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This work presents two methods for through-bond correlationbe-  former has been reported for bahti andsynglycosidic con-
tween sugar and base protons in view of model-independent assign-  formations (.8, 19. The methods are demonstrated for the (24-
ment in unlabeled or slightly enriched nucleic acids. Each method  npycleotide) Dickerson duplex [d(CGCGAATTCGC@ind the

uses a combination of multiple-bond and one-bond heteronuclear (18-nucleotide) dimeric G-quadruplex [d(GGGTTCAGS)t
J-couplings to the aromatic carbon C6 for pyrimidines (3JH1/,C6 natural abundance

and 'Jysc6) or C8 for purines (PJurcs and Jugcs). The tech-
niques are demonstrated in the duplex [d(CGCGAATTCGCG)],
and the dimeric G-quadruplex [d(GGGTTCAGG)], at natural RESULTS AND DISCUSSION

abundance. © 2001 Elsevier Science .
Key Words: heteronuclear NMR; spectral assignment; through- (@) Inthe first method, the Hjproton and the HE8 proton are

bond correlation; unlabeled nucleic acids; low isotopic abundance. Correlfated to Carbor! @8 by a multiple-bond and a One'_bond
experiment, respectively. The one-bond/B8C6/8 correlation

(Fig. 2A) is easily obtained with the standard HSQC sequenc
(24). The multiple-bond H%+-C6/8 correlation is more difficult
INTRODUCTION to obtain due to relaxation and to homonucldaouplings of
H1’ with other sugar protons during the long transfer delays. Ir
Spectral assignment is a decisive step in NMR studies of natder to reduce the effect of relaxation, the transfer delays ar
cleic acids. For model-independent assignment, through-bagistimized @2, 23. As for the effect of homonuclearcouplings
correlation techniques are usually required. Together with c@fH1, this is eliminated by the use of a 1'881'-selective pulse
relations in the sugar and in the base, through-bond correlatigps) in the center of each INEPT perio@@), as shown in the
between sugar and base protons identify resonances belongigigctive HSQC scheme (sHSQC) (Fig. 1B).
to the same nucleotidé (2). This completes the specific assign-  In the 24-h sHSQC spectrum shown in Fig. 2B, all-H16/8
ment procedures, which start from sequential connectidHf cross peaks are observed. Combination with the one-bond HSQ
and sugar protonsg), or from base resonance identification bgpectrum (Fig. 2A) provides correlations between &tid H§/8
isotopic or chemical substitutiond ( 5. Many techniques for via the 13C frequency. These correlations confirm the assign-
H1'-Hé/8 correlation have been proposed #€/*°N-labeled ments obtained previousl27) by NOESY spectroscopy. Note
nucleic acids &-17). However, isotopic labeling is still expen-that the intra-base H5—C6 cross peaks (labeled with an asteris
sive and presents undesirable couplings between heteronugtgj. 2B) are observed for cytidines since’Hklective pulses
This provides a motivation for developing hetero-correlatiogre effective also at the H5 proton frequency.
methods applicable to unlabeled molecules and involving there-The multiple-bond H:C6/8 correlation can also be obtained
fore only one carbon or nitrogeri&-23). Such methods alsoin a multiple-quantum experiment. The multiple-bond selec-
apply to weakly random-enriched molecules, which are noive HMQC (sHMQC) (Fig. 1C) is derived from the HMQC
popular for avoiding the complication of dipolar and scalar inand the HMBC sequence®8) by the addition of 180H2 /2"-
teractions between heteronuclei. We present here two sensiegective pulses (Fig. 1C), which eliminate the main homonu-
methods for H1-H6/8 correlation using a combination of theclear J modulation of H1 during the dephasing and rephasing
multiple-bond and one-bond coupling®y.ces (~3-6 Hz) delays. It is worth mentioning that only two hard pulses or H1
andJye/s,ce/s (~180-220 Hz) (Fig. 1A), where the value of theare used. A filtef3C pulse, applied at timé to suppress one-
bond correlations, is optional. The SHMQC spectrum (Fig. 2C)

1 Present address: Cellular Biochemistry and Biophysics Program, Memor Rl somewhat more sensitive than the sHSQC one (Fig. 2B

Sloan-Kettering Cancer Center, New York, NY 10021. E-mail: phantuang@lotted at the same level) probably because the former use
sbnmrl.mskcce.org. fewer pulses. The difference in sensitivity and in linewidths
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180 HZ 220Hz N peak overlap, may be eliminated by application of H6-selective
pulses (not shown).
cs, 3-6 Hz

@A) Sja S He The sHMQC method has been tested at low sample cor
centration for the dimeric G-quadruplex [d(GGGTTCAGS)]
@ which contains G-tetrads sandwiched between G.(C-A) triad
(31). Most of the H1-C6/8 correlations are observed (Fig. 3)
L / and confirm the previous assignmerit)( These correlations
H I 2 ‘ v I I I 2 ‘ 2 % are weak or absent in casesyinconformations (guanosines 1
®) 13¢ | @1 2 and 8), for which the Hland H&8 protons can be correlated
l I 1 I I dec via C2/4 (Figs. 3C, 3D). The HEC2/4 correlations provide
Gz 1 ;81 461 02 %2 evidence of the presence synconformations. In the case of
thymidine 4, the detection of both HAC6 and H}:-C2 strong
correlations (Figs. 3B, 3D) suggests a motion around the glycc

1 | ét/2+t1/4 IT/2+t1/4 é % sidic bond for asyn/antiequilibrium.

© 13 3 D2 . (b)_ In the_ second mthod, the H{C6/8)-H6/8 connec-
¢ :Bl ™3 I f | T 3o tion is obtained by a single measurement, but without the
Gz TGy Gy benefit of chemical shift selection on carbon. In the proton-
11 0 carbon—proton correlation (HCH) pulse sequence shown il
o S Fig. 1D, the H1 transverse magneti_zation createq by the first
90 pulse is frequency labeled during the evolution deigy
IHIH ; ‘ I . ﬂ |5|8>_ and then transferred to 8 during a multiple-bong*H—%C}-
®) |z @ | INEPT periodz. Other magnetization transfers are not dis-
c. I 'T/ZIT/ZI I o I”2 S,SI I [aes | cussed here for simplicity. During the following perietithe
Gz 'Clill G|l|EI'IG2 : I'IG3 antiphase coherence (@&y(H1'), is refocused with respect
: ' to H1 and evolves simultaneously into an antiphase coher
®auz a2 ence with respect to H®, which is then refocused by the
IH\ L: ‘ last one-bond**C—'H}-INEPT into the inphase H® mag-
J__éj_l netization for detection. Again, the use of 1881'-selective
(E) ! P pulses suppresses the effect of homonuclkanodulation of
13¢, 2] w2
"G G
Gz___ﬂ_._ﬂ_: : : . 1: . H6/H8 » HI’/H5 1 H1'/H5 |
o . T 20 I o xS PIRE
FIG. 1. (A) Schema of pyrimidine (left) and purine (right) nucleotides. 10 10
Arrows indicate the coherence transfer pathways used in the experimenr 12, o 012
(B and C) sHSQC and sHMQC pulse sequences for multiple-déhd3C o 08
correlation. (D and E) HCH pulse sequences fortHe!H correlation through 8l s 8 140 ’E:
carbon. First and second lines, RF events; third lrexis pulsed-field gradient 3 | g a 05 o
events. RF filled rectangles represent1@@ide) and 90 (narrow) hard pulses; 6 6 é’
ovals represent 18Gelective pglses on HMiblack), H§'8 (white), and H2/2” . . 3 o *h 1 3 F 142
(hatched) protons. The selective pulses were generated by a frequency-shit @ ° e , °
DAN.TE sequenceEX'S). Unless indicated otherwise, pulses are applied along th *) 109a o0 s ® 19 4 (©
x-axis. Phase cycling: (BP1 =X, —X; ®2=2(X), 2(—X); ®3=4(X), 4(—X); = , . . ; Ed ;
receiver= X, —X, =X, X, —X, X, X,—X. (C) ®1=x,—X; ®2=2(x), 2(—X); 8.0 7.5 6.0 5.5 6.0 5.5
3 =4(x), 4(—x); receiver=x, —X,—X, X. (D, E) ®1=X,—X; ®2=2(x), 1H (ppm)

2(—x); ®3=4(x), 4(—X); ®4=X; receiver=Xx, —X, —X, X, =X, X, X, —X. In

addition, ®1 (for B and C) and®4 (for D and E) are phase-cycled in hyper- FIG.2. Spectra of the DNA duplex [d(CGCGAATTCGCG)strand con-

complex mode 36). Gradients:G1=(0.5 ms, 9 G/cm); G2=(0.5 ms, centration 5mM; pH 7; temperature35; 99.9% BO) recorded on a 500-MHz

20 G/cm);G3 = (0.5 ms, 15 G/cm). Delays:=66 ms;r’ =72 ms;§=2.5ms  Varian Unity Inova spectrometer: (A) standard one-bond HSQC, (B) multiple-

for (C) ands = 1.25 ms for (D). bond sHSQC (recorded by sequence 1B), and (C) multiple-bond sHMQC
(recorded by sequence 1C). The spectra were recorded with spectral widtl
of 5 and 3 kHz, centered at 4.8 and 145 ppm, respectively intthand

for the indirect dimension depends also on relaxation rat&e dimensions, 96 complet points, 512 complex, points, repetition de-

of multiple-quantum and single-quantum coheren@ss 8Q. lay of 1.6 s. For the one-bond HSQC spectrum (A), 16 scans per FID, tots

Another difference between the two spectra is that the S|_”\/|(%;§asurement time of 1.5 h. For the multiple-bond correlation spectra (B, C)

t Fig. 2C | b th tra-b H5 scans per FID, total measurement time of 24 h. They are plotted at the sar
spectrum (Fig. ) is simpler, because the intra-base I. The cross peaks involving multiple-bond correlation within cytidine bases

cross peaks are negative due to unsuppresggds modula- (14513¢e) are positive and labeled with an asterisk in (B), negative and no
tion. The modulation, which can cause signal loss in case sbbwn in (C).
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In the HCH spectra (Figs. 4A, 4B) all HAH6/8 cross peaks
are observed. The intra-base H5-H6 cross peaks (Fig. 4A) a
absent in the HZ22"-selective version (Fig. 4B) due to unsup-
pressedlys 4g modulation.

Direct HI—H6/8 cross peaks and normally good resolution of
both types of protons provide for the HCH experiments’ simpler
spectral interpretation than for the method (a), especially in cas
of unresolved C#3, e.g., for nucleotides 2, 7, and 10 (Fig. 2).
The HCH experiments can be extended to a 3D version, witl
the introduction of an evolution delay for th#C chemical shift
(20, 32. However, the method (a) remains complementary since
it is somewhat more sensitive and easier to set up. Furthermor
in case ofsynglycosidic conformations the Mand H&'8 pro-
tons can also be sensitively correlated tg€By multiple-bond
1H-13C correlation experiments.

High sensitivity and applicability at natural abundance are
attractive qualities of the methods proposed here. The gener
difference as compared to earlier procedufek 20 is that we
use fewer pulses. For instance, the sequence 1E uses only fi

8.0 7.5 55

1H (ppm)

6.0 13C pulsesinstead of seven in an equivalent experiment propose

previously @0). In case of multiple-bond correlation, both se-

. uences proposed here avoid the effecfigf; modulation on
FIG. 3. Spectra of the dimeric G-quadruplex [d(GGGTTCAG&gtrand gl/ f pl tp timet: i trast t m’ﬁ'l. d f
concentration 1.3 mM; pH 6.6; temperature®’@0 99.9% O) recorded on or evolution imet, In contrast {o an earlier procedure for

a 600-MHz Varian Unity Inova spectrometer: (A) standard one-bond HsQ&€elective HMBC (9).
(B—-D) multiple-bond sHMQC £ =55 ms). The spectra were recorded with

spectral widths of 6 and 4 kHz, centered at 4.8 and 145 ppm, respectively,

in the H and13C dimensions, 96 complet points, 512 complex, points,

repetition delay of 1s. For the one-bond HSQC spectrum, 64 scans per FID,

total measurement time of 3.5 h. For the multiple-bond correlation spectrum, We have correlated sugar protons kibase aromatic protons

1024 scans per FID, total measurement time of 60 h. Only positive contours {6 /8 via carbons C8 at natural abundance, using a combina-
shown. Cross peaks from a single-stranded form are labeled with a letter “sfion of multiple-bond and one-bonﬂj-couplings. The strategy
can be used for other correlations in nucleic acigid) (e.g.,

H1' during long transfer delays. In another HCH versioR®tween sugar protons) and for other unlabeled molecules. Tt
(Fig. 1E), homonuclear decoupling for Htluring the first Methods apply directly to conditions of weak enrichment, which

INEPT andt; periods is achieved with a 18612 /2"-selective are often used now to avoid undesirable couplings and relax
pulse. ation of heteronuclei. Application to uniformly labeled nucleic

acids would require selectiVvéC pulses 7) and/or appropriate
constant-time procedure3d, 39 in order to suppress unwanted

x coherence transfer pathways.
5.4
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