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Abstract

Recent studies have indicated that the relaxation rate of the1H-13C multiple-quantum coherence is much slower
than that of the1H-13C single-quantum coherence for non-aromatic methine sites in13C labeled 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
a 13C and15N labeled calmodulin sample in D2O. 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

It is known that the large one-bond13C-1H dipolar
interaction and geminal1H-1H homonuclear dipo-
lar interaction are the major sources of relaxation
for transverse1H and 13C magnetization in13C 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-1H dipolar interaction for a molecule at
the slow tumbling limit (Griffey and Redfield, 1987).
Therefore, the relaxation rate of13C-1H multiple-
quantum coherence for the methine sites is slower than
that of 1H and 13C single-quantum coherence. This
property has found many applications in heteronuclear
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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 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-
Coherence Transfer (COS-CT) (Sattler et al., 1995).
This basic sensitivity enhancement scheme has been
widely used (Schleucher et al., 1993; Muhandiram and
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 the13C-1H
moiety. This experiment will be particularly useful
for protein NMR studies using13C-1H correlation,
as all the amino acids except glycine haveα carbons
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 correlating13C and
1H 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 large13C labeled
proteins due to the effect of the13C-1H dipolar cou-
pling on T2 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 t1 evolution, the
magnetization is:

Ma = Ix(Sy cosωSt1 + Sx sinωSt1) cosπJCCT

whereJCC is the aliphatic carbon homonuclearJ cou-
pling constant andT is the constant time for the t1
evolution period (T = 1/JCC). The spin-lock field
locks I magnetization on the x-axis. After two 21(=
1/2JCH) delays to transfer back the magnetization,
the magnetization before acquisition is:

Mb =



(
1
2

)
[I+ exp(iωst1 − iθi + iθ2)

+I− exp(−iωst1+ iθi − iθ2)], φ2= x(
1
2

)
[I+ exp(−iωst1+ iθi + iθ2)

−I− exp(iωs t1− iθi − iθ2)], φ2= −x

whereθ1 = γCB1(z)τ1 and θ2 = γHB2(z)τ2 with
Bi (z) and τi being the strength and duration of the
gradients G1 and G2, respectively. Therefore, by
proper arrangement of theφ2 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
Mb without gradients should be expressed as follows

Mb =
{
I cosωs t1+ (1− B)Iy sinωs t1, φ2= x
−I cosωs t1+ (1− B)Iy sinωs t1, φ2= −x

=


(2−B)

2 (Ix cosωs t1 + Iy sinωs t1)

−B2 (−Ix cosωs t1+ Iy sinωs t1),φ2= x
(2−B)

2 (−Ix cosωs t1+ Iy sinωs t1)

−B2 (Ix cosωs t1+ Iy sinωs t1), φ2= −x
where B is an imbalance factor between magnetiza-
tions Ix andIy . From the above expressions, we can
see that the gradients serve to select the balanced
part and to dephase the imbalance part of theIx and
Iy 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:

Ix(Sy cosωs t1+ Sx sinωs t1)
PEP/COS−CT−→{

(2−B)
2 (Ix cosωs t1 + Iy sinωs t1), φ2= x

(2−B)
2 (−Ix cosωs t1+ Iy sinωs t1), φ2= −x

In the PEP/COS-CT process, one component of the
magnetization must experience an additional 21 delay
in the multiple-quantum coherence state. During this
additional delay, the magnitude of this component will
be reduced due to Cα − Cβ 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−B is

1− B = cos(2πJCC1) = 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 90◦ and 180◦ pulses, respectively. Unlabeled pulses are applied along the x-axis. Two transients are recorded for
each t1 value. The first transient is acquired by using the phase cycleφ1 = 0, 0, 2, 2;φ2 = 0, 2; φ3 = 1, 3; Rec.9 = 0, 2, 2, 0 and the
gradient setting is G1= G2. For the second transient, the signs of the phaseφ2 and 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 cycle used isφ0 = 0, 0, 0, 0,
2, 2, 2, 2;φ1 = 0, 0, 2, 2;φ2 = 0, 2; φ3 = 1, 3; Rec.9 = 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 phases ofφ0. Absorption 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 isφ1 = 1; φ2 = 0, 2; φ3 = 1, 3; φ4 = 0; φ5 = 1; Rec.9 = 0, 2 and the gradient settings are G1= G2, and G3= G4.
Absorption-mode spectra in the F1 and F2 dimensions are obtained as discussed in the text. In these pulse sequences, the soft Cα pulses, with
the carrier frequency at 58 ppm, are applied with a power ofγB = 10 kHz to leave a null excitation in the carbonyl region. The 180◦ carbonyl
pulse is a SINC shaped pulse (Hyre and Spicer, 1995) of 256µs duration 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 center of the Hα region. 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 delays1, δ1 andδ2 are set to 1/4J= 1.6 ms, 0.9 ms and 0.4 ms,
respectively.
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with JCC = 40 Hz and 21 = 3.2 ms being used.
Since the pulsed field gradient will remove the im-
balance between the magnitudes of the magnetization
componentsIx and Iy , the magnitude of the final
detectable signal would be (2−B)/2, that is 0.96.
Thus, the maximum sensitivity enhancement of the
CT-g/s-HMQC experiment when compared with the
conventional experiment would be 0.96

√
2= 1.36.

During the constant time t1 evolution period, pro-
ton homonuclear coupling would significantly lower
the sensitivity of the experiment if it was to occur.
Consequently, we have included a spin-lock sequence
to remove this coupling. This spin lock serves to lock
the proton magnetization on the x-axis with minimal
magnetization loss caused by the offset effect and
TOCSY type magnetization transfer from Hα to Hβ,
Hγ and so on. A relatively strong CW (5–7 kHz)
spin-lock field is preferred (Grzesiek and Bax, 1995).
An alternative would be to substitute the constant
time 13Cα evolution period with a spin lock by the
simultaneous-CT method (Shang et al., 1997; Swapna
et al., 1997). However, the digital resolution of the
13C dimension would then be lower. Selective 180◦ 1H
pulses could be also employed to remove homonuclear
couplings, as has been demonstrated for nucleic acids
(Zhu et al., 1994). However, they are less suitable
for proteins as the chemical shifts of the Cα and Cβ

protons may overlap.
In practice, the theoretical sensitivity enhancement

by PEP/COS-CT may not be achieved due to signal
loss caused by the larger number of pulses, delays
to insert gradients and the additional 21 delay to
transfer back the x- and y-components of the magneti-
zation. If we assume that the longitudinal relaxation
time is much longer than the delay, 21, then the
PEP/COS-CT approach of sensitivity enhancement is
only applicable when

(1+ (1− B)e−21RMQ)e−2Rcδ1−2RH δ2 >
√

2

whereRMQ is the relaxation rate of multiple-quantum
coherence;RC andRH are the transverse relaxation
rates of the single-quantum coherence of carbon and
proton, respectively. According to the model of Grze-
siek and Bax (1995b), and assuming isotropic tum-
bling, a theoretical enhancement of 15% could be
achieved for a protein of 20 kDa with aτc of 8 ns,
and for a protein of 40 kDa, no enhancement by the
PEP/COS-CT approach would be obtained. Though
the13C-1H multiple-quantum coherence relaxation is
not affected by the13C-1H dipole-dipole interaction

at the slow tumbling limit, the T2 relaxation caused
by the1H-1H dipole-dipole interaction between neigh-
boring protons can be significant and depends on the
local proton density. It could be expected that ran-
dom fractional deuteration of proteins can be used
to reduce the1H-1H dipole-dipole induced relaxation
effect (Torchia et al., 1988; Reisman et al., 1991;
Nietlispach et al., 1996), and to extend the protein
size limit for the application of the CT-g/s-HMQC
experiment.

Figures 1B and 1C depict the pulse schemes of the
gradient and sensitivity enhanced 3D NOESY-HMQC
(g/s-NOESY-HMQC) and the doubly sensitivity en-
hanced 3D TOCSY-HMQC experiments, respectively.
The 3D g/s-NOESY-HMQC experiment is a straight-
forward extension of the CT-g/s-HMQC experiment
and uses the same data processing procedure to pro-
duce the absorption spectrum in the F2 dimension.
The double sensitivity enhancement of the TOCSY-
HMQC experiment is achieved by retaining the x- and
y-components of the evolving magnetization in the F1
and F2 dimensions. The TOCSY mixing is achieved
by the DIPSI-2 sequence (Shaka et al., 1988) which
is isotropic for homonuclear magnetization transfer in
the x-, y- and z-directions. For each set of t1 and t2
values, four transients with differentφ1 andφ2 phases
and different combinations of gradients are acquired
and stored separately. The two sets of gradients (G3
and G4) and (G1 and G2) select the magnetization
transfer from1Hα to 13Cα and from13Cα back to1Hα,
respectively, and also dephase any imbalance between
the magnetizations along the x- and y-axes during the
PEP/COS-CT process. Following the standard product
operator analysis (Sørensen et al., 1983; Ernst et al.,
1987), a brief description of magnetization transfer
can be given as

σa = Iy cos(ωI t1+ θ3)∓ Iz sin(ωI t1+ θ3)

(φ1= 1,3)

σb = 2Iz[Sy cos(ωI t1+ θ3)∓ Sx sin(ωI t1+ θ3)]
(φ1= 1,3)

σc = −2Iz[Sy cos(ωI t1 + θ3∓ θ4+ θ1)

± Sx sin(ωI t1+ θ3 ∓ θ4 + θ1)]
(φ1= 1,3)

whereθ1 is defined as before,θ3 = γHB3(z)τ3 and
θ4 = γCB4(z)τ4. The 90◦ 1H pulse before time point
b serves to transfer the multiple-quantum coherence
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to single-quantum, so that the magnetization encoded
by gradient G3 can be decoded by gradient G4 and
encoded again by gradient G1. The 90◦ 1H 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 froma to 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:

σ1 = (2− B
2

)2(i cosωI t1+ sinωI t1)(i sinωSt2

+ cosωSt2)

(φ1= y,φ2= x,G1= G2,G3= G4)

σ2 = (2− B
2

)2(i cosωI t1+ sinωI t1)(i sinωSt2

− cosωSt2)

(φ1= y,φ2= −x,G1= −G2,G3= G4)

σ3 = (2− B
2

)2(i cosωI t1− sinωI t1)(i sinωSt2

+ cosωSt2)

(φ1= −y,φ2= x,G1= G2,G3= −G4)

σ4 = (2− B
2

)2(i cosωI t1− sinωI t1)(i sinωSt2

− cosωSt2)

(φ1= −y,φ2= −x,G1= −G2,G3= −G4)

Proper combination of these four transients leads to:

M1 = σ1 + σ2+ σ3 + σ4

= −(2− B)2 cosωI t1 sinωSt2

M2 = σ1 + σ2− σ3 − σ4

= (2− B)2i sinωI t1 sinωSt2

M3 = σ1 − σ2+ σ3 − σ4

= (2− B)2i cosωI t1 cosωSt2
M4 = σ1 − σ2− σ3 + σ4

= (2− B)2 sinωI t1 cosωSt2

These four FIDs can be used to construct a pure ab-
sorption 3D TOCSY-HMQC spectrum, using Fourier
transformation, after applying a 90◦ phase shift to

M2 and M3, and changing the sign of M4. The the-
oretical sensitivity enhancement of this 3D TOCSY-
HMQC experiment over its conventional version can
be (1.36)2 if relaxation loss during the two additional
21 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 a13C and 15N la-
beled calmodulin sample in D2O, at pH= 6.0 and a
temperature of 27◦C 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 at13C= 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 1.25±0.12 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 1.33±0.20, 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 Hα to Hβ if they have almost the
same chemical shifts, and the1H-1H 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 23◦C
and all 2D slices are taken at a13Cα 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 at 27◦C in D2O 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 a13C shift of 65.1 ppm (A, left; C, right). The sizes of the 2D FIDs recorded were 90∗ ×1024∗ 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 (Hα, Hβ) and (Hβ, Hα) experience different
magnetization pathways and relaxation processes. The
magnetization transfer of the peaks with sensitivity en-
hancement is Hβ,γ,... → Hα → Cα → Hα. Therefore,
in the13C separated NOESY and TOCSY spectra, the
sensitivity enhanced peaks are located within the F1
(aliphatic proton) and F3 (Hα proton) regions.

Although the demonstrations of our experiments
were performed on a D2O sample, a sample in H2O
could also be used. In such a case, the gradient used to
select the magnetization pathway can also be used to
suppress the water signal. Water presaturation should
be avoided because it will destroy signals under and
near the water resonance. Instead, a strong gradient
should be used to achieve good water signal suppres-
sion. However, the greater presence of amide protons
in an H2O sample would increase the homonuclear
dipole-dipole interaction induced relaxation, thus re-
ducing the sensitivity gain of CT-g/s-HMQC over its
HSQC and CT-HMQC counterparts. We have also per-

formed the CT-g/s-HMQC experiment in H2O. This
experiment showed that good suppression of the water
signal could be achieved and a sensitivity enhance-
ment could be obtained, though it was less than that
when performing the experiment in D2O (data not
shown).

Conclusions

In summary, we have proposed a constant time, gra-
dient and sensitivity enhanced HMQC experiment
(CT-g/s-HMQC) with a spin lock during the t1 evo-
lution period to eliminate homonuclear coupling ef-
fects. A significant sensitivity improvement over both
its HSQC counterpart and the conventional HMQC
experiment was obtained. This experiment will be par-
ticularly useful for the NMR study of13C labeled
proteins of moderate sizes when the protein is at the
slow tumbling limit. The existence of1H-1H dipole-
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Figure 3. 2D slices (F1/F3) of13C separated NOESY spectra recorded at 23◦C from (A) the CT-g/s-NOESY-HMQC experiment, (B) the
CT-g/s-NOESY-HSQC experiment, and13C separated TOCSY spectra from (C) doubly sensitivity enhanced TOCSY-HMQC, and (D) doubly
sensitivity enhanced TOCSY-HSQC experiments. All 2D slices are at a13C shift 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 matrices are 76∗ ×36∗ ×1024∗ and
64∗ × 32∗ × 1024∗, respectively. The contours are spaced by a factor of 1.2.

dipole interactions reduces the advantage of the CT-
g/s-HMQC experiment. However, random fractional
deuteration of proteins can reduce this effect, and the
CT-g/s-HMQC experiment could be applied to larger
proteins if they are partially deuterated. This exper-
iment is also well suited to NMR studies of nucleic
acids, where many of the13C attached protons are of
the methine type, and the scarcity of1H-1H dipolar
interactions means that13C-1H dipolar interaction will
be the dominant relaxation mechanism.

We have also extended the basic CT-g/s-HMQC se-
quence to 3D NOESY-HMQC and doubly sensitivity
enhanced TOCSY-HMQC experiments. The resulting
spectra show a clear sensitivity enhancement over their
HSQC counterparts. These experiments demonstrate
that the CT-g/s-HMQC pulse sequence can be applied
to many other kinds of 3D experiments to facilitate
NMR studies of proteins and nucleic acids of moderate
size.
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