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ABSTRACT. The d(C-G-T-A-CeC-C-A-T-G-C)yd(G-C-A-T-G-A-G-T-A-C-G) oligodeoxynucleotide duplex
containing the 3\*-etheno-2deoxycytidine adduct positioned opposited2oxyadenosine in the center

of the helix has been analyzed by proton NMR spectroscopy and restrained molecular dynamics. The
spectroscopic data establish a right-handed duplex, with sugar puckers in'teado2C3-exo range,
residues adopting aanti conformation around the glycosidic torsion angle and, with the exception of
€C-dA, Watson-Crick hydrogen bond alignment for all base pairs. Molecular dynamics simulations,
restrained by the full relaxation matrix approach, produced a three-dimensional model with an NMR
R-factor of 7%. The duplex structure shows no significant perturbation of the sugar-phosphate backbone,
which remains in B-form. The exocyclic adduct and its partner dA are incorporated into the helix without
producing a noticeable kink. TheC-dA alignment adopts a staggered conformation with each residue
displaced toward the'&erminus and intercalated between bases on the opposite strand, without increase
of inter-phosphate distances. The partial intercalation oé¢@{anti)-dA(anti) alignment allows stacking
between the aromatic rings o€ and dA and with base pairs adjacent to the lesion, suggesting an important
role played by hydrophobic forces in the stabilization of the solution structure.

Vinyl chloride and related compounds, such as vinyl DNA glycosylase activity that removes exocyclic lesions has
carbamate and ethyl carbamate (urethane), are mutagenic andeen identified in human cells (Dosarghal,, 1994).

carcinogenic agents that cause hepatic carcinomas in rodents The toxicity and mutagenic propertiesa® adducts have
(Singer & Grumberger, 1983) and humans (Purcteiss, been investigated usinig vitro andin vivo systems. Studies

1987). The hepatic 4 enzyme system converts vinyl i Escherichia colDNA polymerase | established that a
chloride to the unstable intermediate, chloroethylene oxide, _~ |aads ta:C—T transitions and. less frequently, d6—A

which spontaneously rearranges to the more stable chloro- . ; .
acetald(fhyde (Guel)ﬂlgeridat gl 1979). Both of these transversions (Simhat al, 1991; Zhanget al, 1995a). In

) : ) y Lo agreement with thes@ wvitro results, transformation dt.
bifunctional alkylating agents can react with cellular DNA C o
to produce 3}I4—}éthengo—2£-}]deoxycytidine €C),! along with coli with addt_Jct-contammg phage DNA. produces mostly
several other exocyclic lesions (Barbin & Bartsch, 1986; Sg;-iror:rriﬁg:ﬁ;ss (aPnaC:ZF\:N;Q ;Iragg\éirsi%gz_ %stgtegl as
Singer & Spengler 1986). These exocyclic adducts were 1993) R in i tJ di ? i’ th’ i o
recently detected as endogenous lesions in DNA isolated )- _~ecentn wivo studies, comparing the mutagenic

properties okC in bacterial and mammalian cells, showed

from humans and untreated rat livers (Nathal., 1994; Nair . .
that the mutagenic potency and spectrum of this adduct

etal, 1995). Probably, they are originated from the reaction X
of a.,8-unsaturated aldehydes, formed endogenously duringdepend strongly on the type of host cell used for transfection.

lipid peroxidation, with DNA (el Ghissassit al, 1995). A eCis aweal_< _mutagen in bacterial cell_s, inducing infrequent
€C—T transitions andC—A transversions. However, the
t This research was supported by Grant CA47995 (to A.P.G.) from lesion is highly mutagenic in mammalian cells with the

the National Institutes of Health. frequency okC—A transversions almost twice thateE—T
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3649. FAX: (516) 444-3218. E-mail: carlos@pharm.sunysb.edu. transitions (Moriyaet al, 1994).
¥ State University of New York at Stony Brook. A significant body of work has been devoted to the study

§ Lawrence Livermore National Laboratory. : ; .
I Memorial Sloan-Kettering Cancer Center. of structure-function relationships in DNA fragments bear-

® Abstract published ir\dvance ACS Abstract€ctober 1, 1996.  ing covalently modified bases (Friedbezgal, 1995). NMR
! Abbreviations: NMR, nuclear magnetic resonance; EDTA, diso- spectroscopy has been a powerful experimental tool for

dium ethylenediamine tetracetate; TSP, sodium (2,233~ (tri- F At : ; ;
methylsily)propionate: NOESY, nuclear Overhauser effect Spectro- elucidating solution structures of short oligodeoxynucleotide

scopy; COSY, correlation spectroscopy; DQF-COSY, double quantum duplexes containing exocyclic adducts. Studies have been
filtered correlation spectroscopy; HOHAHA, homonuclear Hartmann  performed on the N?-propano-2deoxyguanosine adduct

Hahn spectroscopy; NOE, nuclear Overhauser effect; HPLC, high- it ; .
performance liquid chromatography; ppm, parts per milligd,; 3]N*- positioned opposite dA and dG (Huang al, 1993;

etheno-2deoxycytidine; dC, 2deoxycytidine; dA, 2deoxyadenosine; KOUChakjdianet_ al, 1989, 1990) or _pQSitioned opposite a
dG, 2-deoxyguanosine; T, thymidine. stable abasic site analog (Kouchakjdetnal,, 1991b), and
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Ficure 1: (A) Chemical structure of Bl*-etheno-2deoxycytidine
(eC). (B) Sequence and numbering scheme ofdBalA duplex.

on DNA duplexes containing a Né-etheno-2 deoxyad-
enosine adduct opposite T and dG (Kouchakjd@nral,,
19914a; de los Santast al., 1991). These studies showed
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containing 50 mM NaCl and 1 mM EDTA in either 99.96%
D,O or 90% HO—-10% D,O (v/v), corresponding to a
concentration of approximately 7 mM. Samples were
degassed under nitrogen before collection of the NMR data.
pH values of DO buffer solutions are uncorrected pH-meter
readings.

NMR Experiments. One- and two-dimensional NMR
spectra were recorded on a Bruker AM spectrometer at 500
MHz field strength, while NOE buildup experiments were
collected on a Bruker AMX 600 MHz spectrometer. Proton
chemical shifts were referenced relative to TSP at 0.0 ppm.
Phase-sensitive (Statesal,, 1982) proton NOESY (150 ms
mixing time) spectra in KD were recorded using a jump
and return reading pulse (Plateu & Gueron, 1982) to reduce
the solvent signal. Phase-sensitive NOESY spectra;{d D
(50, 90, 130, 170, and 210 ms mixing times) and phase-
sensitive COSY and DQF-COSY spectra were collected with
a repetition delay of 1.3 s, during which the residual water
signal was suppressed by presaturation. Unless otherwise
noted, time domain data sets consisted of 1024 by 256
complex data points in thg andt; dimensions, respectively.

that the exocyclic adducts are incorporated readily into @ NMR data were processed and analyzed using the program

B-form duplex and stacked into the helix. Local conforma-

tional changes are limited to the neighborhood of the lesion,

with the rest of the helix remaining unperturbed.

We report here the structure of the d(C-G-T-A¢C-C-
A-T-G-C)-d(G-C-A-T-G-A-G-T-A-C-G) oligodeoxynucle-
otide duplex (referred to throughout this paper ascthalA
duplex), where the exocyclic I8¢-etheno-2deoxycytidine

adduct is positioned opposite dA, as determined by high-

resolution NMR and restrained molecular dynamics simula-
tions. The chemical structure of theC adduct and the

Felix (Biosym Technologies).

Molecular Dynamics SimulationsRestrained molecular
dynamic simulations were performed on Silicon Graphics
Indigo 2 computers using X-PLOR 3.1 (Brunger, 1993) with
an all-atom force field. Structures were visualized with
Midas Plus (UCSF, Computer Graphics Laboratory), and
structural parameters were obtained with Curves (Lavery &
Sklenar, 1988, 1989).

Molecular dynamics simulations were performeth “
vacud using the all-atom force field derived from CHARMM

numbering scheme of the duplex sequence employed in thiS(Brooks et al, 1983), except that atomic partial charges

study are shown in Figure 1.

MATERIALS AND METHODS

Synthesis and Purification of the Oligodeoxynucleotide
Duplexes. The exocyclic I\*-etheno-2deoxycytidine ad-
duct was synthesized as &dimethoxytrityl-3-3-cyano-
ethylphosphoroamidite derivative (Zhaatal., 1995b) and

remained unscreened, resulting in deoxynucleotide residues
with a net charge of-1. The value of the dielectric constant
was set to 4 (Friedman & Honing, 1992). Experimental
distances were derived by measuring the initial slopes of
NOE buildup curves (buildup rate) and using the cytosine
He—Hs distance (2.45 A) as reference, accordings{®;°

= 0ns-rsDne-ns®, Whereg is the initial buildup rate between

incorporated into the oligodeoxynucleotide sequence by i,j protons and; is their distance.

standard phosphoramidite chemistry procedureDifheth-

Distance restraints, defined by lower and upper bounds,

oxytritylated sequences were isolated by treatment of the were calculated by adding-0.5 A to the experimental
crude synthesis products with concentrated aqueous ammoniaistances and implemented by empirical square well energy
for 46 h at room temperature. Purification was accomplished potential functions. With the exception e€6-A17, Wat-

by reverse phase HPLC on a preparative Dynamax (300

son—Crick hydrogen bond alignments on all base pairs of

25 mm) C4 column. The mobile phase consisted of solvent the duplex were implemented by distance restraints poten-

A (0.1 M triethylamine acetic acid buffer, pH 6.8) and solvent
B (acetonitrile). Using a linear gradient of 0% to 50% of B
over 50 min, the main fraction, eluting at 33 min, was
isolated. The terminal’simethoxytrityl group was cleaved
by treatment with 80% acetic acid for 30 min, and this
solution was extracted three times with ether before purifica-
tion by HPLC. Desalting on a Sephadex G-25 column

tials. No restraints were used to enforce the pucker of the
sugars. The backbone dihedral angles were restrained by
an empirical square well potential function with a width
encompassing a range for both A- and B-form DNA.
Coplanarity of terminal base pairs was enforced.

Two different starting models were constructed from the
canonical A- and B-form DNA. TheC adduct was built

yielded pure oligodeoxynucleotide sequences that wereby adding the exocyclic ring to a deoxycytidine. Long inter-
converted to the sodium salt by passing them through aresidue distances were observed at ¢&-C7 and Al17-

Dowex 50W cation exchange resin column.

Duplex Formation and Sample PreparationA 1:1
stoichiometry of the duplex was established by monitoring
the intensity of NMR proton signals during gradual addition
of the unmodified strand to theC-containing strand at 55
°C. NMR samples consisted of 300 @pof the duplex
dissolved in 0.4 mL of 10 mM phosphate buffer, pH 6.9,

G18 steps of the duplex; thus, steric clashes arising from
the proximity of the bulkyeC and the dA on the opposite
strand were relieved by initially tilting each residue to the
5'-side on the respective strand followed by energy mini-
mization using the conjugate gradient method. Distance-
restrained molecular dynamics consisted of an equilibration
step of 15 ps during which the temperature of the simulation
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was increased from 115 to 350 K while the scale of the NOE : cs
distance restraint potential function was gradually augmented. A '8 ' L Ay
This was followed by cooling to 300 K in 2.5 ps and 20 ps
of restrained dynamics at constant temperature. Coordinates 1o ’

of the last picosecond of the molecular dynamics simulation ’ o
were averaged and subjected to 2500 steps of energy ‘
minimization, yielding distance-refined structures. Distances
of all covalent hydrogen bonds were kept constant during
all simulations using the SHAKE algorithm (Ryckaettal,,
1977).

Distance-refined structures were further optimized by 10
ps of molecular dynamics at 300 K, restrained by the full
relaxation matrix method (Yip & Case, 1989; Nilgesal, R
1991). During the first 4.5 ps of the simulations, distance /b
restraint potentials were reduced to zero, and the scale of a N
potential function based on the intensity difference between
experimental and back-calculated NOE spectra was increased
simultaneously. 954 experimental volumes measured from
the NOESY spectra at 50, 90, 130, 170, and 210 ms mixing n
times were input as restraints with a 30% error range. A B ’ . o
grid search determined that an isotropic correlation time of
4.25 ns produced the closest initial fit to the experimental
data, and this value was used during the refinement. Ab Oci3.
Coordinates of the last picosecond were averaged and energy ’ ¢16 0
minimized, yielding the final NMR-refined structures.
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Assignment of the Nonexchangeable Protofte one-

dimensional proton spectrum of tk€-dA duplex in DO U A17618 1
buffer, pH 6.8, 25°C, is shown in Figure 1S of the A20 10 22 ¢ e |0
Supporting Information. The spectrum is characterized by 4 9 . e b
the presence of sharp lines and the absence of minor '

resonances. Assignment of the nonexchangeable base and
H1' sugar protons was accomplished by analysis of a NOESY | I
(300 ms mixing time) spectrum, recorded ipMbuffer, pH '

6.8, 25°C, following standard procedures (Haeal.,, 1983; T z
Witthrich, K., 1986; van de Ven & Hilbers, 1988). Figure 8.0 7.2 PPM

2 shows duplicate counterplots of an expanded region of theFicure 2: Duplicate counterplots of a portion of the NOESY (300
NOESY spectrum depicting distance connectivities between ms mixing time) spectrum recorded in® buffer, pH 6.8, 25C,
the base (purine H8/pyrimidine H6) (6.4 to 8.5 ppm) and showing distance connectivities between base and stiar

f . - protons. Solid lines connect each base (purine H8/pyrimidine H6)
H1'/H5 (5.0 to 6.6 ppm) proton regions. Characteristic of a to its own and 5flanking H1 protons in the (A) modified and (B)

right-handed DNA helix, each base proton exhibits NOE ynmodified strands. Labeled peaks are assigned as follows: (A)
peaks to its own and 8lanking H1 sugar protons, as shown A, eC6(H1)-C7(H6); B, A4(H8)-C5(H5); C, C5(H6¥C6(H5); D,
from C1 to C11 in the adduct-modified strand (Figure 2A) ?ﬁé‘)"i)éé?é"l[)l');HE, AAg((SZZ))-Xg((:%)); FI ﬁ‘é(("}_"ZZ))-TTlgig"Il))? (J3 ﬁg-
and from G12 to G22 in the unmc?dmed strand (Figure 2B). (H2)-TI5(HT); K, AB(H2)-G16(H1); L, A17(H2)<Co(HT): M,
Wg note that the sequenti@C6(H1) to C7(H6) cross peak AL7(H2)-C7(H1): N, cC6(H7)<C6(H8); O,eCH(H8)-AL7(H2): P,
(Figure 2A, peak A) and, to a lesser extent, the AL7Jid  «C6(H7)-A17(H8); Q,eC6(H8)-AL7(H1); R, €C6(H8)«CH(HI);
G18(H8) connectivity (Figure 2B, peak F) are weak. This S, C5(H1)-eC6(H6), and T, G10(H8)-C11(H5). (B) A, G12(H8)-
indicates a longer distance between these protons aCe (CH123)(|;|_%(E,1352@(1551):(3&21)(;'59)(;&5'A':14'(A|‘5)(-|:|°~21)4g41)1(r)(|3|_i jf}lé-
C7 and A17-G18 steps on the duplex. Sequential connec-y,q v "A5643); H, A20(H2)-C21(H1); 1, A20(H2)-Ad(HL);
tivities are detected between base (purine H8/pyrimidine H6) j, A17(H2)-A17(H1). Asterisks indicate the cytosine H5-H6 cross
and the 3flanking deoxycytidine H5 protons on the G12- peak.

C13, A20-C21, A4-C5, C&C6, and G10-C11 but not for

the eC6-C7 steps of the sequence (Figure 2B, peaks A andC—F and G-I in Figure 2B, respectively) residues of the

B, and Figure 2A, peaks B, C, and T, respectively). duplex. Opposite the lesion, the A17(H2) proton could be
Several characteristic NOE peaks allowed us to assign allidentified by NOE peaks to its own Hproton (Figure 2B,

deoxyadenosine H2 protons of the sequence. Typically thispeak J) and to theC6(HI) and C7(H1) protons on the

minor groove proton is within 4.6 A both of its own and partner strand (Figure 2A, peaks L and M).

3'-flanking H1 protons on the same strand, and of theé H1  Assignment of the exocyclic H7 and H8 protons followed

protons of its WatsonCrick partner and the 'dlanking the observation of their strong NOE cross peak (Figure 2A,

residue. We detect these connectivities for the A4, A8, Al4, peak N) and was confirmed by the presence of a COSY cross

and A20 (peaks BG and H-K in Figure 2A and peaks peak in the phase-sensitive experiment (Figure 3, peak A).

6.3
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Ficure 3: Counterplot of portions of a COSY spectrum recorded 3@ Duffer, pH 6.8, 25°C, displaying J connectivities between (A)
deoxycytidine H6-H5 and (B) sugar HH2',H2" protons. Labeled peaks are assigned as follows: (A)G6(H8)<C6(H7); B,eC6(H6)-

€C6(H5); C, C1(H6)-C1(H5); D, C7(H6)-C7(H5); E, C13(H6)-C13(H5); F, C11(H6)-C11(H5); G, C21(H6)-C21(H5), and H, C5(H6)-C5-

(H5). (B) A, €C6(HI)-cC6(H2), and B,eC6(H1)-eCH(H2").

= Table 1: Nonexchangeable Proton Chemical ShiftsD,0P at
B 25°C

@ a H8/H6 H5/CHyH2 HI H2'  H2' H3 H4'
Cl 7.61 5.86 574 200 238 4.68 4.05
G2 7.95 596 266 276 495 434
L. — T3 7.22 1.49 568 200 236 485 417
0] g iy ™ A4 8.20 7.44 6.11 260 275 498 437
O C5 7.20 5.13 575 198 233 471 415
A B eC6° 7.09 6.17 6.17 198 232 473 4.18
\g AN 0 c7 7.59 5.68 528 222 238 482 414
v A8 8.34 7.69 6.22 269 290 501 436
A T9 7.08 1.42 569 193 231 482 412
@ f G10 7.82 589 256 266 494 434
% Cl1 7.37 5.31 6.13 216 216 445 4.00
G12 7.92 594 259 275 482 422
0 8 o C13  7.44 5.39 565 213 244 487 4.19
q K Al4 8.32 7.70 6.23 267 288 5.02 437
T15 6.95 1.42 562 154 202 477 4.02
G16 7.75 561 255 258 493 4.28
Al7 7.83 7.22 591 239 239 483 4.18
I | Tlo 723 133 564 208 242 485 418
6.3 5.6 PPM A20 8.26 7.58 6.19 267 283 501 436
Ficure 4: Counterplot of a portion of the NOESY (300 ms mixing  C21 7.25 5.32 563 1.83 225 477 4.13
time) spectrum in PO buffer, pH 6.8, 25°C, showing distance G22 7.86 6.11 256 233 463 4.14

connectivities between the sugar'Hthd H2,H2"' proton regions.
Each H1 proton exhibits intra-residue NOE peaks to the Had

H2'" protons within the sugar ring. Labeled peaks are assigned as

follows: A, eC6(H8)-A17(H2,H2"); B, eC6(H7)-A17(H2,H2").

These protons showed very weak inter-strand NOE peaks
to the H2, H8, and Hlprotons of A17, detected only in the
300 ms mixing time NOESY (Figure 2A, peaks O, P, Q),

and moderate to the overlapping A17(Hand A17(H2)

sugar protons on the partner strand (peaks A and B in Figure

4). When theeC6 residue adopts aanti conformation

aValues in parts per million relative to TSP at 0.0 pghi0 mM

buffer phosphate, 50 mM NaCl, pH 6.8¢C6(H7) and ¢C6(H8)
resonate at 6.21 and 6.49 ppm, respectively.

(Figure 3, peaks B, C, and D, respectively).
coupling constant between base and Mdgar protons is
zero, only the overlap of the H5 and Hgdroton signals of
the adduct can explain these observations.

Since the

The assignment of the H2H2', H3, and H4 sugar

protons was based on the NOESY (50 and 300 ms mixing
times), COSY, DQF-COSY, and HOHAHA spectra follow-
ing standard procedures (Haet al., 1983; Withrich, K.,
1986; van de Ven & Hilbers, 1988). Chemical shift values
of the nonexchangeable protons detected i® Duffer, pH
6.8, 25°C, are listed in Table 1.

Assignment of the Exchangeable Protoiiie imino and
base/amino regions (6-A4.5 ppm) of the one-dimensional
proton spectrum in kO buffer, pH 6.8, 2°C, is shown in
Figure 2S, Supporting Information. Eight partially resolved
signals accounting for the ten imino protons present on the
duplex were seen between 12.0 and 14.0 ppm, with no
resonance observed between 9.0 and 12.0 ppm. Assignment

around the glycosidic angle, its H8 proton is located within
the helix while H7 is positioned toward the major groove.
Thus, thecC6(H8) is closer and more likely to exhibit NOE
peaks to the A17(H2) and A17(H1minor groove protons
thaneC6(H7) (Figure 2A, peaks O and Q, respectively). In
agreement with this assignmea€6(H7) shows a weak but
clear connectivity to the major groove A17(H8) proton on
the long mixing time NOESY spectrum (Figure 2A, peak
P).

The COSY spectrum (Figure 3) illustrates the overlap of
the eC6(H5) andeC6(H1) proton resonances. A signal
resonating at 6.17 ppm on the =5 region of the spectrum
is correlated to theC6(H6) andeC6(HZ,2") sugar protons
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Ficure 5: Counterplot portions of a NOESY (150 ms mixing time)
spectrum recorded in 3 buffer, pH 6.8, 2C, showing distance
connectivities between (A) imino and base/amino proton regions
and (B) on the symmetrical imino proton region. Labeled peaks
are assigned as follows: (A) A, T3(N3H)-A20(H2); B, T9(N3H)-
Al4(H2); C, T15(N3H)-A8(H2); D, T19(N3H)-A4(H2); E, G2-
(N1H)-C21(N4H),; E', G2(N1H)-C21(N4H)w, F, G1O(N1H)-
C13(N4H)y,; F, G10(N1H)-C13(N4H), G, G16(N1H)-C7(N4H),

G', G16(N1H)-C7(N4H)w, H, G18(N1H)-C5(N4Hy),; H', G18-
(N1H)-C5(N4H)ny 1, G2(N1H)-A20(H2); J, T19(N3H)-A20(H2);

K, G18(N1H)-A4(H2); L, G16(N1H)-A8(H2); M, G10(N1H)-A14-
(H2); N, G16(N1H)-A17(H2), and O, T3(N3H)-A4(H2). (B) A,
G2(N1H)-T3(N3H); B, T3(N3H)-T19(N3H); C, T19(N3H)-G18-
(N1H); D, G16(N1H)-T15(N3H), and E, T9(N3H)-G10(N1H).
(N4H)y, and (N4H), refer to the hydrogen-bonded and non-
hydrogen-bonded deoxycytidine amino protons, respectively.

Korobka et al.

Table 2: Exchangeable Proton Chemical ShiiitsH,OP at 2 °C

T(N3H) G(N1H) C(N4H), C(N4H)ns A(H2)
C1-G22 nd 8.11 7.01
G2-C21 12.84 8.30 6.76
T3-A20 13.54 7.56
A4-T19 13.46 7.40
C5G18 12.27 7.87 6.62
€C6-Al7 7.25
C7-G16 12.31 8.15 6.52
A8:T15 13.58 7.68
T9-Al14 13.58 7.68
G10C13 12.78 8.38 6.52
C11:G12 12.97 8.17 6.56

2Values in parts per million relative to TSP at 0.0 pghi0 mM
buffer phosphate, pH 6.8, 50 mM NaCIC(N4H),, and C(N4Hn,
refer to the hydrogen-bonded and non-hydrogen-bonded cytidine amino
protons, respectively’.nd, not detected.

of the sequence (Figure 5A, peaks—B, respectively).
Similarly, G-C base pairs were monitored by distance
interactions observed between the deoxyguanosine imino
proton and both the hydrogen-bonded and non-hydrogen-
bonded deoxycytidine amino protons. The specific assign-
ment of deoxycytidine amino protons through their intra-
residue NOE peak to the H5 proton, previously identified in
the NOESY spectrum recorded in®O, allowed the identi-
fication of the G2C21, G16C13, G16C7, and G18C5 base
pairs of the sequence (Figure 5A, peaks E,FEF; G, G;

and H, H, respectively). Sequential connectivities between
deoxyadenosine H2 and the imino proton of flanking base
pairs are detected at the &21-T3A20, T3A20-T19A4,
T19-A4-G18C5, G16C7-T15A8, and T9A14-G10C13
steps of the duplex (Figure 5A, peaks-M and O,
respectively). Further evidence of base pair stacking is
observed in the symmetrical imino to imino (1%.84.0 ppm)
proton region of the NOESY (150 ms mixing time) experi-
ment in HO (Figure 5B). Sequential connectivities are
clearly observed between G2(N1H)-T3(N3H), T3(N3H)-T19-
(N3H), T19(N3H)-G18(N1H), G16(N1H)-T15(N3H), and
T9(N3H)-G10(N1H) imino protons (Figure 5B, peaks-k,
respectively). At the lesion site, A17(H2) exhibited an NOE
peak to the imino proton of G16 on flanking GG& base
pair (Figure 5A, peak N) but not to the imino proton of G18
toward its 3-side.

The exocyclic H7, H8 protons, as well as the imino proton
of the terminal base pairs, did not exhibit cross peaks in the
NOESY (150 ms mixing time) spectrum. Chemical shift
values of the exchangeable protons recorded,@ buffer,
pH 6.8, 2°C, are listed in Table 2.

Molecular Dynamics SimulationsA view of the NMR-
refined structures starting from A- and B-form DNA models
is shown in Figure 3S, Supporting Information. The root
mean square (rms) deviation in the position of the atoms

of the exchangeable protons followed analysis of the NOESY was reduced from 5.9 A between the starting models to 0.9

(150 ms mixing time) spectrum inJ@ buffer, pH 6.8, 2

°C. An expanded contour plot showing distance connec-

tivities between the imino (11814 ppm) and base/amino
(6.0—-8.5 ppm) proton regions is shown in Figure 5A. Strong

A between the final structures, while the experimental
restraints were fairly satisfied without major perturbation of
the idealized covalent geometry. Independent of the starting
structure, the refined models exhibited similar rms deviations

NOE interactions are observed between the thymidine imino from experimental distances for the 11-mer duplex as well

proton and the deoxyadenosine H2 protons across Watson
Crick base pairs.

as the central three-base pair fragment. Table 3 list averaged

The independent assignment of theviolations of the experimental restraints on the initial and

deoxyadenosine H2 protons from the NOESY spectra refined models as well as the deviations from idealized

recorded in RO, permitted identification of this interaction
for the T3A20, T>A14, T15A8, and T19A4 base pairs

geometry present on the refined structures. Since our
assignment of thecC6(H7,H8) protons was based on
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FiGuRE 6: Stereopair of the three-dimensional structure, seen from the minor groove side, after 47.5 ps of NMR-restrained molecular

dynamics, starting from the B-form initial model.

FiGure 7: Stereoview of the central segment of the duplex structure seen from the major groove. The picture depicts increased distances
betweereC6 and C7 on the modified strand and between A17 and G18 on the complementary strand (left- and right-side strand, respectively),

as well as the partial intercalation within te€6(@nti)-A17(anti) alignment with little perturbation of the duplex structure.

Table 3: Violations of Experimental Restraints and Idealized
Covalent Geometry

RMS-Deviations from Experimental Inter-Proton Distarices

initial models refined structurés
A-form B-form A-initial B-initial
11-mer duplek 0.19 0.11 0.07 0.07
central three-base pafrs 0.22 0.14 0.09 0.09
R-factorg

11-mer duplex (954 NOE-
intensities)

0.113 0.097 0.071 0.071

RMS-Deviations from Idealized Covalent Geometry
refined structurés

A-initial B-initial
bonds (A) 0.006 0.006
bond angles (deg) 3.58 3.47
improper angles (deg) 0.18 0.18

2Values are given in angstronisA-initial and B-initial indicate that

the refinement started from A- and B-form DNA initial structures,

respectively® Total of 226 distances.Total of 56 distances:1/6
R-factor as defined by X-PLOR.

proton distances measured on the central three-base pair
segment of the duplex increased by 50% and four inter-

proton distances fell outside the experimental bounds, as
oppose to no violations observed with the original assign-

ment.

Figure 6 shows the three-dimensional structure okte

dA duplex after 47.5 ps of NMR-restrained molecular
dynamics, starting from the B-form model. The structure
belongs to the B-form DNA family and has all bases stacked
into the helix without major perturbation of the sugar-
phosphate backbone. Figure 7 shows a stereoview of the
center of the helix illustrating how the lesion is accom-
modated within the helix, and Table 4 lists structural
parameters at the central three-base pair segment of the
duplex.

TheeC6:A17 base pair is highly staggered with a 4.80 A
separation between tl€ and dA planes and both residues
displaced inside the helix, resulting in a negative base pair
stretch of 2.75 A. Distances between bases adjacent to the
lesion site also increase significantly: A17(EG18(C1)

structural considerations, we interchanged the distanceand ¢C6(C1)-C7(C1) distances are 6.27 and 6.03 A,
restraints between these protons and refined the initial modelsrespectively, approximately 1.1 A longer than the averaged

by distance-restrained molecular dynamics. As a result, thevalue measured for other GC1' distances.

Similarly,

rms deviations between experimental NOE bounds and inter-distances between A17(N9)-G18(N9) ar@6(N1)-C7(N1)
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Ficure 8: Stereoviews from the top of the helix showing stacking interactions on the central segment of the duplex. The picture displays

interactions between (top) the €518 base pair andC adduct, (bottom) the C&16 base pair and A17 residue, and (center) within the
€C6-Al7 alignment.

Ficure 9: Space-filling model of the central three-base pair segment of the duplex as seen from the major groove.

Table 4: Structural Parametebs ﬁ?.k_As a relsulé,ec exhibitsh'llim:ig sta?(king witf: th(_eh
<CoAL7 Algnment (A flanking CG18 base palr, while AL stacks properly wi
¢C6 Y-displacement —1.92 , its Sflanking residue ( igure 8, top and bottom
A17 Y-displacement —0.84 stereopairs, respectively). Stacking is also observed within
base pair stagger 4.80 the partially intercalatingeC6-A17 alignment (Figure 8,
base pair stretch —2.75 central stereopair). The space-filling model of the structure
Base Rise (A) reveals that this region has virtually no space available to
ng%g ?:3%;71 accommodate water molecules (Figure 9). Base pairs
316'_“7 305 flanking the lesion site adopt Watsegrick alignment
A17-G18 6.89 although some buckling is observed, especially for@&EB
Base Pair Buckle (deg) (F|gur_e 7). No hydrogen bonds |_nvolvmg_the aromatic
C5G18 16 moieties ofeC and A17 are present in the refined structure.
C7-G16 10 Except for the terminal C11 residue whose sugar pucker

a Averaged values after refinement starting from A- and B-form is C3-endo, the refined model has sugar rings on the south
DNA. ® Parameters as defined by Curves. Canonical values on B-form conformation, A17 being in the GExo range and the rest
g’;‘g‘ Er%Y'd'Sp"’?‘Cgmi?t' g;OLA; basz o Stagglegrég'o A; base fise, jn co_endo. Inter-proton distances measured on the refined

. , base pair buckie, U.(qLaver enar, . L . .
P a Y ) structures are within the experimental bounds determined by

the NOESY spectra. Table 5 compares experimental and

are 6.29 and 5.90 A, respectively, while the averaged value refined distances on the central segment ot @A duplex.
observed for the rest of the sequence is 4.49 A. However,

distances between adjacent phosphorus atoms at these stepScUSSION

are about 7 A, similar to the values observed throughout the

duplex. NMR Spectra. The sharp signals observed for the non-
The planes ofcC6 and A17 aromatic rings are almost exchangeable base and sugar protons,d Buffer, pH 6.8,

perpendicular to the helical axis, with inclinations of 7.5 25 °C (Figure 1S, Supporting Information), and the ex-

and 1.5, respectively.eC intercalates partially between A17 changeable imino and amino protons igQHbuffer, pH 6.8,

and G18, and its partner A17 intercalates betwe@6 and 2 °C (Figure 2S, Supporting Information), during the NMR
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Table 5: Comparison between Experimental and Refined long distance between these 'pr(')tons atdﬁé_'C7 step of
Inter-Proton Distances (A) the duplex. We observe a similar pattern in the comple-
experimental mentary strand, where the intensity o_f _sequ_entlal base to
distance bounds  refined distancés sugar H1 cross peaks on the long mixing time NOESY
C5(HT)-<CB(H6) 3848 39 spectrum establishes long and normal distances between these
¢CB(H1)-C7(H86) S4F 46 protons at the A17-G18 and G16- Al17 steps of the duplex,
G16(H1)-A17(H8) 3.0-4.0 3.4 respectively (Figure 2B, peaks F and K). These data are
Al7(H1)-G18(H8) >4.5 5.2 consistent with a staggere€6-A17 alignment, being the
féggﬂ'ﬂﬂ%)z) >i‘%;5 2 j‘% aromatic moiety okC intercalated between A17 and G18,
¢C6(H8)-AL7(H2) 38502 3.8 and the purine ring of A17 located between #@and C7
€C6(H8)-A17(H1) 4.1-5.1 45 residues. This orientation is further supported by inter-strand
€C6(H7)-A17(HB) >4.5 4.5 connectivities detected between the exocyclic H7, H8 and
Eggg:;gﬁgg:% g'f_;i'g ‘31'91’ A17(H2,H2") sugar protons (Figure 4, peaks A and B), and
€C6(H8)-A17(H2) 3:7_5:0 4:6 between the A17(H2) and:6(H1’), 6C6(H8) and C?(H:D
€C6(H8)-A17(H2") 3.7-5.0 3.7 protons (Figure 2A, peaks L, O, and M, respectively). A

2 Derived from NOE buildup curve$.Averaged values measured ~ Similar alignment has been reported for thbietheno-2
on the refined models.Distance interactions detected only on the 300 deoxyadenosine adduct opposite T (Kouchakdgnal,
ms mixing time NOESY spectrum. 1991a) and the W?-propano-2deoxyguanosine adduct
opposite dA (Huanget al, 1993).
characterization, together with the observation of only one NMR Refined Solution StructureAs a result of the
set of proton resonances, support the existence of a singlerestrained molecular dynamics refinement, the initial A- and
solution structure for theC-dA duplex in the NMR time B-form DNA models converged to virtually identical B-form
scale. structures, having an rms deviation in the position of the
The sequential connectivities detected in the NOESY (300 atom of 0.9 A. This value is not an indication of the
ms mixing time) spectrum recorded in,® between base  precision of the structure determination and only suggests
(purine H8/pyrimidine H6) and H1H2, H2", H3', deoxy- that the NMR-derived constraints, along with other terms
cytidine H5, and thymine methyl protons, and between of the force field, defined an averaged structural model in
deoxyadenosine H2 and H4ugar protons, indicate a right fair agreement with the experimental data.
handed helical structure. Moreover, the intensity of the intra-  In the presence of the exocyclic adduct, there is no
residue base to HNOE peaks observed in the long (Figure significant perturbation of the sugar-phosphate backbone and
2A and B) and short mixing time NOESY spectra establish the lesion is accommodated without any noticeable kink or
that all residues are oriented in thpti conformation around  bend of the helical axis (Figures 5 and 6). Duplexes are
the glycosidic torsion angle (Hamt al, 1983; Wiihrich, right-handed with all bases, includir@6 and A17, stacked
K., 1986; van de Ven & Hilbers, 1988). Similarly, the into the helix. The base pair stagger measured or@te
absence of strong base to 'H@tra-residue connectivities in  (anti)-A17(anti) alignment is 4.8 A, and the rise at th€6-
the NOESY (50 ms mixing time) spectrum (data not shown), C7 and A17-G18 steps is 6.9 A. As a result, there is
together with the pattern of the HH2' and HI-H2" COSY sufficient space for the incorporation e€ and its partner
cross peaks observed on the phase-sensitive spectrum (Figur@17 into the helix. The negative stretch of 2.75 A on the
3), establish a south conformation for the pucker of all sugars eC6(@anti)-A17(anti) alignment indicates displacement of the
(van de Ven & Hilbers, 1988; Majumdar & Hosur, 1992). bases toward their opposite strands, resulting in a partially
Distance connectivities between thymidine imino and intercalated structure. This arrangement, and the absence
deoxyadenosine H2 protons, and deoxyguanosine iminoof inclination of the bases, allows stacking betwe&6 and
proton and hydrogen-bonded and non-hydrogen-bondedC5 on the modified strand, A17 and G16 on the comple-
deoxycytidine amino protons detected in the NOESY (150 mentary strand and within th&6(@nti)-A17(anti) alignment
ms mixing time) spectrum in 0 buffer, 2°C (Figure 5A), (Figure 8). These interactions observed on the three-
demonstrate WatserCrick alignment for the base pairs at dimensional model suggest that hydrophobic forces play an
either side of the lesion. Imino to imino and imino to important role in the stability of theC-dA duplex structure
deoxyadenosine H2 cross peaks observed between adjacerin solution.
base pairs of the sequence (Figure 4A and B) indicate Experimental evidence supporting the model include the
favorable base pair stacking throughout the duplextfifich, NOE peaks detected between exocyelie6(H7,H8) and
K., 1986). Al7(H2,H2") protons (Figure 4, peaks A and B), and the
Alignment of theeC-dA Base Pair. Several lines of  weak cross peaks between A17(H2) and ¢6&(H1) and
spectroscopic evidence define structural features of theC7(HZ1) protons observed in the 300 ms mixing time NOESY
duplex at the lesion site. When both residues adopattiie spectrum (Figure 2A, peaks L and M, respectively). On the
conformation around the glycosidic angle, alignment of the refined structures, these distances are within NOE-determined
€C6-Al7 base pair cannot be coplanar due to steric clashesbounds (Table 5). Further evidence of partial intercalation
between the aromatic moieties. On the modified strand, thewithin the ¢C6(@nti)-Al7(anti) alignment is found in the
intensity of the inter-residueC6(H6) to C5(H1) cross peak  chemical shifts of the exocyclieC protons. When the
observed in all NOESY spectra implies a normal distance adduct is positioned opposite T, in otherwise identical
between these two protons at the 856 step (Figure 2A, sequence context, the glycosidic torsion angle of the adduct
peak S). At the same time, the very weak C7(H63@B- is syn. As a result, the exocyclic H7 and H8 protons are
(H1") NOE detected only in the 300 ms mixing time NOESY placed in the major groove of the helix, where shielding by
spectrum recorded in O (Figure 2A, peak A) implies a  neighboring purine rings is minor [Cullinaat al, 1996
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(companion paper)]. The 0.59 and 0.41 ppm upfield shifts
observed for theC(H7) andeC(H8) resonances in theC-
dA duplex reflect increased shielding of these protons an
support our interpretation of a partially intercalating model.
Formation of WatsonCrick hydrogen bonds on flanking
C5G18 and C7G16 base pairs increase the stability of the
duplex at the lesion site, but the aromatic ringsc6fand
Al7 are not involved in hydrogen bonding. The refined
model shows insufficient space for water molecules to
surround theC6(@nti)-Al7(anti) alignment. The presence
of water-mediated hydrogen bonds stabilizing the duplex
structure is under investigation.
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SUPPORTING INFORMATION AVAILABLE

Figures showing one-dimensional proton spectra of the

€C-dA 11-mer duplex recorded in O buffer, pH 6.8, 25
°C, and in HO buffer, pH 6.8, 2°C (Figures 1S and 2S,

respectively); three-dimensional structures of the distance-

refined models starting from A- and B-form DNA (Figure
3S) (4 pages). Ordering information is given on any current
masthead page.
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