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Abasic Frameshift in DNA. Solution Conformation Determined by Proton NMR
and Molecular Mechanics Calculations'
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ABSTRACT: We have determined the three-dimensional structure of a non-self-complementary oligo-
deoxynucleotide duplex that contains a model abasic site. The duplex contains six GC base pairs plus the
abasic site at the center of one strand and corresponds to an abasic frameshift. Two-dimensional NMR
studies on the nonexchangeable protons show that the guanine bases on either side of the abasic site are
stacked over each other and that the abasic site is rotated out of the helix. Close proton—proton interactions
are observed between the H4’ proton of the abasic site and sugar protons of the guanosine in the 5’ direction,
which allows the position of the free sugar to be well-defined. NOE buildup curves from NOESY spectra
recorded at very short mixing times were used to calculate a set of interproton distances. This data set was
incorporated into the refinement of the oligonucleotide structure by molecular mechanics calculations. Two
conformations that differ in the sugar conformation of the guanosine next to the abasic site in the 3’ direction
were necessary to fit all the NMR data. One of these two conformations could only be stabilized by addition

of counterions at specific sites.

Replication of a DNA containing an abasic site, which is
the most frequent damage in DNA (Lindahl & Nyberg, 1972;
Lindahl & Karlstrém, 1973), can give rise to a normal
structure that retains the genetic information, as well as two
abnormal structures that have lost this information. The
abnormal structures and the normal one are presented in
Figure 1. It has been shown that polymerases can, in vitro,
copy over homopolymeric or natural DNAs containing abasic
sites by insertion of incorrect nucleotides opposite the baseless
site. Thus, the first abnormal consequence is an abasic site
containing one of the four bases (Figure 1B). The structure
of an oligonucleotide containing an abasic site with an A
opposite the site has been recently reported (Cuniasse et al.,
1987). Another study of an oligonucleotide containing an
abasic site has been also reported (Raap et al., 1987). The
second abnormal structure can be described as an abasic
frameshift associated with a deletion on the nonparental strand
(Figure 1C). This structure may arise when the parental
strand contains the abasic site and the sugar is in an extra-
helical conformation at the replication site. Thus, the po-
lymerase may not incorporate a nucleotide opposite the lost
base. While during replication the formation of a frameshift
may require that the sugar be in the conformation shown in
Figure 1C, the abasic site may reenter the helix afterward or
be in an equilibrium between the two states. Neither structural
nor thermodynamic information has been reported on this
abnormal structure whose presence may induce modifications
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in the double-helix characteristics as in the genetic information.

MATERIALS AND METHODS

The strand containing the abasic site and the hexanucleotide
were synthesized by a classical phosphotriester method (Gait,
1984; Eritja et al., 1987). They were annealed to form the
duplex.

§'(Ct p, G2 p, G3 p,drép,G5 p,G6p, CT)3' (strand 1)
3'(G13p,,C12p,,C11 - p,, - C10p,CIp, G8)S' (strand 2)

The duplex was 4 mM in strand, dissolved in 10 mM
phosphate buffer, 150 mM NaCl, and 0.2 mM EDTA. NMR!
spectra were recorded in 99.99% D,0. Chemical shifts were
measured relative to the internal reference tetramethyl-
ammonium chloride (3.18 ppm).

NMR Spectra. The spectra did not change over the ca. 4
months during which measurements were made. Thus, the
duplex is chemically stable.

NMR spectra were recorded on a Bruker WMS00 spec-
trometer at 10 °C. NOESY spectra were recorded with
different mixing times (35, 50, 65, 80, and 400 ms) in the
phase-sensitive mode (Bodenhausen et al., 1984) with 2K data
points in the ¢, dimension and 176 acquisitions per spectrum;
220 free induction decays were collected in the ¢; dimension.
After zero filling to give a 2K X 2K matrix, a sine bell (shifted
by 7/2 for cross-peak volume determination) was applied to
the data in both dimensions prior to Fourier transformation.

The double-quantum spectrum in D,O at 10 °C was re-
corded in the absorption mode (Braunschweiler et al., 1983).

HOHAHA spectra in D,0O at 10 °C were recorded in the
phase-sensitive mode with 10- and 40-ms mixing times (Davis

! Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; 2Q, double quantum; HOHAHA, homonuclear
Hartman—Hahn; NOESY, 2D nuclear Overhauser effect enhancement
spectroscopy.
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FIGURE 1: Hypothetical structures arising from replication of a DNA
containing an abasic site: normal DNA (A); abasic site (B); abasic
frameshift (C).

& Bax, 1985). In liquids, rapid molecular reorientation av-
erages out the strong but anisotropic dipolar interactions,
leaving only the intramolecular scalar J couplings.

To determine the structure of the oligonucleotide and es-
pecially in the region of the abasic frameshift, we have de-
termined a set of interproton distances. To avoid spin diffusion
effects and to take into account the apparent correlation time
of each different pair of protons, we have used a strategy
described previously (Cuniasse et al., 1987). It has been shown
that the interproton distances must be determined from short
mixing time NOESY spectra. Under these conditions the
NOE is dominated by the dipolar contribution, which depends
on the inverse of the sixth power of the interproton distance
and on the apparent correlation time (Kumar et al., 1981;
Chazin et al., 1986). Since the latter is not the same for all
interproton interactions, quantitative analysis of the short
mixing time NOESY spectra requires, for each interproton
distance, the choice of an appropriate reference, a pair of
protons for which the distance is known or fixed, and the
apparent correlation time can reasonably by assumed to be
the same or very similar to the one of the pair of protons
considered for which the distance is unknown. We recorded
a series of short mixing time NOESY spectra and have
measured the NOE buildup rate for each interproton inter-
action.

Molecular Mechanics Calculations. Energy minimization
was carried out by using the program AMBER (Weiner &
Kollman, 1981) on a VAX 8600 computer. The parameters
were those described by Weiner et al. (1986) and by Singh
et al. (1986). All hydrogen atoms are treated explicitly. To
simulate the screening effect of the solvent, a gas-phase po-
tential was employed where the dielectric constant Dj; is
proportional to the distance dj; separating a pair of atoms: Dj;
= Cd,j (Gelin & Karplus, 1981; Weiner et al., 1984). The
proportionality constant C was taken as 4 A~L. All atom pairs
were included in the calculations. Minimizations were carried
out with the 1-4 interatomic interactions at full values (not
divided by 2). Refinements were terminated when the norm
of the energy gradient was less than 0.05 kcal/A. The negative
charges of the phosphate groups of the oligonucleotide were
neutralized by spheres with a positive unit charge. These
counterions had a van der Waals radius of 2 A and a wall
depth of 0.3 kcal/mol. They were originally set at 3 A from
the phosphate oxygen atoms by the subprogram EDIT of AM-
BER. Unless specified explicitly, energy values reported are
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total conformational energies, excluding the contribution due
to counterions.

Certain computed structures could be rapidly discarded as
they did not satisfy observed sugar conformations or gave very
poor quantitative agreement with the NMR data as evaluated
by the factor F. The sum F = Y (r; - d;;)?/dy, where r;
represents NMR distance measurements and dj; the corre-
sponding distance in a given proposed structure, is used to give
an estimate of the overall agreement between computed and
NMR data. NMR distance measurements were incorporated
into the refinement of the best model structures. To take into
account the motional characteristics of the different pairs of
protons and to have a better interpretation, the proportionality
law between NOE volumes and the inverse of the sixth power
of the interproton distance was restricted to pairs of protons
expected to have similar motional characteristics. In the
simulation, the distance between protons i and j belonging to
a pair of type m was forced to the NMR value r; with a
proportionality constant L., using the additional energy
penalty function E = 3_k(d;;— L,7;)*. An AMBER-compatible
program (Zimmerman, unpublished data) has been written
that minimizes the sum of the total energy and of the penalty
function, yielding the value of dj; and L, The constant k of
the penalty function was set equal to 500 kcal/(mol-:A2). The
reference distances used to calibrate the NMR data were taken
from an Arnott B-form model. L, constants were always close
to unity at the end of the minimization. The NMR data
include some unique interactions involving the dr4 sugar. In
these cases the proportionality constant was set to unity.

The molecular structures were displayed on a raster monitor
LEX 90 using the program NACAD developed by J. Gabarro
and M. Le Bret (unpublished data).

RESULTS AND DISCUSSION

NOESY Spectra in D,0: Assignment of Nonexchangeable
Protons. To assign the resonances of the nonexchangeable HS,
Hé6, and HS8 base protons and the H1’, H2’, H2”, H3’, H4’,
HS5’, and H5” sugar protons, we have recorded NOESY,
double-quantum, and HOHAHA spectra of the duplex in D,O
at 10 °C. The spectrum at 23 °C shows that the line widths
of the aromatic proton resonances are variable. When the
temperature is lowered to 10 °C, those that were broadest at
23 °C decrease in line width. However, even at 10 °C certain
resonances remain significantly broad. At lower temperature
all the resonances broadened.

We first recorded a NOESY spectrum with a 400-ms
mixing time. The cross peaks found in a NOESY spectrum
correlate the chemical shifts of nuclei for which cross relaxation
occurs during the mixing time and thus are indicative of the
proximity of the nuclei involved. The general principles and
strategy for the assignment of proton spectra of oligo-
nucleotides from NOESY spectra have been described in detail
(Hare et al., 1983; Feigon et al., 1983; Fréchet et al., 1983;
Scheek et al., 1984). We have started with the analysis of the
H6HS8/H1"HS5 region (Figure 2) for the sequential assignment
of the resonances of the duplex. The six strong cross peaks
(X in Figure 2) correspond to six doublets in the region be-
tween 5 and 6 ppm of the 1D resolution enhanced spectrum
and thus can be assigned to the six cytidine H5-H6 cross
peaks.

The most convenient starting point for the sequential as-
signment is from the resonances of the H6 or H8 proton of
the 5’-terminal base of each strand that give rise to only one
cross peak in this region of the NOESY spectrum [i.e., the
C1(H6) and G8(HS8) protons]. For strand 2 of the duplex,
the G8(H8) proton at 7.88 ppm gives a cross peak at 5.87 ppm
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FIGURE 2: Expanded contour plot of the H6,H8/H1’,H5 region of
the 400-ms NOESY spectrum of the duplex in D,O at 10 °C.

that corresponds to the G8(H1’) sugar proton. This resonance
at 5.87 ppm gives also a cross peak at 7.58 ppm that is assigned
to the C9(H6) proton resonance. There is an uncertainty for
the assignment of the C9(H1") proton, but this can be easily
resolved by analysis of the H6H8 /H2'H2” and H1’/H2'H2"
regions of the NOESY spectrum of the duplex. The CO(H1")
resonance is found at 6.08 ppm. It is then possible to follow
unambiguously the connectivities from G8 to G13 on the basis
of the analysis of the H6H8/H1’, H6H8/H2'H2”, and
H1’/H2'H2” regions of the NOESY spectrum and to assign
the HS, H6, and H8 base proton resonances and the H1’, H2’,
and H2” sugar proton resonances for strand 2 of the duplex.

For strand 1 of the duplex, the starting point of the as-
signment is the C1(H6) resonance at 7.48 ppm. Following
the connectivities from C1(H6) to G3(H8), we observe the
latter at 7.81 ppm, which gives a cross peak at 6.04 ppm that
corresponds to the G3(H1’) sugar proton. The resonance at
6.04 ppm gives also a cross peak with a base proton at 7.35
ppm that may be assigned to the G5(H8) base proton. The
observation that the chain of connectivities can be followed
from G3 to G5, across the abasic site, shows qualitatively that
G3 and GS stack over each other. From the resonance at 7.35
ppm we observe also a cross peak with an H1’ sugar proton
at 5.74 ppm that corresponds to the G5(H1’) proton. It is then
possible to follow without ambiguity the connectivities from
G5 to C7. From analysis of the HGH8 /H2'H2” region of the
NOESY spectrum the connectivities can also be followed from
C1(H6) to G3(H8) at 7.81 ppm. Analysis of the H2’H2”/H1’
region of a 65-ms mixing time NOESY spectrum gives the
relative assignment of the H2’ and H2" proton resonances.
We find the G3(H2’) proton resonance at lower field (2.85
ppm) than the G3(H2”) proton resonance (2.65 ppm). This
order is observed for only one other residue, the 3’-terminal
G13. The GS(HB8) proton at 7.35 ppm gives a cross peak with
the H2’ proton of G3 in the 400-ms mixing time NOESY
spectrum (Figure 3). This interaction may be strongly in-
fluenced by spin diffusion, but it confirms that G5 is stacked
over G3. In spectra recorded with short mixing times, the
intranucleotide NOEs between the base H8, H6 protons and
the H2” protons are small. In these spectra G5(HB8) gives two
cross peaks, at 2.55 and 2.65, that correspond to the in-
tranucleotide interaction with the H2 and the internucleotide

G13

|ea 62 63
Lt

c9

FG cio
[

2

Ct
ICT cn
1

Cuniasse et al.

G5C7
11

16 — @

&

- g

o=
< -

3.0

T T
7.8 7.5
FIGURE 3: Expanded contour plot of the H6,H8/H2’,H2"” region of
the 400-ms NOESY spectrum of the duplex in D,0O at 10 °C.
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FIGURE 4: Expanded contour plot of the H3'/H4’ region of the
double-quantum spectrum in D,O at 10 °C.

interaction with the G3(H2").

Analysis of the H2’H2”//H3’ region of the NOESY spec-
trum gives the assignment of the H3’ sugar proton resonances
of the 12 residues. It was not possible to distinguish the H4’,
HS’, and H5” protons of the duplex from analysis of the
NOESY spectrum. Thus, we recorded a double-quantum
spectrum in D,O at 10 °C of the duplex (Figure 4). In this
spectrum we observe all the cross peaks due to direct con-
nectivities H3’~H4’ for all the nucleotides except G3. The
resonances of the H3’ proton of the G3 residue at 5.03 ppm
is not observable in this spectrum because of the noise at the
frequency of the residual HDO peak. It is well-known that
in a double-quantum spectrum when a proton H, at the fre-
quency €, is J coupled with a proton Hy, at the frequency Qy,
we expect at Q, and Q, cross peaks at Q, + ©,. From the
observation of one of the two cross peaks the frequency of the
other can be calculated. In the double-quantum spectrum, a
resonance at 4.45 ppm gives a cross peak at 9.48 ppm that
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FIGURE 5: Expanded contour plot of the dr4(H1’,H1”,H3’)/dr4-
(H2’,H2”) region in both 40-ms mixing time HOHAHA spectrum
and double-quantum spectrum recorded with the duplex in D,O at
10 °C.

corresponds to the sum of 4.45 and 5.03 ppm. As the latter
corresponds to the H3’ proton of the G3 residue, the cross peak
at 4.45 ppm corresponds to the H4’ resonance of the G3
residue.

Analysis of both the double-quantum spectrum and the
NOESY spectrum with a 400-ms mixing time gives the as-
signment of all the H5” and H5” protons of C or G residues
of the duplex from the H4’ resonance of each residue. We
cannot distinguish the H5’ protons from the H5” protons. We
observe that the H5" and H5” proton resonances are resolved
only for the G residues and for the C-terminal residues. For
the C-nonterminal residues the H5 and H5” proton resonances
are coincident.

The double-quantum spectrum (Figure 4) shows a resonance
at 4.65 ppm, which is J coupled with a proton at 4.15 ppm.
This pair of resonances does not belong to one of the C or G
residues for which all the sugar proton resonances have already
been assigned. They must therefore correspond to protons of
the dr4.

This is confirmed in the HOHAHA spectra of the duplex
that were recorded at 10 °C. This method, which relies on
cross polarization, was found to give better results for the dr4
sugar than a COSY experiment at this temperature. We
recorded HOHAHA spectra with 10- and with 40-ms mixing
times. In the 40-ms mixing time HOHAHA spectrum (Figure
5), we observe a cross peak between the resonances at 2.14
and 2.28 ppm and that each of these resonances is also coupled
to a proton at 4.65 ppm. The resonance at 2.14 ppm gives
a cross peak at 4.02 ppm, and the resonance at 2.28 ppm gives
a cross peak at 4.06 ppm. Further, the double-quantum
spectrum (Figure 5) shows that the resonances at 2.14 and
2.28 ppm are both J coupled to the resonances at 4.02 and
4.06 ppm. We observe that the proton at 2.14 ppm is J coupled
to four protons, at 2.28, 4.02, 4.06, and 4.65 ppm, and similarly
that the proton at 2.28 ppm is J coupled to four protons.
Excluding the possibility of four-bond coupling, which we do
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Table I: Chemical Shifts of Nonexchangeable Protons at 10 °C
residue H8/H6 HS HI’ H2 H2” H3 H4 HS/HS”

Cl1 7.48 572 5.56 1.65 220 4.59 4.03 3.68/3.62
G2 7.85 5.33 261 266 475 423 4.19/3.81
G3 7.81 6.04 2.85 2.65 503 4.45 4.03/3.88
dr4 402/ 228 2.14 4.65 4.15 4.06/4.06
4.06
G5 7.35 5.74 2.55 2.66 4.68 435 4.14/4.12
Gé 7.59 5.97 247 265 481 431 4.15/4.11
Cc7 7.32 510 6.09 2,18 223 445 399 420/3.74
G8 7.88 5.87 2.63 269 475 419 3.84/3.88

(0] 7.58 532 6.08 232 253 482 429 4.19/4.19
C10 7.54 550 5.98 220 251 480 421 4.15/4.15
C11 7.44 550 591 1.96 230 479 4.14 4.11/4.11
C12 7.49 572 5.45 2.08 228 482 411 3.99/3.99

Gl13 7.90 6.12 2.67 238 4.69 4.19 4.04/3.75
ppm
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FIGURE 6: Expanded contour plot of the H3'/H4’,H5 ,HS5" region
of the 400-ms NOESY spectrum of the duplex in D,O at 10 °C.

not observe for any residue in these experiments, the resonances
at 2.14 and 2.28 ppm must be assigned to the H2' and H2”
protons of dr4. Hence, those at 4.02 and 4.06 ppm can be
assigned to H1” and H1” and that at 4.65 ppm to H3’. We
note that these protons are found in a similar chemical shift
range to that observed for an intrahelical abasic site (Cuniasse
et al., 1987).

In the 50-ms NOESY spectrum we observe that the cross
peak between the resonances at 4.65 and 2.14 ppm is much
less intense than that between the resonances at 4.65 and 2.28
ppm. In both C2-endo and C3’-endo conformations the
distance H3'-H2’ is smaller than the distance H3’-H2”. Thus,
the resonance at 2.28 ppm can be assigned to H2’ of dr4.
Similarly, as the distance H1’'~-H2” is always smaller than
H1”-H2”, we can assign the resonance at 4.02 ppm to H1’
of dr4 and that at 4.06 ppm to H1”. We are able to follow
the connectivities in the double-quantum spectrum from the
H3’ resonance at 4.65 ppm to the H4’ proton at 4.15 ppm and
from this resonance to the H5’/H5” protons coincident at 4.06
ppm. Table I summarizes the observed chemical shifts for all
the proton resonances of the duplex.

Having assigned the spin system of dr4 we have searched
for NOE connectivities between these protons and those of the
adjacent residues. As stated above, we do not observe any
dipolar connectivities between protons of dr4 and base protons.
We have therefore searched for connectivities between protons
of dr4 and protons of the adjacent sugars. Figure 6 shows the
region of the 400-ms NOESY spectrum giving connectivities
between H3’ protons and H4/, H5’, and H5” protons. All H3’
protons show cross peaks with their H4’ protons and in certain
cases with H5’/H5” protons. We observe that G3(H3’) shows
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a cross peak at 4.15 ppm (peak C, Figure 6) that does not
correspond to a proton of this residue. As we find an overall
B conformation for the six base pairs, we can exclude that this
cross peak arises from an interaction between G3 and G5. It
thus must arise from an interaction with dr4, and we have
already assigned the H4’ resonance of dr4 at 4.15 ppm. We
note that this cross peak remains strong even at short mixing
times. We also observe a similarly strong cross peak between
a resonance at 4.15 ppm and another at 2.65 ppm (not shown).
This could arise from an interresidue interaction dr4(H4’)—
G3(H2”) but could also be an intraresidue H2”-H5’/H5”
interaction as several resonances overlap in these regions. In
the NOESY spectra recorded at short mixing times, connec-
tivities of the type H2’/H2-H5’/H5” disappear as they can
only arise from spin diffusion. However, this cross peak re-
mains strong and corresponds to a very short interproton
distance. We can thus unambiguously assign it to the inter-
action dr4(H4’)-G3(H2”). Observation of these two short
distances between dr4(H4’) and the sugar of G3 are sufficient
to define the location of dr4 (see below). The dr4(H3') showed
cross peaks with the dr4(H4’) and the coincident dr4(H5’,
HS5"), peaks A and B, respectively (Figure 6).

Interproton Distances. We recorded a series of short mixing
time NOESY spectra, and we have measured the NOE
buildup rates for all interproton interactions. As described
previously (Cuniasse et al., 1987), we calibrate using inter-
actions outside the deformed part of the molecule. The dom-
inant sugar conformation was qualitatively determined by the
relative magnitude of the NOE from Hé6 or H8 to H2’ and
from H8 or H6 to H3’ in a NOESY spectrum recorded with
a short mixing time. It is well-known that the HSH8-H2’ and
H6H8-H3’ intranucleotide distances, differ greatly between
the C2’-endo conformation and the C3’-endo conformation.
More precisely, the ratio of the distance R = I(H6H8-
H2')/I(H6H8-H3') is inverse between the C2’-endo confor-
mation and the C3’-endo conformation. This inversion causes
a great difference in the ratio R of the NOE intensities between
these conformations. The value of R for all nonterminal
residues is in the range 3-4, while that of the G5 residue is
0.4. The values do not correspond to the exact values of the
sixth power of the distance ratio for a pure C2’-endo or
C3¥-endo conformation. Although the apparent correlation
times for H6H8~H2’ and H6H8~H3’ may not be very dif-
ferent, they are not strictly identical. For a reasonable signal
to noise ratio the data are taken from the 80-ms mixing time
NOESY spectrum in which spin diffusion is not completely
eliminated. In the 50-ms NOESY spectrum the observed
values of the ratio R are increased for the G2, G3, G6, C9,
Cl10, C11, and C12 residues, while it is decreased for the G5
residue. Further, the observed value of the ratio R may
correspond to an equilibrium between C2-endo and C3’-endo
conformation. Thus, for G2, G3, G6, C9, C10, C11, and C12
we find the major conformational type as C2’-endo, while this
is not the case for the G5 residue. Unfortunately, from our
NMR data we could not determine the dr4 sugar conforma-
tion. From a total analysis of the NMR data, we have been
able to evaluate a set of interproton distances that allowed us
to define a time-averaged structure of the oligonucleotide.

Model Building and Molecular Mechanics Calculations.
It has previously been shown that the combined use of NMR
and molecular mechanics calculations is a powerful tool for
the determination of oligonucleotide conformation in solution
(Gronenborn et al., 1984; Clore et al., 1985; Suzuki et al.,
1986; Cuniasse et al., 1987; Zhou et al., 1987). To study by
molecular mechanics the oligomer in a conformation in which
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G3 is stacked over G5, as shown by the NMR data, the extra
residues dr4 and phosphate p, were introduced into a classical
Arnott d(CGGGGC)-d(GCCCCQG) structure (Arnott et al.,
1976). The two residues, dr4 and p,, were then pulled ca. 2
A out of the helix. This creates considerable steric hindrance
that can be relieved in two ways. The first consists of rotating
dr4 180° about an axis perpendicular to its mean plane. This
puts C1’ furthest from the helix. From this starting structure
only poor agreement with the NMR data could be attained.
Alternatively, dr4 could be rotated sideways 90° about an axis
through C2/,C4’, which is roughly parallel to the helix axis,
toward G3. This puts the plane of dr4 approximately tan-
gential to the helix. From this initial structure refinement gave
good agreement with the NMR data.

While experimenting with the basic structure built above
in which dr4 is outside the helix, it rapidly became apparent
that the counterions around the dr4 had a propensity for
moving off their initial positions, set by the subprogram EDIT
or AMBER, to specific locations. The introduction of the extra
residues dr4 and p, in the regular oligonucleotide d-
(CGGGGC)-d(GCCCCQG) forces the three phosphates ps, ps,
and ps to be much closer to one another than usual. This
situation creates potential counterion traps. The presence or
absence of counterions does not change the overall structure
except in the region p,drdp,GS5ps. These interactions could
be important in the crystalline state but could be attenuated
in solution as molecular Brownian motion could displace them
off specific locations. We observe (see below) that structures
with and without ions are required to explain NMR data, and
thus both structures have been refined. Oligonucleotide models
described as “without ions” serve as a reference to understand
the effects of internal forces that determine their geometry.
Oligonucleotide models described “with ions” allow evaluation
of the influence of counterions and more generally of solvent
molecules that may play a similar role by bridging strongly
charged residues.

We have investigated the effect of the extra sugar phosphate
on the helical twist at the junction and on the pucker of the
G5 residue as the NMR data showed that this sugar does not
adopt a typical C2’-endo conformation, but may have a sig-
nificant C3’-endo contribution. These two variables are not
independent. When a nucleotide changes from a C2’-endo
conformation to a C3’-endo conformation, the torsion angle
§ (C5'-C4'-C3-03’) decreases and, to a first approximation,
the 5’ phosphate residue moves outside the helix and the helical
twist is modified (Dickerson et al., 1985). To study completely
the effect of introducing dr4 and p, into the structure, we have
carried out the same calculations varying the sugar pucker of
G3. Three series of models have been studied with different
initial structures in which the sugar puckers are fixed by
constraining the angle 6. In series A, G3 is C3’-endo (6 = 82°)
and all other nucleotides are C2’-endo (6 = 144°); for series
B, G5 is C3’-endo, all others C2’-endo; and for series C, all
nucleotides are C2’-endo. For all three models an initial helical
twist, 8, between G3 and G5 was imposed. This was varied
in steps of 5° between 21° and 76°.

This operation distorts phosphate oxygen bond lengths, and
thus the refinement was carried out in three steps. The first
involved only the central two base pairs, dr4 and the neigh-
boring phosphate residues (residues p,~ps and p;—p;;). This
was followed by refinement of the entire oligonucleotide.
Finally, refinement was carried out with the sugar pucker
constraints relaxed. The entire procedure was carried out
twice, either with counterions or in the absence of counterions.
The structures obtained depended upon the starting point



Abasic Frameshift in DNA

-312

kcal./mol.

Total Energy

F

Fit to NMR data

2 32 40 48 56 64 72

FIGURE 7: Variations of total energy of the oligonucleotide d-
(CGGdrGGC)-d(GCCCCQG) with 6 (top) and corresponding values
of the NMR distance fit criterium F (bottom). Counterions were
not included in the final refinement with 6. Series A, G3 is C3’-endo,
all other C2’-endo; series B, G5’ is C3’-endo, all others C2’-endo; series
C, all C2"-endo.

because of the multiplicity of local minima. It does, however,
allow us to explore a variety of oligonucleotide conformations.

The successive refinements affected not only the two central
base pairs but also the base pairs on either side that slid upon
G3-C11 or G5-C10. The twist of G2-C12 relative to G3.Cl11
and that of G5-CI10 relative to G6-C9 fluctuated in an ap-
parently random way with a root mean square deviation of
2°,

In the absence of counterions we observed that series C
showed the lowest energy values (Figure 7), and over a wide
range of 6, indicating lower free energy. This series showed
a good fit to the NMR distance measurements. Starting from
the same imposed helical twist, after refinement, series C
showed typically a ca. 5° shift relative to series A and B.

In the presence of counterions the lowest energy was ob-
served for series B with 6 [33°, 35°] (Figure 8); however, more
scatter is observed than in Figure 7. Generally, series C fits
the NMR data better. The best fit in series B is with 8 [36°,
40°]. We observed that these two structures converged to an
O1’-endo conformation if the pucker angle of G5 was relaxed.
It is noteworthy that the O1’-endo conformation is halfway
between C2’-endo and C3’-endo in the pseudorotation pathway
(Altona & Sundaralingam, 1973) and is the obligatory tran-
sition between the two canonical forms. Only in these two
cases did a sugar pucker change during the course of the
refinement. We note that the value of F in Figures 7 and 8
in the range 6 [27°, 42°] for series A and B and 8 [33°, 47°]
for series C is determined largely by contributions from res-
idues G3, dr4, and G5. From both the criteria of total energy
and fit to the NMR data we find that 8 must lie in the range
[26°, 50°], indicating near-normal stacking of G3 over GS.
The uncertainty in the helical twist is similar to the variations
observed in the dodecamer of Dickerson (Fratini et al., 1982)
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FIGURE 8: Variations of total energy of the oligonucleotide d-
(CGGdrGGC)-d(GCCCCG) with @ (top) and corresponding values
of the NMR distance fit criterium F (bottom). Counterions were
included in the final refinement with 8. Series A, G3 is C3’-endo,
all others C2’-endo; series B, G5/ is C3’-endo, all others C2’-endo;
series C, all C2’-endo.

Table II: Interphosphate Distances (A) Less than 9.0 A

distance S1 with counterions S2 without counterions
P1—P2 7.1 7.0
P>-Pa 6.3 6.3
P2Pa 8.8 8.8
PsPs 52 5.0
P3~Ps 8.5 9.1
P4 Ps 5.1 6.5
Ps—Ps 7.1 7.0
Ps—Pso 6.9 7.0
Po—Pio 7.1 7.1
P1o~Pn1 7.0 7.0
Pu~P12 7.0 7.0

and in the global twist in short DNA (Shore & Baldwin,
1983).

The NMR data showed that the sugar of G5 does not adopt
a normal C2’-endo pucker. We have therefore varied the
torsion angle & of G5 and calculated the total energy of the
system with and without counterions (Figure 9). Without
counterions the minimum was observed for a C2’-endo con-
formation. In the presence of counterions the best minimum
corresponded to a C3’-endo conformation with a local mini-
mum at C2’-endo. In all cases the preferred conformation of
dr4 was C2’-endo.

To obtain a stable C3’-endo conformation for G5 it was
necessary to include counterions during the refinement. The
best structure in this series, S1, is shown in Figure 10. Forcing
GS5 into a C3’-endo conformation pulls p, close to ps. This
interphosphate distance is 5.1 A (Table II). The close contact
is stabilized by the presence of two counterions that salt-bridge
the two phosphates rather than being each associated with one
phosphate. Further, the sodium ion of p; moves to bridge the
phosphate and O1’ of dr4. These two locations correspond
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FIGURE 9: Total energy of d(CGGdrGGC)-d(GCCCCQG) calculated
as a function of the torsion angle § of G5. Counterions were not (top,
6 = 39°) or were (bottom, # = 34°) included in the final refinement.

Table I1I: Characteristics of Structures S1 and S2°

resi- ampli-
due pucker tude « g v @ € $ X

Model S1: B Series, @ = 34, with Counterions, F = 1.2
G3 146 38 -63 -177 55 135 -81 -93 -110
dr4 161 40 68 -95 -73 150 -97 49
G5 47 37 -152 -84 718 77 -172 -78 -163
G6 170 36 -63 179 67 145 178 -96 -108

Model S2: C Series, 6 = 39, without Counterions, F = 0.7
G3 141 38 -66 -178 56 131 -68 -124 -109
dr4 10 40 87 -75 -63 81 -178 168
GS 166 34 -59 -149 61 142 -175 -93 -128
G6 152 39 -72 -179 55 136 175 -101 -105

% For both structures, S1 and S2, the remaining residues take stand-
ard B DNA values. The best fit to NMR data was found with a 1:1
ratio of the two structures, F = 0.33.

to the major counterion traps observed. This structure gives
a fit to the NMR data with F = 1.2. The torsion angles for
the segment G3-G6 are shown in Table III.

Refinement in the absence of counterions and GS in C2’-
endo conformation leads to structure S2 (Figure 10). The
short interphosphate interaction ps—ps is relaxed in this
structure (Table II). The fit to the NMR data is better than
with S1 as we find F = 0.7 (Table III). Addition of the extra
residues, dr4 and p,, lengthens the sugar phosphate backbone.
If the backbone were straight, # would have had to increase.
To maintain an overall B DNA conformation for the base
pairs, the extra residues have to be pulled out of the helix and
dr4 has to be turned such that the plane of the sugar is roughly
tangential to the helix. The mean plane of dr4 is turned by
ca. 70° between S1 and S2. For both structures the sugar
backbone is forced to loop backward on both sides of dr4,
bringing p; close to p;. The loop about ps is tighter than that
about p, (Figure 10). If G3 is forced into a C3’-endo con-

Cuniasse et al.

Table IV: Proton~Proton Distances Determined by NOE and
Computed for Two Structures, S1 and S2, and Their 1:1 Mixture

distance NMR S1 S2 S1/S2=1 % error
G3(H8)~G3(H!") 3.7 393 393 3.93 6
G5(H8)-G5(H1") 34 3.78 392 3.85 13
G6(H8)-G6(H1") 38 392 393 3.92 3
C9(H6)-C9(H1") 3.7 375 375 3.75

CIO(H6)-CIO(H1) 39 376 376 3.76
CII(H6)-C11(Hl") 3.6 376 3.76 3.76
Cl2(H6)-C12(HI') 38 376 3.77 3.76

G3(H8)-G3(H?) 24 240 237 2.38
G5(H8)-GS(H2) 30 386 2.68 297
G6(H8)-G6(H2) 23 232 231 232
C9(H6)-C9(H2') 20 228 229 2.29 1

CIO(H6)-C10(H2) 2.1 222 2.23 2.22
CII(H6)-C11(H2) 2.0 226 2.26 2.26
CI2(H6)-C12(H2) 2.0 222 217 2.20
G5(H8)-G3(H1’) 36 376 377 3.76
G6(H8)-G5(H1) 44 532 408 445
C10(H6)-C9(H1") 3.5 345 347 3.46
Cl1(H6)-CI0(HI) 3.6 332 332 3.32
CI2(H6)-C11(H1) 3.5 344 3.60 3.51
G5(H8)-G3(H2") 28 245 3.08 2.64
G6(H8)-G5(H2") 22 366 222 248
C10(H6)-C9(H2") 23 229 229 2.29
ClI(H6)-C10(H2") 2.4 228 231 2.30
CI2(H6)-C11(H2") 22 226 227 2.27
drd(H4")-G3(H2") 24 261 3.58 2.86
dr4(H4)-G3(H3) 24 228 227 2.28

—
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formation, the loop about p; is constrained to be even tighter,
and this unfavorable situation is reflected in Figures 7 and 8.

Neither structure S1 nor S2 provides a totally satisfactory
fit to the NMR data. For the central part of strand 1 several
distances calculated from the NMR data show poor agreement
with either structure, although in the opposite sense (Table
IV). We stated above that an O1’-endo conformation for G5
fits well the NMR data, although not all of them. The ob-
served intranucleotide NOEs between G5(H8) and H2',H3’
fit poorly those expected for a pure O1’-endo conformation.
While this conformation would be unusual for a nucleotide,
a contribution from this conformation cannot be excluded here.
We have tried another approach to fit the data starting from
the more commonly observed C2’-endo and C3’-endo con-
formations. The NMR data do not suggest a dominantly
C3’-endo conformation for G5 but, at least, a significant
contribution. The distance errors for S1 and S2 suggest that
the NMR data may correspond to a time-averaged structure
of the two. We have varied the population ratio of the two
structures, and we observe a significantly better fit, F = 0.33,
with 50 £ 20% C3’-endo (Table IV). The model with coun-
terions located at specific positions and that without coun-
terions may represent two extremes of a large family. In
reality, Brownian movement could displace ions off specific
positions, averaging their effect. The proposed C2’-endo-
C3’-endo equilibrium only involves conformational changes
in the central region (results shown in Table III) and stacking
interactions are highly conserved, as shown by the superposition
of the two structures (Figure 10). The choice of averaging
C2’-endo and C3’-endo conformations is, of course, arbitrary.
While we observed a poor fit for the NMR data to any single
sugar conformation, the time-averaged conformation we ob-
serve may include a contribution from an O1’-endo confor-
mation.

CONCLUSION

While the presence of the abasic frameshift strongly de-
stabilizes the helix, we find that the six base pairs adopt a
conformation very close to that of B DNA. From the distances
measured by NMR the stacking of G3 over G5 and of C10
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FIGURE 10: Stereoscopic view of the structure S1, in the presence of counterions (top), viewed from the minor groove; structure S2, viewed
from the minor groove (middle); superposition of S1 and S2, viewed from the major groove (bottom).

over C11 is normal, very little influenced by the presence of
dr4. The energy associated with base stacking is such that
dr4 lies outside the helix. The helical twist at the junction
G3-GS5 is close to a normal value. We are unable to detect
any conformational change on strand 2 relative to normal B
DNA. On strand 1 the only modification occurs for the sugar
of G5. Our data show clearly that this sugar does not adopt
uniquely a C3’-endo or C2’-endo conformation. The H3’ is
slightly closer to the base H8 proton than is the H2’ proton.

This does not correspond to any reasonable known stable sugar
conformation. It rather indicates that the usual C2’-endo—
C3’-endo sugar conformation equilibrium has been displaced
and a greater than normal fractional contribution of C3’-endo
conformation is present. We have not attempted to calculate
the position of the equilibrium on the basis of the NOEs, as
the effective correlation time for the H8~H3’ interaction is
uncertain. Rather, we have varied the contribution of the two
conformations, S1 and S2, and calculated the fit to the NMR
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data. The fit is found to be relatively sensitive to the position
of the equilibrium, with the best fit being found at 50 + 20%
C2’-endo.

In general, the combination of NMR distance geometry
calculations and molecular mechanics calculations gives rise
to a family of fairly closely related structures. When this is
done, that is, searching for the best single minimum, we find
for the sugar of G5 a C2’-endo and possibly an Ol1’-endo
conformation that, as stated above, we do not favor. The
conformational equilibrium that we propose for the sugar of
G5 has a consequence on the position of dr4 relative to the
helix. The NMR data show two short proton—proton inter-
actions between dr4(H4’) and H2” and H3’ of G3, but we are
unable to define the conformation of the ring of dr4 from
NMR data.

We have also observed that the most energetically favored
conformation for the sugar of G5 is dependent upon whether
phosphate charge neutralization is achieved by counterions at
defined positions or not. It is clear that the presence of
counterions (or solvent interactions) is necessary for stabilizing
the C¥-endo conformation of G5 as in this case the inter-
phosphate distance p;—ps is unusually short. We do not suggest
that in solution counterions have defined positions. Even
though mobile, they may occupy these positions part of the
time, which would be in agreement with the observed con-
formational equilibrium of the sugar of GS.
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