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Abstract

Recent studies have indicated that the relaxation rate ofHREC multiple-quantum coherence is much slower

than that of the'H-13C single-quantum coherence for non-aromatic methine sitééGnlabeled proteins and

in nucleic acids at the slow tumbling limit. Several heteronuclear experiments have been designed to use a
multiple-quantum coherence transfer scheme instead of the single-quantum transfer method, thereby increasing the
sensitivity and resolution of the spectra. Here, we report a constant time, gradient and sensitivity enhanced HMQC
experiment (CT-g/s-HMQC) and demonstrate that it has a significant sensitivity enhancement over constant time
HMQC and constant time gradient and sensitivity enhanced HSQC experiments (CT-g/s-HSQC) when applied to
al3C and!®N labeled calmodulin sample inJD. We also apply this approach to 3D NOESY-HMQC and doubly
sensitivity enhanced TOCSY-HMQC experiments, and demonstrate that they are more sensitive than their HSQC
counterparts.

Introduction multidimensional NMR experiments (Grzesiek et al.,
1995; Grzesiek and Bax, 1995; Marino et al., 1997;
Shang et al., 1997; Swapna et al., 1997). In these ap-
plications, the HMQC experiment offers much better
sensitivity than the HSQC experiment, and this re-
sult is in good agreement with theoretical calculations

(Grzesiek and Bax, 1995; Marino et al., 1997).

It is known that the large one-bortdC-1H dipolar
interaction and geminatH-'H homonuclear dipo-
lar interaction are the major sources of relaxation
for transverse'H and 13C magnetization in3C la-
beled macrobiomolecules (Griffey and Redfield, 1987;

Grzesiek et al., 1995). The contribution to the relax-
ation of non-aromatic methine systems from chemical
shift anisotropy (CSA) is negligible, even in a high
magnetic field, due to its small value (Palmer et al.,
1992). To a first order approximation, the relaxation
of 13C-1H multiple-quantum coherence is not affected
by the 13C-'H dipolar interaction for a molecule at
the slow tumbling limit (Griffey and Redfield, 1987).
Therefore, the relaxation rate dfC-'H multiple-

It has been demonstrated that the conventional
HSQC experiment can be greatly improved by em-
ploying a sensitivity enhancement scheme (Palmer et
al., 1991; Kay et al., 1992; Schleucher et al., 1994).
The sensitivity enhancement is achieved by retaining
both the x- and y-components of the indirectly de-
tected dimensions by a process which is called either
Preservation of Equivalent Pathways (PEP) (Cavanagh
and Rance, 1993) or Coherence Order Selective-

guantum coherence for the methine sites is slower thanCoherence Transfer (COS-CT) (Sattler et al., 1995).

that of 1H and 13C single-quantum coherence. This

This basic sensitivity enhancement scheme has been

property has found many applications in heteronuclear widely used (Schleucher et al., 1993; Muhandiram and

*To whom correspondence should be addressed. E-mail:

gzhu@ust.hk

Kay, 1994; Yamazaki et al., 1994). We have recently
reported a gradient and sensitivity enhanced HMQC
experiment (g/s-HMQC) using a similar approach and
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shown that, for an IS spin system, a sensitivity en-
hancement by a factor of/2 over the conventional
HMQC experiment can be achieved (Zhu et al., 1998).

Here, we propose a constant-time, gradient and sensi-

tivity enhanced HMQC (CT-g/s-HMQC) experiment,
with a spin lock being used to remove homonuclear
coupling effects. We demonstrate that the sensitivity of
this CT-g/s-HMQC experiment shows a significant im-
provement over both the CT-HMQC experiment and
its HSQC counterpart (CT-g/s-HSQC) for théC-1H
moiety. This experiment will be particularly useful
for protein NMR studies using3C-'H correlation,

as all the amino acids except glycine havearbons

which are methine moieties. The use of the PEP/COS-

CT approach allows a sensitivity enhancement up to
a factor of 1.36 for experiments correlatiféC and

IH as discussed below. We have also applied this
basic pulse sequence to 3D NOESY-HMQC and dou-
bly sensitivity enhanced 3D TOCSY-HMQC experi-

ments, and demonstrated that they are more sensitive

than their HSQC counterparts. However, it should be
noted that experiments which include a TOCSY mix-
ing scheme are seldomly applied to lafg€ labeled
proteins due to the effect of tHéC-1H dipolar cou-
pling on T, of 13C attached protons (Bax, A., personal
communication).

Methods

Figure 1A shows the pulse sequence of the con-
stant time, gradient and sensitivity enhanced HMQC
experiment (CT-g/s-HMQC) with a spin-lock field.
A brief description of the magnetization transfer is
given below. After the constant time évolution, the
magnetization is:

M, = I (S, coswsty + S, sinwst1) cosnccT

wherelJcc is the aliphatic carbon homonuclebecou-
pling constant and is the constant time for the t
evolution period T = 1/J¢cc¢). The spin-lock field
locks| magnetization on the x-axis. After twaA2=
1/2Jcy) delays to transfer back the magnetization,
the magnetization before acquisition is:

(3) 1+ explionn — i6; +i62)

+1™ exp(—iwgts + i6; — i02)], ¢2=x
My, =
(3) U exp—iwns +i6; +i62)
—I~expliogty —i0; —i02)], ¢2=—x

where 0, vcB1(z)t1 and 62 vu B2(2)t2 with
B;(2) and t; being the strength and duration of the
gradients G1 and G2, respectively. Therefore, by
proper arrangement of thig2 phase and the gradient
settings, no signal loss will occur. The final pure ab-
sorption spectrum can be obtained by data processing
as described previously (Kay et al., 1992; Zhu et al.,
1998). In the discussion above, we have assumed that
the x- and y-components of magnetization have the
same amplitude before acquisition, even though they
experience different magnetization transfer pathways.
However, in reality, there is a difference between
them caused by their different relaxation processes
and, especially relevant to our experiment, a different
homonuclear coupling effect. Thus, the magnetization
M, without gradients should be expressed as follows
Iy I coswst1 + (L — B)Iysinwst1, ¢2=x
b= { —Icoswsty + (1 — B)I, sinwsty, $2= —x

@B (I, coswyty + 1y Sinwgty)
— 5 (=1, coswyty + Iy sinwsty), $2 = x
E=B) (— I coswgty + Iy SiNwsr1)

— 3 (I, coswgty + Iy sinwgty), $2= —x

where B is an imbalance factor between magnetiza-
tions I, and/,. From the above expressions, we can
see that the gradients serve to select the balanced
part and to dephase the imbalance part of thand

I, magnetizations. Any imbalance will lead to a re-
duced gain in sensitivity. Without the gradients, data
processing as stated above would result in quadrature
image artifacts. Overall, the gradient and sensitivity
enhancement process can be summarized as:

. PEP/COS-CT
I (Sy coswsty + Sy SiNwgt1) /—>

(2-B)

> (I COSwsty + Iy Sinwgty),  ¢2=x
(2-B)

> (=1 coswst1 + Iy Sinwgt), $2 = —x

Inthe PEP/COS-CT process, one component of the
magnetization must experience an additionaldzlay
in the multiple-quantum coherence state. During this
additional delay, the magnitude of this component will
be reduced due to G- Cy coupling. If the difference
in the relaxation rates of the x- and y- components dur-
ing the PEP/COS-CT is negligible, then the remaining
factor 1-Bis

1-B = co92nJccA) =0.92
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Figure 1. (A) Pulse sequence of the 2D constant time, gradient and sensitivity enhanced HMQC experiment (CT-g/s-HMQC). The thin and
thick vertical bars represent 9@nd 180 pulses, respectively. Unlabeled pulses are applied along the x-axis. Two transients are recorded for
each { value. The first transient is acquired by using the phase eytle- 0, 0, 2, 2;¢62 = 0, 2;$3 = 1, 3; Rec.¥ = 0, 2, 2, 0 and the
gradient setting is G G2. For the second transient, the signs of the pid@sand the gradient G2 are changed. A pure absorption spectrum

can be obtained as stated in the text. (B) Pulse sequence of the 3D g/s-NOESY-HMQC experiment. The phase cydle &#s6d@s 0, O,
2,2,2,2,¢1=0,0,2,2,¢62=0,2;¢63=1,3;Rec.¥ =0, 2, 2,0, 2,0, 0, 2 and the gradient setting is G1 = G2. Quadrature detection

in the F1 dimension is obtained via the States-TPPI method by increasing the phé8edl$orption mode in the F2 dimensions is obtained

as stated in the text for the CT-g/s-HMQC experiment. (C) Pulse sequence of the 3D doubly sensitivity enhanced TOCSY-HMQC experiment.
The phase cycle i$1 = 1; $2 = 0, 2; $3 = 1, 3;$4 = 0; $5 = 1; Rec.¥ = 0, 2 and the gradient settings are 61G2, and G3= G4.
Absorption-mode spectra in the F1 and F2 dimensions are obtained as discussed in the text. In these pulse sequencgsptiteesofith

the carrier frequency at 58 ppm, are applied with a powesBo&= 10 kHz to leave a null excitation in the carbonyl region. The°1&xbonyl

pulse is a SINC shaped pulse (Hyre and Spicer, 1995) ofy2b6uration with a phase ramp (Patt, 1992) to shift the excitation region to the
carbonyl carbons. Proton spin lock is achieved by using a power of 5 kHz with the carrier at 4.3 ppm in the centey, oéthiert Pulsed field
gradients are applied along the z-axis. The magnitudes of the gradients G1, G2, G3 and G4 are 20, 20, 10 and 10 G/cm with durations of 0.8,
0.2, 0.2 and 0.8 ms, respectively. The constant time T is set to 27.2 ms. The deklysnds2 are set to 1/3= 1.6 ms, 0.9 ms and 0.4 ms,
respectively.
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with Jcc = 40 Hz and A = 3.2 ms being used. at the slow tumbling limit, the T relaxation caused
Since the pulsed field gradient will remove the im- by thelH-H dipole-dipole interaction between neigh-
balance between the magnitudes of the magnetizationboring protons can be significant and depends on the
components/, and I,, the magnitude of the final local proton density. It could be expected that ran-
detectable signal would be £B)/2, that is 0.96. dom fractional deuteration of proteins can be used
Thus, the maximum sensitivity enhancement of the to reduce théH-H dipole-dipole induced relaxation
CT-g/s-HMQC experiment when compared with the effect (Torchia et al., 1988; Reisman et al., 1991,
conventional experiment would bed®/2 = 1.36. Nietlispach et al., 1996), and to extend the protein
During the constant timeq tevolution period, pro-  size limit for the application of the CT-g/s-HMQC
ton homonuclear coupling would significantly lower experiment.
the sensitivity of the experiment if it was to occur. Figures 1B and 1C depict the pulse schemes of the
Consequently, we have included a spin-lock sequencegradient and sensitivity enhanced 3D NOESY-HMQC
to remove this coupling. This spin lock serves to lock (g/s-NOESY-HMQC) and the doubly sensitivity en-
the proton magnetization on the x-axis with minimal hanced 3D TOCSY-HMQC experiments, respectively.
magnetization loss caused by the offset effect and The 3D g/s-NOESY-HMQC experiment is a straight-
TOCSY type magnetization transfer from, ko Hg, forward extension of the CT-g/s-HMQC experiment
H, and so on. A relatively strong CW (5-7 kHz) and uses the same data processing procedure to pro-
spin-lock field is preferred (Grzesiek and Bax, 1995). duce the absorption spectrum in the F2 dimension.
An alternative would be to substitute the constant The double sensitivity enhancement of the TOCSY-
time 13C, evolution period with a spin lock by the HMQC experiment is achieved by retaining the x- and
simultaneous-CT method (Shang et al., 1997; Swapnay-components of the evolving magnetization in the F1
et al., 1997). However, the digital resolution of the and F2 dimensions. The TOCSY mixing is achieved
13C dimension would then be lower. Selective 1881 by the DIPSI-2 sequence (Shaka et al., 1988) which
pulses could be also employed to remove homonuclearis isotropic for homonuclear magnetization transfer in
couplings, as has been demonstrated for nucleic acidsthe x-, y- and z-directions. For each set pfand ¢
(Zhu et al., 1994). However, they are less suitable values, four transients with differeffi and$2 phases
for proteins as the chemical shifts of thg @nd G and different combinations of gradients are acquired
protons may overlap. and stored separately. The two sets of gradients (G3
In practice, the theoretical sensitivity enhancement and G4) and (G1 and G2) select the magnetization
by PEP/COS-CT may not be achieved due to signal transfer fromtH, to 13C, and from!3C, back to'H,,
loss caused by the larger number of pulses, delaysrespectively, and also dephase any imbalance between
to insert gradients and the additionah 2elay to the magnetizations along the x- and y-axes during the
transfer back the x- and y-components of the magneti- PEP/COS-CT process. Following the standard product
zation. If we assume that the longitudinal relaxation operator analysis (Sgrensen et al., 1983; Ernst et al.,
time is much longer than the delayA2 then the 1987), a brief description of magnetization transfer
PEP/COS-CT approach of sensitivity enhancement is can be given as
only applicable when

oqa = I,coqwst1 + 03) F I; sin(wst1 + 63)

(1+ (1 _ B)eszRMQ)esz(-alszHf)z -~ \/é (d)l _ l’ 3)
whereR ¢ is the relaxation rate of multlple-quantym op = 2I[Sy codwity + 63) F Sy SiN(w;t1 + 63)]
coherenceRc and Ry are the transverse relaxation @1=13)
rates of the single-quantum coherence of carbon and ’
proton, respectively. According to the model of Grze-  oc = —2I[Sy COSw;f1 + 63 F 04 + 61)
siek and Bax (1995b), and assuming isotropic tum- + S, sin(wyt1 + 03 F 04 + 61)]
bling, a theoretical enhancement of 15% could be @l=13)

achieved for a protein of 20 kDa with & of 8 ns,

and for a protein of 40 kDa, no enhancement by the

PEP/COS-CT approach would be obtained. Though where6; is defined as beforéz = yy B3(z)t3 and

the 13C-1H multiple-quantum coherence relaxation is 64 = yc B4(z)1a. The 90 1H pulse before time point
not affected by thé3C-'H dipole-dipole interaction b serves to transfer the multiple-quantum coherence



to single-quantum, so that the magnetization encoded
by gradient G3 can be decoded by gradient G4 and
encoded again by gradient G1. The 361 pulse after
time pointc then transfers the single-quantum coher-
ence back to multiple-quantum coherence to exploit
its better relaxation properties for the evolution of the
carbon signal. The magnetization transfer during the
period fromato b is a reverse HSQC or HMQC sen-
sitivity enhancement approach. Taking account of the
phases of the signals (Levitt, 1997), the magnitudes of
the four transients before acquisition are:

o1 = (T) (icosw;t1 + Sinwyt1) (i SiINwgt
+ coswsia)
(Pl=y,02=x,G1=G2,G3=GH

2—B . .

oo = (T)Z(i CoSw;t1 + Sinwt1) (i Sinwsta
— COSwgr)
Gl=y,¢2=—x,Gl=-G2,G3=G4H

03 = (T) (icoswyty — Sinwyt1) (i SINwgt
+ coswsty)
(Pl=—y,92=x,G1l=G2,G3=-G%

2 - B 2 . . . .
04 = (T) (icoswyty — SiNwyt1) (i SINwgt

— COSwgs12)
(Pl=—y,92=—x,G1l=-G2,G3=-G%

Proper combination of these four transients leads to:

My = o14+02+03+4+04

= —(2— B)?cosw;t1 Sinwsto
M; = o14+02—03—04

= (2— B)%i sinw;t Sinwsty
M3 = 01 —02+03—04

= (2 — B)% cOSw 1 COSwst2
My = o1—02—03+04

= (2— B)?sinw;t COSwst2

These four FIDs can be used to construct a pure ab-
sorption 3D TOCSY-HMQC spectrum, using Fourier
transformation, after applying a 9(hase shift to
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M, and Mg, and changing the sign of M The the-
oretical sensitivity enhancement of this 3D TOCSY-
HMQC experiment over its conventional version can
be (1.367 if relaxation loss during the two additional
2A delays is negligible.

Results and discussion

To demonstrate the advantage of the proposed gradi-
ent and sensitivity enhanced HMQC pulse sequence,
experiments were performed on'dC and 15N la-
beled calmodulin sample inJ®, at pH= 6.0 and a
temperature of 27C using a Varian Inova 500 MHz
spectrometer. Figures 2A—C show small regions taken
from constant time g/s-HSQC, constant time HMQC
(Ikura et al., 1991; Tjandra et al., 1995; Marino et
al., 1997), and constant time g/s-HMQC 2D spectra,
respectively. Figure 2D shows 1D cross-sections from
Figures 2A—C, taken &EC = 65.1 ppm. It can be seen
from the spectra that the proposed constant time g/s-
HMQC experiment with spin lock offers the greatest
sensitivity. Based on a comparison of the S/N ratios
of the peaks in Figures 2B and 2C, an improvement
in sensitivity by a factor of 1.260.12 has been ob-
tained. The sensitivity gain of the CT-g/s-HMQC over
the CT-HMQC is relatively uniform for methine sites
and this is achieved by the PEP/COS-CT approach.
A sensitivity gain of a factor of 1.380.20, for the
peaks in Figures 2A and 2C, comes from the better
relaxation properties of multiple-quantum coherence
when compared with single-quantum coherence. This
sensitivity gain was not uniform, and no sensitivity
gain was obtained for some peaks. The reasons for
this are that spin lock cannot prevent the leakage of
magnetization from HEto Hg if they have almost the
same chemical shifts, and tHéi-'H dipole-dipole
interaction discussed above.

Figures 3A-B are 2D slices taken from the 3D con-
stant time g/s-NOESY-HMQC spectrum and its HSQC
counterpart, and Figures 3C-D are 2D slices taken
from the 3D doubly sensitivity enhanced TOCSY-
HMQC spectrum and its corresponding HSQC spec-
trum, respectively. All spectra are measured at@3
and all 2D slices are taken at2C, shift of 65.1 ppm.
These spectra clearly show that the 3D CT-g/s-
NOESY-HMQC and the doubly sensitivity enhanced
TOCSY-HMQC experiments have much better sen-
sitivity than their HSQC counterparts. It should be
pointed out that in these kinds of experiments, the
spectra are not symmetrical about the diagonal, and
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Figure 2. Small regions of spectra of the apo-form of calmodulin recorded &€2@ D,O with (A) the 2D CT-g/s-HSQC experiment, (B) the

2D CT-HMQC experiment (Grzesiek and Bax, 1995), and (C) the proposed 2D CT-g/s-HMQC experiment. (D) 1D cross-sections from A—C,
taken at &3C shift of 65.1 ppm (A, left; C, right). The sizes of the 2D FIDs recorded wefex90024° with ‘*’ denoting complex data. These

spectra were obtained by Fourier transformation with the same experimental and data processing parameters and have been scaled to the same
noise level with the contour levels being spaced by a factor of 1.2. Linear prediction was not used, and data processing was carried out by using
the NMRPipe software package (Delaglio et al., 1995).

the peaks (i, Hg) and (H;, Hy) experience different  formed the CT-g/s-HMQC experiment in,B. This
magnetization pathways and relaxation processes. Theexperiment showed that good suppression of the water
magnetization transfer of the peaks with sensitivity en- signal could be achieved and a sensitivity enhance-
hancementis f},, . — Hy — Cy — Hq. Therefore, ment could be obtained, though it was less than that
in the13C separated NOESY and TOCSY spectra, the when performing the experiment in,D (data not
sensitivity enhanced peaks are located within the F1 shown).
(aliphatic proton) and F3 (Hproton) regions.

Although the demonstrations of our experiments
were performed on a D sample, a sample inJ® Conclusions
could also be used. In such a case, the gradient used to
select the magnetization pathway can also be used toln summary, we have proposed a constant time, gra-
suppress the water signal. Water presaturation shoulddient and sensitivity enhanced HMQC experiment
be avoided because it will destroy signals under and (CT-g/s-HMQC) with a spin lock during thq tevo-
near the water resonance. Instead, a strong gradientiution period to eliminate homonuclear coupling ef-
should be used to achieve good water signal suppres-fects. A significant sensitivity improvement over both
sion. However, the greater presence of amide protonsits HSQC counterpart and the conventional HMQC
in an HO sample would increase the homonuclear experimentwas obtained. This experimentwill be par-
dipole-dipole interaction induced relaxation, thus re- ticularly useful for the NMR study of3C labeled
ducing the sensitivity gain of CT-g/s-HMQC over its proteins of moderate sizes when the protein is at the
HSQC and CT-HMQC counterparts. We have also per- slow tumbling limit. The existence dH-1H dipole-
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Figure 3. 2D slices (F1/F3) oft3c separated NOESY spectra recorded at@3rom (A) the CT-g/s-NOESY-HMQC experiment, (B) the
CT-g/s-NOESY-HSQC experiment, ahdC separated TOCSY spectra from (C) doubly sensitivity enhanced TOCSY-HMQC, and (D) doubly
sensitivity enhanced TOCSY-HSQC experiments. All 2D slices ard-3Cahift of 65.1 ppm. All experimental and processing parameters are

the same for corresponding experiments and the Fourier transform spectra are plotted at the same noise level. The NOESY mixing time is 80 ms.
The TOCSY mixing time is 40 ms with a power of 3.2 kHz. The sizes of the 3D NOESY and TOCSY FID matrice§ ar86'6x 1024 and

64* x 32 x 1024, respectively. The contours are spaced by a factor of 1.2.
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