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We report the solution structure of two heptanucleotides each containing a central
-methoxycytosine, in one case with adenine on the opposite strand and in the other
with guanine. For the N'-methoxycytosine-adenine pair only the imino form of the
-methoxycytosine residue is observed and base pairing is in Watson-Crick
geometry. However, rotation of the methoxy group about the N—~OCH3 bond is not
constrained to a particular orientation although it must be anti to the N3 of
N"-methuxyn:ytnsine. The slow exchange on a proton NMR time scale between the
single strand and double strand forms is attributed to the strong preference of the syn
conformation of the OCH3 group in the single strand which inhibits base pair
formation. For N"*mﬂhnx}rcytu:-iinf base paired with guanosine we observe the
N"-methnx}rcytnsine base in the amino form in Watson-Crick geometry and a slow
exchange of this species with an imino form base paired in wobble geometry. The
amino form is predominant at low temperature whereas the imino form predominates
above 40°C. Our results point to preferential replacement of dTTP by N*-me-

thoxycytosine in primer elongation.

The reaction of methoxyamine with nucleic
acids results in conversion of cytosine bases to
N‘—methmycymﬁine (mo*C). Substitution of
one hydrogen atom of the cytosine amino
group by an electron withdrawing methoxy
group can induce formation of the imino tau-
tomer form with tautomeric equilibrium con-
stant orders of a magnitude lower than those
for the standard DNA bases.

Studies on the stabilil}' of oligonucleotide du-
plexes containing mo™C [1-2] have revealed
that mo’C, which is ambivalent in its hy-
drogen bonding potential, forms stable base
pairs with both adenine and guanine. It was
predicted that mo'C would base pair withGin
the amino form and with A in the imino form.
In fact, an NMR study [3] has shown that mo*C
when paired with A is predominantly in the

*In part this work was supported by the National Institutes of Health Grant GM41336 and CA33572 which

are gratefully acknowledged.

“*Author to whom correspondence should be addressed at CE Saclay, SBGM, DBCM.

Abbreviations: NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; TOCSY,
total correlation spectroscopy; COSY, correlation spectroscopy; 20F, double quantum filtered correlated
spectroscopy; mo'C, h"‘-methmyc}rmsine: a, i, denote protons of amino and imino forms, respectively.
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imino conformation and in Watson-Crick geo-
metry.

An X-ray crystal structure 54] of an oligonu-
cleotide containing a mo'C-G base pair
showed that the base pa:r adopts a wobble
conformation with the mo®C base in the imino
form. The oligonucleotide was observed to be
a Z-DNA form. Recent NMR studies [5-6] pro-
posed wobble and Watson-Crick structures in
equilibrium. In one of these [6] a further equili-
brium between syn and mm conformations ot
the methoxy group of mo *C.G in the imino
form was invoked to explain the NMR spectra.

We recently reported [5] preliminary \IMR
studies on two heptamer duplexes with mo*C
incorporated into the central position withG or
A on the opposite strand. On the basis of NMR
spectra of exchangeable protons we have
shown that, when paired with A, mo *Cisinthe
imino configuration and in Watsc-n Crick geo-
metry. However, for the mo ic: G duplex two
structurally distinct configurations were ob-
served in equilibrium with each other. The ana-
lysis of NMR spectra showed that both imino
and amino conhguratmns of mo’C base pair
with G. When mo*C is in the amino form it
pairs with G in Wal;snn Crick geometry. In the
second species, mo *C was found in the imino
configuration paired with G in wobble geo-
metry.

In this paper, we present further NMR data
which confirms and extend-; our previous
structural assignments on mo 1C base pairs in
DNA. Based upon interactions between nonex-
changeable pmlﬂnﬁ we have determined the
influence of mo*C substitution on local and
global helix structure. Further, examination of
proton exchange kinetics allows us to deter—
mine the relative rate of exchange of the mo*C
between different base pairing environments.

MATERIALS AND METHODS

N‘—muﬁmxycymﬁine was incorporated into the
oligonucleotides as previously described [5].

Duplex annealing was monitored by one
dimensional NMR experiments. The appropri-
ate pairs of oligonucleotides were heated to
80°C followed by slow cooling to form the fol-
lowing duplexes:

5-d( C1 -A2- G3- mo*C-G5-G6-C7)

3'-d(G14-T13-C12-X11-C10-C9-G8)

where (1) X11 = A11 or (2) X11 = GI1.

The duplexes, 4 mM in strand concentration,
were dissolved in 10 mM phosphate buffer, 150
mM NaCl and 0.2 mM EDTA.

NMR spectra were recorded on either
AMX500 or AMX600 Bruker spectrometers in
either 99.99% D0 or 90% H,0/10% D-,0.

NOESY spectra were recorded in the phase
sensitive mode [?] with mixing times of 50 and
Mﬂms[nrmuc A and 30 and 400 ms for
mo“C -G, The NOESY spectra in H,0 were re-
corded with 150 or 200 ms mixing times. The
time domain data sets consisted of 1024 points
in the {; dimension and 256 or 512 increments
in the t; dimension. After zero filling the data
were multiplied by a slightly shifted sine bell
function in both dimensions except for the
short mixing time experiments. For these, the
data were multiplied by a nt/2 shifted sine bell
prior to Fourier transformation.

For spectra recorded in H,O the observation
pulse was replaced a by jump and return se-
quence [8] and the pulse maximum was placed
at 15 ppm. TOCSY spectra [9] were recorded in
the phase-sensitive mode with 25 and 70 ms
mixing times.

Pure absorption 2QF-COSY spectra [10-12]
were obtained with a ime proportional phase
incrementation scheme. 4K data pointsin the {;
dimension and 256 free induction decays were
collected.

For the ROESY spectra [13-14] a 200 ms spin
lock was applied during the mixing period.

RESULTS

Duplex mo’C-A

The assignment of the exchangeable proton
resonances was obtained from the analysisof a
NOESY spectrum recorded with a mixing time
of 150 ms at 1°C and pH 5.9. The spectrum was
recorded at lower pH than those in D;O (see
below) in order to slow down the exchange
with bulk solvent. We monitored the non-ex-
changeable proton shifts as a function of pH
and observed no changes in the pH range 58
from which we can conclude that there was no
conformational change in this pH range.

Three regions are shown in Fig. 1. The lower
part shows imino-imino interactions. Starting
from the only A-T base pair imino proton we
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F :—$ 1. Three regions of the NOESY spectrum of the
N-methoxycytosine -adenine duplex in 90% H20/
10% D20 recorded at pH 5.9 and 1°C with mixing
timte 150 ms.

The assignment of the imino protons is shown on the
horizontal axis. Lower part shows imino/imino interac-
tions. The middle section shows interactions between
iming and amino, CHS, AH2 protons. Pairs of C and A
amino proton resonances are connected by solid lines ror
the intra-base interactions. The upper part shows interac-
tivns with the mo™C methyl resonance

can follow the interbase imino connectivity
through to the G5 imino proton. Although the
resonances of the terminal G residues are
strongly attenuated by exchange with solvent
the crosspeak corresponding to the interaction
between the T13 and G14 imino protons is still
visible. The remaining non attenuated imino
proton is assigned to G6 for which a weak
crosspeak is observed with the C10 hyvdrogen
bonded amino proton (cf. the middle part of
Fig. 1). This region corresponds to imino/
amino,/H2/H5 interactions and confirms the
chain of connectivities observed for imino/
imino interactions. Pairs of C and A amino
crosspeaks are connected by solid lines.

The resonance at 12.01 ppm corresponds toan
exchangeable proton of the mo’C - A base pair.
This proton shows strong crosspeaks with the

amino protons of All. Observation of separate
resonances for the amino protons of All strong-
ly indicates that this group is involved in hy-
drogen bonding. When non-hydrogen bonded,
an adenosine amino group rotates rapidly and
gives rise to a single resonance. For A-T base
pairs the resonance of the hydrogen bonded
proton is typically found in the range of 7.7-8.1
ppm. For the mo*C base pair it is found at 8.49
ppm. This implies that hydrogen bonding is
with a nitrogen acceptor. [f the acceptor wasan
oxygen, as in Fig. 2a, we would expect a signi-
ficant upfield shift relative to that observed for
AT base pairs. The resonance at 12.01 ppm
also shows a very strong crosspeak with a non-
exchangeable proton at 7.84 ppm which must
be the A1l H2. The intensity of this cross peak
is typical for that of imino-H2 intrabase pair
interactions of A-T pairs. This excludes the
possibility of an amino form of mo”C in base
pairing (Fig. 2b) for which the proton would be
too far from A1l H2 to give such a crosspeak.
Together with the observations for the All
amino resonances only one model (Fig. 2¢) in
which the mo®C-A base pair adopts Watson-
Crick geometry with the mo’C base in the
imino torm fits all the data. This indicates that
the N-4 methoxy group has to be anti relative
to the N-3 nitrogen because only the anti
isomer of mo”C is able to participate in hy-
drogen bonding with A with two hydrogen
bonds as indicated by the data.

The upper part of Fig. 1 shows interactions
with the mo®C methyl group (assignment, see
below). The methyl group shows NOEs to the
imino protons of the adjacent base pairs and to
its own imino N3 proton resonance. Examin-
ation of the cross-section through the mo C-
(OCHj3) resonance shows also strong NOEs to
the amino protons of A1l and to amino protons
of both C10 and C12. The above results suggest
that the methoxv group does notoccupy a fixed
position but may be oriented in either the 5 or
the 3’ direction.

Assignment of the nonexchangeable proton
resonances was oblained from analysis of the
NOESY spectra recorded with 400 and 50 ms
mixing times and the TOCSY spectra in D;0.

The region corresponding to interactions be-
tween the base H6/H8/H2 protons and the
H1'/H5 protons of the 400 ms NOESY spec-
trum recorded at 25°C is shown in Fig. 3. Six
strong cross-peaks (marked X) correspond to
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Fig. 2. Possible base pairing forms for N*-methoxycytosine-adenine and N4—methuxyfytasi 1 - guanine.

interactions between H5-H6 protons of cy-
tidine residues. Starting from the 5-terminal
cytidine at 7.65 ppm the sequential connecti-
vities can be followed without ambiguity up to
C7. Similarly, on the other strand the connecti-
vities can be followed from G8 to G14.

Analysis of the region of interactions between
the base H8/H6 protons and H2'/H2"/CH;
protons (not shown) confirms the assignment
of the base protons shown in Fig,. 3. The NOESY
experiment with a short mixing time allows an
unambiguous discrimination between H2 and
H2" protons, as the H2"-H1" NOE is always
larger than that for H2'-H1".

The A2 H2 and A11 H2 resonances each ex-
hibit a weak crosspeak with their own H1". The
NOEs of the H2 resonances with their adjacent
G3 HI"and C12 H1' resonances overlap result-
ing inastrong crosspeak at 7,83 ppm. Crosspeaks
corresponding to interbase interactions H8/Hé-
H5 are labelled A-E in Fig. 3. The assignment of
the H3' and H4' resonances was obtained by the
analysis of the TOCSY spectra. The observed
chemical shifts are given in Table 1.

In Fig. 3 all inter and intraresidue interactions
expected for right-handed B DNA are ob-

o8

an &3 G| GEGI g oo 13 Mo C
P I A s e P |

Fig. 3. Part of the 400 ms NOESY spectrum of the
N§~n:e£haxyq;msine-ndenine duplex recorded at
25°C, pH 7.

The crosspeaks marked with an X correspond to CH6-

CHS5 interactions, Interbase crosspeaks labelled A-E are
described in the text.
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served. The cross-section of the short mixing
time NOESY spectrum taken through the meth-
oxy, methyl shows interactions with G3 HS,
mo'C H5and C10 H5 protons. All of them are
weak and of similar intensity. From the spec-

trum in H;O we know that the N-4 methoxv
group is anti with respect to N-3 and that the
methyl group can point either towards the 3
or 3'-direction.

The presence of the methoxy group apparent-
ly introduces some changes in the local geo-
metry of the helix. We have checked, by model
building, that in a normal B-helix the distance
between the methyl group and the C10 H5
proton would be too long to observe any NOE
effect. The cml}r explanation for this interaction
is that the mo°C- A base pair is displaced to-
wards the major groove and the helical twist
increases for the step G3.C12-mo’C-All.
This arrangement of the base pairs can result in
the interactions observed in the NOESY spectra.

In order to determine whether the above dis-
tortion influences the sugar conformations we
have examined the relative intensity of the in-
traresidue crosspeaks between the base H6/HS
protons and the H2' versus H3 protons. This
ratio gives a good indication of the sugar

pucker [15] and we have found that for all
non-terminal residues, within experimental
error, it corresponds to a predominantly C2-
endo conformation. Additionally, these results
were confirmed by analysis of the 2QF-COSY
spectrum (not shown), for which the sum of the
JH1-H2" and JH1-H2"” coupling constants is
greater than 14.6 Hz for all non-terminal
residues.

The only significant deviation observed in the
30 ms mixing time NOESY spectrum from that
of a normal B-DNA structure is the ratio of the
crosspeak volumes corresponding to inter-
residue interactions between the G5 H8 and
mo’C H2',H2” protons. This ratio is typically
about 10 with short mixing times except for the
above interaction where the ratio is observed to
be 1.5. This can be accounted for by an un-
usually small helical twist between the base
pairs G5-C10 and mo’C- A1l of 15-20° to
better accomodate the methoxy group.

Duplex mo'C-G

On the basis of NOESY spectra in 90%
H>0/10%D;0 we have previously shown [5]
that mo*C when paired with G exists in an
equilibrium between imino and amino con-
figurations. The amino and imino tautomers of

Table 1
Chemical shifts of nonexchangeable protons at 25°C and of exchangeable protons at 1°C for the
-methoxycytosine - adenine duplex.

The chemical shift of methoxy methyl of mo™C is 3.18 ppm.

E = I | !
E !L H8/Hé I ot L owr ow | R l HY | HY | NH | NH2
r C1 | 765 | 592 | 5es | 188 | 235 | a68 | am | - s/
A2 | 82 | 788 | 606 278 | 293 | 503 . 439 . - |8.08/658
A " 577 251 | 251 495 | a3 |71 | - }
[ mo'C | 68 _ 549 5.94 197 241 | a9 425 | 1201 i =
:* G5 7.86 - 5.48 265 | 265 | 498 | 431 | 1309 |8.07/540
e 7.79 = 601 | 258 | 272 | aw | am |1318| -
{ 7 . 738 | 527  eid ' 220 : 220 | 450 | a® | - |826/652]
| @8 794 | - 596 © 268 | 275 . a8 | 425 1300 | - |
9 748 | 533 . 607 | 212 | 247 | 483 | 425 - 1835/6.56
| C10 757 | 563 | 533 2. 239 | 486 412 | - |878/715!
Al 828 ' 783 | 633 | 27 298 | 506 446 | - |849/6.19
i Q12 735 . 543 | 579 | 191 240 | 476 | 434 = -  1839/699
i T13 7.30 1.65 | 5586 1.96 234 185 . 411 14_22' -

G | 792 | - 615 263 ' 238 468 | 417 |12020 ' - !
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the mo*C base pair with G in Watson-Crick and
wobble geometry are shown in Fig. 2d, e, re-
spectively.

Complete assignment of the exchangeable
protons based on their connectivities to other
exchangeable and nonexchangeable protons
has been carried out and the observed chemical
shifts are given in Table 2.

N4 substituted cytidines generally have a
preferred conformation for the substituent
group sy relative to N3 [16-19]. In this contor-
mation of the base the amino form of mo*C
could only form one hvdrogen bond with
guanine, between the G N1 imino proton and

the mo*C C2 carbonyl. On the other hand, the
imino form of the base can form two hydrogen
bonds in which the bases are in wobble geo-
metry (Fig. 2e) and this is what we observe. In
this wobble geometry no constraints are im-
posed on the methoxy group. We observe a
strong NOE between the methyl group and the
N3 imino proton of mo*C at 10.00 ppm con-
firming that the methoxv group remains syn
(Fig. 4A). In the anti form this NOE would not
be expected. Additionally, we observe NOEs
between the methyl group and the C10 amino
protons. Bv spin diffusion weak NOEs are also
observed to the G11 and G5 imino protons.

Table 2
Chemical shifts of iiﬂnexd!ﬂ:‘-!tgf’ﬂbff protons at 10°C and of exchangeable protons at 1°C for

N -methoxycytosine - guanine duplex.
The chemical shifts for methoxy methy! of mo’C are 3.29 ppm and 3.47 ppm for the amino and imino form,
respectivelv. The non-assigned resonances are marked a).

| H5/H2 |

| H8/H6 | * 11 H1’ H2' H2" H3' H4' NH NH2 |
| Cla 761 | 58 , 552 _ 187 , 230 _ 466 | 402 | - 818/7.00;
| A7a 8.24 7.77 6.01 276 2.90 502 | 437 . - |8.00/661
[ A% 823 | 777 597 ' 27 289 | 502 | 437 | - |788/662,
. G3a . 770 - | 574 ' 250 2.60 497 | 439 | 1285 ' . |
{ G3i | 769 - ; 583 248 | 255 4.94 a) | 1262 -
. mo'Ca | 747 5.71 5.76 1.83 2.37 4.78 418 ! m2 -
© mo'Ci_ | 664 531 | 546 1.72 1.98 177 399 | 10.00 -
. GSa | 785 ' - | 555 . 270 _ 270 | 495 _ 440 | 1311 =
G5 786 . - 5.51 274 274 497 &) 1340 -
. Géa 771 - | 59 | 249 . 271 4.96 a) | o13a1 o -
| _Gei | 778 - . 594 , 253 269 499 . 440 | 1B | -
e, 7.20 4.95 6.06 222 . 229 : 44§ 396 | - |B18/642
i G8 7.90 = 5.91 2.62 273 1.81 428 1295 | - |
C9a 746 | 5.24 6.07 215 2,51 4.86 424 - 1829/6.40
i | 774 | 525 603 - 209 243 483 | a) | - |829/640,
Cloa_| 746 558 558 210 ' 241 48 | 440 | -  [856/697
L c10i | 754 | 350 | 547 . 228 239 486 a) | - l858/682]
. Glla . 795 | _ 594 267 267 | 450 |  a) 1280 | -
_GI 788 - 606 . 238 ' 279 49 | a) | 1076 | i
Ci2a 745 | 541 595 . 200 246 477 | 420 | - [829/675;
[ Cl12 | 742 | 548 587 190 240 | 477 | &) | -  827/695
_Ti3a 735 | 166 5.81 1.98 234 ' 485 ! 413 | 1419 . - |
, _TI3 | 735 1.69 5.81 198 234 485 | 413 | 1422 | - |
._Gl4 791 | - 6.13 264 237 469 | 418 | 1295 -
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Fig 4. The crosssection of the 200 ms NOESY spectrum recorded in 90% H20/10% D20 at pH 6.2 and 1°C.
Rows are taken through the methoxy methyl of the A) imine and B) amino forms of N‘I-rrbethox)'t}'t(_ﬁirve-guanine,
Indexes HBand HN carrespond to the hydrogen banded and non hydrogen bonded amino protons of C10, respect ively.

For mo'C in the amino form the methoxy
group has to rotate anti to N3 for stable hy-
drogen bonding to occur. Three hvdrogen
bonds can be formed between the bases which
are in Watson-Crick gmmcmr (Fig. 2d). We
observe NOEs from the mo C methyl group to
both amino protons of C10 and also to the G3
HS proton (Fig. 4B) which suggests that there is
rotational freedom about the N-OCH; bond
and that the methyl group can be close to either
the G3-C12 or G5-C 10 base pairs.

NOESY spectra for the duplex mo*C-G were
recorded in DO at 10, 15, 20 and 30"'C. Only for
the spectra recorded at 10°C and 15"C could we
follow the sequential H6/H8-H1’ proton path-
way without ambiguity. At these temperatures
all of the H1" and H6/HS8 resonances could be
identified.

Figure 5 shows a regn-:}n of the NOESY spec-
trum recorded at 10"C. For clarity, the sequen-
tial HS;’H& H1’ asugnments for the amlno
form, mo*Ca-G and the imino form, mo*Ci.G
are shown separately. On the basis of the
TOCSY spectrum we can attribute the cross-

peaks marked X to the intranucleotide CH5-
CHBS6 interactions.

The most convenient starting point for the
sequential assignment is from the resonance at
6.64 ppm which can be attributed to mo*Ci Hé
on the basis of its chemical shift. Without any
ambiguity we can follow the connectivities in
the 5" direction to C1i (Fig. 5A). In the other
direction the connectivities are not unambigu-
ous due to poor spectral resolution. This diffi-
culty can be resolved by an analysis of the
region corresponding to the interactions
Hé/HB-H2' /H2"” (not shown).

At 10°C the amino form is more populated
than the imino form. This helps us to discrimi-
nate between these two forms as we expect the
crosspeaks from the imino form to be of lower
intensity. With this in mind the connectivities
on the other strand can be followed from G14i
up to GIli. The ambiguity arising from the
overlapping G11i H8 and G5i H8 resonances
can be resolved referring again to the H8/Hé-
H2'/H2” region and the sequential pathway
can be traced as shown on Fig. 5A.



102 Z. Gdaniec and others

GE.GH =t 13

a7 s1ecd r.;u LR cio- zal ma € mfr
ol b  — Y sy
nu-.w'i i i m
s 0 8
i
. B
5._—Eﬂ .
57
4.8
514 i
|
H
&1 7 pa=

1996
n il T e s Y
W ; & |
53 [l n:
0 . 0 .
0
LR IE,-,.,,.‘ ..“ﬂ._._ ._'-.._ﬂ

T T 41 ey
a1 B Ty 15 *a 4T aprm

Fig. 5. Part of the 400 ms NOESY spectrum of the N*- methoxycytosine - guanine duplex recorded at 10°C.

The region cnrrcﬁpundb to interactions between base prumnh and H1'/HS5 protons. Sequential assignment for the imino

and amino form of '\. ]'"IEih:‘.IX'I.-L‘."rI:‘.I‘ﬂIH hu'mme duple'{

¢ traced separately in pancls A and B, respectivelv. Cross

peaks marked with an X mrrﬁ.pond o CHe-CHS interactions.

For the amino form we start with the terminal
5-Cla and follow the sequential connecti-
vities up to G3a (Fig. 5B). From the other end
of the strand we can follow the chain up to
mo'Ca. The ambiguity in tracing the G3a-
mn'l(:a GHa chain aans from the overlapping
of the interbase mo’Ca H5-G3a H8 crosspeak
with the G3a H8-G3a HI” cmsspeak Also both
the intra and internucleotide mo*Ca H6-H1’
NOEs overlap. The H1'/H5-H2'/H2" interac-

tions, (not shown) enable precise assignment of

the chemical shifts of the H1’ resonances where
overlap occurs and we can trace the pattern
of sequential NOEs for this strand as shown
in Fig. 5.

For the other strand the connectivities can be
followed, with the aid of other regions of the
spectrum, without interruption although the
intraresidue C10 H1’ peak is coincident with
the H5-H6 crosspeak and the Hé protons of C9
and C10 are coincident. We do not expect large
chemical shift differences for the H5 protons ot
the C residues between the two forms. We can
thus assign the CH5-CH6 crosspeak next to that
of C9 to that of C9a and the other at 7.46 ppm
to that of Cl0a.

Four crosspeaks are observed with a reson-
ance at 7.77 ppm (Fig. 5) corresponding to in-
teractions of A2a H2 with the H1’ protons of
(:3a, Gl4a, T13a and its own H1'. We cannot
assign the A2i H2 on the basis of the NOESY

spectrum. However, it was found at 7.87 ppm
in the NOESY spectrum in H;0.

In order to determine the stacking we have
examined the aromatic region of the NOESY
spectrum and we have not found any signifi-
cant perturbation in either duplex.

InFig. 5 four interbase cross-peaks correspon-
ding to H8/H6-H5 interactions, typical for
right-handed B-DNA, are observed (peaks A-
D). Three of these interbase crosspeaks arise
from the central base pairs: C4a-G3a, C4i-G3i
and C12a-G1la, peaks A-C, respectively. Peak
D corresponds to C9a,i-G8.

The H2' and H2" resonances were assigned
from analysis of the NOESY spectrum recorded
with a 30 ms mixing time. We were not able to
assign all the H4’ resonances because of strong
signal overlap.

Detd:ied analysis of 2QF-COSY spectra of the
mo'C-G duplex was impossible because of
strong resonance overlapping. Also some of
signals from the imino form were too low in
intensity to give precise values of spin-spin
coupling constants. However, we could
mﬂasure the sum of JH1'-H2"and JH1-H2" for
the mo'C residues in both forms. This was
found to be greater than 14.6 Hz in both cases
indicating a predominantly C2' endo conforma-
tion. The ratio of the aromatic proton to
H2'/H3 NOE also gives a measure of the C2°
to C3' endo conformations. With the exception
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of the C7 residue the NOE with the H2' proton
was found to be very much larger than with the
H3' proton which confirms the presence of a
predeminantly C2’ endo sugar conformations.
We have measured the internucleotide NOEs
in the 30 ms NOESY spectrum and we observe
that these are all in agreement y with a globally
B form DNA in which the mo*C-G bases are
intrahelical and base paired.
Table 2 summarizes the observed chemical
shifts for mo*Ci-G and mo’Ca-G duplexs.
The cross section of the 30 ms mixing time
MOESY spectrum taken through methy! group
of mo'Ci-G shows only an interaction with the
H5 proton of C10i. This interaction is possible
only when the methoxy group adopts the syn
conformation relative to N3. The cross section
through the methyl group of mo"Ca reveals the
occurrence of NOEs with the Cda H5 and the
G3a H8 protons. This is in ag_‘reernent with the
previous data that, when mo™C pairs with G in
the amino form, the methoxy group is anti.
Additional crosspeaks were observed in the
aromatic-aromatic and H1'/H5-H1'/H5 re-
gions of NOESY spectra recorded above 20°C.
We have recorded ROESY spectra in order to
determine whether they arise from cross-relax-
ation or from chemical exchange. All these new
crosspeaks are in phase with the diagonal and
must therefore arise from chemical exchange
between the two forms. Below 20°C we do not
nb&erve cmsspeaks from exchange between the
mo’Ci-G and mo’Ca.G duplexes as the ex-
change is too slow.

Melting of duplexes

Inorder to determine the melting temperature
of the mo*C- Aand mo*C-G duplexes we have
recorded 1H NMR spectra in DZD as a function
of temperature. For the mo iC-A duplex we
were not able to follow the chemical shift
changes of many of the proton resonances be-
tween 35°C and 55°C due to excessive line
broadening. At temperatures above 35°C many
new resonances appeared, indicative of slow
exchange between the helix and coil forms.

However, the mo*C Hé proton resonance is
well separated from the other base protons res-
onances. At 37°C a new signal at 658 ppm
appeared and was attributed to the mo*C He
coil resonance. To characterize the helix-coil
transition we have measured the ratio of inte-
grals between helix and coil resonances for

mo*C(H6) proton. We find that at 47°C these
two species are equally populated.

All resonances of the imino form of mo'C.G
show typical sigmoid profiles which corre-
spond to the double strand-single strand tran-
sition. The apparent t,, was defined as the
mid-point of the sigmoid melting curves and
was found to be 39°C. Resonances correspond-
ing to the amino form disappear above 40°C.
At higher temperatures the imino, amino and
coil forms are in rapid exchange.

DISCUSSION

We have examined the base-pairing proper-
ties of mo*C incorporated into the central posi-
tion of heptamer duplexes with A or G on the
opposite strand. Our ciata demonstrate that,
when paired with A, mo”C is in the imino form
in Watson-Crick geometry. This requires that
the methoxy group is in the less favoured anti
conformation. All the NOESY data show that
the duplex adopts a regular B form conforma-
tion with only one mﬁerachon, that between the
G5 H8 and the mo’C H2’/H2" protons being
unusual. This may be due to a changed helical
twist to better accomodate the methoxy group.
This result is in agreement with a previous
report [3] except that its authors concluded, on
the basis of chemical shift arguments, that the
Watson-Crick form was in rapid equilibrium
with a wobble structure. Such a structure
would significantly modify the interactions
and we find no evidence of its existence in the
sequence that we have studied. As we have
observed strong NOEs from the methoxy
group to protons on both the adjacent base
pairs, it would appear that the methoxy group
does not have a single highly preferred orien-
tation but that rotation occurs about the N-
OCH3 bond.

The melting curves for this duplex show slow
exchange between the duplex and coil forms.
Two factors can slow down the exchange pro-
cess: tautomerization and /or syn-anti isomeri-
zation of the methoxy gro up. | However, it has
been repmted [16] that mo™C is present in the
imino form for the monomer and thus no
proton migration is necessary for base pair for-
mation. We can thus conclude that the syn-anti
Lsnmenzatmn is the rate limiting step. For the
mo’C-G duplex two different tautomeric
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forms of mo*C are observed in slow exchﬂnge
with each other. The amino form of mo*C pairs
with G in Watson-Crick geometry and the
imino tautomer forms a wobble type base pair
with G. The ratio of the amino to imino form of
mo’C-G is tem perature dependent. At low
temperature the amino form is predominant. In
this form the methoxy methyl group gives
strong NOEs to both the C10 NH2 protons and
to the G3 HB proton which suggests that there
is a certain rotational freedom about the N-
OCH3 bond. At 45"C only the imino form was
detected in solution although at this tempera-
ture rapid exchange with the single strand
species is also present. For this form the pre-
dominant interaction observed is with the
mo’C NH which shows that the syn conforma-
tion is predominant. On the other hand, we do
not observe a strong NOE between the methoxy
methyl group and the CH5 proton which
shows that the anti form of the wobble structure
15 absent or has only a very minor population
in the duplex that we have studied. In the crys-
tal structure analysis of a Z-form duplex con-
taining mo, *C.G base pairs [4] only the imino
form of mo™C paired with G was observed. The
base pairs are in the wobble conformation and
the methoxy group adopts the syn contorma-
tion.

These data indicate that two factors influence
the ta utﬂmerlc and conformational equilibrium
of mo'C: the base, which is on the opposite
strand, and the temperature.

For themo'Ci-G duplex typical sigmoid cur-
ves are observed for duplex melting. In the
mo’Ci-G duplex both syn and anti conformers
of mo™C can take part in base pair formation.
With the mo*C base in the preferred imino
form, even with the methoxy group syn to N3
there is little or no steric hindrance to formation
of a wobble base pair. After formation of a
wobble pair a slow rearrangement to the Wat-
son-Crick amino form can take place. These
two forms are in slow equilibrium on a proton
NMR time scale. As described above the slow
rearrangement of the methoxy group into the
anti conformation explains the observation of
SeE:arate resonances for the two forms up to

Studies concerning the specificity of mo’C
incorporation during polymerisation on natu-
ral templates have shown that mo dCTP can
replace dTTP during DNA synthesis. The

1996

mo*dCTP analogue can also replace dCTP dur-
ing primer elongation but with lower efficiency
[2[)] However, the frequency at which both
mo C-A and mo*C-G pairs were formed was
markedly influenced by the sequence of the
template. The syn-anti isomerism of mo'C was
considered as a factor of crucial importance in
base-pair formation.

Our data, mav also help to explain why mo*C
replaces maml}r dTTP du_rmg the primer elong-
ation, Formation of mo*C- A pairs requires that
the methoxy group adopts the anti conforma-
tion but the resulting base p.a:r is in Watson-
Crick geometry and the mo’C base is in the
preterred imino form. Base pairing with G can
occur for the imino form and the syn methoxy
conformation but only in a less favourable
wobble conformation. For a base pair in Wat-
son-Crick geomelry it is necessary that the base
adopts the amino form and that the methoxy
group turns anti, both of which are disfa-
voured.
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