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Abstract: [l llTitle change ok? Il Among the NMR spec-
troscopic parameters, long-range heteronuclear coupling
constants convey invaluable information on torsion angles
relevant to glycosidic linkages of carbohydrates. A broad-
band homonuclear-decoupled PSYCHE CPMG-HSQMBC
method for the precise and direct measurement of multi-
ple-bond heteronuclear couplings is presented. The
PSYCHE scheme built into the pulse sequence efficiently
eliminates unwanted proton—proton splittings from the
heteronuclear multiplets so that the desired heteronuclear
couplings can be determined simply by measuring fre-
quency differences between peak maxima of pure anti-
phase doublets. Moreover, PSYCHE CPMG-HSQMBC can
provide significant improvement in sensitivity as com-
pared to an earlier Zangger-Sterk-based method. Applica-
tions of the proposed pulse sequence are demonstrated
for the extraction of "J('H,”’Se) and "J('H,”>C) values, re-
spectively, in carbohydrates; further extensions can be en-
visioned in any J-based structural and conformational

studies.

- /

Over the years, high-resolution NMR spectroscopy has proved
to be the single most important experimental technique to in-
vestigate carbohydrate conformations and dynamic properties
in solution. The shapes of carbohydrate molecules, specifical-
ly those of glycosides and oligosaccharides, are controlled by
several intra- and intermolecular interactions; among these the
conformation around the glycosidic linkage is of primary im-
portance. Taking, as an example, a disaccharide with regular O-
glycosidic linkage, this conformation is described by two tor-
sion angles, @ (H1-C1-01-C'n) and ¥ (C1-O1-C'n-H'n). Further
to this most common two-bond glycosidic linkage (C-O-C), two
monosaccharides can be connected across three bonds (C-O-
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C-Q) as well. In such cases, three torsion angles, @, ¥, and Q
are required to describe the conformation around the glycosi-
dic linkage. Further diversity is achieved when the bridging O-
atom in two-bond linkages are replaced by other atoms such
as C, N, S, Se, or when two non-O-atoms comprise a three-
bond glycosidic bridge.” Conformational preferences around
the C—O bonds of pendant OH groups also contribute to
shape the three-dimensional structures and enable intra/inter-
molecular hydrogen bonding of carbohydrates. These features,
which can be disclosed by NMR studies, are of fundamental
importance in physiologically relevant intermolecular interac-
tions, such as binding to proteins or hydrolytic cleavage by en-
zymes or in designing carbohydrate-based pharmaceuticals.”’
Among the NMR parameters, homo- and heteronuclear cou-
pling constants convey valuable information on torsion angles
relevant to glycosidic linkages™™* or to the distribution of hy-
droxy and hydroxymethyl rotamers.”

Determination of heteronuclear multiple-bond couplings re-
mains, however, a challenging task owing to the low sensitivity
of the relevant correlation experiments, and also to the fact
that long-range heteronuclear ("J('H,X)) and proton-proton
coupling constants (J('H,'H)) are typically the same order of
magnitude. Of the several methods reported,”” the HSQMBC
(heteronuclear single quantum multiple-bond correlation) ex-
periment” and its variants® have found widespread applica-
tion owing to their general usefulness, good sensitivity, and
easy implementation. In the classical HSQMBC-type methods
however, the co-evolution of the proton-proton and the multi-
ple-bond proton-heteronucleus coupling interactions during
the coupling evolution as well as the acquisition periods may
result in severe distortions in the resulting HSQMBC multiplets.
Therefore, extraction of the desired heteronuclear coupling
constants often requires complex multiplet fitting procedures,
or at worst, measurements of the required couplings may be
impeded by partial signal cancellations in mixed-phase signals.
To minimize this shortcoming of the HSQMBC method,” sever-
al modifications have been proposed, for example, including
CPMG pulse trains,” selective 180° proton pulses,"” or a per-
fect echo element™ in the long-range coupling-matched
INEPT block. Recently, the pure in-phase (PIP) module™ has
been introduced in the refocused HSQMBC experiment to
avoid undesired phase modulations of multiplets. Nevertheless,
these modifications still allow evolution of proton-proton cou-
plings during acquisition, which leads to unwanted proton-
proton splittings superimposed on the target HSQMBC dou-
blets.
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To overcome the shortcomings mentioned, a band-selective
homodecoupled HSQMBC experiment™ has been proposed.
The inherent drawback of this approach is, however, that ho-
monuclear decoupling can be achieved only in regions with
non-mutually J-coupled proton sites (such as amide regions in
peptides). We have recently reported a Zangger-Sterk (ZS)-
based" broadband proton-proton decoupled CPMG-
HSQMBC method™™ for simple and precise measurement of
long-range heteronuclear coupling constants, which is efficient
even in molecules with complex proton-proton coupling net-
works. A common drawback of all ZS-type experiments is how-
ever the significant loss of sensitivity owing to slice-selective
excitation. Using multiple-frequency shaped pulses' or
changing the offset of the selective pulse after each scan!”
the sensitivity can be improved, in principle, but to take ad-
vantage of these improvements, the nature of the spin systems
involved has to be known in advance. The BIRD (bilinear rota-
tion decoupling)™ isotope selective module (distinguishing
between protons attached to *C or '2C), which has successfully
been utilized without sensitivity penalty for broadband homo-
nuclear decoupling in heteronuclear one-bond correlation ex-
periments,"? cannot be applied here, because it does not dis-
tinguish between remotely (heteronuclear multiple-bond) cou-
pled protons. PSYCHE (pure shift yielded by chirp excitation),””
proposed recently for broadband homonuclear decoupling, is
a conceptually new approach using a pair of small flip angle,
frequency-swept chirp pulses in the presence of a weak mag-
netic field gradient. This technique can provide nearly an order
of magnitude enhancement in sensitivity compared to the ear-
lier ZS-based method.™*”!

Herein we report a novel NMR method that combines the
PSYCHE approach®? with the CPMG-HSQMBC sequence®™ for
precise and simple measurement of long-range heteronuclear
couplings with significantly improved sensitivity. To illustrate
the potential of the experiment, multiple-bond heteronuclear
coupling constants have been determined in carbohydrates
where extraction of these values from the conventional
proton-coupled HSQMBC multiplets would have demanded
iterative computer-assisted fittings.

In the proposed method (Figure 1), CPMG pulse trains sup-
press the proton—proton coupling evolution during the initial
INEPT step of the pulse sequence. Between the CPMG-
HSQMBC block and acquisition of the FID(t;), a second evolu-
tion time (t,), incremented in steps of 1/sw2, a hard 180°
proton pulse, and a weak field gradient under a pair of small
flip angle, swept-frequency Chirp pulses (PSYCHE element) are
applied in succession to quench the effects of proton-proton
couplings. The PSYCHE element refocusses active spins (which
will be observed) in a stimulated echo, while passive spins
(coupling partners) remain unaffected. In combination with
a hard 180° proton pulse, passive proton spins are inverted
while the active ones are left unaffected. Consequently, the net
effect is the continuous evolution of the proton chemical shifts
and the heteronuclear couplings throughout t,, while the evo-
lution of unwanted homonuclear couplings is refocused at the
midpoint of the data acquisition period. As reported ear-
lier,"*1>2 free induction decay (FID(t;)) is collected in chunks
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Figure 1. Pulse sequence of the PSYCHE CPMG-HSQMBC experiment pro-
posed for the measurement of long-range heteronuclear coupling constants.
Narrow and wide filled bars correspond to 90° and 180° pulses respectively,
with phase x unless indicated otherwise. Low flip angle (), frequency-swept
Chirp pulses are shown as trapezoids with diagonal arrows. To improve the
sensitivity of the experiment, Chirp pulses which sweep frequency in oppo-
site directions can be used simultaneously, as indicated by the dotted
arrows. ¢, is incremented according to XY-16 cycles within the CPMG se-
quence, thus n should ideally be adjusted to a multiple of 16. Other phases
are g, =y; Gs=X, =X; Ga=X, X, =X, =X; ps=X, X, X, X, ¥, ¥, ¥, ¥; and ¢rec=X,

—X, =X, X, =X, X, X, —x. Delays are set as follows: t=140-150 ps, 7,=1/
(4-sw2). Coherence order selection and echo-antiecho phase sensitive detec-
tion in the x dimension are achieved with gradient pulses (G, and G,) in the
ratio 80:20.1 for '*C and 80:15.257 for ”’Se, respectively. Purging gradient
pulses (G, and G;) are set to 19%, 11 % of maximum gradient strength

(50 Gem ™). Coherence selection gradient pulses (Gs and Gg) used in the
extra PSYCHE dimension have 49% and 77 %. Sine-bell-shaped gradient
pulses of 1 ms duration are utilized, followed by a recovery delay of 200 ps
(G;-G,) and 1000 ps (Gs, G,). Weak magnetic field gradient (G;) used under
the Chirp pulses is adjusted for 1.8% of maximum gradient strength.

(1/sw2) of data, with a duration (typically 10-25 ms) that is
short on the timescale of J evolution. Prior to regular 2D Fouri-
er transformation, a pseudo 2D dataset (interferogram) with
negligible homonuclear J modulation is constructed by concat-
enating all the data chunks recorded.

To demonstrate the potential of the proposed PSYCHE
CPMG-HSQMBC method, multiple-bond 'H-""Se coupling con-
stants ("J('H,”’Se)) were measured in a diglycosyl selenide (1)
(Figure 2). The conventional CPMG-HSQMBC spectrum (Fig-
ure 2¢c) clearly shows undesired proton-proton splittings su-
perimposed on the target heteronuclear multiplets, preventing
direct and precise measurement of long-range heteronuclear
couplings in most cases. In contrast, all "J('"H,”’Se) couplings
can be easily measured from the pure antiphase HSQMBC dou-
blets obtained using either PSYCHE-based (Figure 2a) or ZS-
based (Figure 2b) approach for broadband homonuclear de-
coupling. It is important to note that simplification of HSQMBC
multiplets is achieved at the price of sensitivity loss in both
proton-decoupled experiments, however, PSYCHE was much
less affected and compared to ZS method performed with op-
timal setting of decoupling parameters yielded nearly three
times better signal to noise ratio in this particular case. To
compare sensitivities in detail, ZS and PSYCHE 'H spectra of
compound | acquired with varying the experimental parame-
ters (bandwidth of RSNOB pulse, strength of slice selection gra-
dient, and flip angle of Chirp pulses) are given in the Support-
ing Information (Figures S1-S3).

The heteronuclear multiple-bond couplings measured from
the two decoupled spectra (data given above and under the
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Figure 2. Comparison of 'H-""Se CPMG-HSQMBC spectra obtained for a di-
glycosyl selenide (l), with PSYCHE (a), with ZS (b), and without (c) broadband
homonuclear decoupling. Representative PSYCHE 'H (d) and normal 'H (e)
NMR spectra of I are also shown. Each of spectra (a), (b), and (c) were re-
corded with 70.3 ms of heteronuclear coupling evolution during the initial
CPMG-INEPT step and in experiment times of 2 h 50 min. Note that the ZS-
decoupled spectrum (b) was acquired with optimal setting of decoupling
parameters (such as bandwidth of the selective pulse and strength of the
slice-selection gradient), allowing maximum performance of the experiment.

corresponding multiplets in Figure 2a and b) are in good
agreement with each other, and also with those extracted
from multiplets obtained using the original CPMG-HSQMBC
sequence (Figure 2¢). This can be taken as a proof that the
PSYCHE decoupling element does not affect the magnitudes
of heteronuclear couplings. Note, however, that two coupling
constants could only be extracted, without using fitting proce-
dures, from the complex multiplets of the conventional
CPMG-HSQMBC spectrum.

The less favorable NMR properties of *C ("’Se three times
more sensitive than '>C) make the measurement of multiple-
bond "H="*C coupling constants ("J('H,"*C)) even more chal-
lenging at natural '*C.abundance. To check the PSYCHE
CPMG-HSQMBC method for the determination of "J('H,"C) as
well, a heparin-analogue trisaccharide (ll) was selected. The
'HNMR spectrum of Il is characterized by closely packed
proton multiplets (minimum frequency difference between
coupling partners being <40 Hz; see the Supporting Informa-
tion, Figure S4 for complete 'H assignment). For comparison of
sensitivities, a ZS-decoupled CPMG-HSQMBC spectrum was
also recorded with the same measurement time (Figure 3). In-
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Figure 3. Comparison of contour plots and extracted rows of PSYCHE (a)
and ZS (b) "H-"C CPMG-HSQMBC spectra obtained for a heparin-analogue
trisaccharide (I). Representative 'H NMR spectrum of Il above the 2D con-
tour plots is also shown. Both spectra (a) and (b) were recorded with

83.7 ms of heteronuclear coupling evolution during the initial CPMG-INEPT
step and in experiment times of 32 h. Other experimental details are given
in the Supporting Information.

spection of the results clearly shows a lot more correlations in
the PSYCHE spectrum (Figure 3a) as compared to the ZS-de-
coupled one (Figure 3b), and signals appearing in both are, on
average, seven-fold stronger in the PSYCHE spectrum. The
weaker efficiency of the ZS-type experiment can mainly be as-
cribed to the small frequency difference of protons to be de-
coupled, necessitating the use of highly selective pulse with
narrow bandwidth (of ca. 70 ms duration) to achieve efficient
decoupling, which in turn reduces the slice thickness and
hence the sensitivity (see the Supporting Information, Figur-
es S4 and S5 for sensitivity comparison of ZS and PSYCHE 'H
spectra of compound II.) On the contrary, the nature (charac-
teristics) of the spin systems involved has no effect on the effi-
ciency of the PSYCHE CPMG-HSQMBC experiment. The com-
promise between sensitivity and spectral purity in the PSYCHE
technique is simply controlled by adjusting the flip angle of
Chirp pulses,”® which is illustrated by representative PSYCHE
'H spectra of compounds | and Il in the Supporting Informa-
tion, Figures S3 and S6, respectively. Importantly, all four inter-
glycosidic *J('"H,”*C) couplings in the studied trisaccharide
could be measured with ease and high precision from the
PSYCHE CPMG-HSQMBC spectrum (Supporting Information,
Figure S7a), while only one of them was detectable and meas-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

urable from the ZS-decoupled spectrum. Note that precise de-
termination of these couplings is not feasible from the proton-
coupled multiplets of the conventional CPMG-HSQMBC experi-
ment (Supporting Information, Figure S7b).

In conclusion, a broadband homonuclear decoupled NMR
method has been developed for the direct and precise mea-
surement of long-range heteronuclear coupling constants.
PSYCHE approach built-in the CPMG-HSQMBC sequence effec-
tively removes undesired proton-proton splittings from the
heteronuclear multiplets to allow measurement of multiple-
bond heteronuclear couplings with ease from the pure anti-
phase doublets. Besides, PSYCHE CPMG-HSQMBC can provide
significant enhancement in sensitivity compared to the earlier
ZS-based method,"™ and can be applied without tedious fine-
tuning from sample to sample. Further improvement in sensi-
tivity can be achieved by using cryoprobes. The efficiency of
the experiment proposed has been illustrated on carbohy-
drates, including measurement of *J('H,">C) values. i llok? Il
These data are conveying valuable information on the confor-
mations around the glycosidic linkages. Extraction of these
couplings from the conventional proton-coupled HSQMBC
multiplets would demand computer-aided fitting procedures.
Importantly, application of PSYCHE CPMG-HSQMBC is not lim-
ited to carbohydrates, it can be put to good advantage for
measuring "J('"H,X) values in structural studies of any kind of
small and medium-sized molecules with extended proton-
proton coupling networks.
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A PSYCHE sequence incorporated in
the CPMG-HSQMBC NMR experiment
for broadband homonuclear decoupling
efficiently removes undesired proton-
proton splittings from heteronuclear
multiplets. This method allows long-
range heteronuclear couplings of inter-
est to be determined simply by measur-
ing frequency differences between
maxima of pure antiphase doublets.
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PSYCHE CPMG-HSQMBC: An NMR
Spectroscopic Method for Precise and
Simple Measurement of Long-Range
Heteronuclear Coupling Constants
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