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Abstract

We report a G-BIRDðrÞ modified coupled HSQC experiment for the accurate determination of one-bond heteronuclear residual
dipolar couplings. The G-BIRDðrÞ module has been employed to refocus the long-range coupling evolution of the heteronucleus
during the t1 frequency labeling period. As a result, the crosspeaks obtained are split by only the direct one-bond coupling that can
be extracted by measuring simple frequency differences between singlet maxima. Additionally the decoupling of long-range multiple

bond splittings leads to considerable sensitivity enhancement. The modification also has been applied in a TROSY sequence re-

sulting in a significant sensitivity and resolution improvement.

� 2003 Published by Elsevier Science (USA).
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1. Introduction

Residual dipolar couplings (RDC) provide unique

long-range constraints for structure determination of

molecules conveying information on the distance be-
tween nuclei in dipolar interaction and on the orienta-

tions of the corresponding internuclear bond vectors

relative to the molecular alignment tensor. In recent

years residual dipolar couplings have therefore been

extensively applied for structural studies of proteins,

nucleic acids and carbohydrates [1] in liquid state and

proved to improve the precision of structures. Dipolar

couplings are orientation dependent tensorial NMR
parameters that are averaged to zero by the random

tumbling of molecules in isotropic media. RDC�s arise
from the anisotropic tumbling of molecules resulting

from their partial alignment in the applied medium.

Intrinsic partial alignment is observed for molecules

possessing sufficiently large magnetic susceptibility an-

isotropy such as nucleic acids, protein–nucleic acid
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complexes, and metal binding proteins in the presence of

strong magnetic field. A tunable degree of alignment can

also be achieved by dissolving the molecule in partially

oriented media such as a dilute liquid crystalline phase.

RDC�s manifest themselves in the NMR spectra as an
increase or decrease of the splittings due to scalar cou-

plings between nuclei. Their magnitude can therefore be

extracted by measuring changes of splittings in isotropic

versus anisotropic sample conditions.

For small flexible molecules the RDC�s are often
small due to the effects of dynamics [2]. Spherical shape

of the molecules may also result in low degree of

alignment yielding only small RDC�s [3–4]. In these
cases special considerations have to be taken in the

choice of the measurement technique.

Herein we propose a modification of the F1-coupled

HSQC experiment where additional splittings caused by

long-range multiple bond couplings are eliminated with

the aid of G-BIRDðrÞ module inserted in the heteronu-
cleus frequency labelling period. Thus one-bond het-

eronuclear RDC�s can be determined from the resulting
spectra by simply measuring the frequency difference

between the peak maxima of singlets instead of the
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centers of complex multiplets. We demonstrate that
decoupling of the heteronuclear multiple bond splittings

leads to a significant enhancement of the signal inten-

sities as well. Recently the G-BIRD module has been

used by Pham et al. [5] for the same purpose in the

analogous J modulated experiments. As a thorough

description of the effect of the BIRD module can be

found in [5,6], that will not be repeated here.
2. Experimental

All experiments were performed on Bruker DRX-

400, 500, and 700 spectrometers (Bruker AG, Rhein-

stetten, Germany) equipped with TBI and TXI z-grad

probes. All spectra were processed with XWINNMR 3.1

(Bruker AG, Karlsruhe, Germany). The isotropic di-
peptide (1) sample was prepared by dissolving 25mg of

GlyVal in 700 ll of D2O resulting in 205mM solution.

The use of the proposed technique for the extraction of

RDC�s was demonstrated on a liquid crystal sample of
Fig. 1. Expansions of decoupled (a) and coupled (b) gradient enhanced, sensit

The inlet (c) is a 13C satellite subspectrum of Glc-H3 extracted as a row from

coupling in the 13C-isotopomer spin system the Glc-H3 multiplet becomes asy

value of the one-bond heteronuclear coupling constant.
100mM saccharose (2) in 700 ll anisotropic media. For
the alignment, bicelles were formed from CHAPSO/

DMPC (1/3.5, 7.5%). CHAPSO/DMPC was purchased

from Sigma (Sigma–Aldrich) and used without further

purification. The sample was prepared as described

by Sanders et al. [24]. The temperature for measure-

ments under isotropic conditions was set to 297K

while for anisotropic conditions to 308K. The [15N,
1H]-labeled TROSY spectra were recorded in 1.7mM
[U-15N]ubiquitin (95%:5% ¼ H2O:D2O), pH 4.7, pur-

chased from VLI, Southeastern, PA) at 300K.

All F1-coupled HSQC spectra were acquired with

high spectral resolution of ca. 0.2–0.4Hz for accurate

measurement of small residual dipolar couplings.
3. Results and discussion

There are many possibilities among the classical

NMR methods for the measurement of one-bond
ivity improved HSQC spectra for saccharose 2 in liquid crystal medium.

the HSQC spectrum coupled during acquisition. In (c) due to strong

mmetric and cannot be analyzed as a first order spectrum to extract the
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heteronuclear coupling constants based on frequency
difference such as coupled heteronuclear spectra e.g.,

INEPT, heteronuclear J resolved spectra or heteronu-

clear correlation spectra without decoupling. The most

widely used approach is the HSQC experiment [7]

without the 180� 1H refocusing pulse in the middle of the
heteronucleus frequency labeling period (F1-coupled

HSQC) [8]. The result is a X–1H chemical shift corre-

lation spectrum with peaks split in the indirect dimen-
sion by the 1JX;H coupling. Spectral crowding due to the
increase of the number of crosspeaks is a problem in the

case of macromolecules. To circumvent this complica-

tion the IPAP approach [9], spin-state selective methods

[10–16], the TROSY technique [17–19] and the E-COSY

principle [20] were proposed. Measurement in the indi-

rect dimension is desirable due to reduction of addi-

tional splittings caused by homonuclear 1H, 1H
couplings in the acquisition dimension and also because

of favourable heteronuclear relaxation characteristics

for macromolecules. Extraction of coupling constants

from an HSQC experiment which is nondecoupled

during the acquisition (F2 coupled HSQC [21]) may also

be complicated by strong coupling effects resulting in

asymmetric multiplets as can be seen in Fig. 1. In these

cases simulations have to be used to extract accurate
values of coupling constants. Heteronuclear correlation

experiments coupled in the indirect F1 dimension are
Fig. 2. Comparison of Glc-5 carbon multiplet of saccharose 2 in liquid crysta

gradient enhanced F1-coupled HSQC spectra without sensitivity improvemen

period (d), and with both sensitivity improvement and G-BIRDðrÞ module (e).
by many long-range couplings resulting in a broad multiplet. The insertion o

by the long-range interactions.
limited by the necessity of acquiring large number of t1
points to achieve high digital resolution in a spectral

window determined by the large chemical shift disper-

sion of the heteronucleus, therefore making the experi-

ment rather time-consuming. J resolved spectroscopy

can be employed to reduce the frequency span of the

indirect dimension, this is however, often compromised

by overlap in the acquisition dimension even in case of

medium sized molecules.
Manifestation of any coupling different from the de-

sired one-bond interaction further complicates the ex-

traction of RDC�s and reduces signal intensity. As
mentioned before, this is in part the reason why F2

coupled HSQC is preferably not used. There are addi-

tional splittings, however, even in F1-coupled HSQC

spectra. During t1 the antiphase X magnetization

evolves not only due to the one-bond couplings, but due
to the long-range heteronuclear couplings too. In the

case of small molecules these couplings can readily be

detected in high-resolution spectra as splittings, or as

line broadening for macromolecules. Sensitivity is also

degraded by splitting the resonance lines into multiplets.

This is especially severe in the presence of several long-

range couplings as seen for instance for Glc-5 in sac-

charose in Fig. 2b. The remote nuclei causing these
additional splittings may also be dipolarly coupled to

the heteronucleus, yielding additional dipolar contribu-
l phase in nonrefocused, nondecoupled 13C INEPT (a), and in various

t (b), with sensitivity improvement (c), with G-BIRDðrÞ module in the t1
In (a–c) the carbon signal is split by the one-bond 1J13C;1H coupling and
f the G-BIRDðrÞ element (d, e) effectively removes the splittings caused



Communication / Journal of Magnetic Resonance 163 (2003) 340–346 343
tions of unknown magnitude to the multiplets in an-
isotropic media as demonstrated in Fig. 3. Multiplet

patterns detected in isotropic and anisotropic media

hence are different. For the precise value of coupling

constants frequency difference has to be measured be-

tween multiplet centers, but not between peak maxima.

SCE HSQC [8] was suggested for proteins to decouple

multiple bond heteronuclear couplings of backbone N

to a and b protons by the application of selective pulses.
To solve the problem of line splittings caused by mul-

tiple bond couplings an F1-coupled HSQC sequence with
Fig. 3. Glc-5 carbon resonance of saccharose in nonrefocused, non-

decoupled 13C INEPT spectra (a and b) and the corresponding col-

umns from gradient enhanced, sensitivity improved F1-coupled HSQC

without (c and d) and with G-BIRDðrÞ module (e and f). Lower traces
(b, d and f) are from spectra acquired in isotropic and upper traces (a, c

and e) in anisotropic liquid crystalline media. Employing the G-

BIRDðrÞ sequence long-range splittings disappear (e, f) allowing ac-
curate and simple measurement of the one-bond dipolar contribution.

Signals denoted with * are due to other overlapping carbons.
an inserted G-BIRDðrÞ [22] element is suggested here. The
pulse sequence as depicted on Fig. 4 is actually a variation

of the sensitivity enhanced, gradient selected HSQC ex-

periment originally introduced by Kay et al. [23]. In place

of the 180� 1H refocusing pulse a G-BIRDðrÞ [24] se-
quence is inserted at midway of t1. The G-BIRDðrÞ pulse
inverts only the remote protons, and neither the directly

attached nor the X nuclei are inverted. As a result, the

chemical shift and heteronuclear one-bond coupling
evolution of X nuclei are not affected during t1, as they
continue to evolve; whereas effective refocusing of het-

eronuclear long-range coupling evolution is achieved by

the end of t1 interval. The resulting correlation spectra
have simplified crosspeaks with splittings due to only the

desired one-bond couplings and with higher intensities.

This allows the accurate determination of the scalar

coupling constant and subsequently the dipolar contri-
bution. Note that the two gradients of opposite signs

purge out the fraction of magnetization that does not

experience perfect rotation by the BIRDðrÞ pulse.
The method has been tested on small model com-

pounds depicted in Scheme 1. Isotropic samples of a

model dipeptide GlyVal 1 and partially oriented aniso-

tropic sample of saccharose 2 have been used. In the

peptide there is one single long-range coupling to the
amide 15N resulting in a clear doublet of doublet that

can be seen on Fig. 3b. For a carbohydrate on the other

hand, there are many long-range heteronuclear interac-

tions that yield an unresolved, broad multiplet (Figs.

2a–c). The one-bond coupling constant is therefore ex-

tracted by measuring frequency difference between the

multiplet centers which is a relatively easy task for

the peptide, but problematical for the broad multiplet of
the carbohydrate. As seen on Fig. 3 the Glc-5 carbon

signal is split by the one-bond coupling to the directly

bonded proton (an antiphase splitting in INEPT and an

in-phase splitting in HSQC) and also by the long-range

couplings to all the multiple bonded protons. Due to the

large number of possible multiple bond interactions, the

center of multiplets is ill-defined, as exemplified with

the complex multiplet shown in Fig. 3d. The uncertainity
in defining the accurate position of the multiplet center

can lead to a significant error in the coupling constant

measurement. However, with the use of the proposed

G-BIRDðrÞ sequence, all the long-range splittings of the
doublets disappear allowing accurate measurement of

the desired one-bond coupling constants by simply

measuring the frequency difference of the peak maxima.

Furthermore, as the signal intensity is halved with each
coupling partner, sensitivity gets degraded especially in

carbohydrates. With the insertion of the G-BIRDðrÞ

element to decouple the long-range interactions, sensi-

tivity can significantly be improved. This is demonstrated

in Fig. 5 by comparing the signal intensities of the

columns extracted from the conventional and the

G-BIRDðrÞ enhanced F1-coupled HSQC spectra.



Fig. 4. Gradient enhanced, sensitivity improved HSQC sequence with G-BIRDðrÞ element in the t1 interval to eliminate long-range coupling
modulation of the evolving antiphase heteronucleus magnetization. Thin, filled bars represent 90� hard pulses, while thick, nonfilled bars 180� hard
pulses. Phase cycling is as follows: phases for pulses without phase notation correspond to x, u1 ¼ y;�y; u2 ¼ x; x; x; x;�x;�x;�x;�x; u3 ¼ �x;
u4 ¼ x; x;�x;�x; u5 ¼ y; u6 ¼ y; y;�y;�y; ur ¼ x;�x;�x; x;�x; x; x;�x. The delay D is adjusted as 1=ð41JX;HÞ, s is 1=ð21JX;HÞ, r is 1=ð81JX;HÞ and d
is the duration of the shaped gradient pulses. Echo–antiecho selection is achieved by the shaded gradients.

Scheme 1. Formula of GlyVal and saccharose.

Fig. 5. Comparison of multiplicity and intensity of backbone 15N in a model d

gradient enhanced F1-coupled HSQC, and (c) gradient enhanced F1-coupled

signal is split by the one-bond 1J15N;1H coupling and by long-range couplin
BIRDðrÞ element (c) effectively removes the splitting caused by the long-range
2D spectra demonstrates that the decoupling of long-range interactions cons
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It should be noted that the mismatch of BIRD-delay,
s, due to variations in the one-bond heteronuclear
couplings can lead to partial inversion of the direct

protons, yielding a residual ‘‘decoupled’’ signal in the

center of doublets. The intensity of the center line de-

pends on the difference between the actual value of the

coupling constant and the one used for setting the du-

ration of delay s. We found that the accuracy of the
ipeptide, GlyVal 1 in (a) nonrefocused, nondecoupled 15N INEPT, (b)

HSQC with G-BIRDðrÞ module in the t1 period. In a and b the 15N
g to Ha resulting in a well-resolved doublet. The insertion of the G-
interaction. Comparing the peak intensities in columns extracted from

iderably improves the sensitivity.



Fig. 6. Comparision of 15N, 1H TROSY peak linewidths of ubiquitin in spectra obtained without (dashed line) and with (solid line) G-BIRDðrÞ

decoupling of the long-range interactions. The advantage of the modification for macromolecules is clearly demonstrated by the obtained resolution

and sensitivity enhancement. Scaling factors (sc) depicted above the traces indicate the achieved sensitivity improvement.
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measured coupling constant is not degraded by the oc-

currence of this usually weak central signal.
In order to study the improvement that can be achieved

for macromolecules, a TROSY experiment [17–19] in-

corporating the G-BIRDðrÞ in the t1 evolution period has
been carried out. As expected, long-range heteronuclear

couplings cannot be resolved even in highly digitised

spectra due to linewidths characteristic for macromole-

cules. With the application of the G-BIRDðrÞ module
significant decrease in F1 linewidths can be achieved.
Decoupling of the long-range interactions yields sensi-

tivity improvement and in certain cases may resolve

overlap as can be seen for D21 and A28 residues of

ubiquitin in Fig. 6. This allows accurate measurement of

the heteronuclear one-bond coupling based on the ap-

propriate TROSY-edited subspectra.

It should be noted that due to the long duration of

BIRD-module the sensitivity is likely to be compromised
for larger proteins. But, the arguments regarding the at-

tainable resolution enhancement remain valid regardless

of the size of the studied protein. In the case of perdeu-

terated proteins the BIRD-module becomes superfluous,

because all the heteronuclear multiple bond couplings are

eliminated by the deuteron substitution itself.
4. Conclusion

Small residual dipolar contributions between directly

bonded nuclei can be accurately measured by means of

an HSQC sequence modified with a G-BIRDðrÞ module
which decouples all the long-range couplings of the
heteronucleus while retaining the one bond coupling to

the directly bonded proton. Summarizing the advanta-
ges of the proposed sequence: (i) allows simple fre-

quency difference extraction between peak maxima, (ii)

accurate measurement of small one-bond heteronuclear

dipolar couplings without complications arising from

other dipolar contributions or strong couplings, (iii)

improved sensitivity due to simplification of multiplets,

(iv) easy implementation of the G-BIRDðrÞ module in
any variant of HSQC sequence. By incorporating the
G-BIRDðrÞ element into the TROSY experiment a sig-
nificant decrease in linewidth coupled with considerable

sensitivity improvement can be achieved for macro-

molecules.
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