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The J-multiplied HSQC experiment (MJ-HSQC: S. Heikkinen
t al., J. Magn. Reson 137, 243 (1999)) amplifies J coupling con-

stants m times and allows direct observation of the 3JHNHa coupling
constants of peptides and proteins (<10 kDa). The drawbacks to
this method are line broadening in the f1-dimension and lower
sensitivity. In the J-multiplied HMQC (MJ-HMQC) experiment
described here, the PEP-HSQC pulse sequence is replaced by a
sensitivity-enhanced HMQC section, and the total decay time for
the J-coupling and the chemical shift evolution is shortened by a
period of t1. This experiment affords narrower linewidth and
nhances the sensitivity by 34%, on an average of 105 well-isolated
eaks, when compared with the MJ-HSQC experiment. © 2000

Academic Press

Key Words: NMR; 15N-labeled protein; J coupling constant;
MQC.

The homonuclear three-bond coupling constant (3JHNHa) pro-
ides valuable structural information about the backbone
ral angle,f, in peptides and proteins (1, 2). The magnitude
f the J coupling constants are correlated with the tor
ngles by the Karplus equation (3, 4). Accurate measureme
f theJ coupling constants in proteins is fraught with proble

hat are related to the small size of these couplings relati
he natural proton linewidths.

Several methods (1, 2, 5–16) have been developed for t
etermination of the3JHNHa coupling constant. Recently,

J-multiplied HSQC pulse sequence (17) (MJ-HSQC) was de
cribed. This method amplifies theJ coupling constantsm
imes and allows direct observation of the3JHNHa coupling
constants of peptides and proteins (,10 kDa). It has bette

easurement accuracy than COSY and HNHA and very
ater suppression properties. The drawbacks to this m
re line broadening in thef 1-dimension and lower sensitivit

both of which are caused by the separated evolution perio
J-coupling and the chemical shift (17). In this paper, w

resent aJ-multiplied HMQC (MJ-HMQC) experiment i
hich these two evolution periods are overlapped byt 1, hence

shortening the total evolution time by onet 1 period. In addi
tion, the HMQC method has better relaxation behavior
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HSQC. Hence, the MJ-HMQC experiment results in an
crease in sensitivity by 34%, on average. Moreover, the s
tral linewidths of this experiment are narrower and the w
suppression is superior to the MJ-HSQC experiment.

In the MJ-HMQC pulse sequence (Fig. 1), the sensitiv
enhanced HSQC section of the MJ-HSQC is replaced w
sensitivity-enhanced HMQC section (18–19). The homo

uclearJ-couplings are present in both the originalJ-coupling
period ((m 2 1)t 1), between pointsa and b, and in the15N
hift evolution period (t 1) between pointsc andd. Thus, the

total decay time is reduced from (m 1 1)t 1 in the MJ-HSQC
to mt1 in the MJ-HMQC, with3JHNHa being amplifiedm times.

his modification makes the MJ-HMQC a much more sens
xperiment than the MJ-HSQC experiment.
The evolution of the density operator is

sa 5 2I y,

whereI is the amide proton spin operator. During the perio
(m 2 1)t 1 between pointsa andb, only the 1H homonuclea
3JHNHa coupling needs to be considered, so

sb 5 I ycos@pJII 9~m 2 1!t1# 2 2I 9zI xsin@pJII 9~m 2 1!t1#,

whereI 9 is the spin operator of Ha andJII 9 is the 3JHNHa. The
homonuclearJ coupling of protons during the 2t period be
tween pointsb and c can be neglected. Then the pro
oherence is transferred into multiple-quantum coheren
he proton and nitrogen through the section between poib
ndc

sc 5 2Sx$I xcos@pJII 9~m 2 1!t1#

2 2I 9zI ysin@pJII 9~m 2 1!t1#%,

where S is the 15N spin operator of the NH moiety. Th
multiple-quantum coherence is frequency-labeled durint 1

with the chemical shift of nitrogen and modulated with
homonuclearJ coupling of the protons. Thep/2 pulse jus
before pointd transfers the frequency-labeled multiple-qu
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tum coherence into an antiphase coherence of the nitroge
respect to the proton

sd 5 @S2eivSt1 1 S1e2ivSt1#@2I zcos~pJII 9mt1!

1 2I 9xI ysin~pJII 9mt1!#3

2 @S2eivSt1 1 S1e2ivSt1#I zcos~pJII 9mt1!.

he antiphase coherence of the nitrogen is then transferre

FIG. 1. Pulse sequence for theJ-multiplied, gradient sensitivity enhanc
HMQC. Filled bars and open bars represent 90° and 180° pulses, respe
Filled shaped pulses are 1.7 ms sinc-modulated rectangular 90° pulses to
the water resonance selectively. Default phases arex and the experiment
recovery delay is 1 s.t 5 1/(41JNH) ' 2.7 ms,d1 andd2 are g3 and g6 gradie
imes plus a gradient recovery time of 90ms. Phase cycling is as follows:w 1 5
y, 2y); w 2 5 (2x); w 3 5 ( x, x, 2x, 2x); w 4 5 4(x), 4(2x); w r 5 ( x,

2x). Echo/antiecho selections duringt 1 are performed by settingw 2 5 ( x),
and inverting the sign of g3. In order to remove axial peaks, phases ofw1 1

80°, wr 1 180°) are set for every secondt 1 increment. The durations a
strengths of the gradients are g15 (1.0 ms, 15 G/cm); g25 (1.0 ms, 8 G/cm)
g3 5 (0.5 ms, 25 G/cm); g45 (0.5 ms, 15 G/cm); g55 (0.5 ms, 10 G/cm
g65 (0.1 ms, 0.967*25 G/cm); gb are small bipolar gradients for removin
water radiation damping effect.

FIG. 2. The comparison of the spectra recorded with the two metho
C) the corresponding 1D traces of R25 and T70 in (A) and (B). Both sp

of the ciliary neurotrophic factor receptor (CNTFR) in H2O at pH 6.3. The
spaced by a factor of 1.24. The spectra were obtained with identical pr
ith

nto

he inphase coherence of the proton with PEP (Preservat
quivalent Path)

se 5 2@I 2eivSt1 1 I 1e2ivSt1#cos~pJII 9mt1!O¡

t2

2 I 2ei ~vSt11v I t2!cos~pJII 9mt1!.

Another transient can be obtained through inverting the p
w2 and the sign of gradient g3 as

se9 5 2@I 2e2ivSt1 1 I 1eivSt1#cos~pJII 9mt1!O¡

t2

2 I 2ei ~2vSt11v I t2!cos~pJII 9mt1!.

A 2D NMR spectrum can be obtained by using the Rance–
processing method (20). Obviously, the homonuclearJ cou-
pling constant (JII 9) is amplified bym times, but theJ coupling
ime between pointa andb only needs to be (m 2 1)t 1, a t 1

period shorter than the MJ-HSQC experiment.
To demonstrate the sensitivity enhancement of the

HMQC experiment over the MJ-HSQC experiment, we app
the 2D MJ-HMQC and its corresponding MJ-HSQC exp
ments to an15N-labeled sample of the BC domain (;11 kDa)
of the ciliary neurotrophic factor receptor (CNTFR). The p
tein was dissolved in H2O at pH 6.3 and experiments we
conducted at 30°C on a Varian Inova 500 MHz NMR sp
trometer. Figures 2A and 2B show small regions of 2D spe
recorded with MJ-HMQC and MJ-HSQC pulse sequen
respectively. The value ofm is 3 in these experiments. Da
matrices of 256*3 1024* (* denotes a complex number) in

ely.
cite

e

(A) and (B) small regions of 2D MJ-HMQC and MJ-HSQC spectra, re
ra were recorded at 30°C on a 1 mMsample of uniformly15N-enriched BC domai
est contours for spectra (A) and (B) are drawn at the same level. Conto
ssing parameters using the nmrPipe software package (23).
ds:
ect
low
oce
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time domain were acquired for the two spectra, with spe
widths of 1600 and 7000 Hz forf 1 and f 2, respectively. Th
number of transients for each FID was 32. Spectral matric
2048 3 4096 points for both 2D spectra were obtained w
identical processing parameters. Figure 2C shows the c
sponding 1D traces of R25 and T70 in Figs. 2A and 2B. Fi
2 clearly indicates that the sensitivity of the MJ-HMQC exp
iment is increased considerably when compared with th
MJ-HSQC experiment. For 105 well-isolated peaks, the s
tivities of the MJ-HMQC experiment are enhanced by 1
61% compared with that of the MJ-HSQC experiment.
average, the sensitivity enhancement of the MJ-HMQC s
trum is 34%. In addition, the splitting of the doublets is cle
and the resonance peaks are sharper, when compare
those of the MJ-HSQC spectrum.

The sensitivity enhancement and line narrowing in the
HMQC experiment are attributable to two reasons. One is
the total decay time forJ-coupling and chemical shift evolutio
is shortened by a period oft 1. The other is that the relaxati
rate of HMQC is slower than that of HSQC. In the MJ-HMQ
and MJ-HSQC experiments, the signal strengths are, re
tively, proportional to

expF2Sm 2 1

T2H
1

1

T2MQ
D t1G and expF2S m

T2H
1

1

T2N
D t1G ,

n which T2H, T2MQ, andT2N are the transverse relaxation tim
of 1H, multiple-quantum of1H and 15N, and 15N respectively

he multiple-quantum transition is not affected, to the
rder, by heteronuclear dipolar broadening mechan
2, 21), and the multiple-quantumT2MQ time can be signifi-

cantly longer than the corresponding single-quantumT2N.
Therefore,

expF2Sm 2 1

T2H
1

1

T2MQ
D t1G . expF2S m

T2H
1

1

T2N
D t1G ,

due tom 2 1 , m and 1/T2MQ , 1/T2N. It is worth noting tha
the effectiveness of the general HMQC experiment ove
HSQC experiment is obscured by the homonuclearJ couplings
between HN and Ha, and thus the spin-locked multiple-qua-
tum coherence is utilized for signal enhancement (18, 19, 22).
However, the homonuclearJ couplings between HN and Ha are
just what are needed for measuring the3JHNHa in the propose
MJ-HMQC experiment. The replacement of HSQC by HM
is therefore optimal for sensitivity and resolution enhancem

The correlation of the3JHNHa values of some residues of t
C domain of CNTFR measured with HNHA (1) and MJ-

HMQC experiments is shown in Fig. 3. The3JHNHa values o
he HNHA experiment are obtained with Eq. (7.152) fr
avanaghet al. (24). Thex coordinate in Fig. 3 is the3JHNHa

value measured with the MJ-HMQC experiment and the
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respondingy-coordinate is the3JHNHa value measured with th
HNHA experiment. The stars (in Fig. 3) of3JHNHa , 8 Hz are
symmetrically distributed near the diagonal, which indic
that the3JHNHa values of the same residue measured with
two experiments are comparable. However the star
3JHNHa . 8 Hz are positioned under the diagonal, which in-
cates that the3JHNHa values measured with the HNHA exp-
iments are overall smaller than those measured with the
HMQC experiments. If the relaxation effects are not inclu
in the calculation of theJ values from HNHA experiment, th
3JHNHa values of the HNHA experiment calculated with E
(7.152) of Cavanaghet al. (24) are smaller than their actu
alues, and the case becomes more and more serious w
ncreases in theJ values. This shows that the largerJ values
measured with the MJ-HMQC experiment are more pre
than those measured with the HNHA experiment on sm
proteins if the relaxation process is not taken into cons
ation. The drawback to the MJ-HMQC method is the
broadening in thef 1 dimension. For the protein sample useJ
alues cannot be measured whenJ , 3.5 Hz due to th
ergence of the doublets. The low limit of measurableJ values
ill be reduced with molecular mass decreasing.
In summary, we have presented a 2D sensitivity-enha
J-HMQC experiment, which can not only amplify the3JHNHa

coupling constantsm times, but also enhances sensitivity
more than 30% when compared with the MJ-HSQC ex
ment. Furthermore, small bipolar magnetic field gradients
used in theJ-coupling and chemical shift evolution times
reduce the effect of water damping and to enhance w
suppression. We believe that our experiment is particu
useful for studies involving15N-labeled peptides or protei
(,10 kDa) because of its superior sensitivity when comp
with that of the MJ-HSQC experiment, its good water supp
sion performance, and its short experimental time (as only
spectrum is required).

FIG. 3. The correlation of the3JHNHa values of some residues of the
domain of CNTFR measured with HNHA (1) and MJ-HMQC experiments
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