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Abstract: We describe the first direct observation of-M---O=C hydrogen bonding in nucleic acids via the
four-bond“h\l,\,i,\lj coupling within an NE=H1;---O6=C6—N1; segment of a 85-G-G tetrad. The experiment,
two-dimensional (2D) HN(N)-TOCSY, makes use of band-selecfithé isotropic mixing to transfer
magnetization exclusively via tHf&Jyy couplings to yield correlations between Nib) and N}(w1) across

the hydrogen-bonded segment. In a complementary experiment, 2D cross-polarization (CP)-H(N)JO
TOCSY, employing band-selective heteronucl&—13C cross-polarization sequences on either side of the
I5N—15N TOCSY period, correlations are obtained between N5 and C§w1) nuclei across the hydrogen
bond. The symmetric #X,-type coupling topology of the fotrspin nitrogen system in the-G-G-G tetrad
permits accurate measurement of these couplings by a new procedure that fits the experimental data with
known analytical isotropic mixing transfer functions. The techniques are demonstrated -G @G tetrad
formed within a novel dimeric quadruplex fold of a uniforrd8C/2°N-labeled d(G-G-G-T-T-C-A-G-G) DNA
sequence. The value of th&lyy coupling constant for this system is estimated to be 0435021 Hz.

Introduction amide proton and carbonyl carbon nucle@&lc, of two
residues involved in a NH---O=C hydrogen bond are of

_ ’ comparable magnitude and generally smaller than 1.
scalar couplings between nuclei of hydrogen donor and acceptorthege gpservations are in agreement with the recent quantum-

moieties in nucleic acids,® as well as in protein§,® has made  pemical calculations of the magnitude of scalar couplings
possible a new approach for probing hydrogen bonds andqqyveen atoms across the hydrogen bbHdTo date, all
provided very important parameters for the characterization of attempts to detedBN—H---O=13C hydrogen bonds vifrans
structure and dynamics of biological macromolecules in solution hydrogen bond-couplings Jxc) in nucleic acids have failed.
by NMR. These new parameters are particularly valuable for This is probably becausélyc couplings in nucleic acids are

The recent direct detection of hydrogen bonds by sgjpin

studying nucleic acid polymorphism, where interproton nuclear
Overhauser effects (NOES) are often severely underdetermined
Thetrans15N—H-++13N hydrogen bond scalar couplingdJyn)
in both RNA and DNA are surprisingly large in the-8 Hz
rangel—3 By contrast, the couplings between the imino hydrogen
and its accepting®N nucleus "y, are smaller and have values
in the 3 Hz rangé:3

The scalar couplings in proteins between the amide nitrogen
and carbonyl carbon nucleu¥yc, as well as between the
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smaller than those in proteins, and also due to the far more
ctomplicated nature aF-coupling networks in the aromatic rings

of nucleic acids relative to those in proteins. In addition, the
chemical shift dispersion among aromatic nuclei in base pairs
is poor. Direct detection of NH---O=C hydrogen bonds in
nucleic acids represents a challenge that requires the successful
design of NMR experiments with both high sensitivity and high
selectivity.

In this paper, we report the first direct observation of N
H---O=C hydrogen bonding in nucleic acids via four-bdfidkn
couplings between nitrogen; ldnd N linked by N—H;---O)=
C—N; hydrogen bonds. Specifically, the coupl&N nuclei
constitute the network of imino (N1) nitrogens within a@

G-G tetrad (Figure 1), found in the d(G-G-G-T-T-C-A-G-G)
sequence which adopts a dimeric quadruplex architecture. We
present two-dimensional (2D) NMR spectra demonstrating
correlations between Ni{d,) and N}(wa1), as well as N1H{w,)

and C(w1), mediated vighIyn couplings between imino (N1)
nitrogens within the G5-G-G tetrad, in the dimeric d(G-G-G-
T-T-C-A-G-G) quadruplex. To detect and quantify these
extremely small couplings¥0.14 Hz) with high sensitivity, we
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Figure 1. (a) Schematic drawing of one of the two symmetrical G
G-G-G tetrads formed in the dimeric d(G-G-G-T-T-C-A-G-G) quad-
ruplex. Hydrogen bonds are indicated by dashed lines linking the
hydrogen and the hydrogen-acceptor atoms. The amplitudieiod
hydrogen bond coupling$!Jny, is indicated accordingly with a solid

J. Am. Chem. Soc., Vol. 122, No. 13, 28207

ated sensitivity losses significantly hamper the determination
of extremely smaltrans-hydrogen bond couplings.

A well-known alternative to INEPT-based experiments is
J-cross-polarization (CFY,which has found several applications
in liquid-state NMR primarily as homonuclear (TOCSY¥,
HOHAHA,*? or isotropic mixing) and, to a more limited extent,
as heteronuclear experimerfs?? CP-based experiments pos-
sess better radio frequency (rf) inhomogeneity compensation
and, in some cases, better relaxation profiles than their INEPT
counterpart3324 CP is often the method of choice for relayed
magnetization transfer, especially in the homonuclear case,
where the transfer efficiency is far greater than that in INEPT
methods”18 Most applications of CP have been broadband in
nature, involvingJ-coupled spins with wide chemical shift
ranges. This necessitates the use of high rf power, especially
for hetero-CP experiments involving X-nuclei (e.§C and
15N);24 consequently, the impact of hetero-CP experiments has
been somewhat limited. However, for detecting small coupling
constants between groups of spins with nearly degenerate
chemical shifts, low-power, band-selective CP has significant
advantages. With appropriate adjustment of the rf field strength,
a high degree of frequency selectivity may be achieved. In this
way, magnetization is transferred exclusively between the
resonances lying within the applied rf bandwidth, provided that
the coupling constants are small, since increased frequency
selectivity results in a corresponding increase in the duration

arrow pointing to the corresponding atoms in guanines G1 and G2. (b) of the CP mixing sequence. For magnetization transfer via very

The AX; type J-coupling topology formed by th&N1 spins of four
guanines constituting the:G-G-G tetrad mediated biyans-hydrogen
bond*\Jyy couplings. (c) The chemical structure and numbering of a
guanine base according to the IUPAC/IUB nomenclatfifé.

have developed novel NMR techniques employing band-
selective!>N—13C J-cross-polarization. These techniques have
been used to establish a new procedure for estimatintjidhe
coupling constants.

The detection of smaltransN—H---O=C J-couplings in

small couplings, the increased duration is easily accommodated
into the long mixing time required~1/2J for homo- and~1/J

for heteronuclear spin systems) for optimal transfer. A few
applications of band-selective CP have been reported in the
literature!®25 The pulse sequences described below provide a
highly sensitive and frequency-selective procedure for detecting
small 4hJyn couplings.

Experimental Procedures

NMR experiments were performed on uniformi§C/*°N-labeled

nucleic acids by NMR requires a procedure for correlating the d(G-G-G-T-T-C-A-G-G), which forms a novel dimeric quadruplex
imino or amino moiety of a base with the carbonyl carbon of conta@ning two GG-G-G tetrads (Figu_re 1_a). The NMR sample
its paired partner base, while simultaneously suppressing acontained a 25@L volume of 1.0 mM dimeric quadruplex, 100 mM

similar, and often larger, correlation within the base. The most
convenient method to achieve this correlation makes use o
insensitive nuclei enhanced polarization transfer (INEPSteps

NaCl, and 95% KO/5% D,O at pH 6.5 in a Shigemi microcell. All

fNMR spectra were collected at 2€ on a Varian Inova 600 MHz

(*H) instrument equipped with zaxis pulsed-field gradient probehead.
The time-domain data sets were processed using the program PROSA,

to transfer magnetization between imino/amino nitrogens and 54 the spectra were analyzed using the program XEASY.

carbonyl carbons. Unfortunately, INEPT-based experiments for

detecting small coupling constants within aromatic rings of
nucleic acids are often inefficient, due to a number of factors:
(i) A large number of homo- and heteronuclear coupling
pathways exist, forming a complex network, and are often
difficult to isolate from one another. In particular, tAdc
couplings of the™®N1 nitrogen of guanine to bot¥C6 (160-

163 ppm) and3C2 (152-155 ppm) are similar in magnitude
(~7.5 Hz)1® The proximity of their resonance frequencies
renders it almost impossible to isolate the N1C6 magnetiza-
tion-transfer pathway from the N2> C2 transfer pathway. (ii)
During the long delays~200 ms) required for magnetization
transfer via smallJ-couplings, a large number of relaxation
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In all NMR experiments, water flip-back pul$ésare applied in
appropriate positions to ensure the water magnetization is along the
positive z-direction during most of the pulse sequence, particularly
before acquisition. Residual water is suppressed by WATERGATE
before detection. Thefiltration,*3!preceding or succeeding each CP
period, is for selection of in-phase magnetization. For experiments in
which the 3C6 chemical shift is frequency-labeled during the
evolution period*C5 decoupling is achieved via'#C5-selective 180
pulse in the center of thi period.

Results

J-Couplings across hydrogen bonds in aG35-G tetrad
(Figure 1) may be manifested via several possible interactions:
Shine couplings betweent®N1; and '3C6, as observed in
proteinsS—° 4y couplings betweetPN1 and®N1;, and*Jec
couplings between*C6 and 3C6. The pulse sequences
described below were developed to successfully observe the
4hJyn coupling correlation, while attempts were unsuccessful
to detect the?hdye and*"Joc coupling correlations.

2D HN(N)-TOCSY Experiment. The pulse sequence for the
2D HN(N)-TOCSY experiment is shown in Figure 2a. The
corresponding magnetization-transfer pathway, which is similar
to the semi-constant-time (CT) three-dimensional (3D) (H)NNH-
TOCSY experimeri for the measurement of sequentialy
couplings in proteins, is indicated in the shorthand notation of
eq 1. In brief, imino proton magnetization originating from a

H1L— N1, (t)— (N 1i—TOCSY—15N1j)—15N 1]-—1H L(ty)
1

guanine base within the-G-G-G tetrad (Figure 1) is transferred
from a guanine nitrogen (N)lvia an INEPT? step, which is
then frequency-labeled during theperiod. After the anti-phase
N1; magnetization is refocused with respect to the imino proton,
the N magnetization is subjected to a low-power isotropic
mixing with the rf field strength whose bandwidth covers only
the N1 chemical shift range (148.48 ppm for guaninesy200

Hz at 14.1 T). This results in partial magnetization transfer to
the NJ nitrogens of the neighboring guanines in the tetrad via
the four-bond""Jyn coupling. An INEPT step then transfers the
N1 magnetization back to its attached proton for detection. The
final spectrum correlates the Niproton to the Nil(auto) and
N1; (cross) nuclei.

A 2D HN(N)-TOCSY spectrum of the dimeric d(G-G-G-T-
T-C-A-G-G) quadruplex is shown in Figure 2b, with the
corresponding 2DH,N]-HSQC reference spectrum shown
in Figure 2c. The cross peaks in Figure 2b establish that G1
shows coupling connectivities with G2 and G9, identifying the
existence of N+-H---O=C6 hydrogen bonds between &P
and G1G9 pairs. Similar hydrogen-bonding interactions are also
observed in the G&8 pair (Figure 2b). Unfortunately, the imino
15N1 chemical shifts of G8 and G9 are degenerate, and,
therefore, from this spectrum, it is not possible to identify any
potential hydrogen bonding in the pair.
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Figure 2. (a) Pulse sequence of the 2D HN(N)-TOCSY experiment
that is used for the direct detection of hydrogen bondsdnys-hydrogen
bond “"Jyn couplings within the GG-G+G tetrads in the dimeric
quadruplex. Thé"Jyy couplings are active during the imino nitrogen
isotropic mixing period. Narrow and wide rectangular black bars
indicate nonselective 9@&nd 180 pulses, respectively. Unless indicated
otherwise, the pulses are applied with phas&he H, 1°N, and'3C
carrier frequencies are set at 4.78 (water), 143.94 (guanine #hii9,

and 162.09 ppm (guanine carbofsT6), respectively. The nonselective
proton pulses are applied using a 37.9 kHz field strength. The selective
IH 90° pulses, indicated with black bell-shaped bars, used for water
flip-back?® are rectangular pulses of duration 1.7 ms. T pulses

are applied with a field strength of 6.1 kHz, atll decoupling using

the GARP-1 sequentewith 1.0 kHz is applied during acquisition.
The field strengths of (DIPSI-3)x or (DIPSI-Zp¢used for the imino
15N1 isotropic mixing are set to 286.8 (9fulse of 871.8:s) and 361

Hz (90 pulse of 692.5:s), respectively. The delayemployed is 2.65

ms. The phase cycling scheme usedis= X, —X; ¢2 = 2(X), 2(—X);

¢z = 4(Y), 4(—Y); ¢a = 8(X), 8(—X); ¢s(rec)= A, B, B, A, whereA =

X, =X, —X, X andB = A + 180°. Quadrature detection in the;(**N)
dimension is achieved using Statdsne-proportional phase incre-
mentation (TPPY phase cycling op:. The durations and strengths of
the z-axis pulsed field gradients employed are as follo@ = 1.5

ms, 20 G/cmG; = 0.5 ms, 7 G/cmGz; = 1.0 ms, 25 G/cm, = 0.5

ms, 6 G/cm;Gs = 0.8 ms, 15 G/cmGs = 0.5 ms, 8 G/cmG; = 1.0

ms, 20 G/cm; andsg = 0.4 ms, 18 G/cm. (b) 2D HN(N)-TOCSY
spectrum collected with the pulse sequence of (a). (c) 2D*IN]-
HSQC reference spectrum associated with th€-G-G tetrad in the
dimeric quadruplex. Both spectra b and c were recorded with acquisition
times of tima(*®N) = 120 ms andtzma(*H) = 93 ms in the two
dimensions, respectively. The imino nitrogen isotropic mixing time for
the 2D HN(N)-TOCSY spectrum was set to 379 ms with the (DIPSI-
3)x sequenc&3®and 96 scans perincrement. The total experimental
time was about 2 h. The auto imino resonances of the guanine tetrad
have been assigned to the individual bases and are indicated in panel
c. The cross peaks dfanshydrogen bond correlation signals are
indicated accordingly in panel b.

2D CP-H(N)CO—(NN)-TOCSY Experiment. Complemen-
tary to the 2D HN(N)-TOCSY experiment is the 2D CP-H(N)-
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Figure 3. (a) Pulse sequence of 2D CP-H(N)EMN)-TOCSY
experiment which is complementary to the experiment of 2D HN(N)-
TOCSY shown in Figure 2a. The field strengths (361 HZ, @dise of
692.5us using (DIPSI-2)%:29 and lengths of the two imino nitrogen/
carbonyl carbon cross-polarization periods that flank tthearbonyl
carbon chemical shift evolution period were adjusted to optimize the
magnetization transfer within a guanine base via the one-Baad
coupling. Thet3C5 180 selective decoupling pulse in the middletof
evolution period is applied as a 13@-cosine-modulated rectangular

pulse centered at 118 ppm, and an off-resonance compensation pulse

is applied at the end of thie period. Other parameters and the phase
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Figure 4. Best fit of normalized intensitiesy/(Ic + 1) = R(zm)/[1 +
R(tm)], of transhydrogen bond correlation peaks in the 2D HN(N)-
TOCSY spectra with analytical expressions (see eqs 3 and 4) for
polarization transfer efficiency in the four-spin®e-type system
represented by the imino nitrogens of@&G-G tetrads (Figure 1) under
isotropic mixing conditionsl; andl, are intensities of cross peaks and
auto peaks, respectively, aRfrm) = TJ/Tais the ratio of polarization
transfer efficiencies ofT() cross peaks and) auto peaks. Eight spectra
were collected with isotropic mixing times, = 239.36, 319.15, 398.93,
478.72, 558.51, 568.85, 638.29, and 676.05 ms using either DIPSI-2
(®) or DIPSI-3 @) sequence®:*The estimated average value of the
trans-hydrogen bond-couplings is*"Jyy = 0.1364 0.021 Hz. Error
bars correspond to propagated errors derived from the noise of the
spectra. Auto peaks of G8 and G9 (see Figure 3) were not included in
the calculation due to their degeneréfgl chemical shifts. Cross peaks
linking G1 and G9 were also excluded to minimize the propagated
errors stemming from carrier offset effects.

Briefly, a refocused H— N INEPT transfer process generates
in-phase Nilmagnetization, which is transferred to the intraresi-
due C6 carbon via band-selective heterfdN,3C)-cross-
polarization. The Cgcarbon is frequency-labeled duribgand
then transferred back to Ndia a reverse!fN,13C)-CP step. A
subsequent band-selectiVeN—15N isotropic mixing step, as
in the 2D HN(N)-TOCSY sequence, partially transfers; N1
magnetization to Nlvia the*"Jyy coupling, which is detected
via an INEPT step, on the NiHproton. The final spectrum
correlates N1H(w2) with C§ (auto) and Cp(cross).

The 2D CP-H(N)CG-(NN)-TOCSY spectrum of the dimeric
d(G-G-G-T-T-C-A-G-G) quadruplex is shown in Figure 3b. The

cycling scheme used are the same as those in Figure 2a. Quadratur€orresponding 2D H(N)CO reference spectrum is shown in

detection in thew;(**C) dimension is achieved with State§PPF? by
increasing the phasg. The durations and strengths of thaxis pulsed
field gradients used are as follows; = 1.0 ms, 25 G/cmGs = 0.5

ms, 6 G/cm; G= 0.8 ms, 14 G/cmGs = 0.8 ms, 12 G/cmG; = 0.8

ms, 15 G/cmGg = 0.5 ms, 8 G/cmGy = 1.0 ms, 20 G/cm; antio

= 0.4 ms, 18 G/cm. (b) 2D CP-H(N)CENN)-TOCSY spectrum
recorded using the pulse sequence of (a). (c) 2D H(N)CO reference
spectrum associated with the@G-G tetrad in the dimeric quadruplex.
Both spectra b and ¢ were recorded with acquisition times.g{*°C)

= 80 ms andzma(*H) = 93 ms in the two dimensions, respectively.
The imino nitrogen/carbonyl carbon cross-polarization period was set
to 80 ms, which is a compromise between maximal magnetization
transfer within a guanine base via the one-bdag coupling and
minimal relaxation and interference of long-range couplings. The imino
nitrogen isotropic mixing time was set to 379 ms with (DIPSI-3)x
sequenc®s®and 256 scans pey increment, which resulted in 4.8 h

of experimental time. The carbonyl carbon resonances of the guanine

tetrad have been assigned to the individual bases and are indicated i
panel ¢, and th&rans-hydrogen bond correlation signals are indicated
accordingly in panel b.

CO—(NN)-TOCSY experiment. The pulse sequence (Figure 3a)
is outlined below:

H1-"N1— (N1 —CcP-¥ce)—%Ca(t)—(**C6—CP-
*NL)—(*NL—TOCSY-*N1)—*NL—H1(t,) (2)

Figure 3c. Thé3C6 resonances of G8 and G9 are nondegenerate,
and, therefore, the presence of-N---O=C hydrogen bonds
across the G&9 pair is easily established from the N1H(G9)
C6(G8) cross peaks. The observation of NH(6CH(G2) and
N1H(G1)}-C6(G9) cross peaks confirms the @2 and G1
G9 pairings as established from the HN(N)-TOCSY experiment.
In contrast, the'®C6 chemical shifts of G2 and G8 are
degenerate, thereby precluding the establishment of th&&2
base pairing, which is readily observable in the HN(N)-TOCSY
spectrum. In combination, Figures 3 and 4 not only serve to
clearly demonstrate the presence*@fyy couplings but also
emphasize the complementarity of the HN(N)-TOCSY and
H(N)CO—(NN)-TOCSY experiments.

Other CP-Based NMR Experiments.The same principles
have been used to construct the 2D CP-HN(CO) (see Figure
Sla, Supporting Information) and 2D CP-H(N)CO (Figure S1b

r’éupporting Information) experiments which transfer magnetiza-

tion via potential®"Jyc couplings, and the 2D CP-H(N)CO
(CC)-TOCSY (Figure S1Supporting Information) experiment
which makes use of'Jcc couplings. These pulse sequences
are described in the Supporting Information. Despite our best
efforts we were unable to detect tHdyc and*"Jcc coupling
correlations as outlined in the Discussion section.

4hJyn Couplings. Luy et al33 have devised general analytical
expressions of polarization transfer functions for a scalar-coupled
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four-spind/, system under isotropic mixing conditions in the mixing on13C! In essence, the accidental offset mismatching
absence of relaxation. For the@G-G tetrad (Figure 1a), each  of the3C carrier had transformed the ERIN(CO) experiment
of the four imino'5N1 spins is coupled with its two neighbors into an HN(N)-TOCSY experiment (Figure 2a), resulting in

via four-bondtrans-hydrogen bond coupling&Jyy, constituting band-selective magnetization transfer exclusively via*tigy

a symmetric AX, type of coupling topology (Figure 1b). The coupling betweerd®N1 nuclei. This also explains wh§\yc
transfer functions for cross peaK¢ and auto peakTg) couplings could not be observed directly. In the CP-H(N)CO
intensities are given by the following equations, which are valid and CP-HN(CO) experiments, during tH&—13C CP mixing

for isotropic mixing in an AX, spin systen?3:34 period, adjusted for refocusing of tAéyc coupling, transfer

via the3hJyc coupling competes unfavorably with the far more
T.= 1/6 {1 - cos(2tJr,)} + 5/24 {1 - cos(4tJr,)} (3) efficient homonuclealPN—1°N TOCSY transfer, which is active
simultaneously. This is likely to be true even if tR&Jyc
T,=1— {1~ cos(2tIr,)} — %, {1 — cos(4ulr,)} = coupling is twice as large as th&lyy coupling observed in the
1-T. (4) work. In principle, the"Joc coupling can provide an additional
¢ competitive pathway. However, in this work, no evidence for
“"Joc couplings could be observed using the CP-H(NYO
(CC)-TOCSY experiment (see Figure Slc, Supporting Informa-
tion). The lack of cross peaks in tR&lyc correlation experi-
ments is, therefore, likely due to the interference of 4hiry

whereJ represents th&rans-hydrogen bond couplinggn)
linking the imino®N1 spins of adjacent guanine bases apd

is the 15N1 isotropic mixing time. Thus, assuming identical
relaxation rates for auto and cross peaks, and knowing the

intensity ratio,R(rm) = Td/T, obtained from a series of 2D @one. _ _

spectra with different mixing times, the value dfcan be The unique spl_n-couplmhg topology of the GG-G tetrad
obtained by fitting the experimental data with the analytical 2l0WS quantification of thé"y couplings with not only high
curve: Rem)/[L + Rm)] = Te. sensitivity but also high accuracy. The magnitudes of the

A series of 2D HN(N)-TOCSY spectra were collected using ©Pserved four-bonéJyy coupling (-0.14 Hz) in nucleic acids
(DIPSI-2)x and (DIPSI-3)%3 sequences with 8 different ~can be compared with the three-bd¥idkc coupling ¢-0.5 Hz)
mixing times ) in order to obtain a quantitative estimate of " protein$™® and the two-bond™Jyy coupling (6-7 Hz) in

angy couplings. The best fit of the experimental data with the nuclheic acid§f.3 The detection of thé"Jyy coupling but not
analytical curve oR(zm)/[1 + R(zm)] (see above) using eqs 3 the*"Jcc coupling probably reflects the larger electronegativity

and 4 is plotted in Figure 4. The value of tH&y coupling of the nitrogen atom in comparison with the carbon atom.

was determined to be 0.135 0.021 Hz Interestingly, the magnitudes #fJyn couplings reported here
' ' ' are in the same range as the sequedijal couplings measured
Discussion in proteins3? Whether therans-hydrogen bond"Jyy couplings

. . - in proteins are measurable or negligibly small remains unestab-
In this study, our primary objective has been to deteet N jighaq at this time. Most importantly, the-NH---O=C hydrogen

H---O=C hydrogen bonds in nucleic acids. Following the 1,45 are as ubiquitous as the-N-+-N hydrogen bonds in
strategies adopted in proteins, the natural choice in this direction, | jeic acids, as well as in protein/nucleic acid complexes, and

was to attempt obser\ftion &nc couplings, for which we o iay a key role in nucleic acid architecture stabilization
targeted the NiH---O=C6-N1 hydrogen bonds of a stable g molecular recognitiof. The first direct detection of the
G-G-G-G tetrad (Figure 1a) within &C!*N-labeled dimeric N—H---O=C hydrogen bonds in nucleic acids Hyans
d(G-G-G-T-T-C-A-G-G) quadruplex. After repeated lack of . qen hond-couplings, together with the known observation
success using INEPTTbased HNCO_-type experiments, We ¢ N ...\ hydrogen bonds via the much larger coupliigs,
switched to band-selective cross-polarization using the 2D CP- g 4 provide critical restraints in nucleic acid solution structure

HN(CO) (see Figure Sla, Supporting Information) and 2D CP- yatermination and in the characterization of intermolecular
H(N)CO (see Figure S1b, Supporting Information) experiments, ,:aractions.

in attempts to obtain N*H;—O=Cg; correlations. Indeed, the

CP-H(N)CO experiment turned out to be far more sensitive than ~ Acknowledgment. This research was supported by NIH
the corresponding CT-H(N)C® experiment in this case. Grant GM34504 to D.J.P..

Disappointingly, however, ndanshydrogen bond Ni+-H-- Supporting Information Available: One figure showing
O=C§ correlations could be detected. At this point, the carbon o pulse sequences of 2D CP-HN(CO), 2D CP-H(N)CO, and
carrier frequency was mistakenly positioned at 13 ppm upfield 5 CP-H(N)CO-(CC)-TOCSY experiments and associated text

of the %C6 nuclei in the 2D CP-HN(CO) experiment. To our  ppFy This material is available free of charge via the Internet
surprise, the experiment turned out to be so sensitive that all 3 http://pubs.acs.org.

the expected NtH;---O;=C6—N; cross peaks could be ob-
served withi 1 h ofdata collection (Figure®. The spectrum  JA994255S
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