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Abstract

The structures of the (C-T), sequence at two different pHs have been analyzed by 500 MHz 2D-NMR using a modified DNA decamer
d(CTm*’CITCU[mM*CJUCT) as a model system. The chemical modifications serve to perturb the monotonous C-T repeat, and consequently to yield
a better chemical shift dispersion. The results reinforce our earlier suggestion that there are three major pH-depedent conformational species: two
antiparallel-stranded (APS) duplexes at pH 7 and pH 3, and a different structure near pH 5. Structural refinement of the decamer duplexes at pH = 7.5
and pH = 2.9 using 2D-NOE data suggests that the C: T or C* : T base pairs are continuously stacked. Exchangeable proton NMR spectra at pH
7.5 and pH 2.9 are consistent with C: T or C*: T base pairing schemes in which a water molecule bridges the two bases.
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1. Introduction

Polypyrimidine sequences are frequently found in
DNA and they play important biological roles such as
in replication [1], recombination [2], transcription [3],
and chromatin organization [4]. Also, repetitive
(GA, - (TC), sequences are known to readily form triple-
stranded DNA or H-DNA especially under low pH con-
ditions [5-8]. Interestingly, a number of proteins have
been found to bind quite specifically to the pyrimidine
(C-T), sequence [9,10]. These observations raise a tanta-
lizing prospect that these sequences alone (without their
complementary strand) may have well-defined struc-
tures.

As part of a program to study unusual nucleic acid
structures, we have recently analyzed by NMR the struc-
tural consequences of the alternating C-T sequence
under the influence of pH, using d(CT),, d(TC), and
d(TC),s as model systems [11]. Our results revealed an
interesting pH-dependent conformational behavior asso-
ciated with these molecules. Under neutral (pH 7.5) and
acidic (pH 2.9) conditions, the (C-T), molecule likely
adopts anti-parallel duplex structures with C:T and
C*: T base pairs, respectively. Under intermediate pH
conditions, multiple conformational species coexist with
different rates of exchange.

However, due to the monotonous repeating (C-T) se-
quence it was not possible to have an unambiguous
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measurement of individual NOE crosspeak intensities,
thereby preventing a definitive three dimensional struc-
tural analysis. To circumvent this problem, we have
synthesized the modified DNA decamer d(CT[m’C]TCU-
[m°C]-UCT) and subjected it to 2D-NMR analyses. The
chemical modifications at the C° position of the 5-meth-
ylcytosine (replacing cytosine) and uracil (replacing thy-
mine) do not perturb the base pairing capability. Here
we show that the modified decamer yielded a signifi-
cantly better chemical shift dispersion, allowing a better
resolution of the NOE crosspeaks. The structural analy-
sis was carried out on the two decamer duplexes at pH
2.9 and 7.5 by the NOE-constrained refinement proce-
dure SPEDREEF [12].

2. Materials and methods

The oligonucleotide was synthesized by an Applied Biosystems DNA
synthesizer using the normal and the modified pyrimidine nucleoside
phosphoramidites as building blocks. The deblocked oligonucleotide
was purified by Sepharose G50 column chromatography. The purity of
the preparation was judged to be greater than 95% by reverse phase (C4
column) HPLC and NMR analyses. Samples for 'H NMR analysis
were prepared in D,0 as described earlier [12]. The concentration of
the decamer was 2.5 mM duplex in 150 mM NaCl and the solution was
titrated to desirable pHs as described earlier [11]. The 2D 'H NMR
spectra were recorded on a Varian VXRS500 500 MHz spectrometer
equipped with a Nalorac inverse detection probe. The 1D 'H NMR
spectra were recorded on a GE GNS500 500 MHz spectrometer. The
proton chemical shifts (in ppm) are referenced to the HDO peak which
is calibrated to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at differ-
ent temperatures. The 162 MHz 3'P NMR spectra were collected on a
Varian Unity400 spectrometer, with phosphoric acid as an external
reference. Models incorporating various C: T base pairs were built
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using QUANTA [13] and X-PLOR [14]. The m°C and the U residues
were built in using existing force fields for the substituted atom types.
The exchangeable proton 1D spectra were collected using the selective
excitation 1331 pulses to excite resonances ranging from 9 ppm to 17
ppm as described by Hore et al. [15]. Two-dimensional NOESY spectra
were collected by the method described in the legend of Fig. 2.

3. Results and discussion

The pH-dependent structures associated with the de-
camer d(C,T,[m°C,]T,CsU{m*C;]UyC,T,,) were first
probed by 1D-NMR. The relevant C-T base pairs are
shown in Scheme 1. The non-exchangeable proton 1D
spectra at different pHs at 5°C are shown in Fig. 1A. At
neutral pH (6.5-7.5) and acidic pH (2.8-3.0), the spectra
are reasonably well resolved. More importantly, the
chemical shift dispersion is definitely improved as com-
pared to that of the unmodified d(C-T), [11]. The assign-
ment of the resonances has been done by 2D-NOESY
spectra described later. The corresponding resonances
from the acid pH form generally have more downfield
chemical shifts than those of the neutral pH form. At
intermediate pH (3.8-5.0), a new set of broad resonances
(e.g., ~1.76 ppm) appears and co-exists with those from
the extremes of the pH ranges. We have not been able
to convert the molecule into this new species completely,
consequently no further structural analysis was possible.

We have carried out detailed 2D NMR analyses of the
decamer at pH 2.9 and 7.5. Inspection of the complete
2D-NOESY spectra at 5°C revealed many crosspeaks
(Fig. 2A), suggesting well-defined structures. The assign-
ment of the resonances was straightforward using stand-
ard sequential assignment procedures [16]. Fig. 2B shows
some of the expanded regions of the 2D-NOESY spectra
in which several key NOE crosspeaks are indicated.

Even though there is still some overlap between the
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Scheme 1. Different C:T base pairing schemes in the cis orientation
among cytosine (C), N3-protonated cytosine (C*) and thymine (T).
Water-mediated base pairs are shown for the C:T and T:m°®G mis-
matches.

resonances of sugar protons, the resonances of the aro-
matic base protons and the methyl protons are fairly well
resolved and the spectra at both pHs show the internu-
cleotide connectivities characteristic of a continuously
stacked B-DNA-like helical structure. We observed clear
crosspeaks between the T/C/U H® (and C/U H?) and the
T/m°C Me protons in both the pH 2.9 and pH 7.5 spec-
tra. For example, the crosspeaks between T,HS-m*C,;Me,
U HS-m’C,Me, T,Me-m°C,H® and C,H®-T,Me are visi-
ble in both spectra. These results suggest that in the
decamer at both pHs the C/m°C and T/U pyrimidine
bases are stacked so that the NOE crosspeaks be-
tweegthe T/C/U H® and T/m’C Me protons are observed
(~4 A).

At neutral pH, our previous analysis of d(C-T), and
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Fig. 1. One dimensional non-exchangeable proton 500 MHz NMR spectra of DNA decamer d(CT[m*C]TCU[m*CJUCT) at pH 2.9, 4.6 and 7.5. The
1D 162 MHz *'P NMR spectra of the decamer at 3 pHs are also shown.
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d(T-C), suggested that an anti-parallel APS duplex with
entirely C:T pairs (see Scheme 1) is a plausible model.
The C:T base pairing scheme may involve two hydrogen
bonds, with the HN® imino proton of T bonded to the
N? of the unprotonated C. We have recorded the 1D
exchangeable proton NMR spectra of the modified de-
camer (Fig. 3A) and d(C-T),s 30-mer (Fig. 3B) at two
pHs. It can be seen that at pH 7.5, the T/U imino proton
resonance has disappeared. In contrast, the amino pro-
tons of C/m°C are clearly visible with the chemical shifts
centered around 6.7 ppm and 7.5 ppm. Non-hydrogen-
bonded C amino protons have been observed by others
at ~6.5 ppm [17,18] and so the peaks at 7.5 ppm are
probably from hydrogen-bonded C amino protons. This
observation is consistent with the formation of a C-T
base pair. Interestingly, the T/U imino protons showed
up strongly as a broad singlet (4w = 55 Hz) at 11.4 ppm
in the spectra of both molecules at pH 2.9 (top panels,
Fig. 3). Non-hydrogen-bonded T imino protons have
been seen by Kalnik et al. at ~ 8.85 ppm [19]. The chemical
shift of 11.4 ppm may indicate hydrogen bonding. In-
deed, SantaLucia et al. [20] observed such a resonance
in C*: U base pair at 11.4 ppm in r(GCGCUCGC) at pH
5.0. The C/m°C amino proton resonances move signifi-
cantly downfield to center around 8.5 ppm and 9.3 ppm,
respectively. The downfield shift is consistent with the
protonation of the C/m°C bases. However, we could not
detect any signal of the imino proton from the pro-
tonated C/m°C in the region near 15 ppm, as observed
in the C* : C base pairs [21-23]. It is possible that the C*
imino resonance in the C*: T base pair should be more
upfield due to it being hydrogen bonded to T-O* oxygen.
However, we do not see a separate peak different from
11.4 ppm for this proton. Though unlikely, it may be that
the T imino and C* imino protons show very similar
chemical shifts (11.4 ppm), therefore only a singlet was
observed.

We interpret the results as follows. At neutral pH, the
exchange rate of the T/U imino protons with bulk water
is fast. This happens likely because the C:T base pair
with two hydrogen bonds makes the two O? keto oxygens
too close (3.1 A). A water molecule is able to help stabi-
lize the base pair by bridging the two bases as shown in
Scheme 1. This type of water-mediated C:U base pair has
been observed in the crystal structure of r(CGAC-
UUCGGUCC), [24]. That decamer crystallized as a du-
plex, instead of a hairpin, with two C:U mismatches. A
bridging water was clearly visible bonded simultaneously
to N of C and N° of U. Our exchangeable proton NMR
data augment previous NMR data of d(CGCGAATT-
CTCG) by Patel et al. [25]. In fact, a similar TM : m°G
base pair with one strong hydrogen bond and one weak
hydrogen bond was proposed by Kalnik et al. [19]. The
same structural reason, i.e. the close van der Waals clash
of the two keto oxygens (O* of T and O° of m*G) causing
the base pair to open up, may be operative here. This
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contention was further confirmed by the analysis of an
oligonucleotide using a '"N-labeled (at the N* of thy-
mine) T opposing an m®G [26). It is therefore plausible
that the (C-T), sequence adopts an antiparallel duplex
conformation incorporating water-mediated C: T base
pairs.

At pH 3.0, the exchange rate with bulk water of all
exchangeable protons, except possibly the imino proton
of the protonated C*, was significantly retarded by the
acidic conditions. The absence of the C* imino proton
resonance implies that it is significantly more labile than
the imino proton of T and still exchanges rapidly with
water protons.

Models of the decamer duplexes for the low pH and
neutral pH conditions were constructed, using the C*: T
and C: T base pairs (without the bridging water), respec-
tively. Both models were refined using SPEDREF [12] to
NMR R-factors of 17% and 18%, respectively. Sections
of the simulated spectra are shown in Fig. 2B. Since some
overlaps of the resonances (because of the repeating na-
ture of the sequence) still exist, the refinement is less
definitive. Nonetheless the refinements provide some
clue about the conformations since base stacking infor-
mation is fairly clear. Fig. 4 shows a refined model of the
low pH form. The refined model has most of the sugars
in the C2’-endo conformation. However, the base stack-
ing patterns of the CpT steps and the TpC steps are
different causing the C/m°C residues and T/U residues to
have different conformations. The difference between the
CpT and the TpC stacking patterns is more evident in
case of the neutral pH structure. This observation is also
consistent with our 1D *'P NMR data which shows two
different chemical shifts at neutral pH (Fig. 1B). The
average pseudorotation (P) angles and the glycosyl y for
C and T are (P=130° x=-50°) and (P =140°,
x = —75°), respectively. These values may not be very
reliable due to the overlap in the chemical shifts of the
sugar protons. The difference between the roll angles for
the alternate TpC and the CpT step stacking patterns is
~15° in the neutral pH structure.

Under intermediate pH conditions, some of the cyto-
sines are protonated. This may cause hemi-protonated
C":C base pairs in the trans (PS) ori-
entation, thus forcing the thymines to form T:T base
pairs. This structure is substantially different from the
neutral pH and acidic pH APS helices, as evident from
the new resonances near 1.76 ppm (T-methyl) and at 7.0
ppm (T-H®). This suggests that the new structure is in
slow exchange with the APS models on the NMR time
scale.

We have attempted to trap the structure associated
with (C-T), at intermediate pH by synthesizing
d(CGACT[m’C]TCT) which may form an unique PS
duplex on the following premise. We have shown re-
cently that DNA sequences containing 5-CGA have a
strong propensity to form a parallel-stranded homo-base
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Fig. 3. Exchangeable proton spectra of (A) d(CT[m*C]TCU[m’CJUCT) and (B) d(TC),s at two pHs. The spectra were collected using the 1331 selective

excitation technique [15] at 5°C.

paired double helix under low pH conditions [23,27]. For
example, the heptamer d(CGACGAC) forms a remarka-
bly stable PS-DNA duplex at pH 6.0 [23]. The structure
is stabilized considerably by the hemi-protonated C: C*
base pair and the extensive inter-strand stacking of the
G : G base pair over the A:A base pair. Because of the
5’-CGA motif in the d(CGACT[m’C]JTCT) sequence, the
molecule is expected to adopt a PS structure under low
pH conditions [23]. Surprisingly this 9-mer DNA forms
a very stable hairpin structure (unpublished data). This
has caused the molecule to have multiple conformations
even at low pH, as evident by the broad NMR spectrum,
rendering the structural analysis of the low pH form
impossible.

4. Conclusion

Our results show that the alternating (T-C), sequence,
incorporated with many modified bases, has a complex
pH-dependent conformational behavior, as that in the
unmodified sequence. Our present work provided fur-
ther information on the dynamic property of the base
pair. The water mediated interaction appears to exist in
both the C: T and C*: T base pairs. Under neutral pH
conditions, the (C-T), sequence forms a duplex structure
similar to that shown in Fig. 4, but the base pairs readily
open up to accommodate the bridging water. Whether
the (C-T) binding proteins recognize the (C-T), sequence
in its duplex form or single-stranded form remains to be
determined.
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Fig. 2. (A) Complete 2D-NOESY spectra of d(C, T,[m’C],T,CsUg[m*C},UsC,T,) at pH 2.9 and 7.5. Many NOE crosspeaks are observed, suggesting
well-defined structures under the experimental conditions. (B) Expanded regions of the experimental (top panels) and simulated (bottom panels)
2D-NOESY spectra. Key crosspeaks between the aromatic and H?/H2” are indicated. The numbers correspond to the residue numbers in the sequence
from the 5’ side. The crosspeaks between H® and methyl protons (arrow) are clearly visible, supporting the argument that the C/m°C and T/U bases
are stacked. The 2D-NOESY spectra were collected by the method of States et al. [28] with a composite pulse NOESY sequence. The spectra were
recorded with 512 t; complex blocks of 2048 complex points each (in the t, dimension) and averaged for 16 scans per block. The total recycle time
for the NOESY experiment (mixing time 200 ms) was 4.14 s. The 2D data sets were processed with the program FELIX [29] on Silicon Graphics
workstations using the truncation apodization function described earlier [12] and an exponential multiplication at 5 Hz. The intensities of the NOE
crosspeaks were measured by the program MYLOR [12]. There were ~ 900 NOE crosspeaks (many are still overlapped), considered to be above the
noise level and they were used in the refinement. An iterative spectral-driven procedure SPEDREEF [12] using the full-matrix relaxation theory was
used for the refinement.
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Fig. 4. NOE-refined model of the (C-T) decamer at pH 2.9.
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