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ABSTRACT

We have determined the three-dimensional structure of a non-
selfcomplementary nonanucleotide duplex which contains an abasic (apyrimi-
dinic) site in the centre, i.e. a deoxyribose residue opposite an adenosine.
The majority of the base and sugar proton resonances were assig-
gned by NOESY, COSY and 2DGF spectra in D,0 and H,0. We have measured the ini-
tial slope of buildup of NOEs in NOESY spectra at very short mixing times
(25 to S50 ms), and from these were able to establish interproton distances
for the central part of the duplex. We propose a different strategy for
proton-proton distance determinations which takes into account the observed
variations in correlation times for particular proton-proton vectors. A set
of 31 measured interproton distances was incorporated into the refinement of
the oligonucleotide structure by molecular mechanics calculations. Two
structures were obtained which retain all aspects of a classical B DNA in
which the unpaired adenine and the abasic deoxyribose lie inside the helix.
We observe that the non-hydrogen bonded adenine is held well in the helix,
the Tm of this base being the same as that of the AT base pairs in the same
duplex.

INTRODUCTION

Apurinic or apyrimidinic (abasic) sites are the most frequent damage
encountered in DNA (1,2). These non coding lesions arise through cleavage of
the glycosidic bond by spontaneous hydrolysis (1,2) and further, the rate of
cleavage may be significantly accelerated by DNA modification. The glycosi-
dic bonds of many modified Bases, particularly purines, undergo spontaneous
hydrolysis at very high rates under physiological conditions (3). In addi-
tion to hydrolysis many chemically or radiation damaged bases are removed
from DNA most often arise from enzymatic removal of uracil-residues in DNA
(5). Uracil residues in DNA result from either incorporation of dUTP or dea-
mination of cytosine residues (4). Repair of abasic sites in DNA is initia-
ted by AP endonuclease (7).

14 unrepaired, the presence of an abasic site on a DNA template
creates a significant challehge for DNA polymerase. Most frequently in vi-
tro, chain elongation is inhibited ¢(8,9). If elongation occurs, it is unli-
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Kely that the correct base will be incorporated because the coding informa-
tion has been lost. Previous studies have shown that incorporation can occur
opposite abasic sites at reduced rates, and A is incorporated most often,
followed by G (9-12). The preference for nucleotide insertion exhibited by
DNA polymerase at the abasic site is as yet unexplained. The relative stabi-
lity of oligonucleotides derived from melting temperatures (13), is incon-
sistant with observed enzyme preferences (9-12), Further, recent data pre-
sented by Randall et al. (12) indicate that differences in insertion fre-
quency by DNA polymerase are primarily due to Umax, and not Km differences,
suggesting that geometric, rather than thermodynamic factors may be respon-
sible for the preferred incorporation of A at abasic sites.

Due to the importance of abasic sites as mutagenic intermediates in
vivo, we have investigated the structure of an oligonucleotide containing an
abasic lesion. Because A is the substrate favoured by DNA polymerase for in-
sertion opposite the abasic site, we have investigated both the structure
and dynamicé of a non self complementary nonanucleotide containing A opposi-
te an abasic site by 1D and 2D NMR techniques. In order to determine the
conformation of the oligonucleotide, inter proton distances determined by
NMR were incorporated into the refinement of the structure by molecular me-
chanics calculations. Two models that satisfy the distance constraints are

presented.

MATERIALS AND METHODS

The two nonanucleotides were synthetized by a classical phospho-
triester method (14,15). They were anealed to form the duplex:

S5/¢C? G2 T* G4 drS G¢ T? G® (93’

3/(G18% C17? Al1¢ C15 Al4 C13 Al2 C11 (10)5/
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 either 99.994 D,0 or 90%
H20/107% D,0. Chemical shifts were measured relative to internal tetramethyl-
ammonium chloride (3.18 ppm).
NMR _spectra

The spetra did not change over the ca.é months during which measure-
ments were made. This abasic site is chemically stable.

NMR spectra were recorded on a Bruker WMS00 spectrometer. NOESY
spectra with different mixing times (25, 35, 50, 100, 300 ms) were recorded
in the phase sensitive mode (14> with 2K data points in the t, dimension and

125 acquisitions per spectrum. 250 free induction decays were collected in
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the t, dimension. After zero filling to give a 2K x 2K matrix, a sine bell
(shifted by /2 for cross peak volume determination) was applied to the data
in both dimensions prior to Fourier transformation.

The COSY spectrum was obtained using a 3/4-t-3/4 sequence and the data
treated as above.

The double quantum spectrum in D,0 was recorded in the absorp-
tion mode (17).

A 3(2/2-t-31/2) hard pulse sequence with a 200 ms mixing time was
used to record the NOESY in H;0 in the absorption mode (18). The rate of imi-
no exchange with solvent was measured by a technique described recently.(19)
Molecular mechanics calculations.

Energy minimizations were carried out using the program AMBER (¢20)
on a VAX 8600 computer. The parameters were those describe by Weiner et al.
(21). A1l hydrogen atoms are treated explicitly. To simulate screening ef-
fects of the solvent, a gas phase potential was employed where the elec-
tric constant is proportional to the distance r{; separating a pair of atoms:
Di;j=Ceri; (22). The proportionality constant C was taken as 4 A-1, Refinement
was terminated when the norm of the energy gradient was less than 0.05
kcal/A. The negative charge of the phosphate groups of the oligonucleotide
were neutralized by spheres with a positive unit charge and were originally
set at 3 A from the phosphate oxygen atoms by the subprogram EDIT of AMBER.
When thicker spheres were used and set at 4.7 A away from the phosphate oxy-
gen atom, the energy was lowered by 11%, that is about 80 Kcal, -but the lo-
cal geometry of the oligonucleotide was not altered.

In order to incorporate NMR distance data into the computational re-
finement of the oligonucleotide structure, the following procedure was used.
The distance separating the protons listed in Table 11, found to be di; in the
simulation of the structure, were constrained to the NMR values
ri; with the penalty function, E= Zk(d:;-ri;>2. The penalty constant,k,
was set equal to 500 kcal/(mol+A2) in the first refinement. Then Kk was pro-
gressively decreased in five subsequent refinements, taking the values 100,
S50, 5, 1, 0 kcal/(mol«A2). This constrained energy minimization procedure was
found to depend on the starting oligonucleotide structures. As the NMR data
indicated that the oligomer structure had B DNA features, the minimization
was started from various conformations, all derived from the fibre structure
of Arnott et al. (23). Among the structures obtained, only the best two were
retained.

In model 1, the starting conformation of the oligonucleotide was
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that of Arnott et al. (23). A single constrained energy minimization proce-
dure yielded structure  S1, In  model 2, the oligonucleotide
d(CGTGTGTGC) +d(GCACACACG) was generated as the B structure of Arnott et al.
(23). Its structure was refined through energy minimization ignoring the NMR
data. This yielded structure S0, Then the thymine was replaced by a proton.
After inclusion of the NMR data, the constrained energy minimization proce-
dure was then iterated 13 times, up to convergence, the resulting structure
of one iteration being the starting structure of the next one. During each
iteration of the procedure the penalty constant took the values 500, 100,
50, 5, 1, 0 kcal/(mol+A2) sucessively. The limit structure obtained after con-
vergence is 52.

The molecular structures were displayed on a raster monitor LEX 90
using the program NACAD, developped by J. Gabarro and M. Le Bret (to be pu-
blished).

RESULTS

NOESY in H,0: assignement of imino and amino protons.
The 1D 500 MHz NMR spectrum in 90%H,0 at 1°C is shown in Fig. 1. The

imino cirotons are observed in the low field region, between 12 and 14 ppm,
while the region between 8.6 and 5.3 ppm contains the WC and NWC protons of
crtidine residues, the Hé and H8 base protons and the H2 adenosine protons.
We have recorded a NOESY spectrum in H,0 at 1°C to establish the con-
nectivities between the imino, H2 and amino protons of the different base
pairs. An expanded contour plot of the imino and base proton region is shown
in Fig. 2. The diagonal corresponds to the one dimensional spectrum. Each

connectivity between two protons gives a cross peak off diagonal. In the low

T T y T
135 125 PPM 80 70

Fig. 1: Imino and aromatic region of the NMR spectrum of the duplex at 1°C
in 90% H,0 (the scale is not the same for the two regions).
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field region between 13.5 and 14 ppm we observe the two T imino protons,
each giving as expected one intense cross peak in the aromatic region cor-
responding to the connectivity with the AH2 of the AT base pair. In the re-
gion between 12.3 and 13.3 ppm we find the G imino protons. Two of them, at
12.99 and 13.13 ppm, when compared with the 1D spectrum are strongly reduced
in intensity by the 2D pulse sequence. Each of the two G imino resonances at
highest field (12.44 and 12.58 ppm) show four cross peaks in the aromatic
region. Two of these are with exchangeable proton resonances and must arise

o
@ -
-, 50 6o
I‘ | _imino L1 L1
DN 00 |AH2
‘ V-@ —A14
l L _A16
8 —A12
o
10-
124
0
14- Y
ppm
T T
14 13 ppm 12

Fiqg. 2: Expanded contour plot of the region of imino, amino and base protons
of the NOESY spectrum in H;0 at 1°C for Tm=200ms.
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Table I: Chemical shifts of non-exchangeable at 23°C and exchangeable protons at 1°C(+)

H8/H6  H2(+)/ H1“ H2’ H2* H3’ H4/ amino WC(+)/ imino(+)
H5/CH, amino nWC(+)

1 7.82 5.87 5.73 2.02 2.42 4.70 4.06 6.57/8.22
62 7.98 6.00 2.68 2.78 4.98 4,34 * 12.88
13 7.7 1.35 5.87 1.9 2.34 4.85 4.17 13.72
64 7.94 6.12 2.43 2.68 4.99 4.37 * 12.44
drS - 3.81 2.02 2.02 4,75 4,05
66  8.01 6.04 2.65 2.80 4.92 4,37 ¥ 12.58
177 7.2 1.50 5.83 2.07 2.44 4.88 4.17 13.85
68  7.84 5.92 2.58 2.68 4.96 4.33 * 12.88
9 7.3 5.25 6.14 2.20 2.20 4.47 4,02 7.01/8.18
610  7.93 5.94 2.63 2.75 4,84 4,27 * 13.13
Ci1  7.45 5.43 5.64 2,09 2.41 4.88 4.17 6.80/8.33
Al2  8.28 7.86 6.19 2.73 2.86 5.02 4.42 ¥
C13  7.24 5.32 5.49 1.96 2,37 4,79 4.16 6.69/8.11
Al4 797 7.23 6.02 2.35 2.56 4.85 4,17 *
C15  2.37 5.47 5.22 1.98 2.26 4,77 4.24 6.77/8.18
Alé 8,27 7.70 6.20 2.72 2.83 5.01 4.42 ¥
17 7.27 5.35 5.66 1.86 2.26 4,78 4.12 6.59/8.46
618  7.87 6.13 2.35 2.60 4.65 4.14 * 12,99

(#) not observed.

from the WC and nlWC proton of the cytidine and one corresponds to an AH2

seen also from the T imino resonances. The fourth cross peak corresponds to

a non exchangeable proton not seen by the T iminos and must be of Al4, The T

imino resonance at 13.85 ppm gives two cross peaks with G imino resonances,

at 12.58 and 12.88 ppm. This shows that the base pair corresponding to the T

imino at 13.85 ppm is between the base pairs corresponding to these imino

resonances. In the aromatic region the G imino resonance at 12.58 ppm shows

two cross peaks at 6.4% and 8.12 ppm corresponding respectively to the nWC

and WC cytidine amino protons. It shows a cross peak at 7.87 ppm correspon-

ding to the AH2 resonance of the flanking AT base pair and a weak cross pegk
at 7.2 ppm with the non exchangeable proton assigned to Al14. This resonance

at 7.2 ppm also shows a cross peak with the G imino resonance at 12.44 ppm.

This shows clearly that the A14 is inside the helix between the base pairs

corresponding to the G imino resonances at 12.44 and 12.58 ppm. This reso-

nance at 7.2 ppm could be assigned to the A14(H8) proton, if the conforma-

tion of the base is syn, or to the A14(H2), if the conformation of Al4 s

anti. The 6 imino resonance at 12.44 ppm shows, apart from cross peaké to

its cytidine WC and nWC amino protons, one to another AH2. Thus as shown in

Fig. 2 we can follow the connectivities from one AT base-
se pair through a GsC, A14, another GsC to a second AsT base pair. Each
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Fig. 3: Observed linewidths of the imino resonances of the duplex as a func-
tion of temperature for C1:G18 (0), C9:G10 (0>, G2.C17 and G8:Cii (&),
G4:C15 and G4+C13 (W), T3sA14 and T7+A12 (&),

AT shows a further connectivity with the almost coincident G imino protons
at 12.99 ppm. Since the sequence has pseudo symmetry we cannot, however, de-
termine the polarity of the chain from these connectivities alone.

Two 1D experiments were carried out to complete the assignement. The
resonance of the terminal base pair at 12.99 ppm was presaturated for 0.5 s.
1t gives NOEs to its own cytidine WC amino proton at 8.22 ppm and to another
one at 8.46 ppm. This latter was also observed in Fig. 2 from the T imino
resonance at 13.7 ppm. This gives the complete assignment, except that being
symmetric from the point of view of the imino resonances the direction is
unknown. Presaturation of the other terminal resonance at 13.13 ppm showed
that its nWC cytidine amino resonance is at 7.02 ppm. Presaturation of this
resonance gave a strong NOE to a cytidine HS resonance at 5.25 ppm which is
assigned to the C%(HS) (see below ). The observed chemical shifts are given
in Table 1.

We have recorded spectra of the duplex in H,0 as a function of tempe-
rature in order to measure the imino resonance linewidths and chemical
shifts. The imino resonances move slowly to high field as the temperature is
raised. The imino resonances of the terminal base pairs broaden and disap-
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®
pear at lower temperature than the others due to rapid imino proton exchange

with solvent via fraving. For all the other resonances the evolution of the
linebroadening is very similar. The resonances decrease in linewidth as the
temperature is raised to 20°C due to the decrease in wviscosity. Above this
temperature the base pairs melt out simultaneously, Fig. 3.

In order to investigate the effect of the abasic site upon the ope-
ning rate of the different base pairs, we have measured the imino proton 1i-
fetimes at 25°C. We have recently developped a method for measurement of
proton exchange rates with solvent wich does not require independent deter-
mination of the dipolar contribution to T, <(19). In the open limited case,
the imino protons will exchange with solvent each time a base pair opens. We
first checked if this was the case at 25°C, 10mM phosphate and pH 7.6, 1f
the system is not in the open limited case, raising the pH should influence
the imino proton linewidths and lifetimes. Experiments carried out at pH 8.0
show only differences which are within the experimental error, except for
the terminal base pairs. We conclude that at pH 7.6 exchange is open 1limited
for the non terminal base pairs.

The first part of the experiment involves measuring the transfer
of magnetization upon continuous saturation of the H,0 resonance and compa-
ring with the spectra without saturation. As expected, imino resonances of
the penuftimate base pairs are strongly reduced in intensity via fraying.
The second part of the experiment involves measuring the selective spin lat-
tice relaxation time T, in the presence of H,0 saturation. These two measure-
ments provide both the dipolar contribution to T, and the imino proton 1ife-
time *m in the closed state.

The results are given in Table 11. The presence of the abasic site
does not induce any major specific destabilisation of the adjacent base
pairs. The absolute value of the lifetimes of the imino base pairs are in
the range 200-500 ms and are comparable to those observed in other oligonu-
cleotides duﬁlexes.

NOESY in D,0: assignment of non exchangeable protons
In order to assign the resonances of the non exchangeable base pro-

JYable I1: Life times of imino protons (in ms)

€c 6 T 6d¢ 6 T 6 C
6 C A C A C A C ©
490 240 330 475 350 490
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tons HS, Hé, HB and sugar protons Hi’, H2’, H2", H3’ and H4’, we have recor-

ded NOESY, COSY and D2Q@ spectra of the duplex in D,0 at 23"C.We first recor-
ded a NOESY in D,0 with a 300 ms mixing time. The cross peaks found in a NOE-
SY spectrum correlate the chemical shifts of nuclei while cross relaxation

occurs during the mixing time and thus are indicative of the proximity of

the nuclei involved.

The most convepient starting point for the sequential assignment of
resonances is from analysis of the H&/H8-H1‘ region of the NOESY spectrum.
The general principles and strategy for the assignment of proton.spectra of
oligonucleotides by NOESY have been described in detail (24-27)

The six strong cross peaks (x in Fig. 4) correspond to six doublets
in the region between S and 6 ppm of the 1D resolution enhanced spectrum and
can thus be assigned to the H5-Hé connectivities of the six cytidine resi-
dues. At 7.93 ppm we observe two croés peaks, one of them (B) corresponding
to a base proton CHS inter-residue interaction, the other, at 5.94 ppm, to
the H1’ intra-residue interaction. The resonance at 7.93 ppm can be assigned
to G610 which is the only S5’ terminal G. The H1’ resonance at 5.94 ppm gives
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Fig. 4: Expanded NOESY contour plot of the region H&/HB-H1‘/HS of the duplex
in D,0 at 23°C. The NOE connectivities are represented by (- - =) broken and
(———-- ) continuous lines for strand A and B, respectively.
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Fig. 5: Expanded contour plot of (a) the NOESY H4/H8-H2’/H2" region, (b) the

NOESY H2‘/H2"-(3.8-3.9ppm) region and (c) the COSY H2‘//H2"-(3.8-3.9ppm) re-

gion of the duplex in D;0 at 1°C. The NOE connectivities are represented by
broken (- - =) and continuous lines (----- ) for inter and intra-residue con-

nectivities, respectively.

a cross peak with a base proton at 7.45 ppm and can be assigned to C11(Hé).
At 7.45 ppm we observe also a H1’ cross peak at 5.44 ppm due to Cl1(H1’). At
5.44 ppm the ambiguity arising from the two possible connectivities is easi-
1y resolved by examination of the H8/H4-H2’/H2" redion, Fig. S. The sequen-
tial connectivities can be followed in both Figs 4 and 5 through the non ba-
se paired Al4 to G18. We observe that the cross peak from the A14(H8) to its
anomeric proton is normal in intensity and that the same is true for the in-
tra and inter-residue cross peaks in the H2’/H2* region. Also the non ex-
changeable resonance of A14 observed in Fig. 2, which is at 7.27 ppm at
23°C, does not give rise to any cross peak in Fig. 4. We can thus conclude
that A14 is in the anti conformation and that the resonance observed at 7.2
ppm in Fig. 2 corresponds to the H2 proton of A14, The connectivities for
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Fig. 6: Contour plot of the H3’/H4’ region of the 2D double quantum spectrum
of the duplex at 23"C.

the other strand can be followed in Fig. 4 from C1 to G4, where the chain is

broken, and from Gé to C9. .

The G4(HB) resonance at 8.01 ppm givés rise to three cross peaks,
the H2’ and H2* intraresidue interaction and another at 2.02 ppm

which must be from the abasic site. In the COSY spectrum the

2.02 ppm gives a strong cross peak with another at 3.81 ppm which is also
found in

two for
resonance at
the NOESY spectrum in a region where there are no other cross
peaks, Fig. 5. From These observations we can assign the
to the H2’/H2" and the 3.81 ppm resonance to the
without a base which must lie inside the helix.

2.02 ppm resonance
H1’/H1" of the deoxyribose
The assignment of the H3’ protons requires the use of both COSY and
NOESY type experiments. We followed the connectivities between H2’ and H3’
for all the the duplex. The assignment of the H4’ sugar protons
was not possible on- the basis of NOESY spectra, because in the region of the
H4‘ protons we also find some of the H5’ protons. The additional information
given by the COSY spectrum was not sufficient. We therefore used a double
quantum spectrum which gave the assignment of all the H4-

sugars of

protons, Fig. 6.
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Fig. 7: Chemical shifts as a function of the temperature for T7(CH,), T3(CHj)
and A14(H8).

Table 1 gives the observed chemical shifts for HS, H&, H8 base protons and
H1/, H2’, H2", H3’, H4‘ sugar protons of the duplex.
Tm Measurements

In order to compare the melting behaviour of the non hydrogen bonded

AU
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o
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In s .~ ”
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é /
s 7
{ ]
14 /
o)
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L] ) ' v l
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Tm

Fig., 8: Normalized magnitude of the NOE as a function of the mixing time for
T7H(8)-T7(H2’) and T7(H&)-T7(H2") at 23°C.
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Fig. 9: Normalized magnitude of the NOE as a function of the mixing time
for C17(H2’)-C17(H2"), C17(Hé)>-C17(H2’) and C17{Hé)-A16(H2") at 23°C.

Al4 with the A«T pairs, we followed the chemical shifts of A14(HB),
T3(CH;) and T7(CHg) as a function of the temperature, Fig..7. The curves show
a typical sigmoid profile which corresponds to the double strand-single
strand transition. We used the Tm to characterise these transitions. At the
precision of the measurement, we observed for all three resonances the same
Tm of S0+1°C.

Interproton distances

In order to determine the structure of the duplex, and especially in
the region of the abasic site, we carried out a series of NOESY experiments.
It is possible to evaluate interproton distances by estimating the slope of
the build-up curve of the NOE between two nearby protons as a function of
mixing time.

In Fig. 8 the intra residue NOE 25 a function of the mixing time for
two pairs of protons, Hé-H2’ and Hé-H2", are shown: there are clearly two
different types of curves. The Hé-H2’ intraresidue NOE is a linear function
of the mixing time below 70 ms. The Hé-H2" intraresidue interaction gives a
characteristic profile corresponding to a contribution from indirect inte-
raction. In this case, the NOE is a linéar function of the mixing time below
S0 ms. For mixing times between 50 and 100 ms the rapid increase of the NOE
is explained by contribution from spin diffusion. For both interactions the
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Fig. 10: Stereo views of structures S1 (top) and 52 (bottom) viewed from the
minor groove.
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Table 111: Experimental (+10 %) and fitted proton-proton distances (in A) in
the central region of the duplex.

intra-residue ) inter-residue
H1/->H2" H6(HB)->H2” H6(H8)->H2" HE(HB)->H1”
T3 2.4 2.2
2.42 2.27
G4 2.5 2.3 1.9 3.3
2.44 2.56 2.16 3.53
dr3
Gé 2.4 2.2 2.2 3.9
2.41 2.29 2.22 3.74
77 2.4 2.3 2.3 3.1
2.41 2.35 2.37 3.39
Al12 2.9 2.4
2.41 2.35
C13 2.5 2.3 2.3 3.5
2.40 2.41 2.27 3.41
Al4 2.4 2.2 2.1 3.9
2.42 2.50 2.29 3.87
C15 2.7 2.2 2.0 3.9
2.41 2.22 2.18 3.75
Alé 2.5 2.4 2.2 3.5
2.4 2.34 2.24 3.43

Top row: experimentally determined from NMR; bottom row: fitted distances
after energy refinement.

NOE is a linear function of the mixing time below 50 ms. In this time domain
the magnitude of the NOE, which corresponds to the dipolar contribution, is
proportional to the inverse of the sixth power of the interproton distance.

Each interproton distance measurement requires the choice of a refe-
rence. This question leads to consideration of two different problems, the
knowledge of certain distances, known or fixed, and the correlation time for
the reference pair of protons. Two short distance direct interactions are
extremely useful in determining DNA conformations. These are the intraresi-
due base H8/Hé-H2’ interactions and the interresidue H8/Hé-H2" interactions.
1t would appear that the NOEs for these two types of interaction have been
interpreted using either (a) the fixed distance H2-H2" NOE or (b) the cyti-
dine H5-Hé NOE. Both assume the same correltation time for the intra and in-
terresidue interaction, for which the interproton distance is 2.2+0.1A for a
B form DNA (28-35).

We observe, however, that for this oligonucleotide, as for several
others, this is not the case. Fig. 9 shows the NOE build up curves for
C17¢(H8>-C17¢H2’)>, C17(HE)-A186(H2") and C17(H2’)-C17¢(H2"). The first two show
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Jable IV: Comparison of the parameters of the refined structures S1 and S2.

Structure: ) ) S1 s2
Energy (Kcal) -686.7 -695.7
Fit to NMR data:

2dij-ri;d2/ry; 0.82 0.44
Minor groove width:

average distance 10.1 8.4

least distance 9.9 8.0

separating the
phosphorous atoms
on opposite strands
across the minor
groove (50=10.0 A)
Overall compaction 0 -1
{length of S0 = 28A)
Pseudorotation angle
of drS ?6 -4

initial slopes different by a factor of five despite having the same inter-
proton distance in B DNA., While we observe that the fixed distance H2‘-H2"
NOE can be used to calibrate the intraresidue interaction, it would give ri-
se to an error of 30% in the distance if used to calibrate the interresidue
interaction. The relative ratios observed in Fig. 9 are independent of the
dinucleotide pair in the helix. We have thus adopted a different strategy
for determining interproton distances. The pattern of cross peaks observed
in Figs.4 and 5 shows that the helix adopts a right handed B form conforma-
tion. This is confirmed, in so far as the sugar conformations are concerned,
by the NOEs observed between the base H8 or Hé protons and the H2’ or H3’
protons of the same residue at mixing times ¢ 50 ms. For an A type, C3‘ ende
sugar conformation, the base proton to H2’ and H3’ proton distances are very
similar and we would expect that the NOE cross peak volumes would be simi-
lar, For a sugar conformation which is predominantly C2’ endo we would ex-
pect that the cross peak volume ratios, base proton-H2’ with respect to base
proton-H3‘, will be in the range 1:5 to 1:15. We observe for the non base
paired Al1é that this ratio is high, at least 1:15. For all other residues,
except the 3’ terminal bases, the ratio is 1:ca.10, whereas for the 3’ ter-
minal residues it is much smaller.

We observe that outside the central trinucleotide for a given type
of proton-proton interaction the cross peak volumes at mixing times { S5O0ms
are very similar except for the terminal residues. The same is true for the
initial slopes of the NOE versus v, curves. We have therefore used these in
conjunction with Known standard B form interproton distances to calibrate
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Fig. 11: Stereo view of the central part of structure S2 viewed from the ma-
Jjor groove.

the NOE build up curves for the central part of the helix. We use the same
type of interaction, e.g. HB8-H2’, in the reference part to calculate distan-
ce for this interaction in the central part. In this way we can take into
account variations in correlation time for each proton-proton vector. The
desired distance is given simply by:
Frij = Preg o (1y; / lregdl/e

Using this strategy we have been able to calculate a set of interprotbn dis-
tances in the region of the abasic site, which are given in Table IIl. Given
that only a 1limited number of degrees of freedom are available in double
stranded DNA this is sufficient to define a time averaged structure.

DISCUSSION

The NOESY spectrum in H,0, Fig. 2, shows that the A14 lies inside the
helix. The aromatic proton of Al4, which gives an NOE with the adjacent imi-
no protons, but not with an anomeric proton, Fig. 4, must be assigned to
A14(H2). The non hydrogen bonded A14 must therefore adopt the anti conforma-

tion. We have located all the resonances, except H5//5", of the abasic site

and the observed interresidue NOEs show that it must lie within the helix.
As both the H1‘/1" and H2‘/2" resonances are coincident we cannot define the
sugar conformation. . ‘

Qualitatively the absence of one base does not induce a major change
from a normal B form DNA. The NOE build up curves for the central part of
the helix confirm this. Indeed the calculated interproton distances show re-
markably little variation from standard B DNA distances.

Both computed structures S1 and S2, Fig. 10, fit well the NMR data,
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Table 111, and are energetically close to each other, Table IV. They are
both characterized by similar changes about the apyrimidinic site with the
joint displacement of the central adenine and of the sugar on the opposite
strand (dr5) towards the centre of the helix by about 0.5 A. Nevertheless,
S1 is much closer to the Arnott energy minimized structure S0, than is S2.
Table IV shows the following differences. The structure 52 is more compact
than S1 and S0. The overall length is shorter, its minor groove is narrower,
it is slightly more twisted. The sugar drS in S1 has Kept the 04’ endo con-
formation that is found in SO0 and that is characteristic of a pyrimidine su-
gar in a B double stranded DNA. In contrast, the sugar drS ring is C2’ exo
as in a A type conformation in S2. In S1 the éugar drS is oriented radially
and points towards the centre of the helix. When the base is absent, the
atom C1’ may be supposed to more free. 1f C1‘ can rotate around the axis
C2/-04’, then the sugar dr5 flips between 04’ endo and C2° exo. A view of
the central part of structure S2 seen from the major groove is shown in Fig.
11. In reality the conformation of the oligonucleotide may be described by a
family of structures of which S1 and S2 are the limiting structures.

Loss of a base of DNA, generating an abasic site, significantly re-
duces helix stability ¢(13). While a reduction in Tm is observed this insta-
bility is not localized to the abasic site. Interestingly we found that the
A residue opposite the abasic site has the same Tm as the A residues in AT
base pairs two residues away in the same duplex. The oligonucleotide appears
to undergo the helix to coil transition cooperatively, and does not unravel
from the abasic site outward.

The geometry of the A residue opposite the abasic site is very close
to the position it would assume in a normal AT base pair. We have not yet
examined the structure and dynamics of other bases opposite the abasic site,
however we suggest that differences in polymerase insertion frequency might
be related to deviation from normal base-paired geometry. If the incoming
dNTP opposite the abasic site has a preferred orientation different from the
normal geometry, or if it is relatively free to move, the efficiency of
phosphate backbone condensation and base incorporation may be reduced. This
could potentialy explain why differences in polymerase insertion frequencies
at the abasic site are determined more by Umax than Km (12). we are curren-
tly investigating the structures of oligonucleotides containfng other bases
opposite the abasic lesion.
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