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ABSTRACT. The concept of using a dynamic base-pairing nucleobase as a mode for degenerate recognition
presents a unique challenge to analysis of DNA structure. Proton and phosphorus NMR studies are reported
for two nine-residue DNA oligodeoxyribonucleotides, d(CATGGGTAIBTACNCATG) (1) and
d(CATGTGTAC)Y(GTACNCATG) (2), which contained 1-(2deoxys-p-ribofuranosyl)-1,2,4-triazole-
3-carboxamidel]) in the center of the helix at position 14. The duplexes were compared to the canonical
Watson-Crick duplexes, d(CATGGGTAGI(GTACCCATG) @) and d(CATGTGTACY(GTACACATG)

(4). Two-dimensional NOESY spectra 44 in H,O and DO solutions collected at 8C allowed
assignment of the exchangeable and nonexchangeable protons for all four oligodeoxyribonucleotides.
Thermodynamic and circular dichroism data indicated ihad formed stable, B-form duplexes at’&.
Two-dimensionalH-3P correlation spectra indicated that there were minor perturbations in the backbone
only near the site of the triazole base. Strong NOESY cross-peaks were observed between the H5 and
H1' of N14 in 1 and, unexpectedly?, which indicated that, in both duplexel14 was in the syn
conformation about the glycosidic bond. NOESY spectrd @nd 2 recorded in 95% kD, 5% D,O
indicated that the imino proton of the base oppobifel, G5, or T5, formed a weak hydrogen bond with

N14. These conformations place the polar carboxamide functional group in the major groove with motional
averaging on the intermediate time scale.

Nucleic acid base analogues that can base pair with thel8). A great deal is known about the thermodynamic and
four DNA? bases with equal affinity would be useful as wild enzymatic parameters that characterize how these azole bases
cards in the design of oligodeoxyribonucleotide hybridization interact with the natural bases. For example, thermodynami-
probes. The search for such a universal base has beerally, DNA duplexes that contain imidazole-4-carboxamide
intensive in recent yeard{11). Recently, a family of azole  are most stable when the imidazole is paired with T or G (T
carboxamide nucleotide analogues has been developed that G > A > C) (15). The dynamic aspects of this structural
were proposed to enable base pairing with the four naturally model require an approach such as NMR spectroscopy for
occurring nucleobases through simple bond rotatiBns3— analysis.

A detailed analysis of the structural features of a modified

TFunding was provided by the National Institutes of Health grants inserted int DNA lex ite different
GM61398-01 (A.C.L.) and GM53155 (D.E.B./V.J.D.), and the NMR base inserted into a duplex opposite different bases

instrumentation in the Biomolecular NMR Laboratory at Texas A&M may Iead_ to a greater understanding of how modified bas_es
University was supported by a grant from the National Science behave in different sequence contexts. The nucleoside

Foundation (DBI-9970232). analogue 1-(2deoxys-b-ribofuranosyl)-1,2,4-triazole-3-car-

* To whom correspondence should be addressed. Phone: (979) 8621,,yamjide (hereafter referred toldwas designed such that
6952. Fax: (979) 845-9274. E-mail: andy-liwang@tamu.edu. . S .

§ Walther Cancer Institute. canonical bases as shown in Figure 1 through rotations about

'Present Address: Motorola, Biochips Systems, Phoenix Researchihe two torsion angleg and . However, thermodynamic
and Development Center, 2100 East Elliot Road, M/D AZ34/EL623, . ' .
Tempe, AZ 85284. experiments have shown that theNGhase pair is the most

U Department of Medicinal Chemistry and Molecular Pharmacology. Stable (GN > T:N =~ A:N > C:N ~ N:N) (19). The dif-

! Abbreviations: NOE, nuclear Overhauser effect; NOESY, nuclear ferences in stability prompted us to investigate the conforma-

Overhauser enhancement spectroscopy; ppm, parts per million; DNA, 4 ; ;
deoxyribonucleic acid; EDTA, ethylenediaminetetraacetic acid; CD tions of N in two different sequence contextsl was

circular dichroismT,, melting temperature; T, tesla; DSS, sodium 22. incorporated into d(CATGGGTACY(GTACNCATG) (1)
dimethyl-2-silapentane-5-sulfonate. and d(CATGTGTACY(GTACNCATG) (2) to determine

10.1021/bi001448f CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/19/2001



Triazole Conformations in DNA Biochemistry, Vol. 40, No. 6, 20011519

H N=
H N':_'\ \ :\ N
| N. Ho g H”
N— Huw O, T II\I O |
........ H~\F# N
Ny Y N
N Ll N N .
o N H O H o N
0. O
w NG rotate about T ‘\p/ NA
S :
o (e]
N AN
Syny- Syn; Syn,-Anti;
rotate about % rotate about
CHy "
N.
v
HY ° = §H Y\
N N o N N0
‘\\H/ \n/ ~ /Hs \nf 62
N o N N O
¢ ° St
\O n—N \o N,N
o Oy
_\Q/ rotate about T ‘\Q/‘1
. ————— :
5 N:T o N:C
N AN
Antiy ~Syn, Anti,-Antiy
Oxs ®NH;
NG 34N
- \
N= N o . 57(
“Q “
A

Ficure 1: lllustration of the predicted orientations and hydrogen bonding of 1,2,4-triazole-3-carbox&fhishén opposite A, G, C, and
T, due to rotations around the glycosidic bond,and the exocyclic carboxamide bond, The torsion angleg and z are defined as
04 —-CI—N1-N2 and N2-C4—C6—08, respectively. The dashed line in the illustration of the,afmtnti, conformation denotes the
interstrand C1to C1 distance and the anglés and 6,.

the behavior of its local conformation when opposite G or on purification on a 900 mg C18 cartridge (Alltech) which
T and to assess the molecular models that predicted two conwas preconditioned wit2 M triethylammonium acetate. The
formations about the glycosidic bontld). Duplexes d(CAT- failure sequences were removed by elution with water, the
GGGTACYd(GTACCCATG) @) and d(CATGTGTAC) trityl groups were removed by flushing the cartridge with
d(GTACACATG) (4) were also investigated for comparison 3% trifluoroacetic acid, and the desired oligodeoxyribonucle-
to 1 and2, respectively. The NMR data allow for the deter- otide was eluted with 20% aqueous acetonitrile. The oli-
mination of the type of base pairs formed, the handednessgodeoxyribonucleotides were converted to the sodium form
of the double helix, the glycosidic torsion angle, whether with Dowex 50W-4X ion-exchange resin (Aldrich) and
bases were stacked within the helix, and perturbation of the lyophilized to dryness. Purity was determined by reversed-
backbone. phase HPLC (PRP-1, Hamilton) and MALDI mass spec-
trometry. The synthesis of the phosphoramidite Nofis
described elsewherd ).

OligodeoxyribonucleotidedNine-residue oligodeoxyribo- Circular Dichroism.Circular dichroism spectropolarimitry
nucleotides d(CATGXGTAC) and d(GTACYCATG), where (CD) was used to ascertain the average conformation of each
XisGorTandYisC, A, olN, were synthesized on a 10 duplex. Spectra were recorded atG on an AVIV 62DS
umol scale by standarg-cyanoethylphosphoramidite chem-  spectro-polarimiter. Ten scans between 220 and 320 nm were
istry in the Laboratory for Macromolecular Structure at averaged with a bandwidth of 1 nm and a 1.0 s averaging
Purdue University, West Lafayette, Indiana. Purification of time. Approximately 0.1 mM duplex was dissolved in buffer
the oligodeoxyribonucleotides was accomplished by trityl- (100 mM NaCl, 10 mM NgHPO,, and 0.5 mM EDTA, pH

EXPERIMENTAL PROCEDURES
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7.0) in a 1 mmquartz cuvette. 20— ; .
Thermal DenaturationThe Ty, data were collected on a Y A)
. . 15114 3 i
Cary 1 spectrophotometer equipped with a temperature ' e

controller and a six-cell sample changer. Data were collected
for DNA duplexes at five different concentrations (2, 4, 8,
16, and 30«M) in 100 mM NaCl, 10 mM NagHPQ,, 0.5

mM EDTA buffer at pH 7. Capped cuvettes with 10 mm
path lengths were used. The samples were heated t€ 65
for 15 min, cooled slowly to room temperature, and
equilibrated at 2°C for 30 min. The temperature was
increased to 98C, and the percent transmittance at 260 and
280 nm was recorded every 0°€. The temperature was
measured by inserting a thermocouple into a cuvette that
contained only buffer. Thermodynamic parameters were
extracted from the melting profiles by nonlinear least-squares
parameter estimation with the program t-melt as described
elsewhere Z0).

Sample PreparatiorA 1:1 ratio of complimentary strands
was accomplished by titration of one strand with the other
at 80 °C in 99.99% DO while monitoring the relative
aromatic peak intensities with one-dimensiofdl NMR.

This was performed quickly to minimize H/D exchange of
purine H8 protons for deuterong). The solutions were 220 260 300
then freeze-dried, redissolved in 300 of aqueous buffer Wavelength (nm)
(100 mM NaCl, 10 mM NgHPQ,, and 0.5 mM EDTA, pH Ficure 2: Circular dichroism spectra of 0.1 mM duplexes4 at
7), and annealed by placing the samples 4 Lwater bath 5 °C. (A) The solid line is the spectrum of dupldx d(CATGG-

at 80°C and allowing the bath to slowly cool to°€. The GTAC)-d(GTACNCATG), and the dashed line is the spectrum of

: o ; .~ duplex3, d(CATGGGTAC)d(GTACCCATG). (B) The solid line
buffered solutions were then lyophilized and redissolved in is the Spectrum of duple2. d(CATGTGTAC)GTACNCATG),

300 uL of either 99.996% BO or 5% DO in H0 for a  5n4'the dashed line is the spectrum of dugled(CATGTGTACY
final duplex concentration of approximately 3 mM. d(GTACACATG). The spectra were not corrected for the small
NMR SpectroscopyNMR spectra were collected at the differences in concentration.

Biomolecular NMR Laboratory at Texas A&M University _ )
on an 11.7 T Varian Inova spectrometer. All spectra were Number of transients peésincrement was 256, and the total
collected at 5°C and referenced internally to sodium 2,2- @acquisition time per spectrum was 25.3 h. The final digital
dimethyl-2-silapentane-5-sulfonate (DSS). Two-dimensional 'ésolution in theF; andF, dimensions was 1.58 and 1.95
NOESY spectra of samples dissolved in 99.99686 Were Hz, respectively. . .
collected as 1024x 1024 matrixes with corresponding _Computatlona! Method#ll calculations were camed _out
acquisition times of 170.5 ms in the andt, dimensions. with _the Gau55|_an 94 software at Purdue University as
The mixing time was 120 ms and the relaxation delay was Préviously describedlf).
3 s. The total acquisition time per spectrum was 31 h. The RESULTS
final digital resolution in thd-; andF, dimensions was 2.93
Hz/pt. Solvent suppression during acquisition of NOESY  Optical Data.The four duplexes in this study differ only
spectra of samples in 5%,0/95% HO was accomplished at residue 14. Oligodeoxyribonucleotideand?2 containN
using the WATERGATE sequence?). H,O NOESY at position 14 while3 and4 contain C and A, respectively.
spectra were collected at mixing times of 200 and 90 ms as Circular dichroism spectra (Figure 2) were collected &5
768 x 1536 matrixes with corresponding acquisition times to determine the average conformation of the oligodeoxyri-
of 69.8 and 139.6 ms in theandt, dimensions, respectively.  bonucleotides in solution. The CD spectra of sequerices
The final digital resolutions in thE; andF, dimensions were  and 3 have maxima at about 270 nm and minima at about
7.16 and 3.58 Hz/pt, respectively. The total acquisition time 240 nm (Figure 2A). The spectra f@rand4 are shown in
per spectrum was 25.6 h. Figure 2B. Oligodeoxyribonucleotidehas extrema similar
One-dimensional'P spectra were recorded with a spectral to 1 and 3, a maximum at 270 nm and a minimum at 245
width of 1500 Hz and an acquisition time of 192 ms. The nm. Oligodeoxyribonucleotid2 shows a small shift of the
relaxation delay was 1.0 s, the number of transients was 8192 maximum and minimum to 277 and 252 nm. The CD spectra
and the total time of the experiment was 2.7 h. A line show that oligodeoxyribonucleotidds-4 exist in solution
broadening function of 1.0 Hz was applied and the FID was at 5°C as B-form duplexes. The spectralodnd3 are very
zero-filled to 1024 prior to Fourier transformation. The similar, as are those o and 4. This indicates that the
resulting digital resolution was 1.46 Hz. Two-dimensional presence oN has a small effect on the overall conformation
1H-31P spectra were recorded with the nonconstant time pulseof the duplex.
sequence described by Bax and co-work&3.(Samples UV-melting profiles were carried out to determine the
dissolved in 99.996% D were collected as 104 512 stability of the duplexes. The melting curves (data not shown)
matrixes with corresponding acquisition times of 128.3 ms show a hyperchromic shift that is typical of the duplex to
and 127.9 ms in thg andt, dimensions, respectively. The random-coil transition of DNA with a single inflection at

15 + 4

Ag x10°5 (M-1 em-1)




Triazole Conformations in DNA

Table 1: Melting Temperatures and Thermodynamic Parameters of
d(CATGXGTAC)(GTACYCATG)?

Tm —AH° —AS —AG®25
X=Y (°C)  (kcalmol?)  (calmortK=1)  (kcal mol?)
G-C 41 63+ 2 179+ 7 9.4+ 0.1
G—N 25 61+ 2 184+ 6 6.3+ 0.1
T-A 38 59+ 6 168+ 21 8.7£0.1
T—N 22 58+ 3 174410 5.6+ 0.1

@ Thermodynamic values were obtained from van't Hoff analysis of
experiments carried out oh—4 in as described elsewher2Qj. See
text for details. The error in the standard free energ®ss was
calculated according to the method of Turnd6)( ® The Tn, values

were calculated from the thermodynamic data at a concentration of

1074 M. The errors in the measuréd, values weret1 °C

the melting point Trm). Van't Hoff plots (Supporting Infor-
mation) of theT, data show a linear relationship which
indicates a two-state melting transition for all four duplexes.

Biochemistry, Vol. 40, No. 6, 20011521

Phosphorus NMRThe majority of the 16 backbone
phosphate resonances bf4 was dispersed between3.6
and —4.7 ppm and was characteristic of an unperturbed
phosphodiester backbone (Supporting Information). How-
ever, 1 and 2 displayed resonances that were shifted
downfield relative to the unmodified duplexes. The spectrum
of 1 had a peak at3.14 ppm, and the spectrum »had a
peak at—3.49 ppm. Chemical shift assignments of the
downfield-shifted®P resonances were accomplished with
2D H-3'P correlation spectra (Figure 4). Spectral crowding
prevented the unambiguous assignment of all of the backbone
phosphates. In duplek, the phosphate at3.14 ppm was
coupled to a H3proton at 4.97 ppm, which was the chemical
shift of the H3 of G5 andN14; the phosphate at3.14 ppm
could be either that of G6 or C15. In dupl2xthe phosphate
at —3.49 ppm was coupled to a HBroton resonating at
4.89 ppm, which was the chemical shift of H¥ T7 and

Table 1 lists the thermodynamic parameters calculated fromC15; the 5-phosphate could be either that of A8 or Al6.

least-squares fits of the van't Hoff data. Replacing a
canonical base withN decreased the duplex stability by
approximately 3 kcal/molAAG3s for 1 to 3is 3.2+ 0.1
kcal/mol and for2 to 4 it is 3.1+ 0.1 kcal/mol). Thus, the
extent of the destabilization upon substitution withs not
dependent on whether the opposing basa G or T.
Nonexchangeable ProtoriBhe nonexchangeable base and

Labile Protons Assignment of the labile amino and imino
protons was accomplished with NOESY spectra recorded at
5 °C in 95% HO and 5% DBO. The amino protons of
cytidine residues were assigned from strong, intraresidue
NOESY cross-peaks between the hydrogen bonded (H41),
non-hydrogen bonded (H42), and H5 protons of the cytidine
base (Figure 3). The amino protons of the guanosine residues

sugar protons of all four duplexes were assigned with the were not observed in our spectra, which is normal for DNA

2D NOESY spectra recorded in 99.996%,( These

duplexes. Figure 3A also shows weak cross-peaks between

resonances were subsequently used to assign the additiondhe amide protons (H81 and H82)Nf4 and the H5 protons

peaks of the NOESY spectra recorded in 95%0HFigure

of C13 and C15 ofl. The amide protons dfi14 in duplex

3 shows the chemical shift connectivities between the 1 resonate at 8.16 and 7.10 ppm. However, the NOESY

aromatic protons (7:68.5 ppm) and the Hland cytidine
H5 (and labile cytosine H42@) protons (5.2-6.4 ppm) in
duplex1 (A) and 2 (B). All purine H8 and pyrimidine H6
protons show NOESY cross-peaks with the' idfotons on
the same residue and on the sugar on theide, which is
typical for A- and B-form DNA @5—27). Tracing along the

spectra o in H,O do not contain any cross-peaks that could
be attributed to the amide protons i4 (Figure 3B).
Figures 5 and 6 show expanded contour plots of the imino
region of the NOESY spectrum (200 ms mixing time)lof
and2. The through-space connectivities between the imino
(10.2-14 ppm) and the amino and aromatic protons {6.0

connectivities established the assignments of all of the base8.5 ppm) are shown in Figures 5A and 6A and the
and H1 protons for each strand. This same procedure was connectivities between imino protons are shown in Figures

then used to assign the HM2', H3', and H4 protons (data
not shown). The stereospecific assignment of thé &ifl
H2" protons was based on the stronger lH2' cross-
peak intensities, relative to those of the'Hd H2 cross-
peaks, in short mixing time (30 ms) NOESY spectra. The
H2 of A8 and A12 have weak interstrand NOEs with the
H1' of A12 and A8, respectively, and helped establish the
duplex nature of the oligonucleotides.

Glycosidic Bond Angle of N1&he absence of a NOESY
cross-peak between the H5 Nfl4 and the H1lof C13 and
the presence of cross-peaks between HBID4 and H5 of
C15inland2indicated that for both duplexes the glycosidic
torsion anglesy, of N14 were within thet+sc-syn confor-
mational regime Z4). The NOESY cross-peak between H5
of N14 and H5 of C15 was stronger Irthan2 and indicated
that they angle ofN14 of 1 was, on average, closer to syn
than that of2. A NOESY cross-peak between H5 bif1 4
and H41 of C15 irl, which was not observed in the spectrum
of 2, was further evidence that theangle of1 was closer
to the syn conformation (Figure 3). While the intensity of
the cross-peak of H5 dN14 with its own H1 in 1 was

5B and 6B. Interstrand cross-peaks between the thymidine
imino and adenosine H2 and amino protons were observed
for each of the four A:T base pairs. Cross-peaks between
the guanosine imino protons and the cytidine amino protons
were observed for each G:C base pair except for C1:G18,
which was at the end of the duplex. These results established
that1 and?2 formed stable duplexes at°& and all A:T and
G:C base pairs ol and2 (and 3 and 4, data not shown)
formed stable Watson-Crick base pairs with the exception
of C1:G18, which was at the termini of the duplexes. In
addition, interstrand imineimino cross-peaks were observed
between T3 and T17 and T7 and T11 (Figures 5B and 6B).
The imino proton of G5 ofl resonated at 10.47 ppm,
which was about 2.5 ppm upfield from the other guanosine
imino resonances. The assignment was based upon NOESY
cross-peaks between the imino proton of G5 and the imino
protons of G4 and G6 (Figure 5B). The imino proton of G5
also produced NOEs with the H41 and H42 protons of C13
(Figure 5A) and an amide proton bdf14 (Figure 5A). This
established that the imino proton of G5 was directed toward
the amide proton 014 and oriented toward the interior of

comparable to those between the H5 and H6 protons of thethe helix.

cytosine bases, the corresponding cross-peal1ef of 2
was broadened, most likely by conformational exchange.

The imino proton of T5 of resonated at 11.36 ppm, which
was about 3 ppm upfield from the other thymidine imino
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Ficure 3: Contour plot of the aromatid=¢) to H1' (F,) region of NOESY spectra (200 ms mixing time) of the duplexes recorded in 95%
H,0/5% DO at 5°C; (A) duplex1, (B) duplex2. The solid and dashed lines follow the connectivity of the base protons through the H1
sugar protons of the substituted and unsubstituted strands, respectively. The vertical dotted lines indicate the chemical shifts of the H2
protons of the adenines and the amide protons of the cytidines. The solid vertical lines correspond to the chemical shifts of the H8 protons
of A8 and A12 and amide protons &f14. The horizontal dotted lines indicate the chemical shifts of the cytidine H5 protons. The x
indicates an unassigned impurity that persists in the NOESY spectra of all of the duplexes studipd (

protons (Figure 6), and had a wider line width than those of short range and did not have a significant effect on the global
the other imino protons. This indicated that the T5 imino conformation.
proton was more accessible for exchange with the solvent Thermodynamic measurements showed thatas more
and/or experiencing line broadening by conformational stable thar2. Earlier, Pochet and Dugud9) also showed
exchange dynamics. The imino proton of T5 did have a weak that GN is a more stable base pair tharNT However, our
cross-peak to the imino proton of G4, which established that results showed that th&AGSs for 1 to 3 was the same as
the imino proton of T5 was positioned in the interior of the the AAGSs for 2 to 4 (Table 1). Thus, the difference in
helix. Figure 6A shows that the imino proton of T5 also had  stability betweerl and2 was not due to a difference between
a cross-peak with H5 of N14 and indicated that the H5 proton the stabilities of the G514 and T5N14 base pairs. Instead,
of the triazole ring was directed into the center of the helix. the poorer base stacking of G4-T5-G6drrelative to that
of G4-G5-G6 in1l, independent ofN, was most likely
DISCUSSION responsible for the measured differences in stability.

The present studies were undertaken to determine how On the basis of models and the duplex melting studies,
1,2,4-triazole-3-carboxamide interacts with the opposite we first hypothesized thatl14:G5 andN14:T5 would be
bases, G and T, and what perturbations it imparts to the DNA particularly stable because the modified nucleoside would
double helix. The thermodynamic and circular dichroism data adopt conformations in which there could be two hydrogen
revealed thal and?2 existed as B-form duplexes at ambient bonds to the natural bases (Figure 1). In this arrangement,
temperatures and with average conformations that werethe values of two key geometric parameters, @i C1
similar to but less stable than those3&nd4, respectively distance and angles and6, (Figure 1), would closely match
(Figure 2). Therefore, the perturbations imparted\byere the values found in natural base pairs. Molecular models
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FiIGURE 4: Expanded contour plots of the two-dimensio#at3'P correlation spectra (A, C) and base-to-H&gion (B, D) of the two-
dimensional NOESY spectra in,D for duplex1 (A, B) and 2 (C, D). The dotted contours indicate negative intensities. The solid and
dashed lines indicate the sequential assignments of th@rd®ns in the substituted and unsubstituted strands, respectively. Cross-peaks
in panels A and C are between the'HiBoton of residué and the phosphate of residuég- 1. Intraresidue cross-peaks in panels B and D
are indicated by residue number. The negative contours in panels B and D are due to residual HDO.
showed that this was not possible for the base pairs With  determine that the conformation of tlyeangle of G5 was
opposite A or C. The NMR study was designed to test this anti. There were cross-peaks between the H8 of G5 and the
hypothesis and, in doing so, provide a foundation for the H1' of G4 (Figure 3A) and between the imino proton of G5
design and application of the azole carboxamide family of and the amino protons of C13 (Figure 5A), both of which
modified nucleosides. would be difficult to observe if thg angle of G5 was syn.
Glycosidic Bond AngleThe intensity of the cross-peak Furthermore, the total integrated intensity of the overlapped
between a base proton and its owrt ldoton is an indicator  peaks of G5 was only 56% of those of the cross-peaks
of the torsion angle about the glycosidic bopdlf the base between the H5 and H6 protons of the cytidines.
is in the syn conformation (Figure 1), the base proton is  The integrated volume of the intraresidue NOESY cross-
within 2.5 A of its own H1, and the intensity of the peak between H5 and MDbf N14 in 1 was 97% of the
corresponding cross-peak would be similar to that of the average of the volumes of the intraresidue cross-peaks
cross-peak between cytidine HB6 protons, which are 2.45  between the H5 and H6 protons of the cytosine residues. In
A apart 8). Conversely, if the; angle of the base is inthe  addition, there was no observable cross-peak between H5
anti conformation, the base proton is farther away from its of N14 and H1of C13 (Figure 3A) and a weak cross strand
own HI (about 3.7 A in A- and B-form duplexes) and the cross-peak between H5 df14 and the imino proton of G5
intensity of the corresponding cross-peak would be signifi- (Figure 5). These data indicated that jhangle ofN14 of
cantly reduced. Thus, the intensities of the base tockiss- 1 was, on average, in the syn conformation. Similarly, in
peaks indicated that all of theangles in botH and?2, with the NOESY spectrum a2 there was no observable cross-
the exception ofN14, were in the anti conformation. peak between H5 dfi14 and H1of C13 (Figure 3B) and a
Although the cross-peak labeled G5 in Figure 3A was weak interstrand cross-peak between H5Ndf4 and the
composed of two degenerate cross-peaks, it was possible tamino proton of T5 (Figure 6). These data indicated that the
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FiGURE 5: Expanded regions of contour plots of the imino proton g ee 6: Expanded regions of contour plots of the imino proton
region of the two-dimensional NOESY spectrum (200 ms mixing  rggjion of the two-dimensional NOESY spectrum (200 ms mixing
time) of 1in 95% H0/5% DO at 5°C. (A) Cross-peaks between time) of 2 in 95% H,0/5% D,O at 5°C. (A) Cross-peaks between
imino and inter- and intrastrand base protons. (B) Symmetrical jming and inter- and intrastrand base protons. (B) Symmetrical
region showing cross-peaks between imino protons and the reqion showing cross-peaks between imino protons and the
sequential assignment of the imino protons along the length of the g ential assignment of the imino protons along the length of the
duplex. The DNA sequence is shown in panel B and the arrows g, plex. The DNA sequence is shown in panel B and the arrows
and dashed lines correspond to interstrand NOEs between H2;4 gashed lines correspond to interstrand NOEs between H2
protons of adenine and imino protons of thymidine and guanosine ,4tons of adenine and imino protons of thymidine and guanosine
and between amino protons of cytidine and imino protons of 5.4 petween amino protons of cytidine and imino protons of
guanosine, respectively. guanosine, respectively.

x angle ofN14 of 2 was also in the syn conformation on it the trans proton was involved in a hydrogen bond, its
average. However, the line widths of H5 &fl4 were  resonance could be shifted to higher frequency and could
relatively broad and the intensity of the intraresidue NOESY  potentially reverse the assignme86). It was not necessary
cross-peak between HS and 'Hif N14 in2 was only 57% g assign each of these protons to make conclusions about
of that of the intraresidue cross-peak between H5 and H6 of the conformation of the amide group in general.
the C15. These data suggest tNa# of 2 was experiencing The NMR data supported a structure in which the triazole
conformational exchange broadening. These results werepase ofl was in the syp conformation. The carboxamide
surprising because it was predicted that hydrogen bondinggroup of the triazole ring would then be projecting out of
with the opposing base would drive the triazole ring to the DNA double helix into the major groove regardless of
undergo a 180rotation about the glycosidic bond when \hetherr was syn or anti. The amide protons14 were
pairing with T versus G an&N14 would be in the anfior observed to have weak NOEs with the H5 protons of C13
syn, conformations, respectively (Figure 139). Instead,  and C15 (Figure 3) and with the imino proton of G5 (Figure
N14 was observed to adopt the gyonformation in botH 5). However, in models of ideal B-form DNA with the
and2. triazole base fixed in the synconformation, the amide
Amide Conformation of N1Assignment of the individual ~ protons ofN14 did not approach withi5 A of the H5 of
amide protons oN14 was not possible with the present data. C15 whent was syn or anti (Figure 7), which was
In the absence of hydrogen bond formation, the proton cis inconsistent with the NOESY data. The same models showed
to the carbonyl would be deshielded relative to the trans that rotation about would bring the amide protons &f14
proton by the anisotropy of the carbonyl borzB), Thus, as close as 3.8 A from the H5 protons of C15. Therefore,
the resonances at 8.16 and 7.10 ppm of duglewould be the presence of NOEs between the amide protonsief
assigned to the cis and trans protons, respectively. Howeverand the H5 protons of C13 and C15 would be consistent
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Table 2: Total Energies (Hartrees), Relative Energies (kcal/mol),
and Dipole Momentsy(, D) for anti. and syn Conformations of
1-Methyl-1,2,4-triazole-3-carboxamitie

6-31G(d,p)e = 1 6-31G(d,p)¢ = 40

dipole dipole
Escrrey  Esce moment Escrrey  Esck moment

anti, 0.00 —450.28 6.57 —2.61 —450.30 8.00
synn —1.58 —450.28 5.26 0.00 —450.29 6.33

a All calculations were carried out with the Gaussian 94 software
package using density functional theory with the 6-31G(d,p) basis set.
The self-consistent reaction field (SCF) was used to calculate the
solvation medium effectl).

Syny—synt

and 2, the chemical shifts of the imino protons of both G5
and T5 were shifted-33.5 ppm to lower frequency compared
to the other hydrogen-bonded imino protons (Figures 5 and
6). Their chemical shifts suggested that the imino protons
of G5 and T5 were either not hydrogen bonded or hydrogen
bonded weakly with the ring nitrogens (or oxygen of the
carboxamide) oN14.
Hydrogen Bonding of G5 and THRrevious studies on
DNA duplexes with sheared G:A pairs have shown that the
non-hydrogen-bonded imino proton of the guanosines reso-
syny—antiz nated at approximately 10.5 ppii( 32). On the other hand,
hydrogen-bonded imino protons of guanosines in G:U base
pairs in RNA duplexes also resonate around 10.5 pRsp (
Others have shown that the chemical shift of an imino proton
of a guanosine base was 10.2 ppm when hydrogen bonded
to the oxygen of a formamide group in a DNA duplex
containing a formamide lesior34). Thus, a chemical shift
of 10.5 ppm for the imino proton of a guanosine base can
FIGURE 7: Models of ideal B-form DNA of C13N14, and c15  be due to the absence of a hydrogen bond or the nature of
with the y andt angles ofN14 in the (A) syn and syn and (B) the hydrogen bond acceptor. Upon the basis of these previous
syn, and antj conformations, respectively. Carbon is colored gray, findings, the imino proton of G5 df could have either been

oxygen is red, hydrogen is light blue, nitrogen is dark blue, and . ;
phosphorus is purple. Distances between the amino protons of N14n0n hydrogen bonded or weakly hydrogen bonded with the

and the H5 protons of C13 and C15 are indicated. carbonyl oxyggn of the Car_boxamide groum_jm_. In either
case, the relatively broad line widths of the imino proton of

with conformational exchange aboutwhich was slow on G5 (Figure 5) suggested that it was exchanging with solvent
the NMR time scale. Alternatively, if was fixed at—60° at an increased rate. The imino proton of T52had a
[-synclinal 24)] the amide protons o14 would be 4.3 A similarly upfield shifted resonance and relatively broad line
from the H5 protons of C13 and C15 (Supporting Informa- width (Figure 6) and suggested that it too was either not
tion) and would produce NOEs that were also consistent with hydrogen bonded or only weakly hydrogen bonded.
our NOESY spectra. There were no resonances in the NMR  Energy CalculationsWe have carried out calculations on
spectra of that could be attributed to the amide protons of the model compound 1-methyl-1,2,4-triazole-3-carboxamide
N14. This suggested that there was conformational exchangeto determine the relative preferenceswof{Figure 1). We
aboutt on the intermediate time scale and/or the amide used the Density Functional Theory (DFT) method, B3LYP
protons ofN14 were subject to rapid exchange with the (35—38) with the basis set 6-31G(d,p) to calculate energies
solvent. in the gas phase and a self-consistent reaction field (SCRF)
Base Pairing Watson-Crick base pairing was established method to study solvent medium effec89{-41) as previ-
in A:T base pairs in duplexet—4 by the observation of  ously described for the theoretical analysis of 1-methylpyr-
NOESY cross-peaks between each thymidine imino proton role-3-carboxamidel®). The results of the DFT calculation
and the H2 and amino protons of the opposing adenosineare summarized in Table 2. In the gas phase (dielectric
(Figures 5 and 6). Similarly, WatsetCrick base pairing of  constante = 1), ant; was more stable than syby 1.6 kcal/
all G:C base pairs except C1:G18 were established by themol. As the polarity of the medium was increased, the
observation of NOESY cross-peaks between the guanosinadifference in energy between the two conformers changed.
imino proton and the amino protons of the cytidine. Thus, At the highest polarity examinede (= 40), the syn
the base pairs that flank the center X%4 base pair, G4:  conformation was found to be more stable by 2.6 kcal/mol.
C15 and G6:C13, were not disrupted Inand 2. A weak The polarity inside the helix is expected to be somewhere
NOE between H5 ofN14 and the imino proton of the between these two extremek5). AM1 level calculations
opposing base of and?2 indicated that the aromatic rings indicated that the barrier to rotation aroundias small €1
of each X5N14 base pair were directed toward each other kcal/mol). In comparison, two related azole carboxamides
and were located in the interior of the helix. In dupledes either showed a barrier to rotation (pyrrole-3-carboxamide
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> 3 kcal/mol) or a significantly larger difference in energy mide) may have been influenced by the high polarity of the
between the two conformers (imidazole-4-carboxamidg carboxamide group. The major groove presents a more
kcal/mol), which indicated that these other azole bases hadhydrophilic environment than the interior of the helix and

a preferred conformation. However, for triazole-3-carboxa- more effective solvation occurs when the carboxamide
mide, the above calculations were consistent with a duplex projects into this region. These insights into the structural
structure in which there was conformational exchange aboutinfluences on DNA conformation will contribute to our

7 between syn and anti. Our data suggested that it was likelyability to design additional natural base surrogates for use

that conformational exchange abaudccurred in botH and

2. It should be mentioned that in the syranti, conformation,
the amide protons ol14 could come within 3.1 A of the
oxygens of the 5phosphate, form a hydrogen bond, and
thereby biadN14 toward this conformatior4@).

Backbone Conformatiohe phosphorus spectraband
2 showed that th&l14—P15-C15 (or G5-P6-G6) phosphate
of 1 and the C15P16-A16 (or T7—P8-A8) phosphate of
2 had downfield-shiftedP chemical shifts compared to the
rest of the backbone phosphates. The P15 (or P6) phosphat
of 1 was shifted about 0.8 ppm downfield from the other
phosphates and the P16 (or P8)2oifvas shifted about 0.5
ppm downfield. Since P8 was located far away frbih4,
the perturbed phosphorus chemical shift most likely belonged
to P16. In1, on the other hand, the downfield phosphate
resonance could have belonged to either P15 or P6. DNA

duplexes that contain G:A mismatches have been shown to.

have higher energy,Bconformations of the phosphates near
the mismatched residued3d). The chemical shifts of the
phosphates involved in the higher energy conformations were
shifted downfield as much as 2 ppm. Studies of a DNA

as tools in molecular biology.
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