A4(H2), G18(N1H)-A4(H2), G16(N1H)-
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Ficure 4: Counterplot portions of a NOESY (150 ms mixing time)
spectrum recorded in @ buffer, pH 6.8, 5C, depicting distance

interactions between (A) imino and base/amino proton regions and

(B) symmetrical imino proton region. Labeled peaks are assigned
as follows: (A) A, T3(N3H)-A20(H2); B, TO(N3H)-A14(H2); C,

T15(N3H)-A8(H2); D, TI19(N3H)-A4(H2); E, G2(N1H)-
C21(N4H); E, G2(N1H)-C21(N4H)y; F, G1O(N1H)-
C13(N4H)y, F, GI10(N1H)-C13(NdH); G, G12(N1H)-
C11(N4H)y, G, GI12(N1H)-C11(N4H)y; H, G16(N1H)-

C7(N4H),; H', G16(N1H)-C7(N4H)y |, G18(N1H)-C5(N4H)y,

I, G18(N1H)-C5(N4H) J, G2(N1H)-A20(H2); K, T3(N3H)-
A4(H2); L, G18(N1H)-A4(H2); M, G16(N1H)-A8(H2); N,
G10(N1H)-A14(H2); O, G16(N1H) and/or G18(N1HE6(H7) and/

or ¢C6(H8); P, G16(N1H) and/or G18(N1HE6(H5). (B) A,
G2(N1H)-T3(N3H); B, T19(N3H)-G18(N1H); C, G16(N1H)-
T15(N3H); D, T15(N3H)-T9(N3H); E, T9(N3H)-G10(N1H), and

F, G12(N1H)-G10(N1H). (N4H), and (N4H),, refer to the
hydrogen-bonded and non-hydrogen-bonded cytidine amino protons
respectively.

A8(H2), and G10(N1H)-A14(H2) protons of neighboring
base pairs (Figure 4A, peaks N, respectively). Base pair
stacking was also detected between the G2(N1H)-T3(N3H),
G18(N1H)-T19(N3H), G16(N1H)-T15(N3H), T15(N3H)-
TO(N3H), TO(N3H)-G10(N1H), and G10(N1H)-G12(N1H)
imino protons of the sequence (Figure 4B, peaksFA
respectively).

Unlike the case of theC-dA duplex [Korobkaet al,, 1996
(companion paper)], the aromatic exocyclic protons exhibited

Cullinan et al.

Table 1. Nonexchangeable Proton Chemical ShiftsD,OP at 25
°C

H8/H6 H5/CH/H2 HI H2 H2' H3 H4
C1 7.61 5.86 574 199 238 468 4.05
G2 7.95 596 266 276 4.95 435
T3 7.22 1.50 568 204 239 487 417
A4 8.24 7.42 6.18 2.67 285 5.01 440
C5 7.24 5.22 578 200 248 473 419
eCer 7.02 6.13 5.88 242 247 481 4.20
Cc7 7.47 5.53 539 212 236 4.82 422
A8 8.27 7.65 6.24 268 290 499 439
T9 7.06 1.41 571 192 231 482 412
G10 7.81 589 255 265 494 434
Cl1 7.36 5.28 6.13 217 217 4.45 4.02
G12 7.91 593 259 275 4.81 422
C13 7.44 5.38 565 213 245 487 4.19
Al4 8.32 7.68 6.26 270 292 5.02 4.37
T15 7.03 1.42 568 185 227 482 4725
G16 7.78 591 253 266 493 434
T17 7.11 1.49 570 203 230 478 434
G18 7.81 592 259 274 488 434
T19 7.22 1.35 568 207 242 486 434
A20 8.26 7.58 6.19 267 282 5.01 4.39
Cc21 7.25 5.32 563 183 225 476 4.13
G22 7.86 6.11 256 234 463 4.14

2Values in parts per million relative to TSP at 0.0 pghi0 mM
buffer phosphate, 50 mM NaCl, pH 6 8C6(H7) andC6(H8) protons
resonate at 6.80 and 6.90 ppm, respectively.

distance connectivities with exchangeable protons of flanking
G-C base pairs. NOE peaks were detected between G18-
(N1H) and/or G16(N1H) and theC6(H5), as well as the
€C6(H7) and/oeC6(H8) exocyclic protons (Figure 4A, peaks

P and O, respectively)eC6(H7) andeC6(H8) also exhibited
distance connectivities to the hydrogen-bonded and non-
hydrogen-bonded amino protons of C5 and C7 (peak®A
respectively, Figure 3S, Supporting Information).

The imino proton of T17, which is opposite the exocyclic
lesion, could not be accounted for in the one-dimensional
spectrum in HO buffer, pH 6.8, 5C (Figure 2S, Supporting
Information), nor could a cross peak be assigned to this
proton in the NOE (150 ms mixing time) experiment;
consequently, it was not identified. A plausible explanation
is that T17(N3H) is too broad due to its exchange with water
protons at pH 6.8. To reduce the water exchange rate we
performed several NMR experiments in® buffer under
acidic conditions. A new broad resonance centered at 11.9
ppm and weak broad signal at 11.2 ppm were observed in
the one-dimensional spectrum recorded yOHbuffer, pH
5.0, 5°C (Figure 4S, Supporting Information). NOESY
experiments in KO buffer, pH 5.0, 2°C, failed to detect
any cross peaks originated from these new signals precluding
their assignment. Further reduction of the pH did not sharpen
the new resonances and produced a generalized broadening
of other imino proton signals (data not shown). Chemical

sshifts values of the exchangeable protons detected,® H

buffer, pH 6.8, 5°C, are listed in Table 2.

Chemical Shifts.Assignment of the base and sugar protons
on theeC-T andeC-dA [Korobkaet al,, 1996 (companion
paper)] duplexes, which differ only on the residue opposite
the adduct, allowed us to identify characteristic variations
in the proton chemical shifts. Differences in the chemical
shift of base (purine H8/pyrimidine H6) and sugar dtajor
groove protons and of H1H2" minor groove sugar protons
observed between the duplexes are depicted graphically in
Figure 5, A and B, respectively. Insignificant chemical shift
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Table 2: Exchangeable Proton Chemical ShiiitsH,O° at 5°C

T

(N3H) G(N1H) C(N4H)S C(NAH}ne A(H2)

C1G22
G2-C21
T3-A20
A4-T19
C5G18
eC6:T17
C7-G16
A8:T15
T9-Al4
G10C13
Cl1:G12

13.50
13.42

n&

13.46
13.58

nd 8.09 6.97
12.82 8.28 6.74
7.54
7.36
12.27 7.87 6.56
12.29 7.72 6.54
7.62
7.64
12.74 8.34 6.48
12.91 8.13 6.50

2Values in parts per million relative to TSP at 0.0 pphi0 mM
buffer phosphate, pH 6.8, 50 mM NaCIC(N4H),, and C(N4H)n,

are the hydrogen-bonded and non-hydrogen-bonded cytidine amino

protons, respectively.nd, not detected? Not assigned.

Biochemistry, Vol. 35, No. 41, 19963323

shown in Figure 5S, Supporting Information. The root mean
square (rms) deviation in the position of the atoms was
reduced from 6.2 A on the starting models to 1.5 A between
the refined structures, while the experimental restraints were
fairly satisfied without major violations of the covalent
geometry. Since assignment of #@(H7,H8) protons was
based on structural considerations, we interchanged their
distance restraints and refined the initial models again. As
a result, the rms deviations between inter-proton distances
and NOE distance bounds on the central three-base pair
segment increased 40%, supporting the original assignment
of the exocyclic protons. Table 3 lists the violations of
experimental restraints present on the initial and refined
models as well as deviations from idealized nucleotide
geometry.

Figure 6 is a stereoview of the three-dimensional model

differences were detected for the base and sugar protons obbtained after 47.5 ps of NMR-restrained molecular dynam-
the last three base pairs of the duplex. Closer to the lesion,ics, starting from the B-form initial model, and Table 4 lists
we observed major differences for the exocyclic H7 and H8 structural parameters. The duplex belongs to the B-form
protons (-0.59 and—0.41 ppm, respectively) as well as the family, has all bases stacked into the helix and the sugar
H2' and H1 sugar protons ofC (Figure 5, panels A and B,
respectively). Relatively minor shifts were detected for the It is a regular right-handed helix with a slight perturbation
€C6(H2"), C7(H6), C7(HY), and C5(HY) protons of residues
at or near the lesion (Figure .5)On the complementary
strand, significant shifts were limited to the G16(HIT15-
(H2) and T15(H2) sugar protons, while smaller variations
were seen on the G18(H8) and G18(Hgdrotons. Among
exchangeable protons, the only significant difference was torsion angle of theC residue is 73 which is within the
observed for the hydrogen-bonded amino proton of C7, synrange and close to the value of the initial model. The
which moved 0.43 ppm upfield on the&-T duplex.
Molecular Dynamics SimulationsThe distance-refined
structures starting from A- and B-form DNA models are Flanking the lesion, WatsetCrick alignments are observed

Chemical Shift Differences (ppm)

0.5

0.3

0.5

0.3

0.1

-0.3
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puckers are in the south (G&ndo/C3-exo) conformation.

at the C1G22 end. The helical axis is bent toward the major
groove by 27 at the lesion site and no major perturbation is
observed on the sugar-phosphate backbone (Figure 6).
Figure 7 is a stereoview of the three central base pairs of
the sequence seen from the major groove. The glycosidic

€C6(syn-T1l7(@nti) base pair is propeller-twisted by 19
without significant changes of inter-base pair distances.
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Ficure 5: Differences of proton chemical shifts observed betweer@idA [Korobkaet al., 1996 (companion paper)] ar-T duplexes
in D,O buffer, pH 6.8, 25C. (A) major groove bas&)) (purine H8/pyrimidine H6) and sugar H¢) protons; (B) minor groove H1(<)
and H2' (+) protons. Values are calculated &8-dA minus¢C-T chemical shifts. Differences between A17 and T17 protons are not

considered.
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FIGURE 6: Stereoview of the three-dimensional structure after 47.5 ps of NMR-restrained molecular dynamics, starting from B-form DNA
initial model. The figure depicts a slight bend of the helical axis.

FiGure 7: Stereoview of the central base pair segment of the refined duplex, seen from the major groove. The picture shows Watson
Crick alignment on flanking C%18 and C7G16 base pairs. The label points to the strong hydrogen bond formed bet@66x4) and
T17(N3H) across theC6-T17 base pair.

Table 3: Violations of Experimental Restraints and Idealized Table 4: Structural Parametébs
Covalent Geometry helical bend (deg) 27
RMS-Deviations from Experimental Inter-Proton Distarices «C6-T17 Alignment
initial models refined structurés €C6 glycosidic angle (deg) 73
Aform B-form  A-initial  B-initial T17 glycosidic angle (deg) —104
11-mer duplex 065 036 026 0.23 propeller twist (deg) 3979
central three-base pairs 0.68 0.46 0.42 0.39 base pair stagger Q) :
g base pair stretch (A) 0.55
-factors
acor Base Pair Buckle
11-mer duplex N 0.680 0.459 0.069 0.069 C5G18 (deg) <1
(962 NOE-intensities) C7-G16 (deg) 12
RMS-Deviations from Idealized Covalent Geometry €C6-T17 Hydrogen Bonding
refined structures €C6(N4)-T17(N3H) distance (A) 2.05
Adinitial B-initial €C6(N4)-T17(N3H)-T17(N3) angle (deg) 167
hydrogen bond energy (kcal/mbl) -3.0
bonds (A) 0.006 0.006 - -
bond angles (deg) 3.42 3.40 aAveraged values after refinement starting from A- and B-form
improper angles (deg) 0.18 0.17 DNA. " Parameters as defined by Curves. Values observed on canoni-

- - — — cal B-form DNA are: helical bend °Q glycosidic torsion angle

aValues are given in angstronisA-initial and B-initial indicate that (pyrimidine) —118; propeller twist, 3.7, base pair stagger, 0.0 A; base
the refinement started from .A- and B-form DNA ir)itial structures,  pajr stretch, 0.0 A; base pair buckle® (Lavery & Sklenar 1989).
respectively® Total of 216 distanced.Total of 59 distances.1/6 ¢ Calculated using the explicit hydrogen-bond energy term of X-PLOR
R-factor as defined by X-PLOR. without acceptor antecedent dependency. The energies of G16(N1H)-
C7(N3) and G18(N1H)-C5(N3) hydrogen bonds ar2.7 and—3.2
kcal/mol, respectively.

on C5G18 and C7YG16 base pairs; the latter exhibited a

12 buckle. interactions are well-preserved between #@6-T17 and

The distance betweerC6(N4) and T17(N3) is 3.05 A C7-G16 base pairs andC stacks partially with flanking G5
and the aromatic rings of these residues are coplanar,G18 base pair (Figure 8). Table 5 compares experimental
suggesting the formation of a hydrogen bond across thedistance bounds and inter-proton distances measured on the
€C6(syn-T17(@nti) alignment (Figures 7 and 8). Stacking refined structure at the lesion site.
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FiIGURE 8: Stereoview depicting stacking interactions at the center of the helix between (tgp)&&ndeC6-T17 and (bottom}C6-T17

and C7G16 base pairs, respectively.

Table 5: Comparison between Experimental and Refined
Inter-Proton Distances (in A)

experimental refined
distance bounds distance’
C5(H1)-eC6(H6) 4.2-5.2 5.2
€C6(H1)-C7(H6) 3545 4.2
C5(H2)-eC6(H8) 3.5-45 4.4
C5(H2")-eC6(H8) 3.9-4.9 4.0
C5(H6)<C6(H8) 4555 45
€C6(H8)-C7(H6) >5¢ 5.9
C5(H5)«C6(H8) 4353 4.6
€C6(H8)-C7(H5) 4555 45
€C6(H6)-C7(H6) 4.65.6 4.8
C5(H5)<C6(H7) 4.6-5.6 5.1
G16(N1H)<C6(H7) 3.0-45 3.2
G16(N1H)«C6(H8) 3.5-5.0 4.4
C5(N4H)-¢C6(H7) 3.6-45 3.6
C5(N4HhhireC6(H8) 3.5-5.0 5.2
G18(N1H)<C6(H7) nr 3.8
G18(N1H)<C6(H8) nr 4.7
C5(N4H),-¢C6(H8) nr 4.9
C5(N4H)n-eC6(H7) nr 4.4
C7(N4H),-¢C6(H8) nr 3.0
C7(N4H)-¢C6(H7) nr 3.4
C7(N4HhreC6(H8) nr 3.2
C?(N4H)nhb'€C6(H7) nr 4.8
G16(N1H)<C6(H5) nr 4.7
G18(N1H)€«C6(H5) nr 45

2 Derived from NOE buildup curve$.Averaged values measured
on the refined model$.NOE peaks observed only at long mixing time.
nr (not restrained). Distance interactions detected in the NOESY
spectrum recorded in 4@ buffer (Figures 4A and 3S, Supporting
Information) but not restrained during refinement of the structures.
(N4H)n, and (N4H)p refer to the hydrogen-bonded and non-hydrogen-
bonded cytidine amino protons, respectively.

DISCUSSION
NMR Spectra. The complete assignment of the NMR

The distance connectivities observed between thymidine
imino and deoxyadenosine H2 protons and deoxyguanosine
imino and hydrogen-bonded and non-hydrogen-bonded deox-
ycytidine amino protons (Figure 4A), confirm Watse@rick
base pair alignment for all A and GC base pairs of the
€C-T duplex. Furthermore, the sequential NOE interactions
between imino protons and between imino and deoxyad-
enosine H2 protons (Figure 4, A and B, respectively) indicate
base pair stacking throughout the duplex.

Alignment of theC6-T17 Base Pair.An unusually strong
NOE peak was detected between #@&6(H6) and its own
H1' sugar proton. On the shortest mixing time NOESY
spectrum, for which spin diffusion effects are minimal, the
intensity of this cross peak was similar to that of deoxycy-
tosine H5-H6 NOE peaks, which represent a fixed 2.45 A
inter-proton distance (Figure 3). This short distance between
these protons of the adduct establisksya conformation
adopted by theC residue around the glycosidic torsion angle
(van de Ven & Hilbers, 1988). In contrast with th€-dA
duplex, no stearic clashes would be expected if botkk @&
and T17 are coplanar and have their glycosidic torsion angles
in anti conformation. Thus, the preference of the adduct
for the syn orientation must be related to other energetic
factors, including a gain in stability of the duplex due to
hydrogen bonding. The imino proton of T17 opposite the
exocyclic adduct was not observed in®buffer, pH 6.8.
Although a new broad signal, centered at 11.9 ppm, appeared
under acidic conditions it could not be assigned due to water
exchange (peak A, Figure 4S, Supporting Information). As
a result, there is no spectroscopic evidence that T17(N3H)
is involved in hydrogen bonding. Clearly, if a hydrogen
bond is formed across theC6-T17 base pair, it does not
prevent exchange of the imino proton of T17 with water.

resonances to a single set of base and sugar protons and the NMR-Refined Solution Structureifter restrained molec-
sharp lines observed for the exchangeable and nonexchangedlar dynamics the initial A- and B-form DNA models

able protons imply the existence of a single solution structure converged to structures within the B-form family that have
for theeC-T duplex in the NMR time scale. The sequential an rms deviation of 1.5 A in the atom position (Figure 5S,
distance connectivities detected between base (purine H8/Supporting Information). Both models are in agreement with
pyrimidine H6) and H1 H2, H2', and H3 sugar and the structural features established by NMR, suggesting that
thymine methyl protons, as well as deoxyadenosine H2 andthe rms deviation between them reflects the precision of our
H1' sugar protons, establish a right-handed helix with all data to define an averaged structure.

sugar puckers in the south (G&hdo/C3-exo) conformation
and, with the exception oéC, glycosidic torsion angles
oriented in theanti range.

When the glycosidic torsion angle of the€ residue is
syn a eC6(syn-T1l7(@nt) base pair can be incorporated
readily into a right-handed helix. It causes a small bend on
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FIGURe 9: Stereoview showing the orientation adopted by the exocyclic adduct around the glycosidic torsion angtei ddrdormation
observed in theC-dA duplex [Korobkaet al, 1996 (companion paper)] (topdyn conformation present in theC-T duplex (bottom).
Dashed lines conneetC(0O2) to theeC(H1') (top) and thecsC(H2) (bottom) protons, respectively.

the helical axis with no significant perturbation of the sugar- —0.44 ppm, respectively (Figure 5), reflect the different
phosphate backbone. The exocyclic adduct and its partnerglycosidic torsion angle adopted by the adduct. IndBe
on the opposite strand are coplanar and stack with flanking dA duplex, where:C is anti, its H1 proton is close to the
base pairs (Figure 8). €C6(02) and almost coplanar with the aromatic moiety. In
An interesting feature of the structure is the presence of athis orientation, theC6(H1) proton is deshielded by ring
well formed hydrogen bond betwee@6(N4) and T17(N3H) current effects resonating 0.29 ppm downfield. In¢keT
stabilizing thesC6(syn)- T17(anti) alignment that may explain ~ duplex, whereC adopts theynconformation, the H2sugar
the conformational preference of the adduct for #ym proton is deshielded by the same ring currents. The
orientation (Figures 7 and 8). The energy of this hydrogen stereoview in Figure 9 shows the relative orientation of the
bond, calculated by the explicit hydrogen bond term of the €C residue in the NMR-refined structures for both duplexes.
X-PLOR force field, is—3.0 kcal/mol. This value is similar Deshielding of the exocyclic H7 and H8 protons in the
to the energy of hydrogen bonds formed by the imino protons ¢C-T duplex by 0.59 and 0.41 ppm, respectively, also
of flanking C5G18 and C7G16 base pairs (Table 4). The correlates with the different glycosidic torsion angles of the
presence of this hydrogen bond in the refined structure seemsadducts. In theanti orientation observed in theC-dA
to argue with the fact that NMR experiments failed to detect duplex, the exocyclic H7 and H8 protons are positioned
the T17(N3H) proton signal due to his fast exchange with toward the center of the helix, intercalated between A17 and
water, while imino protons of flanking G base pairs were  G18 and shielded by ring currents of these purines [Korobka
clearly observed. A plausible explanation is that formation et al, 1996 (companion paper)]. WheaC is syn, these
of a single hydrogen bond in theC6(syn)-T17(@nti) base protons are located on the major groove of the helix where
pair would not be sufficient to prevent base pair opening shielding by adjacent pyrimidine residues is minimal. Minor
and subsequent water exchange. On flankin@ Base pairs,  changes are observed on the chemical shifts ot @{&16)
three hydrogen bonds are formed in the Wats@Gnick andeC(H5) resonances, which undergo similar translocation
alignment, reducing the opening rate of the base pairs andthat the¢C(H7) andeC(H8) protons. WhenC is syn
allowing NMR detection of the imino proton signals. The eC(H6) proton is located in the minor groove at@(H5) is
fact that inter-proton distances measured on the centraldirected toward the center of the helix but neither of them
segment of the model are within experimental bounds (Table stacks with adjacent aromatic rings (Figure 8). Wheris

5) further supports the duplex structure aa@6(syn- anti, both protons are in the major groove of the helix

T17(@nti) base pair alignment presented here. showing limited overlap with flanking pyrimidine rings
The model also explains chemical shift differences ob- [Korobka et al, 1996 (companion paper)]. As a result,

served betweerC-T andeC-dA duplexes [Korobkat al, similar ring current effects are experienced by these protons

1996 (companion paper)]. The proton chemical shifts in both duplexes, explaining their close chemical shift values.
observed for the d(C1-G2-T3-Ad)(T19-A20-C21-G22) and  Similarly, the downfield shift observed for the hydrogen-
d(T9-G10-C11)d(G12-C13-A14) terminal segments of the bonded C7(N4H) proton signal on te€-T duplex may be
sequence are almost identical, limiting the structural differ- explained as the result of increased shielding by®eing.
ences between duplexes to the four central base pairs. Orin the C-dA duplex, partial intercalation of A17 increases
the modified strand, the largest chemical shift differences the separation betwee€6 and C7, diminishing this effect.
were observed for proton signals of the exocyclic lesion. On the complementary strand, electronic differences
Since the electronic distribution of the adduct is the same in between T17 and A17 limit the possibility of correlating the
both duplexes, these differences must originate from a chemical shift differences observed among protons of the
distinct magnetic environment. The changes on the chemicalG18 and G16 residues with structural features ofd@er
shift of eC6(H1) andeC6(HZ2) sugar protons by 0.29 and and ¢C-dA duplexes. We have no explanation for the
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chemical shift differences observed in the T15(H2'") region of a NOESY (150 ms mixing time) spectrum recorded

resonances. in H,O buffer, pH 6.8, 5C (Figure 3S); three-dimensional
Biological Implications. The hydrogen bonding potential  structures of the distance-refined models starting from A-

of deoxycytidine is severely reduced when an etheno bridgeand B-form DNA (Figure 5S) (6 pages). Ordering informa-

is incorporated into the pyrimidine ring. Nevertheless, DNA tion is given in any current masthead page.
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