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A new pulse sequence (excitation-sculptured indirect-detection
experiment, EXSIDE) for measuring long-range heteronuclear
coupling constants has been proposed. The experiment is a band-
selective variant of the gradient—-HSQC experiment. The initial
polarization transfer from *H to **C and the refocusing of the
antiphase *H magnetization after the back-transfer from *C to 'H
is unmodulated by any passive homonuclear couplings. This is
achieved by a variation of the double pulse-field-gradient spin-
echo technique. The sequence provides pure absorptive lineshapes,
and long-range heteronuclear coupling constants are J-scaled and
measured along the F, (carbon) dimension. Unlike methods where
the heteronuclear couplings are extracted along the F, (proton)
dimension with overlapping homonuclear couplings, in the EX-
SIDE spectrum the active coupling constant is measured with no
interference from any passive couplings. As long as one can group
subsets of resonances that are not coupled to each other, the
method can be used with multifrequency selection. The applicabil-
ity of the experiment to measure "Jcy is demonstrated using
strychnine. The unique chemical-shift region of anomeric protons
in oligosaccharides and the H1' protons in oligonucleotides makes
this method easily applicable for measuring long-range CH cou-

pling constants across the glycosidic bond. © 1996 Academic Press, Inc.

INTRODUCTION

Two-dimensional proton—carbon (one-bond and long-
range) chemical-shift correlation spectra are important tools
in structural determination (1—3). Proton-detected hetero-
nuclear experiments (such as HMQC and HMBC) offer sub-
stantia sensitivity enhancement over carbon-detected exper-
iments (4—9). The resolution along the carbon dimension
in proton-detected experiments is generally low and con-
trolled by the number of t; increments. The total experiment
time must be doubled to increase this resolution by a factor
of two. In spite of this, these experiments have become the
methods of choice, because the large chemical-shift disper-
sion aong the carbon dimension allows one to resolve the
signals even if the digital resolution is poor.

In addition to carbon and proton chemical shifts and their
“*connectivity’’ in direct and long-range correlation spectra,
homonuclear and heteronuclear coupling constants offer a

wealth of structural information (10). They can provide in-
formation on dihedral angles via a Karplus equation (11).
New proton-detected methods have been presented in recent
years to determine long-range heteronuclear coupling con-
stants. The Joy can be obtained from E.COSY-like signal
splitting with *Jx,, in Fy and "Jyy, in F». Signals of this kind
appear in X-filtered NOESY (12, 13) or X-filtered TOCSY
(14-16) experiments and can be combined with editing and
selection techniques (17—-19). These experiments, however,
are applicable only to protonated carbons. Various other
1D, 2D, and 3D techniques based on HMBC and HSQC
experiment have also been proposed (20—27). The focusin
these cases isto extract the heteronuclear coupling constants
in the presence of homonuclear couplings. This is typically
achieved by lineshape analysis (in the proton-detection di-
mension) or signa-intensity analysis (anaytical, 2D, or 3D
methods) or by the use of selective excitation (in the proton
and/or carbon dimensions). A recent review (28) surveys
the various methods for determining scalar coupling con-
stants (including heteronuclear coupling constants) and their
analysis and application for the elucidation of structures.

In principle, heteronuclear long-range coupling constants
can be measured directly from the cross peaks in HMBC
spectra. If the desired heteronuclear coupling is to be ex-
tracted from the cross peaks along the proton dimension
using HMBC or HSQC sequences, the experiment must be
run without **C decoupling and preferably without the long
refocusing delay. Long-range heteronuclear coupling con-
stants are approximately of the same magnitude as homonu-
clear coupling constants. Therefore, the rather small hetero-
nuclear antiphase coupling constants are difficult to measure
because of overlapping (and reciprocal cancellation) of the
numerous multiplet lines. Moreover, the nonrefocused multi-
plet of an HMBC cross peak is not purely absorptive in
phase in F, because of the modulation through homonuclear
couplings and through the development of the proton chemi-
cal-shift evolution during the polarization-transfer delay.
While the proton chemical shifts can be refocused by using
the refocused version, the homonuclear coupling evolution
cannot be refocused.

It is even more difficult to measure the desired coupling
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constant along the carbon dimension, as this would require
a selective proton = pulse during the evolution period to
refocus al but the ‘‘active’’ proton. This problem was re-
cently circumvented in the gs-J-HMBC sequence (27). In
this modification of gradient-selected HMBC (29, 30), the
coupling constant is measured along an additional evolution
(or pseudo evolution) dimension. Use of gradients, asin the
gs-J-HMBC experiment, to select the coherence pathway
also substantially improves the suppression of the magneti-
zation of protons not coupled to **C, which often produces
intense t; noise and interferes with the coupling constant
measurement. M odifications of HSQC experiments to gener-
ate pure absorption-mode spectra in both F; and F, dimen-
sions and measure the heteronuclear couplings along the
proton dimension have aso been proposed (24, 26). The
interference of in-phase homonuclear couplings with the
antiphase heteronuclear couplings still exists as long as one
attempts to measure the heteronuclear couplings aong the
proton dimension.

We now wish to report an excitation-scul ptured indirect-
detection experiment (EXSIDE) that provides cross peaks
which are J-scaled in the carbon dimension. This experiment
is a semiselective version of the gradient-selected HSQC
sequence (31, 32). Proton band selection is based on the
excitation-scul pting technique (33) reported by Shaka et al.
The experiment is run with **C decoupling during acquisition
and generates a spectrum that is purely absorptive in both
F, and F, dimensions. All heteronuclear couplings are refo-
cused during the **C evolution. Cross peaks appear as dou-
blets along the F, dimension centered at the **C chemical
shift. The frequency separation of the doublet components
is the active CH long-range coupling constant scaled up by
a factor predefined by the user.

PULSE SEQUENCE

The EXSIDE pulse sequence used for the measurement
of long-range range CH coupling constants is shown in Fig.
1A. The EXSIDE experiment, in principle, involves the fol-
lowing steps: (i) selective INEPT (34) from protons to car-
bon; (ii) carbon evolution; (iii) gradient encoding; (iv) po-
larization transfer back to protons; (v) gradient decoding;
(vi) selective refocusing of the antiphase proton magnetiza-
tion; and (vii) proton observation with **C decoupling. The
coherence-pathway selection is done using magnetic field
gradients. Data from N- and P-type coherence pathways
were collected separately (by inverting the sign of the decod-
ing gradient pulse) and combined during processing to gen-
erate pure absorption lineshapes (31, 32). During the selec-
tive INEPT (step i), the polarization-transfer efficiency is
J-modulated in amplitude during the period 7. By setting 7
asafunction of t; (= = N X t;), the observed magnetization
is frequency modulated by the **C chemical shift and ampli-
tude modulated by N x J.

The selective INEPT (step i) and selective refocusing
(step vi) are achieved using a modification of the double
PFG spin-echo (DPFGSE) technique (33). In the absence
of the carbon 7 pulses during the DPFGSE train (as shown
in Fig. 1B), the proton magnetization returns to its starting
position at the end of the DPFGSE train, the excitation pro-
file depending only on the inversion profile of the band-
selective proton 7 pulses. The phase of the magnetization is
unaffected while the amplitude is scaled by the inversion
profile of these band-selective 7 pulses and by any relaxation
loss. Multiple resonances can be simultaneously inverted by
appropriate choice of **multiple-frequency’’ -shifted laminar
pulses (35). An increase in the length of the echo delays
(A;and/or A,) affects only the amplitude of the magnetiza-
tion (due to increased loss through relaxation), as long as
only resonances that are not coupled to each other are se-
lected (which can be typically achieved by examining a
COSY spectrum).

When carbon 7 pulses are introduced simultaneously with
the band-selective proton = pulses, as in the EXSIDE se-
guence, Fig. 1A, the proton—carbon coupling continues to
evolve during A. At the end of A, the proton magnetization
can be transferred to carbon by a pair of 7/2 pulses. Since
only proton resonances that are not coupled to each other
are intentionally chosen by the band-selective pulse, the po-
larization-transfer efficiency is modulated only by the term
sin(wJA) with maximum transfer when A = 1/2J and is
unmodulated by any passive homonuclear coupling. On the
same score, the refocusing of the antiphase proton magneti-
zation after the back-transfer to protons is unmodulated by
any passive homonuclear coupling, thus retaining the pure
in-phase characteristic of the detected homonuclear multi-
plet.

The EXSIDE sequence incorporates, in effect, two evolu-
tion periods (7 and t;). During the period 7, an amplitude
modulation is introduced into the polarization-transfer effi-
ciency that isafunction of the active heteronuclear coupling
constant. By setting 7 = N X t;, where N is the J-scaling
factor, this amplitude modulation is observed in the F; di-
mension aong with the **C chemical shift. The cross peaks
appear in the F, dimension, at their *C chemical shifts, as
doublets with a frequency separation of N X J. This ap-
proach for combining the J-modulation dimension and the
13C chemical-shift dimension parallels the accordion experi-
ment reported earlier (36).

The EXSIDE sequence (Fig. 1A) also incorporates a gra-
dient pulse between the proton and carbon 7 /2 pulses during
the polarization-transfer step, improving the suppression of
proton magnetization not coupled to **C (37). A TANGO
(38) train for exciting protons that are directly attached to
13C followed by a gradient pulse (not shown in Fig. 1A)
typically precedes the sequence. This eliminates any un-
wanted one-bond correlations from the spectrum. In EX-
SIDE spectrawith single-resonance selection, one-bond cor-
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[A] The EXSIDE pulse sequence. Unless otherwise indicated, the thin and thick vertical lines represent 90° and 180° pul ses, respectively.

The band-selective proton pulses during A are = pulses. The basic phase cycling is ¢, = X, X, X, X, =X, =X, =X, —=X; ¢ = X, X, =X, —X; ¢3 =
X, —X; and ¢4 = X, —X, —X, X, —X, X, X, —X. Phases not shown are along the x axis. Pure N- and P-type data were collected (by inverting the
sign of the G, gradient), stored separately, and combined during processing to generate pure absorptive lineshapes. [B] Basic double PFG spin

echo (DPFGSE).

relations can be easily avoided by judicious choice of an
excitation bandwidth narrower than J.,. However, when
semiselective excitations or multiple-frequency excitations
are used, it is not always possible to avoid excitation of *Jq
satellites. Such one-bond correlations will appear as doublets
with substantially large frequency separation (=N X *Jcp)
and, thus, can lead to misinterpretation. Use of a TANGO—
gradient pair eliminates this ambiguity.

RESULTS AND DISCUSSION

The key to the success of the EXSIDE sequence relies
on the ability to selectively defocus only the heteronuclear
coupling without any homonuclear J modulation prior to
INEPT transfer. In addition, generation of pure absorption-
mode proton magnetization also relies on the ability to selec-
tively refocus only the heteronuclear coupling without any

homonuclear J modulation during the refocusing period after
the back-transfer to proton. Both these requirements are ac-
complished by the DPFGSE pulse train. The ability of the
DPFGSE pulse train to excite multiplet resonances with
clean phase properties (independent of the length of the
DPFGSE train) is demonstrated, using a sample of strych-
nine, in Fig. 2. All selective-inversion pulses are frequency
(single or multiple frequencies, as the case may be) shifted
Q3 pulses (39), generated using the Pandora's Box (40)
pulse-shaping program available in Varian NMR software.
As can be seen, independent of the length of the 7 pulse or
the number of resonances inverted, the DPFGSE pulse train
generates pure-phase lineshapes. Selective excitation using
the DPFGSE train require no phase cycling. All selective-
excitation spectra in Fig. 2 were recorded with one scan
each. As pointed out earlier, when more than one resonance
is inverted by a multiple-frequency-shifted shaped pulse,
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FIG. 2. One-dimensional spectra of strychnine in CDCl;: [A] High-resolution reference spectrum; [B] single- or multiple-frequency-selected 1D
spectra using the DPFGSE technique. The lengths of the band-selective = pulses are given in ms with each spectrum. These are Q3 pulses with phase
modulation (35) to invert the selected resonance(s). The length of the echo delays, A; and A,, is 2 ms (inclusive of the gradient time) each. [C]
Multiple-frequency-selected 1D spectra with 5 and 50 ms echo delays (A; = A, = 5 or 50 ms). All spectrain B and C are run with one scan each and

plotted with the same vertical scaling factor.

only those resonances that are not coupled to each other are
chosen. This was achieved by an examination of the COSY
spectrum (not shown) . In the case of strychnine, all aliphatic
resonances (except two closely spaced AB methylene pro-
tons) can be grouped into four sets. Thus, the pure-phase
characteristic of the resonances is retained, independent of
the length of the echo delaysin the DPFGSE train. However,

resonances with short T5 are expected to have substantial
amplitude loss with longer echo delays.

The EXSIDE sequence was tested using a sample of phe-
nylalanine (*3C enriched at the B carbon). In this sample,
frequency separation between the H, and the **C satellite of
the most downfield H,; resonance is 190 Hz. A 35 ms Q3
inversion pulse (measured inversion bandwidth is approxi-



EXCITATION-SCULPTURED INDIRECT-DETECTION EXPERIMENT 37

70
60
50
T a0
= n
§ i
E
-~ 307
201
10
0 T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16
Scaling Factor (N)
FIG. 3. Plot of scaling factor (N) vs the measured frequency separation

between the doublet components (Jmessured) Of the H,—C; cross peak in the
EXSIDE spectraof phenylalanine. The slope of the plot (4.42 Hz) compares
well with the coupling constant measured (4.4 Hz) from the 1D proton
spectrum.

mately 100 Hz) is used. A series of EXSIDE spectra were
recorded using varying values of the J-scaling factor, and
the frequency separation between the doublet components
of the H,—C; cross peak was measured. Figure 3 shows
excellent correlation between the coupling constant obtained
(the dope of the plot is4.42 Hz) from the EXSIDE spectrum
and the actual coupling constant (4.4 Hz measured directly
from a high-resolution proton spectrum).

In Fig. 4, results from EXSIDE spectra of strychnine are
compared with a gradient-selected magnitude-mode HMBC
spectrum (29, 30). The EXSIDE spectrum shownis, in fact,
a superposition of four EXSIDE spectra collected using four
different band selections. Each of these four EXSIDE spectra
and the HMBC spectrum were collected over the same total
acquisition time. All cross peaks in the HMBC spectrum
were observed in the EXSIDE spectrum with relatively simi-
lar intensity. Less sensitivity is expected in the EXSIDE
spectrum compared to the HMBC spectrum due to increased
length of the sequence and hence increased |oss due to relax-
ation. However, the EXSIDE spectra can be processed in
purely absorptive mode and hence have better lineshapes,
while the HMBC spectra are typically processed in the mag-
nitude mode with severe resolution enhancement weighting.
In the present case, the EXSIDE spectra were processed
with unshifted Gaussian functions ( sensitivity-enhancement
weighting) while the HMBC spectrum was processed with
unshifted sine-squared functions (resolution-enhancement

weighting), in both F; and F, dimensions. This more than
compensates for the loss of signal due to relaxation in the
EXSIDE spectrum compared to the HMBC spectrum. How-
ever, the EXSIDE spectrum cannot be run with all the proton
resonances. The proton spectrum must be divided into multi-
ple subsets of resonances that do not have homonuclear cou-
pling between them. This is an intrinsic limitation of the
EXSIDE sequence. Expansions of selected cross peaks from
the EXSIDE spectra are given in Fig. 5. Coupling constants
that are larger than 1/7 ma) [i.€, 1/(N X t;ma))] Can be
measured.

In oligosaccharides, the long-range carbon—proton cou-
pling constants through the glycosidic bonds are vauable
parameters in conformational analysis. In oligonucleotides,
the long-range carbon—proton coupling constants between
H1’ and the base carbons (C2/C6 in pyrimidines and C8/
C4 in purines) can be used to analyze the glycosidic angle
x- In both these classes of compounds, the protons of interest
(anomeric protons in the former case and H1’ in the later
case) have a unique chemical-shift region in the proton spec-
trum. They can be conveniently band-selected and the long-
range coupling constants can be measured using the EXSIDE
seguence. In Fig. 6, the EXSIDE spectrum of one example
of each of these two classes of compounds is given. The
sengitivity of the EXSIDE spectrum is dependent on the
relaxation times, and hence its applicability is expected to
be limited to small molecules.

The EXSIDE sequence can be modified by introducing
band-selective carbon 7 pulses during the polarization trans-
fer and refocusing delays or band-selective carbon 7/2
pulses during the polarization-transfer step(s). Thiswill en-
able one to narrow the carbon evolution spectral width and
hence obtain the required digital resolution for J measure-
ment with asmaller number of t; incrementsand/or asmaller
J-scaling factor. The EXSIDE spectrum of d(TTGG) in Fig.
6B was run with the first carbon 7/2 pulse being a band-
selective Q5 pulse (39) to select only the aromatic carbons.

EXPERIMENTAL

All spectra were recorded at 25°C on a Varian Unityplus
500 MHz NMR spectrometer equipped with a programmable
pulse modulator in the proton channel, a gradient accessory,
and a*H{ **C,"N} triple-resonance probe. All nonselective
proton and carbon 90° pulses were of 6.1 and 12.0 us dura-
tion, respectively. All proton band-selective 7 pulses were
Gaussian cascade Q3 pulses (39) with phase modulation to
achieve off-resonance (single or multiple frequency) inver-
sion. They were generated using the Pandora’'s Box pulse-
shaping program available in Varian NMR software. The
strengths of the G, and G, gradients during the DPFGSE
train were 8 and 5 G/cm, respectively, and their duration
was 250 and 500 us, respectively. The encoding gradient
(G3) was of 10 G/cm strength and 1 ms duration while the
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FIG. 4. Comparison of [A] the EXSIDE spectrum with [B] the gradient-selected HMBC spectrum of strychnine in CDCl; (only the diphatic *H

region shown). The EXSIDE spectrum is a superposition of four spectra
modulated Q3 pulses are as in Fig. 2. All spectra were optimized for 8 Hz

decoding gradient (G,) was of 5 G/cm strength and 500 us
duration. All EXSIDE spectra were recorded as pairs of data
with the sign of the decoding gradient (G,) inverted with
respect to each other. The pure P and pure N spectra were
then combined during processing to generate pure absorption
lineshape. The homospoil gradient (G) strength was typi-
caly 10 G/cm and applied for a period of 5 ms. A 100
us delay followed al gradients for eddy-current recovery.
Carbon BB decoupling during acquisition was achieved us-
ing GARP1 decoupling modulation. Data were processed
using standard Varian software. All EXSIDE spectra were
transformed after multiplying the time-domain data with an
unshifted Gaussian window function along both the F; and
F, dimensions. The HMBC spectrum in Fig. 4 was trans-
formed after multiplying the time-domain data with an un-
shifted sine-squared window function along both the F; and
F, dimensions. One-dimensional spectra were transformed
without any sensitivity or resolution enhancement.

collected using the four band selections shown. The lengths of the phase-
coupling (A = 63 ms).

Spectra for measuring the long-range CH coupling con-
stant, shown in Fig. 3, were run using a sample of 5 mg/ml
solution of phenylalanine, with 99% *3C enrichment at the
[ position, in 50 mM NaOD/D,0O. Each EXSIDE spectrum
was collected with *H and **C spectral widths of 2000 and
500 Hz centered at 4.8 and 40.5 ppm, respectively. The
band-selective Q3 proton 7 pulses were of 35 ms duration
with phase modulation (35) to shift its inversion center to
—645 Hz, which is the position of the H, resonance. Two
scans of 512 complex points were collected for each of the
64 t; increments. The spectra were transformed after zero-
filling to 1024 x 1024 complex pointsand after linear predic-
tion to 128 complex points along the t; dimension.

Band-sdlective 1D spectrain Fig. 2 and EXSIDE spectrain
Figs. 4 and 5 of strychnine were run using a sample of 10 mg/
ml solution in CDCl;. The lengths of the band-selective, phase-
modulated Q3 pulses used to generate these spectra are given
in the respective figures. Each EXSIDE spectrum was collected
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FIG. 5. Selected expansions from the EXSIDE spectrum of strychnine shown in Fig. 4A. Frequency of separation of >40 Hz are resolved and the
J-scaling factor is 15. This represents a resolvable ‘‘actual’’ coupling of approximately 2.7 hertz.

with *H and *3C spectral widths of 5000 and 22,000 Hz centered
a 5.0 and 99 ppm, respectively. Two scans of 2048 complex
points were collected for each of the 550 t; increments. A J-
scaling factor (N) of 15 was used. A recovery delay of 1 s
was used prior to each scan and the total acquisition time
for each of the EXSIDE spectra was 1 h. The spectra were
transformed after zero-filling to 2048 X 4096 complex points
and after linear prediction to 1100 complex points dong thet;
dimension. The HMBC spectrum of strychnine was collected
under the same conditions as the EXSIDE spectra, except that
1100 t; increments were collected and the data were processed
without any linear prediction.

The EXSIDE spectrum of stachyose (Fig. 6A) was col-
lected using a 5 mM solution in D,O. Proton and carbon
spectral widths were 1000 and 6250 Hz centered at 4.8 and
85 ppm, respectively. The band-selective Q3 proton 7 pulses
were of 10 ms duration with phase modulation (35) to shift
the inversion center to +200 Hz, which is the center of
the anomeric proton resonances. Forty-eight scans of 1024
complex points were collected for each of the 250 t; incre-
ments. A J-scaling factor (N) of 10 was used. A recovery
delay of 1.2 s was used prior to each scan and total acquisi-
tion time was 15 h. The spectrum was transformed after
zero filling to 2048 x 2048 complex points and after linear
prediction to 500 complex points along the t; dimension.
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FIG. 6. The EXSIDE spectra of [A] stachyose and [B] d(TTGG) in D,O. Expansion of interresidue cross peaks across the glycosidic linkage is
given for stachyose. The spectrum of d(TTGG) shown is the H1'—C6/C8 region. Both spectra were recorded with the A delay optimized for 5 Hz

(=100 ms).

The EXSIDE spectrum of d(TTGG) (Fig. 6B) was col-
lected using a 10 mM solution (as sodium salt) in D,O.
Proton and carbon spectral widths were 2000 and 1500 Hz
centered at 4.8 and 137 ppm, respectively. The band-selec-
tive Q3 proton 7 pulseswere of 11.7 ms duration with phase
modulation (35) to shift the inversion center to +680 Hz,
which is the center of the H1’ resonances. The first 7/2
carbon pulse is a band-selective Q5 pulse of 4 ms duration.
Eighty scans of 1024 complex points were collected for each
of the 150 t; increments. A J-scaling factor (N) of 5 was
used. A recovery delay of 1 s was used prior to each scan
and total acquisition time was 16 h. The spectrum was trans-
formed after zero-filling to 1024 x 4096 complex points and
after linear prediction to 400 complex points along the t;
dimension.

SUMMARY

In summary, the excitation-sculptured indirect-detection
experiment (EXSIDE) proposed in this articleis avery use-
ful method for measuring long-range heteronuclear coupling
constants. The method incorporates two recent advances in
NMR techniques, double PFG spin echo (DPFGSE) for
band-sel ective excitation and gradient selection of the coher-
ence-selection pathway. The sequence provides sensitivity
comparable to a nonselective gradient HMBC experiment,
but with pure absorptive lineshapes. The experiment does
not involve any extensive phase cycling and can be run with
as little as two scans per t; increment. Long-range hetero-
nuclear coupling constants are J-scaled and measured along
the F; (carbon) dimension. Unlike methods where the het-
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eronuclear couplings are extracted along the F, (proton)
dimension with overlapping homonuclear couplings, in the
EXSIDE spectrum, the active coupling constant is measured
with no interference from any passive couplings. The only
prerequisite for the applicability of the EXSIDE sequence
is that the resonances of interest be well resolved from any
homonuclear-coupled spin partner. Aslong as one can group
a subset of resonances that are not coupled to each other,
the method can be used with multifrequency selection. The
unique chemical-shift region of anomeric protons in oligo-
saccharides and the H1' protons in oligonucleotides makes
this method easily applicable for measuring long-range CH
coupling constants across the glycosidic bond. In small pep-
tides where the NH and H,, regions are well resolved, this
method can be used to measure heteronuclear coupling con-
stants and analyze their relationship to ¢ and ¢» angles along
the peptide backbone. However, its applicability is expected
to be limited in relatively larger molecules due to substantial
proton spectral overlap and shorter relaxation rates.
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