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Structural Features of an Exocyclic Adduct Positioned opposite an Abasic Site in a
DNA Duplex!
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ABSTRACT: Structural studies have been extended to dual lesions where an exocyclic adduct is positioned
opposite an abasic site in the center of a DNA oligomer duplex. NMR and energy minimization studies
were performed on the 1,N2-propanodeoxyguanosine exocyclic adduct (X) positioned opposite a tetra-
hydrofuran abasic site (F) with the dual lesions located in the center of the (C1-A2-T3-G4-X5-G6-T7-
A8-C9)-(G10-T11-A12-C13-F14-C15-A16-T17-G18) X+F 9-mer duplex. Two-dimensional NMR exper-
iments establish that the X+F 9-mer helix is right-handed with Watson—Crick A-T and G-C base pairing
on either side of the lesion site. NOEs are detected from the methylene protons of the exocyclic ring of
X5 to the imino protons of G4-C15 and G6-C13 which flank the lesion site, as well as to the H1’ and H1”
protons of the cross strand F14 tetrahydrofuran moiety. These NMR results establish that the exocyclic
adduct X35 is positioned between flanking G4-C15 and G6-C13 base pairs and directed toward the abasic
lesion F14 on the partner strand. These studies establish that the exocyclic ring of the 1,N-propano-

deoxyguanosine adduct fits into the cavity generated by the abasic site.

Basu and Essigmann (1988), Harris et al. (1988), Singer
and Grunberger (1983), and Singer and Bartsch (1986) have
reviewed the structural and biological consequences of DNA-
damaging agents. Our laboratories have approached this
problem through NMR structural studies on site-specifically
modified lesions in DNA oligomer duplexes. Early efforts were
focused on OfalkG lesions (Patel et al., 1986a—c; Kalnik et
al., 1989b,c), O%alkT lesions (Kalnik et al., 1988b,c), abasic
sites (Kalnik et al., 1988a, 1989a), and exocyclic adducts
(Kouchakdjian et al., 1989, 1990). These studies, along with
contributions on abasic sites by others (Pochet et al., 1986;

This research was supported by NIH Grants CA-46533 (abasic sites)
and CA-49982 (exocyclic adducts) to D.J.P. and NIH Grants CA-17395
and CA-47995 to A.P.G.

1Columbia University.

$State University of New York at Stony Brook.

Raap et al., 1987; Cuniasse et al., 1987, 1989), provide insights
into the conformation and pairing alignments at the lesion site
and the interplay between hydrogen-bonding and hydrophobic
interactions modulated by the pH of the solution (Kou-
chakdjian et al., 1990; Norman et al., 1989). Structural studies
of DNA lesions in solution were undertaken within the same
DNA sequence context as biological studies conducted in
parallel in an attempt to understand the molecular basis of
chemical mutagenesis and carcinogenesis.

NMR has been used to characterize structural features of
modified DNA duplexes containing stable abasic sites (Kalnik
et al.,, 1988, 1989a) and stable exocyclic adducts (Kou-
chakdjian et al., 1989, 1990). Oligonucleotides containing
abasic sites have been shown to misincorporate dNTP’s in
reactions catalyzed by DNA polymerases (Takeshita et al.,
1987). By determining the structural and biological properties
of such lesions, we hope to understand the molecular basis of

0006-2960,/91/0430-3262$02.50/0 © 1991 American Chemical Society
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the resulting mutagenic events.

Abasic sites in DNA arise under physiological conditions
by spontaneous hydrolysis of the N~glycosidic bond (Lindahl
& Nyberg, 1972; Loeb, 1985) or by the action of N-
glycosylases on abnormal bases (Lindahl, 1982; Weiss &
Grossman, 1987). The cyclic hemiacetal form of the 2-
deoxyribose abasic site is unstable; in our studies we used the
stable 3-hydroxy-2-(hydroxymethyl)tetrahydrofuran analogue
1 (Millican et al., 1984; Takeshita et al., 1987; Kalnik et al.,
1988; Vesnaver et al., 1989).

Exocyclic adducts can be generated by the reaction of bi-
functional compounds with purine and pyrimidine bases
(Shapiro, 1969). Resulting cyclic derivatives interfere with
base pairing; such structures may play an important role in
chemical mutagenesis. These collaborative structural and
mutagenesis studies have focused on the model exocyclic
1,V2-propanodeoxyguanosine adduct 2 (Marinelli et al., 1989;
Kouchakdjian et al., 1989, 1990), a chemically stable analogue
of the adduct generated by addition of acrolein to deoxy-
guanosine (Chung et al., 1984).

0
; dh
2

The present paper addresses structural questions related to
opposing lesions in a DNA oligomer duplex. Our initial efforts
focused on an exocyclic adduct positioned opposite an abasic
site in the center of a DNA helix. The cyclic abasic site (F)
1 was incorporated in the sequence context d(G10-T11-A12-
C13-F14-C15-A16-T17-G18) studied previously (Kalnik et
al., 1988a), and the 1,NV?-propanodeoxyguanosine exocyclic
adduct (X) 2 was also incorporated in the sequence context
d(C1-A2-T3-G4-X5-G6-T7-A8-C9), also studied by NMR
(Kouchakdjian et al., 1989, 1990). The two complementary
strands generated a duplex 3 which contains an X5-F14 dual
lesion site in the center of the 9-mer helix. Our goal was to

C1-A2 —T3—G4 —X5—G6—T7 —AB—CO
L]
G18-T17-A16-C15-F14-C13-A12-T11-G10

characterize whether the extra ring of the exocyclic adduct
could be accommodated within the cavity generated by the
abasic site on the partner strand and to deduce structural
features of this potential alignment of opposing lesions. The
importance of multiple lesions to mutagenesis remains to be
established.

EXPERIMENTAL PROCEDURES

Oligonucleotide Synthesis. The preparation of oligo-
nucleotides containing a modified tetrahydrofuran abasic site
1 (designated F) (Takeshita et al., 1987; Kalnik et al., 1988a)
and the exocyclic 1,N%-(1,3-propano)-2’-deoxyguanosine ad-
duct 2 (designated X) (Kouchakdjian et al., 1989; Marinelli
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et al., 1989) has been described previously.

Sample Preparation. A 1:1 stoichiometric mixture of the
d(C-A-T-G-X-G-T-A-C) exocyclic adduct containing strand
and the d(G-T-A-C-F-C-A-T-G) abasic site containing strand
in the X-F 9-mer duplex 3 was achieved by monitoring the base
proton resonances during strand addition at 50 °C. NMR
experiments were performed on 200 Az units of the X.F
9-mer duplex dissolved in 0.4 mL of 0.1 M NaCl, 10 mM
phosphate, and | mM EDTA in either 100% D,0 or 90%
H,0/10% D,0 (v/v). The pH values recorded in D,O are
uncorrected pH meter readings.

NMR Experiments. One- and two-dimensional proton data
sets on the X-F 9-mer duplex were collected on a Bruker AM
500 spectrometer. Proton chemical shifts are referenced
relative to sodium 3-(trimethylsilyl)propionate-2,2,3,3-d,
(TSP). Phosphorus spectra were recorded on an AM 300
spectrometer and are referenced relative to internal trimethyl
phosphate (TMP).

Two-dimensional phase-sensitive NOESY spectra of the X-F
9-mer duplex in H,O solution were collected by using a 120-ms
mixing time and a 1.0-s. repetition delay. A jump and return
(90°,, 7, 90°_,) solvent suppression pulse (Plateau & Gueron,
1982) was used for detection, while the preparation and mixing
pulses used 70° hard pulses. The carrier frequency was cen-
tered on the H,O signal, and the waiting time was optimized
for even excitation of the imino and aromatic protons. Each
of the 256 ¢, increments collected consisted of 1024 complex
data points acquired with 256 scans over a spectral width of
10000 Hz in the ¢, dimension. The free induction decays were
apodized with a 90°-shifted sine bell function zeroed at the
1024th point in the ¢, dimension and at the 256th point in the
t, dimension. Each dimension was base line corrected with
a fifth-order polynomial base-line fitting routine following
Fourier transformation. ‘

Two-dimensional phase-sensitive NOESY spectra were
collected on the X-F 9-mer duplex in D,0 buffer with a rep-
etition delay of 1.5 s, a spectral width of 5000 Hz, and mixing
times of 50 and 250 ms. The carrier frequency was positioned
on the residual HOD resonance, and this resonance was pre-
saturated by using the decoupler channel. The data sets were
collected with 256 ¢, increments by using 1024 complex data
points in the z, dimension and 32 scans per ¢, increment. The
NOESY data sets were apodized with a 90°-shifted sine bell
function zeroed at the 1024th point in the ¢, dimension and
at the 256th data point in the ¢, dimension prior to Fourier
transformation.

Processing of two-dimensional data sets were performed on
a microVAX-II computer using FTNMR software. Two-
dimensional data sets were processed according to the ¢, noise
reduction routine of Otting et al. (1985).

Energy Minimization. The starting structure for the X-F
9-mer duplex was built by using standard B-DNA nucleotides
with the X5-F14 lesion site generated from a G5-C14 base pair.
The propano bridge was coupled to the deoxyguanosine base
to generate the 1,N2-propanodeoxyguanosine exocyclic adduct.
The tetrahydrofuran moiety was prepared by replacing the
deoxycytidine base by a hydrogen atom at the C1 position of
the deoxyribose. The glycosidic torsion angle of X5 was set
to the anti orientation for the starting model as established
by NMR.

The starting structure was energy minimized by using the
program XPLOR (Prof. A. Brunger, Yale University) with 5000
steps using the conjugate gradient protocol with 141 NOE
determined distances applied as square-well potential con-
straints. These distance constraints were estimated from the
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FIGURE 1: NMR spectra of the X-F 9-mer duplex in 0.1 M NaCl
and 10 mM phosphate, aqueous solution, pH 7.3 at 10 °C. (A)
Exchangeable 500-MHz proton spectra (6.0-14.0 ppm) in H,0 buffer.
(B) Nonexchangeable 500-MHz proton spectra (5.0-9.0 ppm) in D,O
buffer. (C) Proton-decoupled 121-MHz phosphorus spectra (-2.4
to —5.6 ppm).

cross peak volume integrals in the NOESY spectra of the X-F
9-mer duplex in D,0 at mixing times of 50 and 250 ms. The
deviations in the lower bounds ranged from 0.6 to 0.9 A, and
the deviations in the upper bounds ranged from 0.8 to 1.0 A
for distances extracted from the 50-ms mixing time NOESY
data set with the tighter bounds associated with the shorter
distances. The deviations in the lower and upper bounds
ranged from 1.0 to 1.2 A for distances extracted from the
250-ms mixing time NOESY data set with the tightness of
the bounds again dependent on distance. We did not estimate
distances for overlapping cross peaks in the NOESY spectra
of the X-F 9-mer duplex.

Watson—Crick base pairs were maintained during the
minimization by applying square-well potential constraints.
Electrostatic potential energy terms were based on a fully
charged set of partial charges (=1 per residue) with a dielectric
constant of 80.

RESULTS

Exchangeable Protons. The exchangeable proton spectrum
(6.0-14.5 ppm) of the X-F 9-mer duplex, pH 7.3 at 10 °C in
H,O buffer, is shown in Figure 1A. The imino protons of
thymidine and guanosine are well resolved and resonate at
chemical shifts between 12.0 and 14.0 ppm while the ex-

Kouchakdjian et al.

Table I: Exchangeable Proton Chemical Shifts in the X:F 9-mer
Duplex at 10 °C?

chemical shift (ppm)

base pair T-H3 G-H1 C-H4b® C-Hde® A-H2
C1.G18 12.64 8.12 7.03
A2.T17 13.65 7.84
T3:Al6 13.85 7.82
G4.C15 12.64 8.27 7.45
G6-Cl13 12.50 7.86 6.60
T7.A12 13.46 7.52
A8.T11 13.61 7.60
C9.G10 12,71 8.08 6.73

¢0.1 M NaCl and 10 mM phosphate, H,0, pH 7.3. ®Hydrogen-
bonded cytidine amino proton. ©Exposed cytidine amino proton.

changeable amino protons and nonexchangeable base protons
resonate between 6.5 and 8.5 ppm. The observation of four
resolved thymidine and four resolved guanosine imino protons
allows us to monitor the presence of G-C and A-T base pairs
in the nonanucleotide duplex.

The symmetrical contour plot (0-15 ppm) of the phase-
sensitive NOESY spectrum (120-ms mixing time) of the X-F
9-mer duplex at pH 7.3, 10 °C in H,O buffer, is presented
in Figure 2A. Expanded regions of this spectrum featuring
NOE:s between adjacent imino protons (12.0-14.2 ppm) and
between imino protons and exchangeable amino and nonex-
changeable base protons (6.4-8.8 ppm) are displayed in Figure
3, panels A and B, respectively. Cross peaks can be monitored
between thymidine imino and adenosine H2 protons in the
A2.T17 (peak D, Figure 3B), T3-A16 (peak C, Figure 3B),
T7-A12 (peak F, Figure 3B), and A8-T11 (peak E, Figure 3B)
base pairs. NOEs are also detected for the base pairs im-
mediately flanking the X-F dual lesion between the guanosine
imino and the hydrogen-bonded and exposed cytidine amino
protons in the G4-C15 (peaks H and I, Figure 3B) and G6-C13
(peaks J and K, Figure 3B) base pairs. Additional NOEs are
detected between the imino protons of adjacent T3-A16 and
G4-C15 (peak A, Figure 3A) and G6-C13 and T7-A12 (peak
B, Figure 3A) base pairs.

The well-resolved guanosine imino protons of the G4.C15
(12.64 ppm) and the G6-C13 (12.50 ppm) base pairs which
flank the exocyclic lesion site display a number of relatively
weak NOEs to the CH, protons of the propano bridge of the
adjacent exocyclic base (X5) (boxed region, Figure 2A). The
imino proton of G4 shows NOEs to all resolved CH, protons
of the exocyclic ring, whereas the G6 imino proton exhibits
NOEs to only the CH, protons to highest field. These cross
peaks are confirmed by one-dimensional NOE difference ex-
periments (Figure S1; see supplementary material).

The chemical shifts of the imino and amino protons and the
adenosine H2 protons in the X:F 9-mer duplex in H,O buffer,
pH 7.3 at 10 °C, are tabulated in Table I.

Nonexchangeable Protons. The nonexchangeable protons
of the X-F 9-mer duplex (base and H1’ regions plotted in
Figure 1B) can be assigned by recording two-dimensional
proton NMR spectra in D,O solution. A symmetrical contour
plot (1.0-9.0 ppm) of the phase-sensitive NOESY spectrum
(250-ms mixing time) of the X-F 9-mer duplex in D,O buffer,
pH 7.3 at 10 °C, is plotted in Figure 2B.

An expanded contour plot establishing distance connectiv-
ities between the base protons (7.0-8.6 ppm) and the sugar
H1’ and cytidine HS protons (5.2-6.4 ppm) in the X-F 9-mer
duplex is shown in duplicate in Figure 4. The most intense
cross peaks correspond to the short cytidine H5-H6 distance
connectivities (designated by asterisks in Figure 4). Each
purine H8 and pyrimidine H6 proton should exhibit NOEs
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FIGURE 2: Phase-sensitive NOESY contour plots of the X-F 9-mer duplex in 0.1 M NaCl and 10 mM phosphate, aqueous solution, pH 7.3
at 10 °C. (A) Symmetrical 1.0~14.0 ppm region in H,O buffer recorded at a mixing time of 120 ms. Boxed region is discussed in the text.
(B) Symmetrical 1.0-9.0 ppm region in D,0 buffer recorded at a mixing time of 250 ms.

A
o° A
A’D {
¢
L
14.0 13.6 13.2 12.8 12.4

13.2 12.8 12.4

13.6

(=]
9

B
g
K o
L ]
B Owm o
" ©
N
e
F ]
E I ©
of B S
J
v
(R ®
|-|0 P v,
K
14.0 13.6 13.2 12.8 12.4

FIGURE 3: Expanded phase-sensitive NOESY (120-ms mixing time) contour plots of the X:F 9-mer duplex in H,O buffer, pH 7.3 at 10 °C.
(A) Cross peaks establishing connectivities between imino protons in the symmetrical 12.0-14.4 ppm spectral range. (B) Cross peaks between
the imino protons (12.0-14.4 ppm) and the base and amino protons (6.4-8.6 ppm). Labeled cross peaks are discussed in the text.

to its own and 5’-flanking sugar H1’ protons in right-handed
DNA (Hare et al., 1983). The deoxynucleotide chain can
readily be traced from C1 to G4 and from G6 to C9 in the
exocyclic adduct-containing strand (Figure 4A), and from G10
to C13 and C15 to G18 in the strand that contains the abasic
site (Figure 4B). The interruption in the chain tracing for the
exocyclic-modified strand reflects the absence of detectable
NOE:s between the H8 of X5 and its own sugar H1’ proton
and between the H8 of G6 and the H1’ proton of XS5 its
5’-flanking neighbor (Figure 4A). On the abasic site con-
taining strand, the interruption of the chain tracing reflects
the absence of the base at F14.

NOE cross peaks are detected between purine H8 and py-
rimidine H5/CHj; protons on adjacent bases for purine(3’-
5)pyrimidine steps for A2-T3, G6-T7, A8-C9, G10-T11,
A12-C13, and A16-T17 steps, and the directionalities of these
NOES are characteristic of the handedness of the helix.

The 250- and 50-ms mixing time expanded NOESY stacked
plots between the base protons and the sugar H1’ protons of

the X-F 9-mer duplex at pH 7.3 are plotted in Figure S2,
panels A and B, respectively (see supplementary material).
The intensities of the NOES from the base to their own sugar
HY’ protons are weak relative to the intensitives of the NOEs
between the cytidine HS to H6 protons in the 50-ms NOESY
data set (Figure S2B).

Expanded NOESY contour plots establishing distance
connectivities between the sugar H2/,2” protons (1.2-3.0 ppm)
and the base protons (7.0 and 8.6 ppm) and the sugar H1
protons (5.2-6.4 ppm) in the X-F 9-mer duplex are displayed
in Figure 5, panels A and B, respectively. All expected cross
peaks in these two expanded region are present with the ex-
ception of the NOEs between the sugar H1’ proton and its own
sugar H2’,2” protons for X5 (Figure 5B). Weak NOE cross
peaks are detected between the H2’,2” protons of F14 and the
H6 (boxed peaks, Figure 5A) and HS protons (boxed peaks,
Figure 5B) of the flanking C15 residue. Additionally, there
are no NOEs detected between any of the nonexchangeable
base or sugar H1’ protons of the unmodified nucleotides and
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FIGURE 4: Expanded contour plots of the phase-sensitive NOESY
spectrum (mixing time 250 ms) of the X-F 9-mer duplex in D,O buffer,
pH 7.3 at 10 °C. Distance connectivities are shown between the base
protons (7.0-8.6 ppm) and the sugar H1’ and cytidine H5 protons
(5.1-6.4 ppm). (A) Tracing of the oligonucleotide chain from C1
to C9. (B) Chain tracing from G10 to G18. The tracing follows
connectivities between adjacent base protons through their own and
5’-flanking sugar H1’ protons. The deoxycytidine H6~HS5 cross peaks
are designated by asterisks. Cross peaks A and B are assigned as
follows: (A) A8(H8) to C9(HS); (B) A12(H8) to C13(HS).

Table 1I: Nonexchangeable Proton Chemical Shifts in the X-F
9-mer Duplex at 10 °C?

chemical shift (ppm)

base H8 H2 Hé6 HS5/CH, HY H2, H2” HY¥
Cl 7.70 5.94 5.63 2.01,2.42 472
A2 846 17.88 6.28 2.78,2.93 5.03
T3 1.16 1.48 5.55 1.76, 1.98 4.76
G4 1.62 5.56 2.40, 2.49

X5 1.7 243,248

G6 1792 5.99 2.72,282 5.00
T7 7.21 1.43 5.67 2.10,2.43 4.84
A8 826 7.64 6.27 2.67,2.87 5.01
(0 7.30 5.21 6.03 2.09, 2.13

G10 7.91 5.94 2.63,2.76 4.78
T11 7.39 1.35 5.78 2.15, 2.47

Al2 830 7.56 6.16 2.71,2.84 5.03
C13 7.42 5.37 5.97 2.09, 232 4.71
F14 3.75,3.75 1.65,1.76 4.61
C15 7.78 6.06 5.43 2.31,2.48 4.59
Al6 8.46 17.86 6.29 2.80,2.95 5.05
T17 7.14 1.55 5.76 1.83,2.27 4.82
G18 7.88 6.12 2.33,2.59 4.66

90.1 M NaCl and 10 mM phosphate, D,O, pH 7.3.

the methylene protons of the propano bridge of the exocyclic -

adduct (chemical shifts between 1.0 and 3.5 ppm) (Figure 5).

An expanded NOESY contour plot of the symmetrical
1.2-4.8 ppm region of the X.F 9-mer duplex is plotted in
Figure 6. This region displays NOEs among the CH, protons
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FIGURE 5: Expanded contour plots of the phase-sensitive NOESY
spectrum (mixing time 250 ms) of the X-F 9-mer duplex in D,O buffer,
pH 7.3 at 10 °C. (A) NOE cross peaks establishing distance con-
nectivities between the base protons (7.0-8.6 ppm) and the sugar
H2’,2” and exocyclic CH, protons (1.2-3.2 ppm). The symbols label
NOE:s between base protons and their own sugar H2’,2” protons in
the (G4-X5-G6):(C13-F14-C15) segment. The boxed peaks are
discussed in the text. (B) NOE cross peaks establishing distance
connectivities between the sugar H1’ protons (5.2-6.4 ppm) and the
sugar H2',2” and exocyclic CH, protons (1.2-3.2 ppm). The symbols
label NOEs between the sugar H1’ and their own sugar H2’,2” protons
in the (G4-X5-G6)-(C13-F14-C15) segment. The boxed peaks are
discussed in the text.
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FIGURE 6: Expanded contour plot of the phase-sensitive NOESY
spectrum (mixing time 250 ms) of the X-F 9-mer duplex in D,0 buffer,
pH 7.3 at 10 °C. Plot shows the symmetrical 1.0-4.8 ppm region
that includes sugar H2’,2” protons and exocyclic CH, protons. Solid
lines designate H1’,1” (overlapping resonances), H2’,2"”, and H3’
protons of F14. Dashed lines designate exocyclic CH, resonances.
Boxed cross peaks are discussed in the text.

of the propano bridge of the exocyclic adduct (central CH,
protons resonate at 1.22 and 1.28 ppm while flanking CH,
proton pairs resonate at 2.54 and 2.77 ppm, and at 2.92 and
3.19 ppm for the flanking methylene proton pairs) (dashed
lines, Figure 6) and also NOEs between the sugar proton of
the F14 abasic site (H1%,1” protons have the same chemical
shift and resonate at 3.75 ppm, H2’,2” protons resonate at 1.65
and 1.76 ppm, and the sugar H3’ proton resonates at 4.61
ppm) (solid lines, Figure 6). We detect weak cross strand
NOE cross peaks between the H1/,1” protons of F14 and both
of the central CH, protons (1.22 and 1.28 ppm) and one of
the flanking CH, protons (2.77 ppm) of X5 (boxed peaks,
Figure 6) in the X.F 9-mer duplex.



Exocyclic Adduct opposite Abasic Site

Biochemistry, Vol. 30, No. 13, 1991 3267

Table I1I: Proton Chemical Shifts of Exocyclic CH, Protons in the
X:F 9-mer Duplex, pH 7.3

chemical shift (ppm)

1.22, 1.28
2.54,2.77 and 2.92, 3.19

central CH,
flanking CH,

Table IV: Proton-Proton Distance Constraints in the
(G4-X5-G6)+(C13-F14-C15) Segment of the X-F 9-mer Duplex

intraresidue constraints on same strand (A)

He/ He/ H6/

H8-Hl” H8-H2 H8-H2” HI’-H2 HI'-H2”
G4 28-529 g a a a
XS5 b a a b b
Gé6 2.8-529 ¢ 2.7-4.6¢ 3.0-5.24 2.2-3.9¢
Cl3 28-529 20-3.6° 3.0-4.9° a 3.0-5.24
Fi4 2.5-4.1¢ 2.5-4.1¢
C15 2.8-5.2¢ 20-3.6° 3.3-5.0° 3.0-5.24 3.0-5.24

interresidue constraints on same strand (A)

H1’- H2- H6/H8- Hé6/H8-
H6/HS8 H6/H38 H6/H38 H5/CHj,4
T3-G4 2.8-5.24 3.4-5.64 3.4-5.64
G4-X5 2.8-529 ¢ b
X5-G6 b 3.4-5.64 b
G6-T7 2.8-5.24 2.8-5.24 3.3-5.54 2.4-4.2¢
A12-C13 2.8-5.24 2.8-5.24 3.3-5.54 3.1-5.34
C13-Fl14
F14-C15 b 3.4-5.64
Cl15-Al6 2.8-529  2.8-5.24 3.3-5.54
interresidue constraints on partner strands (A)
X5 CH, (1.22 ppm, 1.28 ppm)-F14 H1" 3.4-5.64
X5 CH, (1.22 ppm, 1.28 ppm)-F14 H1” 3.4-5.6¢

9Qverlap. ®Very weak or absent. ¢50-ms NOESY data set. ¢250-
ms NOESY data set.

The base and sugar proton chemical shifts of the X-F 9-mer
duplex, pH 7.3 at 10 °C, are listed in Table II. Exocyclic
methylene proton chemical shifts are listed in Table ITI. These
assignments are based on the analysis of all regions of the
NOESY spectrum (Figure 2B) and have been confirmed by
analysis of COSY data.

Phosphorus Spectrum. The proton-decoupled phosphorus
spectrum of the X-F 9-mer duplex in D,0O buffer, pH 7.3 at
10 °C, is plotted in Figure 1C. The resolved internucleotide
phosphates are dispersed between —3.0 and —4.8 ppm. Several
phosphorus resonances fall outside the ~4.0 to —4.5 ppm region
characteristic of an unperturbed phosphodiester backbone. A
contour plot of the proton-detected heteronuclear phospho-
rus—proton COSY spectrum of the X-F 9-mer duplex in D,0
solution, pH 7.3 at 10 °C, is plotted in Figure S3. The
phosphorus resonances can be correlated with their three bond
separated H3” and H5’,5” protons and their four bond sepa-
rated H4’ protons (Figure S3). However, we are unable to
make unambiguous phosphorus assignments in the absence of
a complete set of H3’ proton assignments (Table II) for the
X+F 9-mer duplex.

NMR Distance Constraints. The volume integrals of the
NOE cross peaks for the X-F 9-mer were measured from the
50- and 250-ms mixing time NOESY data sets in D,O buffer,
pH 7.3 at 10 °C, and distance bounds established relative to
cross peaks corresponding to the H6—HS5 protons of cytidine
(fixed 2.45-A distance). These constraints, defined by con-
servative lower and upper bounds for the (G4-X5-G6)-(C13-
F14-C15) segment of the X-F 9-mer duplex, are listed in Table
IV. The distance bounds include base—sugar and sugar-sugar
constraints within each nucleotide, base-base and base—sugar
constraints between adjacent nucleotides, and cross strand

Table V: Proton—Proton Distance in the
(G4-X5-G6)+(C13-F14-C15) Segment of the X:F 9-mer Duplex from
the Energy-Minimized Model

intraresidue distances on the same strand (A)

Hé/ Hé6/ H6/
H8-H1” H8-H2” H8-H2” HI’-H2 HI'-H2”
G4 39 2.4 3.6 3.1 2.5
X5 39 2.2 34 3.1 2.5
Gé6 39 24 3.6 31 2.5
C13 3.8 2.1 3.5 3.2 2.5
F14 31 2.5
Cl15 3.8 2.1 3.5 3.1 2.5
interresidue distances on the same strand (A)
H1"- H2- H6/H8- Hé6/H8-
H6/HS8 H6/H8 H6/H8 H5/CH;
T3-G4 3.2 4.2 4.8
G4-X5 35 4.7 5.6
X5-G6 3.0 4.0 4.6
G6-T7 3.2 4.6 5.4 42
A12-C13 3.1 44 5.1 4.1
C13-F14
F14-C15 2.6 4.2
Cl15-Al6 3.0 4.0 5.0
interresidue distances on partner strands (A)
X5 CH, (1.22 ppm, 1.28 ppm)-~F14 Hl” 2,97, 3.19
X5 CH, (1.22 ppm, 1.28 ppm)-F14 H1” 2.29, 2.61

constraints between the exocyclic CH, protons of X5 and the
H1’,H1” protons of F14 in the X-F 9-mer duplex.

Energy Minimization Computations. The 141 experimental
distance bounds for the X-F 9-mer duplex were incorporated
as square-well potential constraints in the energy minimization
algorithm of the XPLOR program. The starting structure of
the helix was B-form, and the alignment of X5 was anti about
the glycosidic bond. The minimization computation was
guided by the distance bounds corresponding to the weak
NOE:s between the exocyclic CH, protons of X5 and the sugar
H1’,H1” protons of F14 at the X5-F14 lesion site. Following
minimization, the final internal energy for the X-F 9-mer
duplex was 105 kcal/mol.

A stereoview of the (G4-X5-G6)-(C13-F14-C15) segment
normal to the helix axis emphasizes that the nonplanar exo-
cyclic group of X5 is accommodated in the cavity created by
the missing base at abasic site F14 without disruption of the
flanking G4-C15 and C6-C13 base pairs (Figure 7A). A view
down the helix axis of the X5-F14 site is shown in Figure 7B.
Proton—proton distances for the (G4-X5-G6)-(C13-F14-C15)
segment obtained for the energy-minimized conformation are
listed in Table V.

DiScusSION

We have previously reported on NMR structural studies
of the 1,N%-propanodeoxyguanosine exocyclic adduct positioned
opposite purine bases in the center of 9-mer DNA oligomer
duplexes. These studies established the importance of pH in
modulating the equilibrium between protonated X(syn)-A(anti)
alignment stabilized by two hydrogen bonds at acidic pH
(Kouchakdjian et al., 1989) and X(anti)-A(anti) alignment
stabilized by hydrophobic interactions between partially
stacked X and A bases at basic pH (Kouchakdjian et al,,
1990). This paper reports studies of the 1,N%-propano-
deoxyguanosine exocyclic adduct positioned opposite a cyclic
abasic site in the center of a 9-mer duplex 3 aimed at defining
structural features at and adjacent to the double lesion site.

General Features of X-F 9-mer Duplex. Several general
conclusions can be deduced following analysis of NOESY
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FIGURE 7: Stereopairs of (A) the (G4-X5-G6)-(C13-F14-C15) trinucleotide segment viewed normal to the helix axis and (B) the X5-F14 alignment
viewed down the helix axis in the energy-minimized conformation of the X-F 9-mer duplex.

spectra of the X:F 9-mer duplex in H,O and D,0O buffer
solution. The observed NOEs between the thymidine imino
and adenosine H2 protons for the A2-T17, T3-A16, T7-A12,
and A8-T11 pairs and between the guanosine imino and the
hydrogen-bonded and exposed cytidine amino protons for the
G4-C15 and G6-C13 pairs readily establish that all nonter-
minal base pairs are of the Watson—Crick type in the X-F
9-mer duplex (Figure 3B). Furthermore, these results dem-
onstrate that the X-F lesion site is flanked by intact G4-C15
and G6:C13 base pairs at low temperature (10 °C).

The handedness of the helix can be probed from the di-
rectionality of the base-sugar and base—base NOE connec-
tivities between adjacent nucleotide units in the X-F 9-mer
duplex. The observed NOEs between the base protons and
their 5'-flanking sugar H1’, H2’,2”, and H3’ protons and
between adjacent base protons in purine H8/pyrimidine Hé6-
(3'-5")pyrimidine H5/CHj steps are consistent with the X-F
9-mer adopting a right-handed helix in solution (Figures 4 and
5A).

A comparison of the NOE cross peak intensities of the base
to its own sugar H1’ protons with those between the cytidine
H6 and HS protons at 50-ms mixing times (Figure S2B)
establishes that all nucleotide glycosidic torsion angles are anti
in the X.F 9-mer duplex.

X5 and F14 at the Lesion Site. The observed NOEs be-
tween several CH, protons on the nonplanar exocyclic ring of
X5 and the exchangeable imino protons of G4 and G6 (boxed
region, Figures 2A and S1) and the nonexchangeable H1’,H1”
protons of the F14 abasic site establish unequivocally that the
exocyclic base, X35, is in the anti range and is positioned be-
tween adjacent G4-C15 and G6-C13 base pairs within the
cavity generated by the abasic site. Our data further establish
that the nonplanarity of the exocyclic ring does not prevent
the insertion of the exocyclic adduct into the helix opposite
the abasic site. The observed cross strand NOEs between X5
and F14 also suggest that the cyclic furan ring of the abasic
site has not looped out of the helix in the X+F 9-mer duplex
but rather retains its alignment within the helix. Recent
studies have established that looped-out abasic sites exhibit

NOE:s between their H4’ proton and the sugar H2” and H¥
protons of the 5’-flanking residue in a right-handed duplex
(Cuniasse et al., 1989, 1990). We do not detect an NOE
between the H4” proton of F14 and the sugar H2” proton of
C13, which provides additional evidence that F14 is not looped
out of the X:F 9-mer helix.

The NOE cross peak between the H8 of X5 and its own
sugar H1’ proton is too weak to detect in the X-F 9-mer duplex
(Figure 4A). Furthermore, the NOEs between the sugar H1’
proton of XS5 and its own H2’,2” protons have also not been
detected (Figure 5B). These observations suggest that the line
width of the sugar H1’ proton of X5 may be unusually broad,
thus resulting in the absence of detectable NOEs from this
sugar proton. The observed broadening of the H1’ proton of
X5 could result from motion of the base about the helix axis
with concomitant changes in the backbone angles which occur
on the intermediate exchange time scale.

Distance Constraints and Energy Minimization. The in-
terproton distances for the (G4-X5-G6)+(C13-F14-C15) seg-
ment of the energy-minimized conformation of the X:F 9-mer
(Table V) are with some exceptions within the experimentally
determined bounds (Table IV) deduced from the NOESY data
sets. The wide range of the experimental distance bounds
(Table 1V) implies that the (G4-X5-G6)-(C13-F14-C15)
conformation drawn in Figure 7 represents a low-resolution
view of the X5:F14 lesion site and its flanking base pairs in
solution. These limitations do not allow quantitative conclu-
sions regarding helical parameters to be drawn at the current
stage of the investigation. An additional reason for caution
relates to the potential conformational flexibility in the pucker
of the tetrahydrofuran F14 abasic site and the potential con-
formational variability in the glycosidic torsion of X5 within
the anti range for the X5-F14 lesion site. Indeed, the cross
strand distances between the CH, protons of X5 and the H1’
proton of F14 at the X5-F14 lesion site in the energy-mini-
mized conformation are shorter (Table V) than the experi-
mentally determined bounds (Table IV).

The bulky 1,NV*-propanodeoxyguanosine adduct fits readily
into the abasic site cavity without disruption of flanking dG-dC
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base pairs. This exocyclic adduct is not involved in hydrogen
bonding and is stabilized primarily by hydrophobic stacking
interactions.

Chemical Shifts for the (G4-X5-G6)«(C13-F14-C15) Seg-
ment. The proton chemical shifts in the trinucleotide segment
centered about the X5-F14 dual-lesion site in the X-F 9-mer
duplex (Tables I-IIT) can be compared with the corresponding
parameters in the X5-A14 lesion site in the X-A 9-mer duplex
at basic pH (Kouchakdjian et al., 1990) and the A5:F14 lesion
site in the A:F 9-mer duplex (Kalnik et al., 1988a).

Five of the six exocyclic CH, protons exhibit similar
chemical shifts in the X-F 9-mer duplex (1.22, 1.28, 2.54, 2.77,
2.92, and 3.19 ppm) (Table III) and the X-A 9-mer duplex
at basic pH (1.22, 1.22, 1.84, 2.67, 2.86, and 3.06 ppm)
(Kouchakdjian et al., 1990). The exocyclic ring of X5 is
directed toward the interior of the helix in both duplexes, and
its protons experience upfield ring current contributions from
the flanking stacked bases.

Proton chemical shifts for the tetrahydrofuran F14 moiety
in the X-F 9-mer duplex (H1’,1” 3.75, 3.75 ppm, H2’,2” 1.65,
1.76 ppm, and H3’ 4.61 ppm) (Table II) are similar to those
reported for the A-F 9-mer duplex (H1/,1” 3.87, 3.96 ppm,
H2,2” 1.92, 1.92 ppm, and H3’ 4.61 ppm) (Kalnik et al,,
1988a), possibly suggesting similar alignments of F14 in the
two duplexes.

The H8 proton chemical shifts of the purine bases in the
G4-X5-G6 segment in the X-F 9-mer duplex (G4 7.62 ppm,
X5 7.71 ppm, and G6 7.92 ppm) (Table II) and the X-A 9-mer
duplex at basic pH (G4 7.80 ppm, X5 7.61 ppm, and G6 7.92
ppm) (Kouchakdjian et al., 1990) suggest that the upfield
chemical shift values at G4 and XS5 relative to G6 reflect better
stacking between G4 and XS5 than between X5 and G6 in both
duplexes.

The H6 (7.78 ppm) and H5 (6.06 ppm) protons of C15 in
the X-F 9-mer duplex (Table II) and the corresponding protons
in the A+F 9-mer duplex (Kalnik et al., 1988a) are shifted
downfield relative to their positions in stacked duplexes. This
reflects the absence of a base at F14, resulting in the loss of
base—base stacking interactions at F14—C15. The downfield
shift of the H1’ proton of C13 (5.97 ppm) in the X-F 9-mer
duplex (Table IT) was also observed for the H1’ proton of C13
(5.61 ppm) in the A'F 9-mer duplex (Kalnik et al., 1988a)
but to a lesser degree.

The observation of several phosphorus resonances to low and
high field of the —4.0 to —4.5 ppm range in the phosphorus
spectrum of the X-F 9-mer duplex (Figure 1C) suggests
perturbation of the phosphodiester backbone (Connolly &
Eckstein, 1984; Roongta et al., 1990) in this modified DNA
helix. The shifted phosphorus resonances remain unassigned
at this time. It should be pointed out that downfield-shifted
phosphorus resonances have been detected and assigned for
cyclic abasic sites positioned opposite dA (Kalnik et al., 1989a)
and both downfield- and upfield-shifted phosphorus resonances
have been detected for 1,N2-propanodeoxyguanosine positioned
opposite 44 (Kouchakdjian et al., 1990).

Structural Conclusions. The NOESY data on the X-F
9-mer duplex readily establish that X5 is directed into the
DNA helix and that the cyclic abasic site F14 is part of a
regular sugar-phosphate backbone and is not looped out of
the helix. We have used a single starting model and included
only energy minimization in our computational studies. Thus,
the minimized structure is simply one that meets the distance
bounds and is in a local energy minimum. The major struc-
tural conclusion is that the exocyclic ring of the 1,/N?-
propanodeoxyguanosine adduct fits into the cavity generated
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by the abasic site without disruption of the flanking G-C pairs.

Summary. Base pairing stabilized by hydrogen bonding is
the central feature of the Watson—Crick DNA double helix,
The hydrogen-bonding edge can be modified as a result of
exocyclic adduct formation or where the base is deleted to form
abasic sites. These lesions result in alignments stabilized in
some cases by altered hydrogen-bonding arrangements. Our
research, which involves a variety of DNA lesions, emphasizes
the interplay between hydrogen-bonding and hydrophobic
stacking interactions centered about the lesion site and the
modulation of these interactions by pH (Kouchakdjian et al.,
1989, 1990).

Previous studies established the deoxyadenosine stacks into
rather than looping out of the helix when positioned opposite
cyclic (Cuniasse et al., 1987; Kalnik et al., 1988a) and acyclic
(Kalnik et al, 1989a) abasic sites. The present study extends
our earlier observations by demonstrating that 1,N2-
propanodeoxyguanosine exocyclic adduct also stacks into the
helix when positioned opposite a cyclic abasic site. In a sense,
the 1,N%-propanodeoxyguanosine and the tetrahydrofuran
abasic site are complementary in that the additional ring of
the exocyclic is accommodated by the cavity generated by the
abasic site. The two lesions align without hydrogen bond
formation and are stabilized by stacking of the 1,N2-
propanodeoxyguanosine adduct in the anti conformation be-
tween Watson—Crick G-C pairs in the X-F 9-mer duplex 3.
The X5:F14 dual lesion is accommodated without disruption
of the flanking G4-C15 and G6-C13 pairs as reflected in the
NOE and chemical shift parameters monitored at flanking
base pairs.
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