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The J-multiplied HSQC experiment (MJ-HSQC: S. Heikkinen  HSQC. Hence, the MJ-HMQC experiment results in an in
et al, J. Magn. Reson 137, 243 (1999)) amplifies J coupling con-  crease in sensitivity by 34%, on average. Moreover, the spe
stants m times and allows direct observation of the *J, . coupling tral linewidths of this experiment are narrower and the wate
constants of peptides and proteins (<10 kDa). The drawbacks to suppression is superior to the MJ-HSQC experiment
this method are line broadening in the f;-dimension and lower | . L

e o . n the MJ-HMQC pulse sequence (Fig. 1), the sensitivity-
sensitivity. In the J-multiplied HMQC (MJ-HMQC) experiment enhanced HSQ(?seEtion of t?\e MJ-I—ESSC i)s replaced Witﬁl

described here, the PEP-HSQC pulse sequence is replaced by a . .
sensitivity-enhanced HMQC section, and the total decay time for sensitivity-enhanced HMQC sectiorig-19. The homo-

the J-coupling and the chemical shift evolution is shortened by a NuclearJ-couplings are present in both the origidatoupling
period of t,. This experiment affords narrower linewidth and period ((n — 1)t,), between points andb, and in the*N

enhances the sensitivity by 34%, on an average of 105 well-isolated ~ Shift evolution period ;) between pointg andd. Thus, the
peaks, when compared with the MJ-HSQC experiment. o 2000 total decay time is reduced froom(+ 1)t, in the MJ-HSQC

Academic Press _ _ to mt, in the MJ-HMQC, with*®J ... being amplifiedn times.
Key Words: NMR; “N-labeled protein; J coupling constant;  This modification makes the MJ-HMQC a much more sensitive
HMQC. experiment than the MJ-HSQC experiment.

The evolution of the density operator is

The homonuclear three-bond coupling constay(,.) pro-
vides valuable structural information about the backbone dihe-
dral angle,¢, in peptides and proteind (2). The magnitudes
of the J coupling constants are correlated with the torsiowherel is the amide proton spin operator. During the period o
angles by the Karplus equatioB, @. Accurate measurement(m — 1)t, between points andb, only the'H homonuclear
of theJ coupling constants in proteins is fraught with problem¥y,,.... coupling needs to be considered, so
that are related to the small size of these couplings relative to
the natural proton linewidths. - (m — — 91"] g (m —

Several methodsl( 2, 5-16 have been developed for the " eod mdy(m = D] = 2l sintmdy (m = Dta],
determination of the’J,.,. coupling constant. Recently, a
J-multiplied HSQC pulse sequencé?) (MJ-HSQC) was de-
scribed. This method amplifies thk coupling constantsn

o,= —ly,

wherel’ is the spin operator of HandJ,, is the *J,y.. The

homonucleard coupling of protons during ther2period be-

times and allows direct observation of tHé,.. coupling tween pom_tsb and ¢ can be neglected. Then the proton
coherence is transferred into multiple-quantum coherence «

constants of peptides and proteins10 kDa). It has better . . .
measurement accuracy than COSY and HNHA and very gotcpcle proton and nitrogen through the section between paints

water suppression properties. The drawbacks to this methaor?loIC

are line broadening in thg-dimension and lower sensitivity,

both of which are caused by the separated evolution periods for 0e = 2§dlcod mdy.(m — Dt,]

J-coupling and the chemical shiftl7). In this paper, we — 21yl sif .y (m — Dt}

present aJ-multiplied HMQC (MJ-HMQC) experiment in

which these two evolution periods are overlapped hyence where S is the **N spin operator of the NH moiety. The

shortening the total evolution time by omgperiod. In addi- ; ; -
. ) . multiple-quantum coherence is frequency-labeled duting
tion, the HMQC method has better relaxation behavior th%\th the chemical shift of nitrogen and modulated with the

homonuclearJ coupling of the protons. Ther/2 pulse just
! To whom correspondence should be addressed. E-mail: gzhu@ust.hkbefore pointd transfers the frequency-labeled multiple-quan-
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the inphase coherence of the proton with PEP (Preservation

? o . ta(o,) .
1 - 2%y
H |Irr;—ltl|-| n;—lt]:,c 3 l’l | I T|82H52| Equivalent Path)

a b d €
| - I t sls,| | i o= —[l_ e+ 1 e '*]cod mJ, mty) ——
l 1” 1

GARP '

— | _elesitetdond 73, .mty).

gb gb gb  gb -g3
[ o R [ | I [ | Another tran_sient can b_e obtained through inverting the phas
¢, and the sign of gradient g3 as
FIG. 1. Pulse sequence for tllemultiplied, gradient sensitivity enhanced

HMQC. Filled bars and open bars represent 90° and 180° pulses, respectively. t,
Filled shaped pulses are 1.7 ms sinc-modulated rectangular 90° pulses to excite —iw o
the water resonance selectively. Default phasesxaaed the experimental oo = —[l_e "% + 1, e"%]cog mJ, mty)
recovery delay is 1 & = 1/(4'Jyy) ~ 2.7 ms,8, and$, are g3 and g6 gradient
times plus a gradient recovery time of A8. Phase cycling is as followg; =
(Y, =¥)i @2 = (=%); @3 = (X X, =X, =X); @4 = 4(X), 4(=X); or = (X,
—X). Echo/antiecho selections duringare performed by setting, = (x),
and inverting the sign of g3. In order to remove axial peaks, phases, of ( A 2D NMR spectrum can be obtained by using the Rance—Ka

180°, ¢, + 180°) are set for every secongd increment. The durations and . . )
strengths of the gradients are g1(1.0 ms, 15 G/cm); g2 (1.0 ms, 8 G/cm); processing method2(). Obviously, the homonucleal cou

93 = (0.5 ms, 25 G/cm); g4 (0.5 ms, 15 G/cm); g5 (0.5 ms, 10 G/em); Pling constant §,-) is amplified bym times, but theJ coupling
g6 = (0.1 ms, 0.967*25 G/cm); gb are small bipolar gradients for removing téme between poina andb only needs to ber) — 1)t,, at,
water radiation damping effect. period shorter than the MJ-HSQC experiment.
To demonstrate the sensitivity enhancement of the MJ
HMQC experiment over the MJ-HSQC experiment, we appliec
tum coherence into an antiphase coherence of the nitrogen witt 2D MJ-HMQC and its corresponding MJ-HSQC experi-

— | _el-esitetdoog 73, .mty).

respect to the proton ments to an°N-labeled sample of the BC domain {1 kDa)
_ _ of the ciliary neurotrophic factor receptor (CNTFR). The pro-
oq=[S_e'" + S e M —I,coq 7, mty) tein was dissolved in kD at pH 6.3 and experiments were

conducted at 30°C on a Varian Inova 500 MHz NMR spec:
_ _ trometer. Figures 2A and 2B show small regions of 2D spectr
— [S_e'“st + S, e 'es]| cod 7, mty). recorded with MJ-HMQC and MJ-HSQC pulse sequences

respectively. The value ah is 3 in these experiments. Data
The antiphase coherence of the nitrogen is then transferred intatrices of 256*< 1024* (* denotes a complex number) in the

+ 2l ;l ySin(WJ“/mtl)] —>
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FIG. 2. The comparison of the spectra recorded with the two methods: (A) and (B) small regions of 2D MJ-HMQC and MJ-HSQC spectra, respec
(C) the corresponding 1D traces of R25 and T70 in (A) and (B). Both spectra were recorded an3®I0nMsample of uniformly**N-enriched BC domain
of the ciliary neurotrophic factor receptor (CNTFR) in®lat pH 6.3. The lowest contours for spectra (A) and (B) are drawn at the same level. Contours
spaced by a factor of 1.24. The spectra were obtained with identical processing parameters using the nmrPipe softwar@3ackage (
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time domain were acquired for the two spectra, with spectral Hz
widths of 1600 and 7000 Hz fdr, andf,, respectively. The
number of transients for each FID was 32. Spectral matrices of
2048 X 4096 points for both 2D spectra were obtained with
identical processing parameters. Figure 2C shows the corre-
sponding 1D traces of R25 and T70 in Figs. 2A and 2B. Figure
2 clearly indicates that the sensitivity of the MJ-HMQC exper-
iment is increased considerably when compared with that of
MJ-HSQC experiment. For 105 well-isolated peaks, the sensi-
tivities of the MJ-HMQC experiment are enhanced by 16 to
61% compared with that of the MJ-HSQC experiment. On
average, the sensitivity enhancement of the MJ-HMQC spec- . ‘ ‘ , ‘
trum is 34%. In addition, the splitting of the doublets is clearer 2 4 6 8 10 Hz
and the resonance peaks are sharper, when compared with J values (measured with MJ-HMQC)
those of the MJ-HSQC spectrum. FIG. 3. The correlation of théJ,., values of some residues of the BC
The sensitivity enhancement and line narrowing in the Mdomain of CNTFR measured with HNHALY and MJ-HMQC experiments.
HMQC experiment are attributable to two reasons. One is that
the total decay time fai-coupling and chemical shift evolution
is shortened by a period of. The other is that the relaxationrespondingy-coordinate is théJ,.. value measured with the
rate of HMQC is slower than that of HSQC. In the MI-HMQCHNHA experiment. The stars (m F|g 3) 6‘ﬂHNHa < 8 Hz are
and MJ-HSQC experiments, the signal strengths are, respggmmetrically distributed near the diagonal, which indicate:
tively, proportional to that the®Jyy, values of the same residue measured with th
two experiments are comparable. However the stars
m-1 1 m 1 *Junne = 8 Hz are positioned under the diagonal, which indi
exp[ _< T + sz>t1] and ex;{ _(T + -|—>t1]a cates that théJ,,. values measured with the HNHA exper
Q 2H 2N . .
iments are overall smaller than those measured with the M.
HMQC experiments. If the relaxation effects are not includec
¥ the calculation of thd values from HNHA experiment, the
*Jinne Values of the HNHA experiment calculated with Eq.
t7.152) of Cavanaglet al. (24) are smaller than their actual
glues, and the case becomes more and more serious with |
increases in thd values. This shows that the largéwvalues
measured with the MJ-HMQC experiment are more precis
than those measured with the HNHA experiment on smalle
proteins if the relaxation process is not taken into considel
exp[—(m -1, 1>t ] - exp[—(er 1)t } ation. The drawback to the MJ-HMQC method is the line
Ton Towo/ Ton Ton M| broadening in thé, dimension. For the protein sample uséd,
values cannot be measured whén< 3.5 Hz due to the
due tom — 1 < mand 1M,y < 1/Ty. It is worth noting that mergence of the doublets. The low limit of measurablalues

the effectiveness of the general HMQC experiment over tidll be reduced with molecular mass decreasing.
HSQC experiment is obscured by the homonuclezouplings In summary, we have p_resented a 2D sen3|t_|V|ty-enhance
between H and H', and thus the spin-locked multiple-quanMJ-HMQC experiment, which can not only amplify thd...
tum coherence is utilized for signal enhancemds;, (L9, 22. coupling constantsn times, but also enhances sensitivity by
However, the homonucledrcouplings between Mand H* are  more than 30% when compared with the MJ-HSQC experi
just what are needed for measuring fey.. in the proposed ment. Furthermore, small bipolar magnetic field gradients ar
MJ-HMQC experiment. The replacement of HSQC by HMQ@sed in theJ-coupling and chemical shift evolution times to
is therefore optimal for sensitivity and resolution enhancemefgduce the effect of water damping and to enhance wat:
The correlation of théJ .. values of some residues of thesuppression. We believe that our experiment is particularl
BC domain of CNTFR measured with HNHALY and MJ- useful for studies involving®N-labeled peptides or proteins
HMQC experiments is shown in Fig. 3. TH&,\.. values of (<10 kDa) because of its superior sensitivity when compare
the HNHA experiment are obtained with Eq. (7.152) fromwvith that of the MJ-HSQC experiment, its good water suppres
Cavanagtet al. (24). The x coordinate in Fig. 3 is thél,.. sion performance, and its short experimental time (as only a 2
value measured with the MJ-HMQC experiment and the capectrum is required).

= o0 =
=¥
*
*
*

J values (measured with HNHA)
S
*
**akae

in which T4, Towo, @andT,y are the transverse relaxation time
of 'H, multiple-quantum ofH and N, and N respectively.
The multiple-quantum transition is not affected, to the fir
order, by heteronuclear dipolar broadening mechanis
(2,21, and the multiple-quantuni,y, time can be signifi
cantly longer than the corresponding single-quantlig.
Therefore,
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