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We have recently reported a general synthetic route to DNA
oligomers containing a covalently cross-linked Watson - Crick
base pair model.l" In this paper, using n-type DNA oligomers as
examples, we present experimental results demonstrating that
these oligomers indeed exhibit conformational properties close
to those of corresponding native DNA duplexes.

For the current studies, we used DNA oligomers | and I,
containing an arbitrarily chosen base sequence.” To compare
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the global conformations of I and Il with that of the correspond-
ing native DNA duplex Ill, we first measured their circular
dichroism (CD) spectra (Figure 1).! These exhibited the distinct
characteristics of B-form DNA.® Figure 2 summarizes the tem-
perature-dependent CD spectra, yielding the melting temper-
ature (T,,) curves and thermodynamic parameters (Table 1) for
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Figure 1. CD spectra (10 mm Na,HPO, (pH 6.8), 0.1m NaCl; DNA concentration:

40-80 um) of 1 and I, in reference to lll. Figures A and B show the CD spectra of |
and Il (solid lines), respectively, in reference to Ill (broken line).
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Figure 2. Temperature-dependent CD spectra and melting curves of -1l (10 mm
Na,HPO, (pH 6.8), 0.1m NaCl; DNA concentration: 40 - 80 um). Figures A-C show
the CD spectra of 1-1lI, respectively, at the temperatures indicated in Figure A.
Figure D presents the melting curves of 1-1ll at 267 nm. No concentration
dependency of T,, was detected at 50 versus 150 um of I.

Table 1. Thermodynamic parameters of DNA oligomers I-1lI.

T. [’ 71 73 37

— AH° [kcalmol~"] 82.1 83.6 56.9

— AS° [cal mol~"K] 238.7 2416 171.0

— AG° [kcalmol™] 11.0 1.6 6.0
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1-1IL5! The fact that I-1l give clean melting curves suggests a
transition from a single preferred conformation into a melted
state. Notably, however, the CH,-bridged oligomers | and Il
possess a significantly higher T, value than the native duplex llI,
that is, I, — T =34°C and T! — T =36°C. As expected, the
entropy term is an important contributor to the observed,
enhanced stability of B-form double helices.®

NMR spectroscopic studies provided more detailed informa-
tion on the preferred conformation of I and Il. Both | and 1l gave
a well-resolved NMR spectrum (not shown), again suggesting
that they exist in one preferred conformation.”? The NOESY
(nuclear Overhauser enhancement spectroscopy) spectra of |
and Il are shown in Figure 3. Two sets of NOE chains (solid and

Figure 3. NOESY NMR spectra (600 MHz; 200 ms; D,0, 10 mm Na,HPO, (pH 6.8),
0.1m NaCl) of I and Il. Figures A and B show the purine-H.8 or pyrimidine-H.6/
2'-deoxyribose-H.1" region of I and I, respectively. Two NOE chains are shown by
solid and broken lines in each figure.

broken lines) were identified in each spectrum, confirming the
base sequence incorporated in their synthesis. 2'-Deoxyriboses
are known to adopt a 2"-endo conformation in B-form duplexes
or to adopt a 3-endo conformation in A-form duplexes.”!
Therefore, a B-form duplex gives stronger cross-peaks between
the base proton and 2'-deoxyribose 2'protons than those
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between the base proton and 2'-deoxyribose 1" and 3’ protons.
Indeed, this is the case for | and Il (Figure 4), establishing that
their 2’-deoxyriboses adopt the 2'-endo conformation character-
istic of a B-form duplex./”
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Figure 4. NOESY NMR spectra (600 MHz; 200 ms; D,0O, 10 mm Na,HPO, (pH 6.8),
0.1m NaCl) of I and Il. Figures A and B show the purine-H.8 or pyrimidine-H.6/
2'-deoxyribose-H.2' (area (@)), the purine-H.8 or pyrimidine-H.6/2'-deoxyribose-
H.3' (area (b)), and the purine-H.8 or pyrimidine-H.6/2'-deoxyribose-H.1" NOEs
(area () of I and I, respectively. In a B-form conformation, the intensity of these
intranucleotide NOEs is known to be base-H/2'-H > base-H/1'-,3'-H.

A series of imino-H/D exchange NMR experiments provided
information on the transition from the single preferred con-
formation into a melted state. The imino proton region in the
'HNMR spectra are shown in Figure 5, with the indicated
assignment of eight signals through an NOE experiment.® The
temperature-dependent studies established the order of the H/D
exchange rates for these imino protons to be 1(T1/A1") > 8(A8/
T8) >2(G2/C2') > 7(T7/A7') > 3(T3/A3') > 6(A6/T6") > 4(G4/C4) ~
5(G5/C5'), indicating that the melting event takes place first at
the T1/A1" base pair, second at the A8/T8' base pair adjacent to
the CH,-bridged base pair, third at the G2/C2" base pair, and
fourth at the T7/A7’ base pair.
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Figure 5. Temperature-dependent imino proton exchange experiments

(500 MHz; H,0/D,0 (9:1), 10 mm Na,HPO, (pH 6.8), 0.1m NaCl) of I (A) and Il (B).

No distinct difference in the conformational properties of  and
Il was initially recognized in the outlined experiments. However,

subsequent TOCSY (total correlation spectroscopy) NMR experi-

ments gave the first indication that, although they share a
preferred conformation in the global sense, | and Il behave
slightly differently in the local conformational sense. Il contains
six T bases, including the T portion of the CH,-bridged base pair,

and six cross-peaks between the methyl and the vinyl protons of

thymines were correspondingly observed in its TOCSY spectrum
(Figure 6B).) On the other hand, although I also contains only
six T bases, eight cross-peaks were observed in its TOCSY
spectrum (Figure 6 A).” ' Considering this information, all of the
NMR data were closely reexamined. Figure 7 shows the aromatic
regions of the 'TH NMR spectra of I and Il. In the spectrum of |,
two sets of M9, A8, M9', and T8" aromatic signals were detected.
In the spectrum of Il, however, no corresponding extra signals
were seen. Consistent with these observations, in addition to the
NOE chains identified, two NOE chains, that is, M9-A8-T7 and
M9'-T8'-A7’, were recognized in the boosted spectrum of I, and
the cross-peaks T7 and A7’ merge to the main NOE chains
originally identified. On the other hand, there were no additional
NOE chains detected even in the boosted spectrum of II.

Based on these NMR spectroscopic studies, we conclude that |
and Il share a preferred global conformation, but they exhibit
slightly different local conformations around the CH, bridge. |
adopts two distinct conformations around the CH,-bridged base
pair end, whereas Il exists in a single preferred conformation
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Figure 6. TOCSY NMR spectrum (600 MHz; 50 ms; D,0, 10 mm Na,HPO, (pH 6.8),
0.1m NaCl) of I (A) and Il (B). The cross-peaks marked with T8 and M9 are due to
the minor conformer.
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Figure 7. The aromatic-proton region in the "H NMR spectrum (600 MHz, D,0,
10 mm Na,HPO, (pH 6.8), 0.1m NaCl) of I (A) and Il (B), with indication of the
assignment of aromatic protons (purine-H.8 or pyrimidine-H.6). The signals
marked with A8, M9, M9, and T_8/ are the aromatic protons of the minor
conformer. The signals marked with an asterisk are the H.2 protons of adenines.
Note that, due to the difference in relaxation time for each proton, the peak
intensity does not accurately correspond to the number of protons.

including the CH,-bridged base pair end. In the mononucleoside
base pair series, we demonstrated that both typel and Il base
pair models adopt a Watson - Crick base pairing orientation in
the solid phase.™ Additionally, they exist predominantly in one
preferred conformation in solution, and the rotational energy
barrier along the CH, bridge was estimated to be ca.
10 kcalmol~" through variable-temperature NMR studies. How-
ever, we have not obtained direct experimental evidence to
demonstrate that the dominant preferred solution conformation
corresponds to the solid-phase structure. In this context, the
NOESY NMR spectrum of Il is informative. Two sets of
internucleotide NOEs were clearly observed on both the M9/
A8 and M9'/T8’ sides, which is possible only in a Watson - Crick
base pairing orientation (Figure 8).
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Figure 8. Internucleotide NOEs observed for the CH,-bridged base pair and the
adjacent base pair of Il.

It is conceivable that the rotational energy barrier may
become higher when the CH,-bridged Watson - Crick base pair
model is incorporated into a DNA duplex such as I. Thus, there is
a possibility that the two local conformers, most likely corre-
sponding to the Watson - Crick and reverse Watson - Crick base
pairings,['? are isolable. Indeed, two well-separated peaks were
observed in the HPLC analysis of | (4.6 x 150-mm Vydac C18
column; 2 —15% MeCN/10 mm HCO,NH,, over 20 min; flow rate:
1 mLmin~'; retention time: 10.8 and 11.6 min with an area
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integration of 3:2). Two fractions could be separated under these
conditions, yielding two compounds without cross-contamina-
tion. Interestingly, the two isolated compounds were found to
equilibrate at 70 °C, with an energy barrier of approximately 32 -
33 kcalmol='.1'31 On the other hand, oligomer Il behaved as a
single compounds under the same HPLC conditions.

Finally, it is interesting to compare the NMR characteristics of |
and Il with those of the corresponding native DNA duplex IIl.
There are a large number of NMR studies on DNA/RNA oligomers
reported in the literature,”? and we expect that it should be
possible to estimate the structural characteristics of lll predicted
from the literature, and then compare those with the structural
characteristics experimentally found for | and Il. Specifically, by
using the method developed by Giessner-Prettre and Pullman,!'4
we have calculated the chemical shifts expected for the aromatic
protons of lll and compared them with those observed for | and
Il (Figure 9).'> ' The standard deviation between calculated and
observed chemical shifts has been demonstrated to be within
0 =0.171""1 Figure 9 shows that all of the relevant proton signals
of both I and Il are indeed within this standard deviation,"
supporting again the view that n-type DNA oligomers | and Il
exhibit conformational properties close to those of the corre-
sponding native duplex DNA IlI.
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Figure 9. Difference between the experimentally determined chemical shift
values of I (A) or Il (B) and the calculated values of lll. The x and y axes represent
the purine-H.8 or pyrimidine-H.6 of a nucleotide (represented only by a number,
ie.,, 3=T3) and 48 (40 = J,,, — Oqicd), respectively.

In conclusion, we have shown that the conformational
characteristics of n-type DNA duplexes | and Il compare well
with those of the native DNA duplex. These results suggest that
DNA and/or RNA oligomers incorporating a CH,-bridged base
pair may offer unique opportunities to address a variety of
chemical and biological questions regarding nucleic acids. With
this notion, we are engaged in the conformational study of n-
type DNA/RNA, RNA/DNA, and RNA/RNA duplexes as well as n-
type DNA/DNA composed of noncomplementary DNA strands.
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