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ABSTRACT: The solution structure of the complementary d(C l-A2-T3-G4-X5-G6-T7-A8-C9)*d(GlO-T11- 
A12-C13-A14-C15-A16-T17-G18) DNA duplex (designated X-A 9-mer), which contains a 1 , N -  
propanodeoxyguanosine exocyclic adduct X5 opposite deoxyadenosine A1 4 at  the center, is pH dependent 
[Kouchakdjian, M., Eisenberg, M., Live, D., Marinelli, E., Grollman, A,, & Patel, D. J. (1990) Biochemistry 
29,4456-44651. In our previous paper [Huang, P., & Eisenberg, M. (1992) Biochemistry 31,651865321 
we established the three-dimensional structure of this X-A 9-mer duplex at pH 5.8 by use of restrained 
molecular dynamics followed by NOE-based back-calculation refinement. The present paper discusses the 
structure at pH 8.9 and the pH-dependent conformational transition between the structures a t  pH 5.8 and 
at  pH 8.9. The structure a t  pH 8.9 is calculated starting from five different conformations. The final 
structures converge and agree well with the experimental N O E  intensities. These structures are essentially 
B-type DNA (with X5 and A14 in the BII conformation while the other residues are in tlie most commonly 
described BI conformation) and display an approximate 27' kink at  the center of the helix. At the kink 
site, X5 is positioned in the major groove with the exocyclic ring directed toward the G6C13 base pair, 
unstacked from the flanking base G6 and exposed to the solvent. A14, opposite the lesion, remains stacked 
with its neighbor C15, but not with C13. The kinked helix can accommodate the rotation of the bulky X5 
about its glycosidic bond. We propose here a model for the pH-dependent transition. Our model explains 
the conformational change, which includes the anti and syn rotation of the bulky adduct around its glycosidic 
bond, with a minimal energy barrier and with an overall kink of the DNA helix. These new findings, fully 
consistent with the N M R  experimental data, were revealed only after restrained dynamics refinement. 
Distance-restrained energy minimization by itself was insufficient, as shown by the previous N M R  study. 

Cyclic nucleic acid adducts with mutagenic potential are 
commonly induced by environmental pollutants. Biological 
studies (Singer & Bartsch, 1986) have shown that some of 
these derivatives affect base pairing and induce mutations in 
DNA. Three-dimensional structures of these adducts in 
solution are necessary to understand, at the molecular level, 
how local helix distortions at sites of exocyclic adduct formation 
may exert effects on DNA replication and repair and lead 
ultimately to mutagenesis and carcinogenesis. 

The 1 ,Wpropanodeoxyguanosine adduct (Chart I) is a 
stable analogue of the adduct generated with acrolein, but 
lacking the hydroxyl group. Like the naturally occurring 
mutagenic adduct, upon DNA replication, deoxyadenosine is 
incorporated preferentially opposite it. It has been shown 
that this adduct is an excellent model for the acrolein-modified 
deoxyguanosine (Grollman, 1989). NMR studies (Kouchakd- 
jian et al., 1989, 1990) have demonstrated that the structure 
of the X.A 9-mer duplex (Chart 11) in solution is pH dependent. 
At pH 5.8 it adopts a conformation which is distinctly different 
from that at pH 8.9. These two conformations are at 
equilibrium and are reversible upon pH variation, with different 
pairing orientations at the lesion site. At pH 5.8, A14 is 
protonated and X5 adopts a syn orientation. The two hydrogen 
bonds formed in the protonated X5.Al4 pair (Chart 111) 
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stabilize the low-pH conformation (Kouchakdjian et al., 1989). 
At pH 8.9, A14 is not protonated and X5 adopts the anti 
orientation. The pH-dependent conformational equilibrium 
between the low- and high-pH structures was titrated using 
NMR measurements, and the pK, was determined to be 7.6. 
The exchange between the high- and low-pH conformations 
is slow on the NMR time scale since resonances from both 
states were detected at intermediate pH values (Kouchakdjian 
et al., 1990). 

XS(syn).A14+(anti) XS(anti)-A14(anti) (1) 

In our previous study (Huang & Eisenberg, 1992) we 
determined the low-pH conformation using restrained mo- 

pH = 5.8 P k - 7 . 6  pH = 8.9 
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(anti - syn) depending on the pH in solution and the 
concomitant protonation of A14. 

lecular dynamics calculations with interproton distances 
derived from two-dimensional NOE experimental data. 
Separate simulations started from classical A- and B-form 
DNA and converged to essentially identical structures. These 
structures were further refined by a NOE-based back- 
calculation dynamics simulation which directly minimized 
the difference between the observed 2D NOE intensities and 
those calculated from the structures by the full relaxation 
matrix approach. The final structures obtained were B-type 
DNA and agreed very well with experimentally observed NOE 
intensities (“crystallographic” R values of 0.17). These results 
indicated that the calculations had sampled sufficient con- 
formational space and the converged refined structures 
represented a reasonable approximation of the actual solution 
structure at pH 5.8. 

In this paper we calculate the structure a t  high pH via 
analogous methodology. Even though fully validated simu- 
lation protocols for nucleic acids have not yet been unequiv- 
ocally established, our previous studies (Huang & Eisenberg, 
1992) based on NOE experimental data as well as those of 
others (Nilges et al., 1991; Baleja et al., 1990) suggest that 
it is reasonable to use distance restraints derived from isolated 
two-spin approximation for the initial calculations, provided 
that these are followed by a back-calculation refinement which 
takes spin diffusion into account. In fact, several studies 
(Keepers & James, 1984; Borgias & James, 1988; Borgias et 
al., 1989; Landy & Nagaswara, 1989; Madrid et al., 1989) 
have shown that neglecting spin diffusion effects can lead to 
an inaccurate set of distances. Therefore, we chose to use 
relatively large upper and lower bounds for distances in 
restrained molecular dynamics simulations and then conducted 
the back-calculation refinement procedure (Nilges et al., 
1991), which incorporates the difference between observed 
and calculated NOE intensities as an effective energy term 
and minimizes its derivatives with respect to atomic coordinates 
(Yip & Case, 1989). The back-calculations, thus, lead to a 
direct fit to the experimental NOE cross-peak volumes. 

The nature of the conformational interchange between the 
high-pH structure, in which X5 is in the anti orientation, and 
the low-pH structure, in which X5 is in the syn orientation, 
is interesting not only from the structural perspective since 
the rotation of the bulky adduct about its glycosidic bond is 
expected to be blocked by the stacked flanking base pairs but 
also from the mutagenic potential at physiological pH where 
both forms exist at equilibrium. To our knowledge, there 
have been no reported investigations of this kind of transition 
in the literature. In this paper, we propose a model that 
explains the transition of the X-A 9-mer conformations, during 
which the bulky modified guanine base changes its orientation 

MATERIALS AND METHODS 

( a )  Starting Structures. Since the low-pH structure of the 
X.A 9-mer duplex had been determined to be B-type DNA, 
we chose classical B-form DNA as starting structures for 
calculations at high pH. Five different pairing alignments of 
X5 and A1 4 were used to construct the five starting structures. 
The primary criterion for the selection of our starting structures 
was that they should sample as much of the conformational 
space consistent with the experimental data as possible. 

The initial model building was carried out on a Evans & 
Sutherland PS390 graphics workstation driven by an Alliant 
FX- 1 minisupercomputer using the program BioGraf (BioDe- 
sign, Inc.). The starting structures were constructed from 
the classical B-DNA (Arnott & Hukins, 1973) 9-mer with 
modifications at the lesion site to accommodate five different 
alignments of X5 and A14, where X5 was derived from the 
deoxyguanosine base at position 5 incorporating the propano 
exocyclic bridge. The resultant starting structures are labeled 
Ini-1 through Ini-5. Stereoviews of the different pairing 
alignments of X5 and A14 in these starting structures are 
shown in Figure 1. 

(b)  Znterproton Distances and 2D NOE Volumes. All NMR 
experimental data are from the NMR studies (Kouchakdjian 
et al., 1990) of the X-A 9-mer at pH 8.9, in which 
two-dimensional phase-sensitive proton NOESY spectra of 
the X-A 9-mer in D20 buffer were recorded at mixing times 
of 50 and 300 ms and the exchangeable proton spectrum in 
H2O was recorded at a mixing time of 120 ms. The interproton 
distances were estimated (Kouchakdjian et al., 1990) from 
the cross-peak intensities in the NOESY spectra, with broad 
lower ( A =  0.4--1.2AinD2O,A= 1.0-2.0AinH20)and 
upper (A+ = 0.7 - 1.2 A in D20, A+ = 1.0- 1.2 A in H20) 
bounds. A total of 153 experimentally determined distances 
(87 interresidue and 66 intraresidue) were included in our 
restrained molecular dynamics simulations. 

We measured the volume integrals from the NOESY 
contour plots using the program Felix (Hare Research, Inc.) 
on a Silicon Graphics IRIS 4D/220 GTX workstation. The 
parameters reported in the previous NMR study (Kouchakd- 
jian et al., 1990) were used in our data processing and Fourier 
transforms with Felix. To measure the volumes, peaks were 
first located and identified by boxing, and the intensities of 
the chosen peaks were then quantified by adding up the signal 
inside the boxes. In some regions of the spectra, however, 
peaks overlapped significantly. It was not possible to extract 
accurate intensities from these regions by boxing individual 
peaks. For this reason, the intensity of a region which contains 
significantly overlapping peaks was quantified as a single peak, 
and the NOE restraint was defined for the sum of the proton 
pairs involved. During NOE-based refinement calculations, 
the sum of these peaks was compared to the observed volume 
oftheregion. Atotalof 134(50ms) and 196 (300ms)observed 
volume integrals were collected, and they were used in our 
NOE-based back-calculation refinements, with a range of 
*5% for bounds. The complete tables of volume integrals, 
interproton distances, and bounds are included in the sup- 
plementary material. 

( c )  Calculations and Analyses. Computations of energy 
minimizations, molecular dynamics, and back-calculations 
were performed with the program X-PLOR (developed by 
Professor Axel T. Briinger, Yale University). Analyses of 
structural helical parameters were performed with the program 
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FIGURE 1 :  Stereoviews of the different pairing alignments of X5 and A14 in the five starting structures ( h i - 1 ,  Ini-2, ..., Ini-5). Only the three 
central base pairs in the structures are displayed. 
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Dials-and-Windows (provided by Professor G. Ravishanker, 
Wesleyan University). Molecular graphics displays of struc- 
tures were produced by the program Midas (obtained from 
Professor Robert Langridge at the Computer Graphics 
Laboratory, UCSF). All calculations and displays were 
executed on a Silicon Graphics IRIS 4D/220 GTX work- 
station. 

The empirical energy function used was that developed by 
Nilsson and Karplus (1986) for nucleic acids. It consists of 
the energy terms for bonds, bond angles, dihedral torsions, 
planar geometries, explicit hydrogen bonding, and nonbonded 
interactions (van der Waals and electrostatic). The electro- 
static potential energy term uses Coulomb's law and is based 
on a fully charged set of partial charges (-l/residue) with a 
dielectric constant of 80. The NOE and distance restraining 
functions used were standard square well effective potentials. 
Bond lengths involving hydrogen atoms were kept fixed with 
the SHAKE algorithm (Ryckaert et al., 1977) throughout 
our calculations. Solvent water molecules and counterions 
were not included explicitly in our calculations, but their effects 
may be implicitly reflected by the NOE restraints which are 
a direct measure of the actual solution structure under the 
experimental conditions employed. 

The three different NOE R values that we used to measure 
the fit of a refined structure to the NOE data are the "X-ray" 
R value (analogous to the crystallographic residual index), 
the "weighted" Rvalue (used in X-PLOR), and the R1/6 value 
(James, 1991). In reality, these R values are calculated 
following the definitions by Nilges et al. (1991) and can be 
summarized by a generalized equation: 

N. 
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Watson-Crick base pairings, kdist(grv) for major groove 
distances, kdih,(backbone) for backbone torsions, kdih,(plane) 
for base-pair planes, and 

The starting structures were first subjected to 500 steps of 
energy minimization, with weight scales of kdiSt(exp,hbond,- 
grv) = 0.5, kdih,(backbone) = 50, and kdihe(plane) 30. Then, 
in each restrained molecular dynamics simulation, two steps 
at different temperatures were applied: (1) For 7-ps high- 
temperature (450 K) dynamics, kdiSt(exp,hbond,grv) was 
increased from 0.5 to 500 in the first 1 ps by multiplying its 
value by 2 every 0.1 ps and then remained at  500 throughout 
the simulation. The initial velocities were assigned with a 
Maxwell distribution at 450 K. The temperature of the system 
was maintained at  450 K by rescaling the velocities of atoms 
every 0.2 ps. The time step of the integrator was set to 0.001 
ps. (2) For 15-ps equilibrium (300 K), kdi,t(exp,hbond,grv) 
was maintained at 500. The velocities of atoms were rescaled 
every 0.1 ps to keep the temperature 300 K. The time step 
of the integrator was 0.001 ps. The coordinates of the last 5 
ps were averaged and subjected to restrained energy mini- 
mization to generate the restrained dynamics structures, 
designated as MD-1, MD-2, ..., and MD-5 for those starting 
from Ini-1, Ini-2, ..., and Ini-5, respectively. 

In the back-calculation refinement, structures MD- 1, MD- 
2, ..., and MD-5 were subjected to the following steps, with 
a uniform isotropic correlation timeof 5.0 ns and weight scales 
Of kdi,t(hbond,grv) = 400, kdih,(backbone) = 30, and kdihe- 
(plane) = 30 no backbone torsion restraints on the three central 
base pairs and no base-pair plane restraints on the X5qA14 
pair). (1) For 25-step energy minimization, kdi,t(exp) for 
distances in H2O is set at 400, kdi,t(exp) for distances in D20 
at 200 (here, only those distances which involve either X5 or 
A14 wereused), andkrelaxat 100. (2) For contiguousdynamics 
stages with time step = 0.5 fs, tolerance = 0.02 A, and cutoff 
= 4.5 A, (a) at 0.5-ps dynamics (300 K), kdi,t(exp in H2O) 
= 400, kdiSt(exp in D20) = 200, and krelax = 100, (b) at 0.5-ps 
dynamics (300 K), kdiSt(exp in H20) = 400, kdiSt(exp in D20) 
= 200, krelax = 200, and (c) at 1 .o-pS dynamics (300 K), kdist' 
(exp in H2O) = 400, kdiSt(exp in D20) = 0, and krclax = 400. 
The final structures R-1, R-2, ..., and R-5, refined from MD- 
1, MD-2, ..., and MD-5, respectively, were obtained by 
averaging the coordinate trajectories over the last 0.5 ps 
followed by 50 steps of energy minimization with only the 
NOE volume restraints (krelax = 400) and Watson-Crick base- 
pairing restraints [kdi,t(hbond) = 4001. 

During the back-calculation refinements, "tolerance" de- 
notes the maximum distance a hydrogen is allowed to move 
before the relaxation matrix and gradients are recalculated, 
and "cutoff" is the radius of the spheres around spins i and 
j such that only those spins within these spheres contribute 
to the cross relaxation between spins i and j. The calibration 
factors k, were recalculated after the initial minimization and 
at the end of each dynamics stage in the back-calculation 
refinement. We chose the isotropic correlation time of 5 ns 
for all our back-calculations. This correlation time was derived 
from a comparison of the weighted R values calculated by 
X-PLOR for the MD structures subjected to refinements over 
arangeofcorrelation times (1-1011s). Thiscomparisonshows 
that the R values remained virtually unchanged in the range 
of correlation times of 4-10 ns but were larger for correlation 
timesof 1-3 ns (data not shown). Coincidentally, the selected 
correlation time ( 5  ns) is actually the same as that used in 
back-calculations for the low-pH conformation (Huang & 
Eisenberg, 1992). 

for NOE volumes. 

where Z: and Zio are the calculated and observed NOE 
intensities, respectively, Ai is the error estimate for Zj", Wj is 
a weight factor, k, is the calibration factor for each spectrum, 
and N,  is the number of cross-peaks in each spectrum. The 
value of the calibration factor k, is evaluated as 

The function well(u,b,A,n) is defined as the absolute value of 
the difference between the nth powers of u and 6, where b has 
an error estimate A: 

well(a,b,A,n) = ( b  - A)" - u" if u" I (b - A)" 
if ( b  - A)" < a" < ( b  + A)" 

For n = 1, Ai = 0, and wi = 1, Rn corresponds to the X-ray 
R value commonly used in crystallography (note that no error 
offset is used). For n = 1, with Ai and wi applied, R" represents 
the weighted R value which is closely related to the NOE 
energy term used by X-PLOR for back-calculations. For n 
= ' / 6  R" corresponds to the R1/6 value (James, 1991). No 
error offset is used for the R'/6 value, which is unweighted. 
(d) Refinement Protocol. We used restraints on (a) 

Watson-Crick base pairing for A-T and C.G base pairs, (b) 
major groove distances, (c) backbone torsions, and (d) base- 
pair planes. Lists of these restraints are included in the 
supplementary material. 

In the simulations, each of the initial structures (Ini-1, Ini- 
2, ..., Ini-5) was subjected to the following refinement protocol 
with appropriate weights of restraints which are described as 
kdiSt(exp) for experimental NOE distances, kdiSt(hbond) for 

= O  
= u" - ( b  + A)" if u" 1 (b + A)" (4) 
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FIGURE 2: (Top) Stereoviews of the superimposed MD structures (MD-1, MD-2, ..., MD-5). (Bottom) Expanded stereoviews of the three 
central base pairs. They have been rotated by 90' to provide a view of the pairing alignments. 

RESULTS AND DISCUSSION 

( I )  The High-pH Structure 

Refined Structures and Their Agreement with Experi- 
mental N M R  Data. The superimposed distance-restrained 
molecular dynamics structures (MD-1, MD-2, ..., Md-5) are 
displayed in Figure 2 (top), and the superimposed final refined 
structures (R-1, R-2, ..., R-5) are shown in Figure 3 (top). In 
these figures, the expanded stereoviews of the three central 
base pairs have been rotated by 90° and displayed at the 
bottom of each figure for a clearer view of the lesion site. An 
rms comparison of the final refined structures and the changes 
in coordinates of the structures at various refinement stages 
are listed in Table I. The rms comparisons of the final 
structures show that R-1, R-2, R-3, and R-4 converge to 
essentially identical structures (rms differences 1 1 .O A). The 
average of these convergent structures, therefore, has been 
calculated and shown in Figure 4 (top). For the purpose of 
comparing high- and low-pH structures, the averaged low- 
pH structure obtained by us previously (Huang & Eisenberg, 
1992) is also displayed in Figure 4 (bottom). The structure 
R-5 is somewhat different from the convergent set. However, 
at the lesion site the pairing alignments of X5 and A14 in all 
final structures arevery similar, as shown in Figure 3 (bottQm), 
even though separate simulations started from quite diffirent 
pairing alignments (Figure 1). These results indicate that 
the resulting structures do not depend on starting conforma- 
tions and the simulations performed have overcome energy 
barriers and sampled sufficient conformational space. The 
alignments obtained for X5 and A14 are consistent with those 

proposed by NMR experimental studies (Kouchakdjian et 
al., 1990). The structural shifts induced by back-calculation 
refinements are shown by the rmsd of final vs MD structures 
in Table I, varying from 1.4 to 1.5 A. This suggests that 
changes made by back-calculations are similar in all five 
structures and are simply a consequence of the approximate 
nature of the distance data used in restrained molecular 
dynamics. Table I also shows the structural differences 
between the final and starting structures and between the 
MD and starting structures. 

The agreement of MD structures to experimental inter- 
proton distances is shown in Table 11. It is clear tht all MD 
structures satisfy the experimental distance restraints very 
well, with the rms deviations from experimental distances of 
only 0.002-0.003 A and the individual differences 10.013 A. 
These values lend strong support to the veracity of the MD 
structures. For the back-calculation refined structures (R- 1, 
R-2, ..., R-5), wehavemeasured theirdeviationsfromidealized 
geometry (Table 111) and their fit to observed NOE intensities 
via Rvalues (Table IV). The smallvalues in Table I11 indicate 
that the empirical energies have maintained good covalent 
geometry of structures during the restraining simulations so 
that no significant distortion in the covalent structures has 
taken place. In fact, calculations that include the NMR 
restraints are expected to generate structures that give the 
best possible fits to NMR data and, at the same time, are the 
best possible ones energetically with good covalent geometry 
and nonbonded contacts. 

The NOE R values listed in Table IV show the improvement 
in fit to experimental NOE intensities by simulations. At 
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FIGURE 3: (Top) Stereoviews of the superimposed final refined structures (R-1, R-2, ..., R-5). (Bottom) Expanded stereoviews of the three 
central base pairs. They have been rotated by 90' to provide a view of the pairing alignments. 

Table I: rmsd of Structures (pH 8.9) 

rmsd (A) between the Final Structures 
structure R-2 R- 3 R-4 R-5 

R- 1 1.04 0.92 0.78 0.70 
R-2 0.60 0.80 1.53 
R-3 0.76 1.46 
R-4 1.20 

rmsd (A) of Final Structures vs MD Structures 
structures R-1 vs MD-1 R-2 vs MD-2 R-3 vs MD-3 R-4 vs MD-4 R-5 vs MD-5 

1.41 1.42 1.49 1.43 1.39 
rmsd (A) of Final Structures vs Starting Structures 

structures R-1 vs Ini-1 R-2 vs Ini-2 R-3 vs Ini-3 R-4 vs Ini-4 R-5 vs Ini-5 
2.02 2.28 2.09 2.16 2.16 

rmsd (A) of MD Structures vs Starting Structures 
structures MD- 1 vs Ini- 1 MD-2 vs Ini-2 MD-3 vs Ini-3 MD-4 vs Ini-4 MD-5 vs h i - 5  

1.58 1.73 1.68 1.85 1.74 

high pH, as compared to our previous low-pH calculations 
(Huang & Eisenberg, 1992), R values are relatively larger. 
This can be explained as follows. In the low-pH structure, 
the modified base X5 adopts a syn glycosidic torsion angle, 
resulting in the bulky propano bridge being directed into the 
major groove. Few NOEs were observed between the CH2 
in the propano ring and the other bases (only NOEs between 
CH2 protons and the H8 proton of the flanking G4 were 
detected). Thus, the NOESY spectra in DzO were simpler 
and well resolved. In the high-pH structure both X5 and A14 
are directed toward the interior of the helix, and more NOEs 
were detected. This resulted in a few crowded and partially 
overlapped cross-peak regions. The intensities of individual 

peaks from these regions, therefore, are less precise than those 
of the low-pH structure. In fact, the R values which reflect 
the fit of the refined structures to NOE data depend not only 
on the calculated structures but also on the quality of the 
measured volume data. Therefore, it is not surprising that 
the R values in the refined high-pH structure are relatively 
larger than those in the refined low-pH structure. However, 
considering that no error offsets were used in the calculation 
of our  R values and that all observed NOE cross-peaks, 
including those less well defined, were included in the 
calculation of the R values, the calculated high-pH structures 
satisfy the experimental NOE restraints rather well and are 
commensurate to those of Nilges et al. (1991). 
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FIGURE 4: Color stereoviews of the high-pH structure (top) and the low-pH structure (bottom) in stick-and-ball model. The modified guanine 
is white and the adenine, opposite the lesion, is red. The high-pH structure is the average of structures R-1, R-2, R-3, and R-4. The low-pH 
structure is the average of the structures at pH 5.8 obtained by us previously (Huang & Eisenberg, 1992). 

Table 11: Agreement of MD Structures to Experimental Interproton 
Distances 

Table 111: Deviations of the Final Refined Structures from 
Idealized Geometry 

structure rmsd (A) max ldcal - dex,l (A) 
MD- 1 0.002 
MD-2 0.002 
MD-3 0.002 
MD-4 0.003 
MD-5 0.002 

0.01 3 
0.013 
0.012 
0.01 3 
0.012 

~~ 

structure bonds (A) angles (deg) dihedrals (deg) 
27.751 R- 1 0.008 3.978 

R-2 0.008 3.945 28.002 
R-3 0.008 3.942 27.860 
R-4 0.008 3.956 27.749 
R- 5 0.008 3.997 27.693 

A comparison of the changes in R values during simulations 
(Table IV) indicates that the significant reduction of R values 
is a consequence of back-calculations. Distance-restrained 
molecular dynamics also reduces R values, but not as 
efficiently. However, from Table I we can see that structural 
shifts resulting from molecular dynamics (1 3-1 .85  8) are 
larger than those from back-calculations (1.40- 1.49 8). In 
fact, the pairing alignments of X5 and A14 were well 

established by distance-restrained molecular dynamics and 
remained essentially unchanged in back-calculations. This 
can be seen by comparing the pairing alignments of X5 and 
A14 shown in Figure2 (bottom) to thosein Figure 3 (bottom). 
Thus, the effect of distance-restrained MD simulations is quite 
significant, and its role in structural determination of the high- 
pH conformation cannot be ignored. Although, in principle, 
one might want to use back-calculations of NOES directly in 



Solution Structure of a 9-mer DNA Duplex Biochemistry, Vol. 32, No. IS, 1993 3859 

program Dials-and-Windows (Ravishanker et al., 1989). The 
results are shown in Figure 5-7. In these figures, each of the 
conformational parameters is presented in the form of a dial 
and each of the helicoidal parameters is drawn on a window. 
These dials and windows can be compared directly with those 
for the canonical A-form DNA (Arnott & Hukins, 1972) and 
B-form DNA (Arnott & Hukins, 1973), shown at the bottom 
of each figure. Conventions adopted for the presentation of 
the dials and windows are fully described by Ravishanker et 
al. (1989). To compare a set of structures, the value of the 
first structure is drawn as a solid line and the value of every 
subsequent structure is shown using dashed lines, where the 
number of dashes is proportional to the index of the analyzed 
structure (R-2, R-3, R-4, and R-5). 

Figure 5 shows the conformational dials for the analyses of 
torsion angles in the final structures. The 360’ conformation 
wheels (“dials”) for each of the backbone dihedral angles, a, 
0, y, 6, E ,  and {, the glycosidic bond sugar-base torsion x ,  and 
the sugar pucker 4, are presented with reference to successive 
residues from the 5’ (top) to the 3’ end (bottom). The termini 
of the chain may have incomplete sets of dials, depending on 
which atoms are present. The vertical position, corresponding 
to %orth” on a compass wheel, is taken as 0’ in the figure. 
It is clear from the figure that all sugars are puckered in 
C*’-endo (refer to the 4 values) and all bases are in the anti 
orientation (refer to the x values). Convergence of the 
conformational features in the refined structures is observed 
in the figure: except that A14 in structure R-2 has different 
a, 8, and E values, excellent agreement of torsion angles for 
the five final structures exists. All residues, excluding X5 
and A14, have the backbone torsion angles lying essentially 
in the conformational range expected for canonical B-form 
DNA. The backbone conformations of X5 and A14 have 
changed from the more common BI conformation (e = t and 
{ = g-) present in the rest of the structures to the BII 
conformation (e = g- and { = t ) .  From these results, the 
high-pH structures reside clearly in the B-form DNA family. 
The BI to BII transitions at X5 and A14 have induced small 
displacements of the X5 and A14 bases toward the major 
groove, which can be seen in Figure 3. This positioning implies 
a special structural feature at the lesion site, where the local 
backbone distortion from BI to BII is involved. The occurrence 
of BII backbone conformation in DNA solution structures, 
such as the case here, has been reported for an aminofluorene- 
deoxyguanosine opposite deoxyadenosine containing a DNA 
11-mer duplex (Norman et al., 1989) and in adjacent G-A 
mismatched base pairs in a DNA undecamer (Chou et al., 
1992). It was predicted (Norman et al., 1989) that the BI and 
BII conformations could be readily interconvertible by changes 
in environmental conditions. In fact, these two B-form DNA 
conformations have been observed (Dickerson, 1987; Dickerson 
et al., 1987) to coexist in a number of crystal structures, with 
the crystal data suggesting that the energy barrier between 
the two conformers is modest and surmountable by forces 
whose magnitudes are comparable to crystal packing forces 
(Dickerson et al., 1987). 

The intra- and inter-base-pair parameters of the helicoidal 
set are depicted in Figures 6 and 7, respectively, where the 
parameters referenced to successive base pairs are laid out in 
the graphics as “windows”, defined on a suitable range of 
values for each parameter. Precise definitions for these 
parameters are given by Ravishanker et al. (1 989). The intra- 
base-pair parameters, which describe the relative position of 
bases in a base pair, are shear (SHR), stretch (STR), stagger 
(STG), buckle (BKL), propeller twist (PRP), and opening 

Table IV: NOE R valuesa of the Structures 
~~~~ ~ ~ 

structure X-ray weighted Rl/6 

Ini-1 0.46 0.62 0.103 
Ini-2 0.54 0.86 0.111 
h i - 3  0.53 0.80 0.110 
h i - 4  0.48 0.90 0.115 
Ini-5 0.48 0.84 0.112 

MD-1 0.47 0.56 0.094 
MD-2 0.48 0.56 0.094 
MD-3 0.47 0.55 0.094 
MD-4 0.47 0.55 0.094 
MD-5 0.48 0.56 0.095 

R- 1 0.29 0.34 0.069 
R-2 0.29 0.34 0.070 
R-3 0.29 0.35 0.07 1 
R-4 0.29 0.34 0.070 
R-5 0.29 0.34 0.068 

a These R values follow the definitions in eqs 2-4. 

Table V: Comparison of the Experimentally Estimated Distances 
near the Lesion Site and Those in the Four Convergent Final 
Refined Structures 

proton pair “Is;’ calcd (A) 
X5(Hlll/H112)“-A14(H2) 3.0-5.2 3.43-4.81 
X5(H 101 ,H 102,H 121 ,H 122)- 3.3-5.5 3.13-5.24 

X5(Hlll/Hl12)-C(13(Hl’) 3.3-5.5 4.06-5.24 
XS(H121 ,H122)-C13(Hl’) 2.6-5.6 4.09-4.59 
X5(Hlll/Hl12)-A14(Hl’) 3.4-5.6 4.76-5.09 [X5(H112)-A14(Hl’)] 
X5(Hlll/H112)-A14(H8) 3.0-5.6 4.31-4.49 [XS(Hl12)-A14(H8)] 
C13(Hl’)-A14(H8) 2.7-4.4 3.92-5.04 

X5(H2’)46(H8) b 5.63-5.78 

A14(HZf)-C15(H6) b 5.08-5.1 1 

A14(H2) 

A14(Hl’)-C15(H6) 2.7-4.4 2.88-3.05 

C13(H2’)-A14(H8) 3.3-5.4 5.40-5.74 

A14(H8)-C15(H6) C 5.46-5.93 
G4(H3’)-X5(H8) 3.4-5.6 4.81-5.00 
C13(H3’)-A14(H8) 3.4-5.6 4.99-5.58 
A14( H3’)-C 15(H6) 3.4-5.6 5.16-5.72 
A14(H8)-A14(Hl’) 2.7-4.5 3.95-3.97 
A1 4(H8)-A 14(H2’) 2.2-3.8 2.78-2.81 
AI 4(H8)-A14(H2”) 2.2-3.4 3.47-3.67 
G6(Hl)-X5(Hll l/H112) d 3.26-4.09 [G6(Hl)-X5(Hlll)] 
G4(Hl)-A14(H2) e 2.72-3.18 
G6(H 1)-A 14(H2) f 5.45-6.03 

H l l l  and H112 are identical in chemical shifts. bVery weak or 
absent. Overlap. Observed in exchangeable proton spectrum (HzO). 

Strong in exchangeable proton spectrum (H20). f Absent in exchange- 
able proton spectrum (H20). 

a long molecular dynamics run, thereby eliminating the step 
of making rather approximate distance determinations, the 
computational time required would make it impractical at 
this stage. The major drawbackof using therelaxation matrix 
method in NMR refinement is the high computational cost, 
since the diagonalization necessary to calculate intensities 
from each conformation is time consuming (Nilges et al., 
199 1). Moreover, it is unclear whether structures determined 
by back-calculating NOEs directly in long molecular dynamics 
simulations would necessarily be more accurate than those 
produced by first using approximate distances, followed by 
refinement with NOES (Baleja et al., 1990). 

To further evaluate the agreement of the calculated 
structures to the NMR data, a comparison of the experi- 
mentally estimated distances near the lesion site and those in 
the four convergent final refined structures is shown in Table 
V. It is very clear that our calculated structures are fully 
consistent with the estimation from NMR data. 

To analyze the helical parameters and, consequently, the 
structural features of the refined structures, we used the 



3860 Biochemistry, Vol. 32, No. 15, 1993 Huang et al. 

s E C a s Y x 4  s e C a 8 Y X 4  

FIGURE 5: Conformational dials for the final refined structures R-1, R-2, ..., and R-5. The value for R-1 is drawn as a solid line, and the 
value of every subsequent structure is shown using dashed lines with the number of dashes proportional to the index of the analyzed structure. 
The dials for canonical A-form (Arnott & Hukins, 1972 and B-form (Arnott & Hukins, 1973) DNA are shown at the bottom with the actual 
values. 

SHR STR STG BKL PRP OPN 

0.0 a 0.0 a 0.1 B 0.2 a 3.7 B -4.1 B 

FIGURE 6:  Helicoidal windows for intra-base-pair parameters of the final refined structures R-1, R-2, ..., and R-5. The value for R-1 is drawn 
as a solid line, and the value of every subsequent structure is shown using dashed lines with the number of dashes proportional to the index 
of the analyzed structure. The windows for canonical A-form (Arnott & Hukins, 1972) and B-form (Arnott & Hukins, 1973) DNA are shown 
at the bottom with the actual values. 

(OPN). Since X5 and A14 are not really on the same plane 
(see Figure 3), the intra-base-pair parameters are not useful 
for the X5nA14 pair. Figure 6 shows that the intra-base-pair 
parameters for the refined structures are similar to the values 
for canonical A- and B-form DNA (ignore the X5A14 pair), 
except that there is some degree of buckling (BKL) in most 
base pairs and notable propeller twist (PRP) in Cl~G18,  

A2aT17, G64213, and T7aA12 pairs. This indicates that 
Watson-Crick base-pairing character in canonical DNA is 
retained for all base pairs, with the exception of the X5A14 
pair, in the final structures. The inter-base-pair parameters, 
which describe the relative position of successive base pairs, 
are shift (SHF), slide (SLD), rise (RIS), tilt (TLT), roll 
(ROL), and twist (TWS). As shown in Figure 7, these inter- 
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SHF SLD RIS TLT ROL TWS 

0.0 B 0.0 B 3.4 B 0.0 B 0.0 B 58.0 B 

FIGURE 7: Helicoidal windows for inter-base-pair parameters of the final refined structures R-1, R-2, ..., and R-5. The value for R-1 is drawn 
as a solid line, and the value of every subsequent structure is shown using dashed lines with the number of dashes proportional to the index 
of the analyzed structure. The windows for canonical A-form (Arnott & Hukins, 1972) and B-form (Arnott & Hukins, 1973) DNA are shown 
at the bottom with the actual values. 

base-pair parameters for most adjacent pairs in the refined 
structures are close to those for canonical DNA, except for 
the fourth base-pair step (between base pairs of G4C15 and 
X5A14) and the fifth base-pair step (between base pairs of 
X5-Al4andG6C13). Obviously, thereisanabrupt structural 
distortion occurring at the lesion rate. This can be understood 
by examination of the refined structures in Figure 3 (top) 
which reveal a kink at the X5sA14 site. From Figure 7, it can 
be seen that this kink can be attributed to the abnormally low 
twist angle and the moderately high negative tilt angle in the 
fourth base-pair step and the high twist value combined with 
positive slide and large negative roll in the fifth base-pair step. 
Among these peculiarities, it is noted that the negative roll 
angle in the fifth base-pair step opens the kink toward the 
minor groove at the center of the molecule. This results in 
a marked narrowing of the minor groove at the central base 
pair. However, this narrowing occurs only locally on the 
X5-Al4 base pair. It does not affect the minor groove at the 
other base pairs. This can actually be seen in Figure 3 (top). 
Figure 3 (bottom) shows an expanded view of the portion at 
the kink site of the molecule. It is clear that X5 in refined 
structures is positioned in the major groove with the exocyclic 
ring directed toward the middle of G6C13 base pair and A14 
directed toward the G4C15 base pair. The helices in these 
structures are kinked, with X5 completely unstacked from 
the flanking base G6 (but partially stacked with G4) and 
exposed to the solvent. A14 remains stacked with C15, but 
not with C13. In addition, the positioning of A14, relatively 
close to the adjacent base pair G4C15, brings into hydrogen- 
bonding proximity the N6 of A14 and the 0 6  of G4 (this 
distance in the averaged high-pH structure is 3.21 A), thus 
allowing the formation of a bifurcated hydrogen bond (Taylor 
et al., 1984). 

The Kinked Helix. The most striking feature of the high- 
pH structures obtained is the kinked helix. Bending is a known 
conformational change of the DNA double helix. DNA may 
bend as a result of interaction with proteins or small drugs. 
DNA can also assume a bent conformation by itself (intrinsic 
bending). Wu and Crothers (1984) have proposed molecular 
models for bending which include smooth curvature along the 
helix and localized bends such as at kinks and junction bends. 
There is currently much interest in sequence-specific bends 
in DNA structures (DiGrabriele et al., 1989). These bends 
appear to occur in AT-rich regions and exhibit smooth 
curvatures. Abrupt bends or kinks in DNA have been 
suggested to occur at periodic intervals in chromatin (Crick 
& Klug, 1975; Sobell et al., 1976). Model studies (Sobell et 
al., 1976, 1977) have indicated that kinking is made possible 
by altering the normal C2'-endo deoxyribose sugar ring 
puckering in B-form DNA to a mixed sugar puckering pattern 
of the type C3'-endo (3'-5') C2'-endo and partially unstacking 
base pairs. A kinking scheme such as this would require 
minimal stereochemical rearrangement and would also involve 
small energy barriers. Theoretical calculations (Pack et al., 
1977; Vasilescu et al., 1978) have demonstrated that the kinked 
form becomes a low-energy conformation under conditions in 
which the phosphate oxygens are neutralized. AT-rich regions 
should be preferentially kinked under neutralizing conditions. 
Direct observations of protein-induced DNA kinking in the 
DNA-cAMP receptor protein complex by electron microscopy 
(Gronenborn et al., 1984) and in the crystalline DNA-EcoRI 
endonuclease complex by X-ray crystallography (Frederick 
et al., 1984) support the hypothesis that kinking may indeed 
be important in DNA-protein interactions. Recent gel 
electrophoresis studies (Hsieh & Griffith, 1989; Wang & 
Griffith, 1991) on deletions of bases in one strand of duplex 
DNA have shown that bulged bases kink duplex DNA, with 
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high and low pH structures 

low fit to high pH structure 
FIGURE 8: Least-squares fits of segments 1 and 2 in the low-pH structure to those in the high-pH structure. Segment I is defined as the four 
lower base pairs, and segment 2 is defined as the four upper base pairs. The middle X5A14 base pair is ignored in this figure. 

the degree of kinking increasing in roughly equal increments 
as the number of bases in the bulge increases from one to four. 
These have been explained in terms of junctions which contain 
bulged bases between two duplex segments and produce kinks 
that hold the two duplex segments at precise angles relative 
to each other. 

In our case, as can be seen in Figure 4 (top) which shows 
the average of the set of convergent refined structures, the 
helix axis in the X-A 9-mer duplex (pH 8.9) is bent, with the 
X5sA14 base pair as a pivotal joint about which the kink 
occurs. This suggests that the kink of the helix is induced by 
X5 which is not hydrogen bonded to A14 at high pH. Kinks 
like this may be similar to those (Hsieh & Griffith, 1989; 
Wang & Griffith, 1991) produced by bulged bases. The 
possibility that kinks in these cases are induced by unpaired 
bases in DNA is supported by the fact that analogous kinks 
have not been observed in the low-pH conformation (Huang 
& Eisenberg, 1992) of the X-A 9-mer duplex, as shown in 
Figure 4 (bottom), which has the hydrogen-bonded X5A14 
base pair at the center of the helix. 

Examination of the high-pH structure shown in Figure 4 
(top) establishes that the kink in the helix is about 27'. This 
has actually been calculated by separating each of the 

structures in Figure 4 into two segments so that segment 1 
consists of the four lower base pairs and segment 2 consists 
of the four upper base pairs (the X5nA14 base pair is ignored). 
This is followed by fitting the coordinate set of each segment 
in the low-pH structure to the corresponding segment in the 
high-pH structure. The fittings of segments are carried out 
by the program X-PLOR and illustrated in Figure 8. Results 
of the least-squares fits indicate that a rotation of 14O is needed 
to transform segment 1 and of 13O to transform segment 2. 
Therms differences between the high- and low-pH coordinate 
sets are only 0.83 A in segment 1 and 0.74 A in segment 2. 
They are well within the structural rms differences in the set 
of convergent refined structures (Table I). This suggest that 
both segments 1 and 2 are essentially unchanged by pH, but 
only their overall positions are altered. This conclusion is 
fully consistent with the NMR results that the proton chemical 
shifts of C1, A2, T3, T7, A8, C9, G10, T11, A12, A16, T17, 
and G18 in the X.A 9-mer at pH 8.9 are quite similar to those 
at pH 5.8 [a comparison of the proton chemical shifts at pH 
5.8 (Kouchakdjian et al., 1989) with those at pH 8.9 
(Kouchakdjian et al., 1990) indicates that the proton chemical 
shift differences in these residues are mostly 10.08 ppm but 
are mostly 10.2 ppm in and near the lesion site]. These 



Solution Structure of a 9-mer DNA Duplex 

arguments support the fact that segments 1 and 2 can be 
assumed to be "rigid" in the transition between high- and 
low-pH conformations. On the basis of these observations 
and the established high- and low-pH structures, a model of 
the transition for the X-A 9-mer conformations as a function 
of pH is proposed. 

(2) Transition between High- and Low-pH 
Conformations 

As shown by Figure 4 (top), the double helix of the high- 
pH structure exhibits a kink of approximately 27' toward the 
minor groove. At the kink site, X5 is completely unstacked 
from the flanking base G6 and is exposed to the solvent. The 
presence of the kink in the DNA's axis allows X5 to lie in the 
major groove and thus readily accommodates X5's rotation 
about its glycosidic bond toward the side of the G6C13 base 
pair. This is necessary for the conversion from the high-pH 
conformation, which has X5 in anti orientation, to the low- 
pH conformation, which has X5 in syn orientation, by rotating 
X5 about the glycosidic bond. The rotation of X5 is illustrated 
in Figure 9. As can be seen, no steric clashes are expected 
when X5 rotates toward G6C13, even though X5 is bulky. 
In contrast, however, if the helix was straight, the bulky X5 
would be prevented from rotating by the flanking base pairs. 

To study the driving force for X5 to change its orientation 
when pH in solution is varied, let us focus on the local structure 
near the lesion site. Figure 10 shows the geometry and van 
der Waals surfaces of the nucleoside X5 when its base is in 
syn and in anti orientations. In the anti conformation the 
six-membered rings of the base are pointing away from the 
sugar, and therefore, there is no particular steric hindrance 
between the sugar and base. But, in the syn conformation, 
the bulky part of the base is located over and toward the 
sugar, giving rise to close interatomic contacts. It is expected, 
thus, that X5 prefers the anti orientation. 

At pH 5.8 A14 is protonated and there are two interstrand 
hydrogen bonds which stabilize the low-pH structure, with 
X5 in syn orientation. This essentially locks the structure in 
the syn form. But when the pH is raised and A14 loses its 
protonation, the hydrogen bond involving that proton at A1 4 
is broken. Interstrand hydrogen bonds in the X5.Al4 base 
pair are hence reduced to one, and the unfavorable close 
interatomic contacts between X5 and A14 become predom- 
inant. In this case, the structure is unstable. On the basis of 
this and the fact that X5 prefers the anti orientation, X5 will 
tend to change from the syn to the anti conformation to 
minimize the unfavorable contacts. In addition to this driving 
force, a strong van der Waals repulsion is expected between 
the propano bridge of X5 and its flanking base G4 when X5 
is in syn orientation, as shown in Figure 1 1. These forces can 
all be relieved by kinking the helix and rotating X5 to the anti 
Orientation. This is facilitated, in part, by the BI in low-pH 
conformation to BII in high-pH conformation transitions at 
the X5 and A14 residues, which have induced small dis- 
placements of X5 and A14 toward the major groove. The 
kinked helix can accommodate the rottion of X5 about the 
glycosidic bond, and thus X5 turns around and goes to the 
anti orientation. The energy barrier for kinking the helix in 
this case is expected to be low since there is no hydrogen- 
bonded base pair in the middle of the helix. This assumption 
can actually be supported by the fact that existence of kinks 
has been demonstrated experimentally in doubel-helical DNA 
which contains extra unpaired or bulged bases (Hsieh & 
Griffith, 1989; Wang & Griffith, 1991). 

In contrast with the low-pH case, the base of X5 at high 
pH is in the anti orientation. There is no particular driving 
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force for it to convert to the syn form. However, the kinked 
helix at high pH allows the base of X5 to rotate relatively 
freely and adopt the syn orientation temporarily. If the pH 
is low enough for A14 to become protonated, then two 
interstrand hydrogen bonds between X5 and A14 are formed 
(Chart 111) and X5 will stay in the syn orientation. This is 
concomitant with the unkinking of the helix such that X5 and 
A14 can stack with their flanking bases, and the structure is 
thus further stabilized. This change is facilitated, in part, by 
the BII to BI conformational transitions at the X5 and A14 
residues. At this point, the high-pH conformation is com- 
pletely converted to the low-pH conformation. 

Proposed Model of the Transition and Kinking Scheme. 
To describe the interchange betwen low- and high-pH 
structures, we propose a model of the transition as follows. 
Low- to high-pH conformation: As the pH in solution is raised, 
the helix kinks while the hydrogen bonding formed by 
protonation of A14 breaks. This kink is a consequence of the 
unfavorable van der Waals contacts in the syn conformer and 
is accommodated by the BI to BII conformational transitions 
at X5 and A14. Subsequently, the base X5 rotates from the 
syn to the anti orientation. The resultant structure is the 
high-pH conformation. High- to low-pH conformation: X5 
has some rotational freedom, and it can reach the syn 
orientation, even though the anti orientation is preferred. As 
the pH is decreased, the interstrand hydrogen bond involving 
protonation of A14 is formed. The helix, then, unkinks while 
X5 and A14 stackwith their flanking bases. This is facilitated 
by the BII to BI conformational transitions at X5 and A14. 
The resultant structure is the low-pH conformation. Since 
these changes are reversible and pH dependent, a rapid 
equilibrium between the low- and high-pH structures exists 
in solution at intermediate pHs. 

The sequence weused toobtain the proposed kinking scheme 
is as follows: The two segments in the low-pH structure (see 
Figure 8) transform simultaneously following the equation 
derived by the program X-PLOR: 

r'= [R] X r + T  ( 5 )  
where r' is the transformed coordinate set and r is the original 
coordinate set. [R] is the rotation matrix and T is the 
translation vector. The net result of transformation is that 
segment 1 isrotated 13.9°abouttheaxis(4).5580.691 4.459) 
and translated by the translation vector T = (-1.326 -0.864 
0.959) while segment 2 is rotated 13.2' about the axis (0.697 
-0.694 -0.180) and translated by the translation vector T = 
(2.938 3.215 -1.509). To create a hypothetical kinking 
trajectory, the set of overall operations, i.e., rotations and 
translations of the segments, could be divided into equivalent 
sequential sets of suboperations. At each step a set of 
suboperations were applied to the segments to generate an 
intermediate. In this way, a kinking scheme of the structure 
can be made. The scheme proposed requires minimal 
stereochemical rearrangement and probably involves small 
energy barriers. Spectroscopic experiments on the same DNA 
duplex containing propanodeoxyguanosine opposite adenine 
show that the free energy difference between the low- and 
high-pH structures is minimal (Plum, 1992). 

The discussion of the transition between high- and low-pH 
structures prompted us to ask whether we could start a 
dynamics simulation from the low-pH conformation to achieve 
the high-pH conformation. We have hence performed the 
calculation, but no conformational transition of X5 from syn 
to anti was observed in a 22-ps simulation. This is probably 
because the rate of this conversion, which was estimated 
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FIGURE 9: Rotation of X5 about its glycosidic bond toward the side of the G6C13  base pair: ( 1 )  0' rotation; (2) 15' rotation; (3) 2 5 O  rotation; 
(4) 35O rotation. 
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FIGURE 10: Steric hindrance between the base and sugar of X5 
of the high- and low-pH structures shown in Figure 4. 

anti 
when the base is in syn and in anti orientations. The structures are those 

FIGURE 11: van der Waals repulsion between the propano bridge of X5 and its flanking base G4 and X5 is in syn orientation. 

(Kouchakdjian et al., 1990) to be less than 900 s-', would 
requirea much longer MD simulation to observe the transition. 
Although at this point in time we cannot trace the precise 
trajectory of conformational transition of the 9-mer duplex 
in solution, our proposed model of the transition and the kinking 
scheme are fully consistent with the structural analyses of the 
established high- and low-pH structures. 

CONCLUSIONS 

The present study has established the three-dimensional 
structure of the X-A 9-mer duplex in solution at pH 8.9 by 
use of distance-restrained molecular dynamics followed by 
NOE-based back-calculation refinements. The structures 
obtained display an approximate 27' kink of the helix at the 
lesion site, where X5 is positioned in the major groove with 
the exocyclic ring directed toward the G6C13 base pair, 
completely unstacked from the flanking base G6 and exposed 
to the solvent. A14 remains stacked with C15, but not with 
C13. The alignment of X5 and A14 differs from that in the 
low-pH conformation. This reflects the interplay between 
steric and hydrogen-bonding contributions to the stabilization 
of the modified site. 

We have discussed the nature of the pH-dependent con- 
formational change of the X=A 9-mer in solution and proposed 
a model which provides insights into the transition. Biological 
studies (Grollman, 1989) on this exocyclic adduct have 
demonstrated that it has mutagenic potential at physiological 
pH and replication is significantly slowed down, with deoxy- 
adenosine incorporated preferentially opposite the lesion. To 
address the structural basis for this, our current hypothesis 
is that, at the replication fork, 1 ,Nz-propanodeoxyguanosine 
exists in both syn and anti conformations. The anti confor- 
mation prevents the replication and is consistent with the 
slowing down of the replication. The syn conformation allows 
the incorporation of deoxyadenosine opposite it by forming 
two interstrand hydrogen bonds. Once the duplex is formed, 
the high- and low-pH structures are at equilibrium. On the 
second round of replication, the deoxyadenosine will code for 
a thymine and lead to the G - T transversion. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Three tables showing volume integrals for the X.A 9-mer 
(pH 8.9) at mixing times of 50 and 300 ms and interproton 
distances with lower and upper bounds and a list of restraints 
on Watson-Crick base pairing, on major groove distances, on 
backbone torsions, and on base-pair planes (11 pages). 
Ordering information is given on any current masthead page. 
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