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ABSTRACT

Nitrous acid is a mutagenic agent. It can induce
interstrand cross-links in duplex DNA, preferentially
at d(CpG) steps: two guanines on opposite strands
are linked via a single shared exocyclic imino
group. Recent synthetic advances have led to the
production of large quantities of such structurally
homogenous cross-linked duplex DNA. Here we
present the high resolution solution structure of
the cross-linked dodecamer [d(GCATCCGGATGC)],
(the cross-linked guanines are underlined), deter-
mined by 2D NMR spectroscopy, distance geometry,
restrained molecular dynamics and iterative NOE
refinement. The cross-linked guanines form a nearly
planar covalently linked ‘G:G base pair’ with only
minor propeller twisting, while the cytidine bases of
their normal base pairing partners have been flipped
out of the helix and adopt well defined extrahelical
positions in the minor groove. On the 5’-side of the
cross-link, the minor groove is widened to accom-
modate these extrahelical bases, and the major
groove becomes quite narrow at the cross-link. The
cross-linked ‘G:G base pair’ is well stacked on the
spatially adjacent C:G base pairs, particularly on the
3’-side guanines. In addition to providing the first
structure of a nitrous acid cross-link in DNA, these
studies could be of major importance to the under-
standing of the mechanisms of nitrous acid cross--
linking and mutagenicity, as well as the
mechanisms responsible for its repair in intra-
cellular environments. It is also the shortest DNA
cross-link structure to be described.

INTRODUCTION

Nitrous acid is a mutagenic agent that exhibits two types of
chemical reactions with DNA: firstly it converts exocyclic
amino groups of DNA heterocycles to carbonyl groups (1,2)
and secondly it produces interstrand cross-links in duplex
DNA (3,4). Nitrous acid is formed from nitrites under acidic

conditions and thus could form in the stomach, yet nitrites are
common food additives used in the preparation of cured
meats (5). Both deamination and cross-linking are believed to
proceed by diazotization of an exocyclic amino group,
followed by displacement by a nucleophile, which may be
water (deamination) or the amino group of another DNA
residue (cross-linking). It has been estimated that for every
four deaminations one interstrand cross-link is formed (6).
Interstrand cross-links are induced preferentially at d(CpG)
steps (7,8), where they link the two guanines on
opposite strands via a single shared exocyclic imino group
(9; Fig. 1A). The observed CpG sequence preference is
probably due to the close proximity of the exocyclic amino
group of the guanine on one strand to the staggered guanine
diazonium ion intermediate on the complementary strand
(10,11).

Due to simultaneous deamination reactions with the three
bases containing exocyclic amino groups, simple exposure of
duplex DNA to aqueous nitrous acid is not a viable method for
producing homogenous interstrand dG—dG cross-linked DNA
(8). However, the synthesis of a deoxyguanosine—deoxy-
guanosine cross-linked phosphoramidite, which can be intro-
duced into self-complementary oligonucleotides during
normal automated solid-state synthesis, has recently led to
the ability to produce large quantities of homogeneous samples
containing a single dG—dG cross-link (12). Our preliminary
structural characterization of such a duplex indicated that
normal base pairing of the cross-linked guanines is disrupted
and that these residues no longer pair with their complemen-
tary cytosine partners (12). Here we present detailed 2D NMR
data of the symmetrical interstrand cross-linked dodecamer
duplex [d(GCATCCGGATGC)], (where the -cross-linked
guanines are underlined, Fig. 1B), together with the high
resolution solution structure based on distance geometry,
restrained molecular dynamics and iterative NOE refinement.
Since the CCGG sequence context is the most efficient CpG
context for forming cross-links in vitro (7), it was chosen for
the present structural studies. In addition to providing the first
structure of a nitrous acid DNA cross-link, these studies are of
major importance to the understanding of the mechanisms
of nitrous acid cross-linking and mutagenicity, as well as
the mechanisms responsible for its repair in intracellular
environments which are currently poorly understood.
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MATERIALS AND METHODS

Oligonucleotide synthesis and purification

The cross-linked self-complementary dodecamer duplex
[d(GCATCCGGATGCO)], was designed based on the results
of earlier studies which indicated that the d(CCGG) sequence
context is the most efficient in forming dG-dG cross-links
in vitro (8). The self-complementary nature of the oligo-
nucleotide is a necessity of the synthetic methodology
employed, but also serves to simplify the NMR spectra due
to C,-symmetry. The synthesis of the duplex was performed
on an Applied Biosystems 390 DNA synthesizer as described
previously (12). Briefly, normal 3’ to 5" synthesis was carried
out using a heavily loaded deoxycytidine-linked solid
support (Glenn Research), containing 2.5 pwmol of 3’-base
instead of the typical 1 pumol. A symmetrical cross-linked
deoxyguanosine—deoxyguanosine phosphoramidite was intro-
duced in the fifth coupling step, thereby joining two growing
parallel strands. After normal completion of the synthesis and
standard deprotection, the crude DNA was purified using 20%
denaturing polyacrylamide gel electrophoresis. The sample
was further purified using reverse phase HPLC, then desalted
using a Sephadex G-15 column eluting with H,O.

NMR sample preparation

The purified oligonucleotide was dissolved in a buffer solution
consisting of 200 mM NaCl, 10 mM sodium phosphate, | mM
EDTA, with the pH adjusted to 7.0. The DNA concentration
was in the 0.75-1.5 mM range for all experiments.
Experiments were carried out in either 90% 'H,0/10% 2H,0
or 100% 2H,O, with a sample volume of 0.4 ml. For
experiments in H,O the samples were redissolved in 0.4 ml
99.996% 2H,0 (Isotec Inc.) after repeated lyophilization from
99.96% 2H,0. For low pH experiments, 1 pl aliquots of 1 N
HCI were added sequentially to obtain a pH of 5.0. For
experiments in the absence of buffer the sample was desalted
using a Sephadex G-15 column and resuspended in a solution
consisting of 200 mM NaCl, 1 mM EDTA, with the pH
adjusted to 7.0.

NMR spectroscopy

NMR data were collected on Bruker DRX-500 and DMX-750
spectrometers, and processed on SGI workstations with
FELIX 95.0 software (Biosym/MSI). 750 MHz 1D 'H spectra
and 2D '"H-'H NOESY spectra were collected in 90% H,0/
10% 2H,0 over a range of temperatures, and in addition both
at pH 5.0 and in the absence of buffer to slow down solvent
exchange. The WATERGATE pulse sequence was used for
water suppression (13). 'H,O-NOESY experiments were
carried out with a mixing time of 150 ms, using 4096 complex
points in t, and 1000 experiments in t;, averaging 32 or 48
scans per t; incrementation. 2D 'H-'H NOESY experiments
in 99.996% 2H,0 were collected at several different tempera-
tures, with 2048 complex points in t, and 800 experiments in
t1, averaging 32 scans per t; incrementation, and zero filled to
2048 points in both dimensions. All NOESY experiments
were carried out in the phase-sensitive TPPI mode and
processed with 90° phase-shifted sinebell-squared window
functions in both dimensions. To measure the NOE build-up,
spectra were collected contiguously at 750 MHz and 25°C

A

5-G1 C2 A3 T4 €5 C6 G7 GEB A9 Tio G11 C12

CI2?GIT TIO" A9 GE” GT* €6 C5 T4 AY (2 GI'-5

Figure 1. (A) Structure of the nitrous acid induced DNA interstrand cross-
link. (B) Schematic representation of the cross-linked dodecamer duplex
used in these studies with the residue numbering scheme. Although the
duplex is symmetric the residues of one of the strands are designated with a
prime (*) for convenience when describing interstrand interactions. Note in
particular the cross-linked guanines (G7 and G7°), and the cytosines preced-
ing the cross-link, C6 and C6’, which would base pair with G7” and G7,
respectively, in normal B-DNA.

using 60, 120, 180, 240 and 360 ms mixing times. The
750 MHz DQF-COSY spectrum was collected at 25°C in the
phase-sensitive TPPI mode using 1024 complex points in t,
and 800 experiments in t;, with 32 scans, and processed using
6 Hz of Gaussian line narrowing in t, and a 90° phase-shifted
sinebell-squared window function in t;. A relaxation delay of
2 s was used in both the NOESY and the COSY experiments.
A 500 MHz proton-detected 'H-3'P HETCOR spectrum (14)
was collected at 25°C in the hypercomplex mode, with 2048
complex points in the t, (‘H) dimension and 200 complex
points in the t; (*'P) dimension, and 256 scans per t;
incrementation, and processed with a 6 Hz Gaussian line
narrowing window function in t, and a 90° phase-shifted
sinebell function in t;.

Structure determination, refinement and analysis

The Biopolymer module of the Insight II software (Biosym/
MSI) was used to build a canonical B-DNA molecule and
assigning AMBER ff94 potentials (15). The guanine—guanine
cross-link was created by rotating the glycosidic bond of G7
and G7’ making them co-planar (with a  angle of ~110°), then
deleting the amino group of one of the guanines and
introducing a new covalent bond to the other guanine. The
modified shared NH-group was assigned AMBER potentials
with the proper hybridization and bond order: ‘N2 potential’
(sp?) for the N2 atom and ‘H1 potential’ (sp®) for the H2 atom.
The partial charges were assigned to —0.553 and 0.325 for N2
and H2, respectively, leaving the net charge on the molecule
unchanged. The cross-link was initially modeled with both
guanines in the keto form, using standard AMBER potentials
and partial charges for N1, H1 and O6. The cross-link was
subsequently modeled with one guanine in the keto form and
one in the enol form (see Results). For the enol form H1 was
removed, and the hydroxyl group was assigned AMBER
potentials: ‘OH potential’ for the O6 atom and ‘HO potential’
for the H6 atom with the partial charges of —0.458 and 0.336,
respectively, leaving the net charge unchanged. The
bond order was changed accordingly. In addition to sp?



hybridization, the N2 of the cross-link was also modeled with
sp® hybridization, which had essentially no effect on the
structure.

The structure was determined using NOE distance and
dihedral angle restrained distance geometry and molecular
dynamics and iterative NOE refinement, essentially as
described previously (16-19). Distance restraints for non-
exchangeable protons were derived from well resolved
NOESY crosspeaks in the 2H,O spectra, which were inte-
grated over 60, 120, 180, 240 and 360 ms mixing times. Initial
distances were obtained by scaling the intensities to the
average initial rates of cross-relaxation for the cytosine H5-
H6 proton pairs (r = 2.5 A), or, for distances involving methyl
protons, using the thymine H6—CH3 pseudoatom distance of
3.0 A. In addition, restraints involving overlapped crosspeaks
were based on visual inspection of the build-up rate in the five
spectra and given bounds with a wide range (>1 A). Restraints
involving exchangeable protons were generated based on the
'H,0O-NOESY spectrum, also with generous bounds (1.5-2 A
wide). A set of tight hydrogen bonding distance restraints was
used to maintain base pairing, where convincing evidence for
such hydrogen bonds was observed (see Results). Based on
experimental evidence the phosphate backbone was restrained
to: non-trans (0° £ 150°) for o and ; trans (180° = 30°) for B
and € (except C6 B, C5 € and C6 €, which were not restrained);
and gauche* (60° = 30°) for y [except C6 vy, which was
restrained to trans (180° = 30°)] (see Results). Chirality
restraints were imposed on the asymmetric sugar carbons.
These restraints were used as input for distance geometry
calculations using the DGII program (Biosym/MSI). Ten
initial distance geometry structures were generated by
embedding the smoothed initial bounds matrix followed by
several cycles of simulated annealing. The structures were
then subjected to a combination of restrained conjugate
gradient energy minimization and restrained molecular
dynamics, using the DISCOVER program (Biosym/MSI).
After 1000 steps of conjugate gradient minimization, 5000
cycles (5 ps) of molecular dynamics were carried out in vacuo
at 300 K with a step size of 1.0 fs using a distance-dependent
dielectric constant of 4r, no counter ions and no cut-off
distance for the non-bonded interactions. The last coordinate
set was subjected to another 2000 steps of conjugate gradient
minimization. The force constant was 30.0 kcal mol~! A~2 for
the distance restraints and 5.0 to 60.0 kcal mol~! rad? for the
dihedral restraints. The structure with both the lowest total and
restraint energy was chosen for further iterative refinement.
The NOESY spectra of this structure were subsequently back-
calculated using the NOESY simulation program BIRDER
(20), with an empirically determined correlation time of 4.3 ns
(using the cytosine H5-HG6 pairs). The distance restraints were
then adjusted by comparing the calculated and experimental
NOE intensities in all spectral regions at the five mixing times,
either quantitatively using the program FELIXBAD (L. Zhu,
University of Washington, Seattle, WA) for the well resolved
crosspeaks or qualitatively for the overlapped crosspeaks.
New distance restraints were determined and given a range of
* 10%. Repulsive restraints were introduced as needed to
maintain certain interproton distances. This iterative DG/
rMD/relaxation matrix simulation refinement procedure was
repeated until the back-calculated spectra matched the
experimental spectra with no further improvement in the
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NOE R-factor (Ryog =1/N ZlI~I |/ 1., where I. and I are the
experimental and calculated NOE intensities, respectively) for
the resolved crosspeaks, in the appearance of overlapped
crosspeaks, and in the total and forcing potential energy terms
for the duplex. After numerous iterations the intensities of
most crosspeaks were reproduced. In the final iteration a total
of 715 distance restraints were used: 226 were intraresidue;
334 interresidue; 103 repulsive; and 52 were hydrogen
bonding. A set of 40 final distance geometry structures were
generated, 20 with G7 in the enol form and 20 with G7 in the
enol form, which were subjected to 2000 steps of conjugate
gradient minimization, 10 000 cycles (10 ps) of molecular
dynamics, and finally 4000 steps of conjugate gradient
minimization. Twenty-six of the 40 structures converged.
The Rnog factor was calculated for 131 resolved crosspeaks in
the five NOESY spectra for a total of 655 crosspeak intensities
for all final structures. The average energy terms were
calculated and the r.m.s. deviations were determined by
superposition of all atoms, excluding hydrogens, for each
structure onto the lowest energy structure. The dihedral angles
and structure parameters were calculated using the programs
NEWHELIX (R. E. Dickerson, University of California, Los
Angeles, CA) and RNA (M. S. Babcock, Rutgers, The State
University of New Jersey, New Brunswick, NJ), respectively.
The RNA program is flexible enough to account for the
guanine—guanine cross-link and the extrahelical cytidines.
Statistics were calculated based on all 26 final structures.

RESULTS
Exchangeable proton studies

The downfield region of the 1D proton NMR spectrum of the
cross-linked duplex, collected in 'H,O is shown in Figure 2.
There are only five imino proton resonances, indicating that
the self-complementary duplex forms a symmetrical structure
with each resonance corresponding to two protons, and that
the two strands are equivalent on the NMR time scale. The
imino protons were assigned unambiguously based on the 2D
IH,O-NOESY spectrum, shown in Supplementary Figure S1.
Residues G1, T4, G8, T10 and G11 form normal Watson—
Crick base pairs with their expected hydrogen bonding
partners. However, the N1-imino protons of the cross-linked
guanines (G7 and G7’) are not observed in either the 1D or 2D
spectra, and have not been observed at any temperature, nor
when solvent exchange is limited by lowering the pH to 5.0 or
by removing the buffer (data not shown). This observation is
both intriguing and surprising. In addition, the amino protons
of the complementary cytosine partners (C6 and C6”) are not
observed. These amino protons would be protected from
solvent exchange and give intraresidue crosspeaks to HS, if C6
were hydrogen bonded. Thus, these observations clearly
confirm the absence of G7:C6” and G7”:C6 hydrogen bonding.
Another possibility that must be considered is hydrogen
bonding between the two cross-linked guanines, which is
plausible given the short length of the cross-link. An imino
proton in such a hypothetical ‘G:G base pair’ would be
expected to appear as a sharp resonance at 12.5-13.5 p.p.m. if
the hydrogen bond acceptor was nitrogen, or at ~11 p.p.m. if
the acceptor was oxygen (21,22). The latter can immediately
be ruled out in this case based on simple geometry: the
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Figure 2. The downfield region of the 1D proton NMR spectrum, collected
at 0°C, showing the five imino proton resonances corresponding to the ten
stable base pairs flanking the cross-link. Note the absence of an N1-imino
proton resonance for the cross-linked guanines (G7).

distance between H1 and the closest oxygen (06) is always too
great to allow hydrogen bonding. On the other hand, guanine
imino protons that are not hydrogen bonded typically appear
as broad resonances near 10 p.p.m. (23). In either case, the
complete absence of a G7 imino proton resonance indicates
that these protons are exchanging too rapidly with the solvent
to be observed.

Non-exchangeable proton studies

2D H,0-NOESY spectra were initially collected over a wide
range of temperatures (0—40°C), to assess temperature
dependence on the structure of the duplex. No major
temperature effect was observed, other than the expected
line broadening at low temperature and end-fraying effects at
higher temperature (data not shown). The highest quality
spectra were obtained at 25°C, and thus this temperature was
chosen for the structure determination. All non-exchangeable
protons (with the exception of some overlapped H5’1 and H52
resonances) were unambiguously assigned using 2D 2H,O-
NOESY spectra in conjunction with DQF-COSY and 'H-3'P
HETCOR spectra. The chemical shifts are given in
Supplementary Table 1. Figure 3 shows the H6/H8-H1’/H5
(panel A), the H6/H8-H2"1/H2’2 (panel B) and the aromatic—
aromatic (panel C) regions of the 2H,O-NOESY spectrum.
There are twelve sets of resonances for the duplex, which
means that each resonance corresponds to two symmetrical
protons. This confirms that the two strands are equivalent on
the NMR time scale and that there is C,-symmetry about the
central cross-link. The intensities of the intraresidue aromatic
to H1” crosspeaks (Fig. 3A), which are all much weaker than
the cytosine H5-H6 crosspeaks, establish that all % glycosidic
torsion angles, including G7, are in the typical anti conform-
ation. The relatively weak intrasugar H6/H8-H3’, H1’-H4’
and H2"2-H4" crosspeaks in the NOESY spectrum, and the
strong intrasugar H1’-H2’'1 (3Jy-_p»1) but weak H22-H3’
(CJuro-nz) and H3'-H4" (3Jys_ps) crosspeaks in the DQF-
COSY spectrum, suggest that all residues adopt typical C2’-
endo type sugar conformations (data not shown). The normal

sequential connectivities for all residues except C5, C6 and
G7, suggest that the duplex overall adopts a B-DNA type
structure.

Several notable features for the residues in the cross-link
region are apparent in the 2H,O-NOESY spectrum. There are
normal G7 H1’-G8 H8, G7 H2'1-G8 H8, G7 H2"2-G8 H8 and
G7 H8-G8 H8 connectivities, which show that the cross-
linked G7 is stacked well on the adjacent G8 base. These
observations, in conjunction with the fact that G7 adopts the
anti glycosidic conformation, suggest that the two cross-linked
guanines are facing each other in the helix, in some sort of
head-to-head orientation. In addition, the absence of the C6
H1'-G7 H8 and the C6 H6-G7 H8 connectivities, in
conjunction with the weak C6 H2'1-G7 H8 and C6 H22-
G7 H8 connectivities, indicate that the C6—G7 base—base
stacking is disrupted. In spite of the normal C5 H1'-C6 H6
connectivity, the weak C5 H2’1-C6 H6 and C5 H22-C6 H6
connectivities and the absence of the C5 H6-C6 H5 and C5
H6-C6 H6 connectivities show that the C5—C6 base—base
stacking is disrupted. Furthermore, there are highly unusual
C6 H5-A9” H2 (Fig. 3A) and C6 H6-A9” H2 (Fig. 3C)
connectivities which, given the overall helical structure of the
molecule, must be interstrand connectivities. C6 and A9 are
too far apart in sequence to give rise to intrastrand crosspeaks.
The proximity of C6 to A9” and to its hydrogen bonding
partner T4 is further supported by the unusual intrastrand T4
H1’-C6 H5 connectivity (see Supplementary Figure S2).
There is also a strong C5 HI1’-C6 HS5 connectivity. In
combination, all of these observations strongly suggest that
the C6 base is flipped out of the helix and adopts an
extrahelical position. This extrahelical base must be located in
the minor groove (close to residue A9’), with its hydrophobic
(H5-H6) edge turned towards the core of the helix (and the H2
of A9).

There are several NOEs indicating that the phosphate
backbone adopts an unusual conformation at the C6 residue:
the highly unusual C6 H51-G7 H8 and C6 H52-G7 HS8
connectivities, which are typically not observed in B-DNA;
and the unusually strong intraresidue C6 H6-H5"2 connect-
ivity, which is stronger than the intraresidue C6 H6-H5’1
connectivity (see Supplementary Figure S3). Further infor-
mation about the phosphate backbone can be derived from the
'H-3'P HETCOR spectrum shown in Figure 4, in which
interresidue three-bond (n)P — (n — 1)H3" (3Jp_p3) and
intraresidue four-bond (n)P — (n)H4" (*Jp_py) crosspeaks
appear. The “Jp_ys coupling is observed only when the P—
05’-C5’-C4’-H4’ linkage lies in a plane forming a W-shaped
conformation (24,25), as is the case in B-DNA where the B and
Y torsion angles are in the frans and gauche* conformations,
respectively. There are readily detectable “Jp_py crosspeaks
for all residues except C6, indicating that all other residues,
including the cross-linked G7, adopt the typical B(7) y(g*)
conformation. The absence of the C6 crosspeak could be due
either to a deviation of its [ torsion angle from the trans
domain or of its 7y torsion angle from the gauche* domain, or
both. The 7y torsion angle can be monitored via the relative
3Jua—usn and 3Jya_ys» couplings in the DQF—COSY spec-
trum, and the relative intrasugar H4-H5’1 and H4'-H5"2
NOEs (16,26). The H3’/H4’/H5’ region of the DQF-COSY
spectrum (see Supplementary Figure S4A), shows that the
3Jua_us» coupling is strong for C6 while its 3Jyu_ps
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coupling is absent, which is consistent only with the Y(7)
conformation. For y(g") torsion angles the 3Jy4_ps coupling
would be strong and the 3Jy4_15-» coupling absent, and for the
normal Y(g*) both the 3J4_ps1 and 3J4-_ps7> couplings would
be absent. In addition, the 60 ms 2H,O-NOESY spectrum (see
Supplementary Figure S4B), shows that the intraresidue C6
H3’-H5’1 crosspeak is larger than the C6 H3'-H5’2 crosspeak,
and the intraresidue C6 H4’-H5’1 crosspeak is larger than the
C6 H4’-H5"2 crosspeak. This again is consistent only with the
v(¢) conformation. The [ torsion angle can be determined from
the relative intraresidue 3Jp_ys-; and 3Jp_ys» couplings (16).
As shown in the '"H-3'P HETCOR spectrum, the C6 P-H5’1
(Jp_us1) and P-H52 (3Jp_ps») crosspeaks are of equal
intensity, which is consistent with a C6 [ angle in either the
trans conformation (~180°) or cis conformation (~0°). Strong
3Jp_ns11 and weak 3Jp_ys-, couplings would be indicative of B
angles in either the low end of the frans (120-150°) or the
gauche~ (=30 to —60°) conformation, whereas weak 3Jp_ys/
and strong 3Jp_ys-, couplings would be indicative of  angles
in either the high end of the frans (-120 to —150°) or the
gauche* (30-60°) conformation. Additional information can
be derived from the phosphorus chemical shifts, which depend
on the phosphodiester torsion angles { and o. Both { and o
typically adopt the gauche- conformation, resulting in
chemical shifts in the range of —3.8 to —4.8 p.p.m. The o(¢)
and {(r) conformations, on the other hand, both lead to
significant downfield shifts (27). As shown in Figure 4, all
phosphorus resonances are in the normal range. However,
these chemical shifts do not rule out the unusual {(g*) and
a(g*) conformations, which must therefore still be considered
for the extrahelical C6 residue in particular, given the
numerous unusual NOEs. The € torsion angle is difficult to
determine experimentally from purely J-coupling observa-
tions (26), but the gauche* conformation can be ruled out
based on the absence of any unusually large Jp_y3- couplings
(Fig. 4). This observation and the absence of four bond Jp_gyo
coupling, which has been observed for sugars in the normal
C2’-endo conformation when € is in the gauche™ conformation
(28), suggest that all € torsion angles are in the normal trans
conformation.

Figure 3. (A) Assignment of the H6/H8-H1/H5 region of the 2H,O-
NOESY spectrum, collected at 25°C with a mixing time of 240 ms. The
sequential aromatic to H1” interresidue walk is indicated with lines and the
intraresidue H6/H8-H1’ connectivities are labeled with the corresponding
residue name and number. The absence of the C6 H1’-G7 H8 and C5 H6—
C6 H5 connectivities are both marked X, and the interstrand C6 H5-A9” H2
connectivity is labeled and indicated with an arrow. The unexpected G1
H8-C12 H5 and G1 H1’-C12 H6 crosspeaks are suggestive of end-to-end
aggregation, although the experimentally determined correlation time of
4.3 ns is clearly indicative of a monomer dodecamer duplex (45).
(B) Assignment of the H6/H8-H2'1/H2’2 region of the ZH,O-NOESY
spectrum, collected at 25°C with a mixing time of 240 ms. The intraresidue
aromatic to H2’1/H2’2 connectivities are labeled and indicated with lines,
and the sequential aromatic to H2'1/H22 interresidue walk for residues C5—
G8 is indicated with dashed lines. (C) Assignment of the aromatic region of
the 2H,O-NOESY spectrum, collected at 25°C with a mixing time of
360 ms, showing the sequential interresidue walk. The absence of the C5
H6-C6 H6 and C6 H6-G7 H8 connectivities are both marked X, and the
interstrand C6 H6-A9” H2 connectivity is labeled and indicated with an
arrow.
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Figure 4. The 'H-3'"P HETCOR spectrum. The three bond (n)P — (n —
1)H3’ crosspeaks (3Jp_y3-) are labeled with the names and numbers of the
(n — 1)H3’ residue, and connected by horizontal lines to the four-bond long
range (n)P — (n)H4’ crosspeaks (*Jp_ps). The absence of the C6 four bond
intraresidue P-H4" (*Jp_y4) crosspeak is marked X. The three bond intra-
residue C6 P-H5'1 (Jp_ps;) and C6 P-H52 (Jp_pso) crosspeaks are
indicated with boxes.

Structure determination

Based on the absence of an imino proton resonance for the
cross-linked guanines, we initially assumed that both the G7
and G7’ N1-imino protons were present, and that G7 and G7’
were not hydrogen bonded either to their complementary
cytosine partners (C6” and C6) or to each other. The fact that
only one set of resonances is observed for all residues
indicates that the cross-linked guanines are symmetrical.
There are hypothetically two ways to obtain C,-symmetry
with G7-G7’ planar: the guanines could either adopt a ‘head-
to-head” conformation or a ‘side-by-side’ conformation
(Fig. 5A). There is no evidence to suggest that there is
exchange between these two conformations or between other
potential non-symmetrical conformations. Such interconver-
sions should be readily detectable as they require at least one
of the cross-linked guanines to make a ring flip, which would
be slow on the NMR time scale. The normal G7-G8 base—base
stacking, and the normal conformations adopted by the
phosphate backbone in the C6-G7 and G7-G8 steps, strongly
suggest that the cross-linked guanines adopt the head-to-head
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conformation. The side-to-side conformation appears to be
sterically prohibited, as it results in an extremely narrow minor
groove and a clash between the phosphate backbones of the
two strands. No assumptions were made to exclude this
conformation, but attempts to use it as a starting point in
refinement invariably resulted in collapse of the structures.
Following the procedure described in Materials and Methods,
the iterative relaxation matrix-based back-calculation process
consistently yielded only structures with the head-to-head
conformation, confirming that the side-by-side conformation
is indeed inconsistent with the experimental data. During the
refinement process it also became apparent that the experi-
mental restraints favor a planar orientation for the head-to-
head conformation. The two cross-linked guanine N1-imino
protons were consistently forced closer (~1.6 A) than their
combined van der Waals radii (2.2 A). In order to prevent such
a steric clash, the two guanines would have to be significantly
(>50°) propeller twisted, which is not observed. Interestingly,
when left unrestrained the cross-linked guanines do tend to
propeller twist, suggesting that the planar conformation is not
a modeling artifact but a real consequence of the experimental
restraints. Thus, based on this steric constraint, the observed
planar head-to-head conformation is only consistent with a
single imino proton located between the two guanines. This
arrangement would require one of the guanines to adopt the
unusual enol tautomer, or more likely, that each guanine
alternates between the keto and enol forms (Fig. 5B).
However, this would suggest that there is also alternating
G7:G7' HI-N1 and G7:G7’ N1-H1 hydrogen bonding, which
is an apparent contradiction to the absence of the cross-linked
guanine imino proton resonance. We propose that there is a
single hydrogen bonded imino proton which is exchanging
unusually quickly. Interestingly, we have observed a down-
field shifted imino resonance at 15.6 p.p.m. in a related
cross-linked duplex (these data are presented in reference 29),
which supports this hydrogen bonding scheme. Furthermore,
if the enol form is present, a modest (~0.2 p.p.m.) downfield
shift of the H8 would be expected (30) in the NOESY
spectrum. The G7 HS is the furthest downfield (8.0 p.p.m.)
of the four guanines in the duplex. Although other factors
such as base—base stacking greatly influence aromatic proton
chemical shifts, this observation is consistent with the
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Figure 5. (A) The two possible symmetrical arrangements of the cross-linked guanines: the ‘head-to-head’ conformation (top) and the ‘side-by-side’ conform-
tion (bottom). For each, the C,-symmetry axis is indicated. (B) The proposed interconversion between the enol and keto forms for each of the cross-linked
guanines. The two guanines are planar, with a single shared imino proton and an H1-N1 hydrogen bond.



presence of the enol form for the cross-linked guanines. We
will henceforth refer to the cross-linked guanines as the
G7:G7’ base pair.

In subsequent iterations of the refinement, we used a single
imino proton located either on G7 or on G7” and with either G7
or G7" in the enol form, i.e. the scheme in Figure 5B, as
described in Materials and Methods. After numerous iter-
ations, a final set of distance restraints were obtained and used
for the final distance geometry/restrained molecular dynamics
run. Shown in Supplementary Figure S5 are the 26 independ-
ently generated final refined structures, which converged with
an average pair-wise r.m.s. deviation of 0.13 = 0.08 A, an
average NOE R-factor of 0.24 = 0.00 and low restraint
violation energies. A structural and energetic analysis is
shown in Supplementary Table 2. There is excellent converg-
ence between the 26 structures, reflecting the fact that the
structure is very well defined. This can be attributed to the well
resolved NMR spectra, and an abundance of distance and
dihedral restraints. However, this does not reflect the explicit
dynamics of the structure, since no such measurements have
been made.

Structural features

The skeletal stereo views of the lowest energy structure of the
final set of refined structures are shown in Figure 6. Overall the
structure is B-form DNA, except in the cross-link region
(residues C5-G8). The base of the C6 and C6” residues are
flipped out of the helix and reside in the minor groove, with
their hydrophobic edges turned toward the core of the helix
(Fig. 6A). The cross-linked guanines form a nearly planar
covalently linked G7:G7’ base pair with only minor propeller
twisting (Fig. 6B). The G7:G7’ base pair is severely tilted with
respect to the main helix axis, but is stacked well on the
spatially adjacent C5:G8" and G8:C5’” base pairs. The ribbon
trace emphasizes the structural distortion induced by the
extrahelical position of C6 and C6’ bases in the minor groove
(Fig. 6A), and the unusually narrow major groove at the cross-
link (Fig. 6B). Shown in Supplementary Figure S6 are the
plots of the minor and major groove widths for the duplex. The
minor groove widens to accommodate the extrahelical
cytidine with the maximum P-P separation observed for the
C6-G11” and G11-C6” steps (7.9 A), and subsequently
narrows at the cross-link with the minimum P-P separation
for the G8—A9” and A9-G8’ steps (4.2 A). The major groove
narrows at the cross-link with a minimum P-P separation
observed for the C5-C5’ step (7.3 A).

The rotational and translational parameters for the duplex
are listed in Supplementary Table 3. The average helical twist
angle for the normal Watson—Crick base pairs (G1:C12"-
C5:G8’ and G8:C5'-C12:G1’) is 40° with an average rise of
3.1 A, confirming that the duplex is overall in the B-DNA
form. There are 10 residues per turn, as in B-DNA, and hence
no under- or overwinding. However, as seen in Figure 6C, a
base pair has in effect been removed from the helix, resulting
in a reduced pitch height (28 A). The structure is not bent as
evidenced by an overall helical tilt angle of 0°, although it
should be mentioned that the methods used here do not
necessarily predict this parameter accurately. However, this is
consistent with our preliminary electrophoretic measurements
(our unpublished results), based on standard methods (31),
which indicate that the duplex does not exhibit any large
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Figure 6. The skeletal stereo views of the lowest energy structure of the
final set of refined structures. The cross-linked guanines (G7 and G7’) are
colored blue and the extrahelical cytosine residues (C6 and C6) are in
yellow. The ribbon backbone trace emphasizes the unusual minor groove
widths. (A) Looking into the minor groove at C6. The 5-ends of the two
strands are top-foreground and bottom-background, respectively.
(B) Looking into the major groove at the cross-link. The 5’-ends of the two
strands are top-right and bottom-left, respectively. (C) Space filling view of
the of the cross-linked duplex (right) compared to idealized B-DNA (left),
with G7 and G7’ in blue, C6 and C6” in yellow.

curvature. Detailed views of the cross-link region are
illustrated in Figure 7. As seen in the top view (Fig. 7A) the
intrastrand base—base stacking is particularly good between
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Figure 7. Detailed views of the cross-link region, showing the C5:G8’ base
pair in red, C6 and C6’ in yellow, G7:G7’ in blue and G8:C5” in orange. (A)
Looking down the helix axis. (B) Looking into the minor groove at the
cross-link.  (C) Looking into the major groove at the
cross-link.

G7 and G8 (and between G7” and G8’), while the C5-G7 (and
C5’-G7’) base-base stacking is quite poor. There is a large
helical twist (54°) between the adjacent C5:G8" and G7:G7’
base pairs (and between G7:G7° and G8:C5’), due to the
backbone segment of the intervening C6 residue. The two
cross-linked guanines form a nearly planar base pair with only
a minor propeller twist of —16° (Fig. 7B). The rise between
G7:G7’ and the adjacent base pairs is 3.1 A, similar to that of
adjacent base pairs in normal B-DNA (Fig. 7C). Shown in
Supplementary Figure S7 is a detailed depiction of the cross-
link region and the structural basis for a number of the
observed NOEs.

Table 1 lists the glycosidic torsion angles ()) and sugar
pseudorotation angles (P). All sugars, including those of C6
and G7, adopt C2’-endo type conformations, with pseudorota-
tion angles in the 114—-172° range (136 and 138° for C6 and
G7, respectively). The y glycosidic torsion angles are in the
anti range (-85 to —126°) for all residues. In spite of the
extrahelical position of its base, C6 adopts a normal  value of

—118°. Also shown in Table 1 are the phosphate backbone
torsion angles (0~C). With the exception of the C5-C6 step,
but including the C6-G7 step, all interresidue backbone
linkages adopt the typical €(r) {(g") ag™) B(?) Y(g*) conform-
ation. The C5-C6 step adopts the highly unusual &(g-) £(g*)
o(g*) B(®) Y(¢) conformation, with C5 €, C5 , C6 o and C6 y
torsion angles of —76°, 117°, 80° and 167°, respectively. These
unusual dihedral angles, along with the C6 B torsion angle of
—170°, are all consistent with the observed NOESY, DQF-
COSY and 'H-3'P HETCOR data described above. The
e(gr) C(g") oalg") PB() Y(r) conformation, highlighted in
Supplementary Figure S8, causes a local strand reversal,
which has the effect of flipping the C6 base out of the helix.
Surprisingly, more modest deviations (35-70°) from idealized
B-DNA dihedral angles for the C6-G7 linkage, all within the
normal €(r) {(g”) o(g?) B Y(g") conformation, result in
normal strand continuation.

DISCUSSION

In this study we have established that a nitrous acid induced
guanine—guanine interstrand cross-link, in the [d(CG)],
sequence context, significantly alters DNA structure. Our
results are in contrast to a previous model study which
suggested that the cross-link could be accommodated with
overall relatively minor deviations from B-DNA structure
(10). In that model, the cross-linked guanines were severely
tilted with respect to the adjacent bases, but still hydrogen
bonded to the partner cytosines (although with less than ideal
geometry). We have shown here, that the cross-linked
guanines form a nearly planar covalently linked ‘G:G base
pair’ with only minor propeller twisting, while the cytidine
bases of their normal base pairing partners have been flipped
out of the helix and adopt well defined extrahelical positions in
the minor groove. This allows the cross-linked guanines to
stack well on the adjacent base pairs, particularly on the
guanines 3’ to the cross-link. The minor groove is widened 5
to the cross-link to accommodate the extrahelical bases,
whereas the major groove is quite narrow at the cross-link.
Our results indicate that the planar G:G base pair formed by
the cross-linked guanines is stabilized by HI-N1 hydrogen
bonding and favorable base-base stacking on the adjacent
guanines. From an energetic stand point it appears that less
restricted extrahelical cytidines are more favorable than
poorly stacked, weakly hydrogen bonded cytidine bases in
the helix. As the planar G:G base pair is sterically inconsistent
with the two guanines in the typical keto form, we suggest that
one of the guanines adopts the unusual enol tautomer. Since
the two guanines are equivalent on the NMR time scale, each
guanine must rapidly alternate between the two tautomers.
The fact that the imino proton signal of the cross-linked
guanines remains undetectable under a wide range of condi-
tions is intriguing, and we suggest that the reason is very
efficient intrinsic exchange catalysis (32) by the spatially
adjacent guanine O6. This exchange appears to be facilitated
by the close proximity of Hl and O6, and by the fixed
geometry of the cross-link. The less than ideal N1-H1-N1
hydrogen bond angle (~125°) could also be a contributing
factor. The position of the cytidine bases in the minor groove
appears to be relatively fixed, as evidenced by the numerous
NOE:s to the adjacent residues, the absence of line broadening,
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Table 1. Backbone torsion angles (0—=(), glycosidic torsion angles () and sugar pseudorotation angles (P) for the cross-linked duplex

Residue o B Y ) € 4 X P

Gl - - 179 = 73 144 = 3 -179 = 0 -103 =0 -122 = 1 154 £ 3
C2 -71 0 -176 = 0 580 134 £ 0 -178 £ 0 92 *+0 -121 =0 145 £ 0
A3 -75*0 180 £ 0 56 £ 0 121 £ 0 180 = 0 94+ 0 -121 =0 130 £ 0
T4 -73 =0 179 = 0 580 111 = 1 -175 = 1 -96 £ 1 -125 = 1 114 = 1
C5 73+ 2 -176 = 1 56 £ 1 146 = 0 =76 = 1 117 = 20 -85 *1 172 £ 1
C6 80 + 56 -170 = 20 167 = 3 1320 -137 = 1 S55*0 -118 =2 136 £ 2
G7 -86 = 0 173 £ 0 74 =0 127 = 1 -172 = 0 98 £ 1 -110 = 1 138 = 1
G8 -89 + 1 -178 £ 0 580 130 £ 0 -170 = 0 -127 = 1 -100 = 1 139 £ 1
A9 -67 *0 172 = 0 61 =0 141 =0 -177 = 0 -98 = 1 -98 £ 1 167 £ 0
T10 -71 =0 169 = 0 62 = 1 115 = 1 180 = 0 -96 £ 0 -121 = 1 120 = 1
Gl1 -70 £ 0 178 = 0 56 £ 0 1350 176 = 0 -103 = 0 -110 = 0 145 £ 0
C12 -67 £0 178 = 0 60 =0 129 = 0 - - -126 = 0 135 £ 1

The angles are given in degrees (°) and averaged over the final 26 refined structures. Unusual torsion angles are in bold.

and the fact that the apparent correlation time for these bases is
roughly equal to that of the duplex (~4 ns). This could be
explained by the fact that the hydrophobic edge of the
cytidines is turned towards the core of the helix and the
hydrophilic edge is in contact with the solvent. In addition, the
amino proton (N4H) of the extorahelical cytidine is within
hydrogen bonding distance (2.0 A) of the O6 of the 5" (n — 2)
thymine. Although the cytosine amino protons are exchanging
too rapidly with solvent to be observed, indicating that this
hydrogen bond is at best quite weak, it could stabilize the
structure and help explain the fixed location of the extrahelical
cytidines.

The unusual €(g") {(g*) oug*) B(?) ¥(r) phosphate backbone
conformation has, to our knowledge, not been observed
previously in DNA, which is perhaps not surprising given the
unusual orientation of the extrahelical cytidine bases in the
minor groove. While the €(g”) conformation is generally
considered sterically forbidden, it is allowed in this case since
the unusual {(g*) conformation redirects the backbone
preventing a steric clash between the C5 H4” and one of the
C6 phosphate oxygens. The {(g*) o(g*) phosphodiester
conformation, however, has been observed when the direction
of the helix axis is disrupted in several DNA hairpin loops
(16,18,28), in the cisplatin-DNA interstrand cross-link
(33,34), and in single-stranded DNA complexed with a
telomere end binding protein (35). The Y(f) conformation
also appears to be a common occurrence when extrahelical
residues are present (33,36,37).

The role of nitrous acid induced DNA interstrand cross-
links in mutagenesis, and the mechanisms responsible for its
repair in intracellular environments, are poorly understood
(38). It is believed that the recombination repair system is
responsible for the resolution of nitrous acid induced cross-
links in bacteria, but the details are undetermined (39).
Equipped with the structure presented here and large quan-
tities of homogeneous samples, these issues can now be
addressed. Interstrand cross-links are generally believed to be
toxic, if not lethal to cells, and if left unrepaired they can
prevent strand separation during replication and transcription.
Based on this structure several other modes of action seem
plausible. Both the major and minor groove widths are altered
and the extrahelical cytidines form a ‘road block’ in the minor
groove, factors that all could disrupt protein binding.
Furthermore, the cross-link could perhaps induce binding of
proteins that recognize extrahelical bases. In fact, the cross-

link structure is remarkably similar to that of the DNA found
in the crystal structures of a number of modification enzymes
such as bacterial methyl transferases (36,40), bacterial
methylase (41), bacterial endonuclease IV (42), bacterial
G:T/U-specific DNA glycosylase (43), and human uracil-
DNA glycosylase (44), which all contain extrahelical bases.
The cross-link structure could bind these types of enzymes
with relatively high affinity, since only minor conformational
rearrangements would be required for the extrahelical
cytidines to fit into the binding pocket of the enzyme.
Although it is unclear how any specific repair enzyme would
recognize this type of structure, it is tempting to speculate that
the cellular repair machinery would attempt to excise these
cytosines. This could lead to a deletion mutation even if the
cross-link itself is repaired, which is a leading cause of nitrous
acid mutagenicity (40). If the cytosines are excised, it is likely
that the cross-link still would stack well on the adjacent base
pairs and be structurally similar to B-DNA. As a result, the
repair machinery might not be as likely to repair the cross-link.
It would be possible to study such a system, since our
methodology would allow the synthesis of a cross-linked
duplex lacking the extrahelical residues. It remains to be seen
if any of these admittedly somewhat speculative ideas turn out
to be true.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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