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Enhanced versions of heteronuclear chemical shift correlation
experiments which yield high-quality spectra with efficient sup-
pression of extra peaks arising from strong coupling effects are
proposed. The enhanced pulse sequences feature properly de-
signed filtering schemes inserted during preparation, or prior to
acquisition, or at both places depending on the particular experi-
ment. These modifications extend the applicability of existing
methods, since they exclude misinterpretation of spurious peaks
and allow unambiguous assignment of the desired correlations.
The general applicability of the filtering method is noteworthy;
both scalar- and dipolar-correlated experiments with both X and
'H detection using phase cycling or gradient pulses for coherence
selection can be freed of strong coupling artifacts. © 1999 Academic
Press

Key Words: strong coupling; suppression of artifacts; X/*H fil-
tering; heteronuclear correlations.

INTRODUCTION

main peak in the case of heteronuclear scalar correlation. T
situation can be even worse in heteronuclear dipolar-correlat
experiments where the extra peaks are further enhanced dur
the mixing period by magnetization transfer via the zero
guantum coherence]). These facts emphasize the need fol
a general method for suppression of strong coupling artifact
Here we demonstrate that by using properly designed filter
undesired signals of strong coupling origin can be suppresse
We believe that the efficiency and general applicability of the
proposed methods circumvent the limitations of the earlie
ones. The pulse sequences extended with appropriate filteri
schemes displayed in Fig. 1 are illustrated using simple disa
charides ,a-p-trehalose (Scheme 1) amesucrose), present-
ing classic examples of strongly coupled spin systems.

RESULTS AND DISCUSSION

Heteronuclear Scalar Correlation

Heteronuclear chemical shift correlation spectroscopy with Several attempts to suppress the spurious peaks arising fr

both heteronucleusl£3 and ‘H detection 4—6) has become strong coupling effects have been published in the literature.
an invaluable tool in the study of complex organic moleculethe X-detected heteronuclear correlation experiment, applic:
The cross-peaks appearing in the heteronuclear scalar-coti@ of broadban& decoupling during thé, evolution interval
lated spectra normally allow unambiguous assignment of tfil, 12, incorporation of a BIRD pulse in the middle of
corresponding resonances of spin pairs. In the heteronuclést, 15, or generation of heteronuclear multiple-quantum eva
dipolar-correlated (HOESY) 710 experiment the cross- lution (16—18 has been previously proposed. Here we propos
peaks arising from the cross-relaxation effect, in addition &n alternative method that is applicable in both and *H-
corroborating the spectral assignment, provide structural infatetected experiments using either phase cycling or pulsed fie
mation related to the spatial proximity of the relevant nuclegradient for coherence selection.

However, as was demonstrated earliet{24, strong cou-  The enhanced versions of the scalar-correlated experimel
pling effects in an ky—"°C/**C—Hg, spin system wherd,; (Figs. 1a and 1b) correspond to a simple modification of th
# 0 andAv,s =~ 3 Jax can result in the appearance of extrariginal sequences incorporating ahfilter (26—29 during
peaks which correlate the distant proton,Hvith *°C, in  preparation or prior to acquisition depending on the particul
addition to the direct correlation of §—"°C,. This leads to mode K or ‘H) of detection. Insertion of th& filter in the
ambiguities in the spectral analysis of both scalai—17 and preparation part of the gradient-enhancedletected experi-
dipolar- 20—29 correlated spectra generated via the convement (Fig. 1a) gives rise to different phase modulation of th
tional pulse sequences. Theoretical analysis of strong couplittty-(**C) and"H—(*°C) proton magnetization due to the hetero-
effects in 2D experiments reported earli@B(18, 19 shows nuclear one-bond coupling evolution during the filter of
that the intensity of these artifacts can reach 30-50% of tfie/J(XH). In practice, two experiments are performed, one
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FIG. 1. The summary of the enhanced pulse sequences proposed in this study. Thin and thick bars represent 90° and 180° pulses, respectively.
x if not indicated otherwise. (a) Gradient-enhanedetectedH-X correlation experiment includiny filter for suppression of strong coupling artifacts. Details
of filtering are discussed in the text. Sine bell-shapegladient pulses of duration of 1 ms and G1:62y:v,, were applied for echo—antiecho/TPPI gradient
selection. The echo—antiecho signals were obtained by alternatively inverting the amplitude of G2 for consecutive FIDs, while tide phddesyere inverted
with each increment df,. A four-step phase cycle includes phase inversion of the firstid@sulse ¢,) with simultaneous inversion of the receiver pha®@ (
in the first two transients. During the third and fourth transients the phase inversigriafowed by the receiver selects for the desired correlations, while thos
of strong coupling origin are efficiently suppressed.= X, —X; ¢, = X, X, =X, =X; ¢ =y; D = X, =X, =X, X; 8 = 1/(4"yn); 8’ = 1/(4"Jy) Or 1/(6"Ixy)
depending on the multiplicity selection fot. (b) Sensitivity- and gradient-enhanced HSQC experiment incluMirfiffer. A trim pulse (Tr) of 2-3 ms is
included after the & (8 = 1/(4"Jx.) period to reducéH—(*?C) magnetization. Sine bell-shapedradient pulses of duration of 1 ms (whéefe= 1.2 ms includes
a recovery delay of 0.2 ms) and G1:G2vyy:yx were applied for echo—antiecho coherence selection; the amplitude of G2 and thedghase,alternatively
inverted for consecutive experiments, = X, —X; &, = X, X, =X, =X; ¢33 =V, Y, =Y, —=Y; bs = X, X, X, X, =X, =X, =X, = X; ® = X, =X, =X, X, =X,
X, X, —X; The phase inversion ap, followed by the inversion of the receiver phase allows suppression of strong coupling artifacts, as discussed in the
(c) HOESY experiment extended with the double filter. Due to the simultaneous phase invégsioftiie second 90° pulse within the filters, the signals arising
from the dipolar interactions of the protonated and nonprotonated heteronuclei have the same phase properties, allowing their simultaiveowstidetect
constant receiver phase, while the strong coupling signals experiencing only a single phase inversion are elniratedand TPPI is applied for phase
sensitive detection)p, = —X, =X, =X, =X, X, X, X, X; ¢3 = X, X, =X, —=X; ® = X, X, =X, —X, X, X, —X, —X. (d) Gradient-enhanced proton-detected
HOESY extended with the double filter. Sine bell-shagegtadient pulses of duration of 1 ms (whefe= 1.2 ms includes a recovery delay of 0.2 ms) and
G1:G2= vy,:yx were applied for echo—antiecho/TPPI gradient selection; the amplitude of G2 is alternatively inverted for consecutive FIDs, as well as the
¢, and ®, are inverted with each, increment. Broadband proton decoupling (WALTZ usithty90° of 250us) was applied during the relaxation delay and
t, evolution period.p; = X, —=X; ¢, = =X, =X, =X, =X, X, X, X, X; ¢35 = X, X, =X, =X; ® = X, =X, =X, X, X, =X, —X, X.
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FIG. 1—Continued

with the same phase for the two 9R%pulses to produce a 180°two transients. The same applies for the enharleedetected

pulse on theX spin, and one with a phase difference of 180° fazorrelation experiment (Fig. 1b), except that in this case, tt
the two 90° pulses producing an effective 0° pulse. Witpurging filter is applied prior to the acquisition period. The
appropriate phase cycling, i.e., following the phase inversion @mote protons 'H-"*C—°C) remain unaffected due to the
the direct correlations by the receiver, these coherences fit@r while the**C-bound direct protons are phase encoded dt
selected and observed. The spurious orfids'(C—"C) arising to the evolution of heteronuclear one-bond coupling. Agair
from strong coupling are eliminated by subtraction after evefye gifferent phase modulation of the magnetization of remo

HO s 5

SCHEME 1

and direct protons allows their efficient separation. Figure 1
displays only the sensitivity- and gradient-enhanc2é—31
variants of the experiment; however, the filtering works witf
any other version of the correlation experiment. The applice
bility of the above sequences for generating artifact-free spe
tra is demonstrated by the spectrapefrehalose as shown in
Figs. 2 and 3, using and ‘H detection, respectively. In the
spectra recorded by the original sequen&e29 (Figs. 2a and
3a), the extra peaks, H3/C2 and H2/C3, arising from stron
coupling effects are indicated by asterisks. From the parti
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FIG. 2. Partial 2D "H/**C correlation spectra and corresponding selectetrdees ofa,a-p-trehalose (1.7 M in BD). (a) Spectrum obtained with the
conventional pulse sequenc®),(but using echo—antiecho/TPPI coherence selection for phase-sensitive detection. Strong coupling artifacts are indice
asterisks. (b) Spectrum recorded with the enhanced pulse sequence of Fig. 1a under the same experimental conditions. Spectral widths werEGe4@iHz
1250 Hz for'H. Eight transients were accumulated for each of the 256 increments with a relaxation delays@d? sielay was set to 1.65 ms. The filter delay
(1/(2"3y4)) was 3.3 ms; 2048 complex data points were acquired,irz&ro-filling in F;, an exponential window function with line broadening of 3 Hz in F
and a cosine function in,fwvere applied prior to Fourier transformation. The echo—antiecho protocol of standard Bruker software was applied for transforn
The spectra have been plotted at the same threshold.

contour plots and selected cross-sections of Figs. 2b and 3b;éteronuclear Dipolar Correlation

is evident that the spurious peaks which appeared in the spectra

acquired with the conventional pulse sequences disappeareBoth theoretical21) and experimental0, 22, 23 analyses
from the maps recorded by the enhanced sequences of Figs?flHOESY experiments demonstrate that the intensity of th
and 1b. Therefore, we believe that for routine acquisition &rong coupling artifact can even surpass that of the direct pe
artifact-free scalar-correlated spectra, the sequences of Figsimgnfortunate cases. Thus misinterpretation of these inten
and 1b are possibly the method of choice as long as tAgifacts as real dipolar correlation peaks is a potential dang
inherent sensitivity loss due to mistuning of the filter delay arhd can lead to false structural conclusions.

T, relaxation during the extended experiments is acceptableln earlier proposed modifications of the HOESY experimer
This way signals due to strong couplings cannot be attributtalobtain artifact-free spectra, the application of a BIRD puls
to impurities of the compound. It should be noted that stror(@0, 20, 22 or MQ evolution £3) duringt; leads to undesired
coupling artifacts could sometimes be put to good use lgjimination of the dipolar correlations corresponding to the
correlating vicinal connectivity. nonprotonated heteronuclei. This is hardly an acceptable t
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FIG. 3. Partial 2D HSQC spectra and corresponding selectelaées ofa,a-D-trehalose (1.7 M in BO). (a) Spectrum obtained with the conventional
sensitivity- and gradient-enhanced pulse sequeB8g Strong coupling artifacts are indicated by asterisks. (b) Spectrum recorded with the enhanced f
sequence of Fig. 1b under the same experimental conditions. Eight transients were accumulated for each of the 256 increments with a relaxa?ian del
& (8") delay was set to 1.65 ms. The filter deldy (2'Jx.)) was 3.3 ms; 512 complex data points were acquired,irZ€ro-filling in both K, and F, a squared
cosine window function in § and a cosine function in,Rvere applied prior to Fourier transformation.

paid for artifact-free spectra, since invaluable structural infor- In the X-detected version of the HOESY experimeidt(
mation is completely lost. Another simple modification of th&0, 32 (Fig. 1c) anX filter is incorporated during preparation
original HOESY experiment involves the use of simultaneowsd an extraX(J) modulation (which can be also referred as ¢
'H 60° and™C 180° pulses in the middle of the mixing periodH filter) of X magnetization is allowed before acquisition. The
(20). A theoretical analysis2(l) of the modified experiment first filter introduces a phase inversion of tH¥C-bonded
shows that although the proposed sequence is effectivepioton magnetization, while protons attached'iG are not
eliminating the strong coupling artifacts, it also leads to undeffected, as was discussed above in the case of scalar corre
sired (50—60%) attenuation of the dipolar correlations. It ion. The J-modulation interval {H filter) applied before de-
also noteworthy that a modification of this type works only itection leads to an additional inversion of the signals of th
the fast motion molecular regime. These limitations of thgrotonated heteronuclei, leading to a different phase modul
earlier methods emphasize the paramount need for a generitip of the desired and undesired correlations. As a fin
applicable approach free of the handicaps mentioned aboveutcome of the sequence, the dipolar correlations of the pr
Here we demonstrate that by inserting two filtering blocks, ortenated heteronuclei, due to the double phase inversion intr
in the preparation period and another prior to the acquisition in tHeced by the filters, have the same phase properties as thos
original experiment, we can eliminate the undesired extra peaksloé nonprotonated heteronuclei, while the signals of stror
strong coupling origin, whereas the dipolar correlations of bottoupling origin experience only a single phase inversion a
protonated and nonprotonated heteronuclei are retained. lowing their elimination by appropriate phase cycling. Note
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FIG. 4. Phase-sensitive 2D HOESY spectra and corresponding selectext€s ob-sucrose (1.7 M in BO). (a) Spectrum obtained with the conventional
pulse sequencé), using TPPI for phase-sensitive detection. Strong coupling artifacts are indicated by asterisks. (b) Spectrum recorded with the enhanc
sequence of Fig. 1c under the same experimental conditions. Spectral widths were 7546°@afat 1313 Hz forH. Ninety-six transients were accumulated
for each of the 96 increments with a relaxation delay of 2 s. A mixing timg)(of 1.5 s was allowed for cross-relaxation. Filter defay(2'Jy,)) was 3.3 ms;
2048 complex data points were acquired in Experiment time was ca. 9 h. Zero-filling in o 256, an exponential window function with line broadening of
3 Hz in F, and a squared cosine function in Were applied prior to Fourier transformation.

that the above modification of the original HOESY experimemMOESY @33) experiment (Fig. 1d), the first filtering blockH

can also be applied to the gradient-enhancédetected filter) inserted in the preparation period introduces a phas

HOESY variant. inversion of the magnetization of protonated heteronuclei du
In the gradient-enhanced, proton-detected heteronucléarthe heteronuclear one-bond coupling evolution during th
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FIG. 5. Phase-sensitive, proton-detected 2D HOESY spectra and corresponding sejeraedd-o-sucrose (1.7 M in BO). (a) Spectrum obtained with
the conventional pulse sequen@8)( using echo—antiecho/TPPI gradient selection for phase-sensitive detection. Strong coupling signals are indicat
asterisks. (b) Spectrum recorded with the enhanced pulse sequence of Fig. 1d under the same experimental conditions. Sixteen transientdanestdaaccul
each of the 256 increments with a relaxation delay of 2 s. A mixing timg) (of 1.5 s was allowed for cross-relaxation. Filter de{dy(2'Jy,)) was 3.3 ms;
512 complex data points were acquired in Experiment time was ca. 3 h. Zero-filling and squared cosine window functions were applied in, lzotth B
prior to Fourier transformation. The echo—antiecho protocol of standard Bruker software was applied for transformation.

filter. The X filter inserted before acquisition generates aproperties, i.e., those originating from the dipolar correlation
additional phase inversion of the respective correlations, aff the protonated and nonprotonated heteronuclei. Again, tl
lowing simultaneous detection of signals with identical phasggnals arising from strong coupling effects experience onl
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one phase inversion, which allows their efficient suppressiemrperiment can be applied provided that strong coupling is n
by concerted phase cycling of the receiver. In this case, duripgesent in theX isotopomer spin system. Absence of stronc
the relaxation delay, broadband proton decoupling is applieddoupling can be justified by checking the relevant spectr
enhance the initiaX magnetization by nonselective heteroparameters (chemical shifts and scalar couplings). Howeve
nuclear NOE depending on the efficiency of the dipolar crosghen detection of intra- or intermolecular heteronuclear NOI
relaxation and the motional regime. The pulsed field gradierdsntacts between identical sites (i.e., remote proton and prot
applied for echo—antiecho coherence selection provide exdebund to X have the same chemical shift) is desired, the
lent suppression of backgrountH-"“C) proton magnetization, J-separated HOESY3#, 35 experiment can be the method of
leading to high-quality spectra. To reduce the diffusion-relat@thoice, as was nicely demonstrated by Mutzenhetrdi. (35).
sensitivity losses during the intervals between the gradients,
the strength of the gradient pulse is kept at minimum, still CONCLUSIONS
sufficient for coherence selection. Due to the exceptional qual-
ity of HOESY spectra and the efficient suppression of strongIn summary, we propose enhanced versions of the heter
coupling artifacts, unambiguous observation of small heteroclear scalar- and dipolar-correlated experiments that incc
nuclear NOE enhancements becomes feasible. The relapasate efficient filtering blocks for suppression of strong cou
sensitivity ofX- and'H-detected HOESY experiments dependgling artifacts. The proposed pulse sequences yield higl
on several factors (e.g., the relative size of NOE enhancemensality, artifact-free spectra and allow unambiguous assigt
the intrinsic relaxation rates of relevant spins, and the repetient of both scalar and dipolar correlations. The gener:
tion rate) which are difficult to consider in general; howevespplicability of the filtering approach has been demonstrate!
our experimental results (see below) demonstrate the supehioth X- and 'H-detected, as well as gradient-enhanced an
sensitivity of 'H detection. phase-cycled variants of heteronuclear correlated experimer
The utility of the sequences in Figs. 1c and 1d for generatiligive been tested. Finally, it is also noteworthy that the prc
artifact-free HOESY spectra is demonstrated by the spectrapofsed filtering scheme is effective regardless of the motion
p-sucrose displayed in Figs. 4 and 5, recorded u¥iramd'H  properties of the molecules and leads to only slight sensitivit
detection, respectively. Both the contour plots and the selecteds due toT, relaxation and/or mistuning of the filter delay.
F2 traces taken through the 2D spectra illustrate the quality\dfe believe that the enhanced pulse sequences can be rec
artifact suppression achieved by the proposed methods in canended as generally applicable methods for routine acquisitic
parison with the original experiments. The traces in Figs. 44 spectra free from ABX strong coupling artifacts with po-
and 5a are taken from the spectra acquired by the original pulestial applications for macromolecules, e.g., polymers an
sequences7E10, 33 and serve as reference, while the traces polysaccharides.
Figs. 4b and 5b correspond to the filter-enhanced spectra
acquired using the pulse sequence of Figs. 1c and 1d, respec- EXPERIMENTAL
tively. Note that in the conventional HOESY under the applied
experimental conditions the intensities of some artifacts (e.g.,All experiments were performed on a Bruker Avance DRX:
H4/C3 of fructose ring, marked by F3* and F4* in the middI&00 spectrometer, operating at 11.8 T, equipped with a 5-m
trace of Figs. 4a and 5a, respectively) can even surpass thos&ipfe-resonance probe'H/**C/**N) and actively shielded
the direct peaks. In general, the intensities of the extra peaikedient coil. 'H and **C 90° pulses were 11 and 1@s,
resulting from strong coupling effects (marked by asterisks f@spectively. In theX-detected experiments for proton decou-
the spectra) are comparable to those of the direct dipoRling during acquisition, the WALTZ scheme was applied a
correlations. The lack of these intense, easily misinterpretabsgsiuced power (90H pulse of 10Qus). In the proton-detected
signals in the filtered spectra clearly demonstrates the effxperiments, the GARP sequence with a 803ulse of 75us
ciency of the proposed filtering scheme. Moreover, it is inwas used for decoupling. The maximum gradient available w
portant to emphasize again that the long-range dipolar corfé* G/cm. Sine bell-shaped gradient pulses with amplitudes
lations of the quaternary carbons, namely the F2-sficrose 40 G/cm (for *C) and 10 G/cm (for'H) were applied for
in our case, survive the double filters and show the expecteeherence selection. All other experimental parameters a
intra- and interring heteronuclear NOE correlations (marked Igyven in the figure legends.
F1/F2, F3/F2, and G1/F2 in the contour plots of Figs. 4 and 5).
It should be noted, however, that the proposed double-filtering ACKNOWLEDGMENTS
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