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Previous theoretical calculations have demonstrated that the
multiquantum relaxation rate of 1Ha–13Ca(RMQ) is, on average,
1.3 6 0.4 or 1.7 6 0.6 times slower than the single-quantum
relaxation rate of 13Ca(RC) for a sample with or without, respec-
tively, amide protons. By taking advantage of this fact and by
using the PEP sensitivity enhancement scheme, an HMQC version
of the HCACO experiment has been developed. We demonstrate
that this new experiment is 23 and 55% more sensitive than the
original HSQC version of the HCACO experiment, at constant
times of 7 and 27 ms, respectively, for a sample of the BC domain
of the ciliary neurotrophic factor receptor protein dissolved in D2O
at 20°C. © 2000 Academic Press

Key Words: NMR; 13C-labeled proteins; HCACO; HMQC.

Many 3D NMR experiments have been developed to a
the resonance assignment of isotopically labeled proteins
useful experiment for backbone chemical shift assignm
which correlates the chemical shifts of the intraresidue1Ha,
13Ca, and 13C9 resonances, is the HSQC-based 3D HCA
(HSQC-HCACO) experiment. Since its inception (1), the
HCACO experiment has been modified several times to
crease its sensitivity and resolution (2–6). In this report, we
demonstrate that the sensitivity of this experiment can
further improved, as the relaxation time of1Ha–13Ca multi-
quantum coherence is longer than that of single-quantum
herence. Theoretical calculations have shown that the m
quantum relaxation rate of1Ha–13Ca(RMQ) is, on average
1.3 6 0.4 or 1.76 0.6 times slower than the single-quant
elaxation rate of13Ca(RC) for a sample with or withou
espectively, amide protons (7, 8).

The improved experiment described here employs
MQC sensitivity enhancement scheme, developed earlie7–

10), to increase sensitivity. For HMQC-HCACO experime
with constant time periods (2TC) of 7 and 27 ms, sensitivitie
ncreased, on average, by 23 and 55%, respectively,

1 To whom correspondence should be addressed. Fax: 852-2358
-mail: gzhu@ust.hk.
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compared with the corresponding HSQC-HCACO experim
on the 11-kDa BC domain of the ciliary neurotrophic fac
receptor (CNTFR) dissolved in D2O at 20°C. In addition, th
experiment removes13Ca–13Cb homonuclearJ couplings (4)

nd so allows prompt assignment of the glycine cross pea
hey have opposite signs to all other Ca correlations when 2TC

is set to 27 ms, due to13Ca of Gly not being coupled to a
aliphatic carbon.

Figure 1 depicts the pulse sequence of the constant
HCACO experiment based on the HMQC magnetization tr
fer scheme. In the HMQC-HCACO pulse sequence, the se
before point a creates the multiple-quantum coherence o1Ha

and13Ca. During the following period of 2t1 the magnetizatio
of 13Ca is transferred to13C9, while the transverse magnetiz
tion of 1Ha is locked along thex-axis, so that homonucle
couplings between1Ha and other protons are removed. Ho
ever, the strength of spin-lock field must not be too hig
order to avoid homonuclear Hartmann–Hahn effects. He
for protons whose resonance frequencies are far from
carrier of the spin-lock RF field, the transverse magnetiza
cannot be locked effectively, and their signal intensities
crease. The transverse coherence is labeled with the13C9 fre-
quency during thet 1 period. In the section between point
and d,13Ca magnetization evolves in a constant-time man
the anti-phase magnetization of13Ca with respect to13C9 is
refocused, and the transverse magnetization of1Ha is locked
along thex-axis for the reason given above. If 2TC 5 27 ms
the signal is not reduced during the constant-time period b
coupling of 13Ca and 13Cb, because cos(2pJCaCbTC) ' 1. Fi-
nally, between points d and e, the two transverse magnetiz
components of13Ca are transferred to1Ha through the PE
(preservation of equivalent path) method (11–15), before de
ection. For nonglycine residues, the use of PEP results
ncrease in sensitivity by a factor of 1.36 (9–15); however the
sensitivities of glycine residues are reduced by about 50

The evolution of the magnetization at different time poin
given as
52.
1090-7807/00 $35.00
Copyright © 2000 by Academic Press

All rights of reproduction in any form reserved.



of

T
the

ulse
ecti
6,

d
t urin
t al

m ng
d

he
.

for
ramete

408 COMMUNICATIONS
sa 5 2Hx
aCy

a,

sb 5 24 sin~2pJCaC9t1!cos~2pJCaCbt1!Hz
aCz

aC9y,

sc 5 4 sin~2pJCaC9t1!cos~2pJCaCbt1!

3 cos~VC9t1!Hx
aCy

aC9z,

FIG. 1. HMQC version of the HCACO pulse sequence. In the p
sequence, filled bars and open bars represent 90° and 180° pulses, resp
Default phases arex. The carriers of1H, 13Ca, 13C9, and15N are set at 4.7, 5
176, and 120 ppm, respectively. Phase cycling is as follows:w 1 5 ( x, x, 2x,
2x); w 2 5 ( x, 2x); w 3 5 ( y, y, y, y, 2y, 2y, 2y, 2y); w 4 5 ( x); w r

5 ( x, 2x, 2x, x, 2x, x, x, 2x). Quadrature components int 1 are acquire
hrough alteringw1 in a States–TPPI manner. Echo/anti-echo selections d

2 are performed by settingw 4 5 (2x) and inverting the sign of g4. Axi
peaks in the F2 dimension are removed by setting (w2 1 180°,wr 1 180°) for
every secondt 2. The experimental recovery delay is 1 s; 2t 5 1/(21JCH) ' 3.4

s; 2t1 5 7.0 ms; and 2TC 5 7 ms or 27 ms.d is set to the correspondi
gradient pulse width plus a gradient recovery time of 90ms. The duration an
strength of the gradients are set to g15 (0.4 ms, 5 G/cm); g25 (0.4 ms, 15
G/cm); g35 (0.4 ms, 10 G/cm); g45 (1.0 ms,225 G/cm); g55 (0.5 ms, 5
G/cm); g65 (0.4 ms, 5 G/cm); g75 (0.25 ms, 25 G/cm). The power of t
spin lock is 5 kHz and the carrier of the spin-lock field is set at 4.1 ppm

FIG. 2. 2D spectral slices taken from the 3D HMQC-HCACO spectru
spectra were recorded on a uniformly13C- and15N-enriched sample of 7 m
spectra (A) and (B) are drawn at the same level and contours are spaced
the nmrPipe software package (16).
sd 5 2 sin~2pJCaC9t1!cos~2pJCaCbt1!

3 sin~2pJCaC9Tc!cos~2pJCaCbTc!

3 cos~VC9t1!Hz
a@Cy

acos~VCat2! 2 Cx
asin~VCat2!#,

se 5 sin~2pJCaC9t1!cos~2pJCaCbt1!

3 sin~2pJCaC9Tc!cos~2pJCaCbTc!

3 cos~VC9t1!@Hy
acos~VCat2 1 VHat3!

2 Hx
asin~VCat2 1 VHat3!#,

Where Ha, Ca, and C9 are the spin operators of1Ha, 13Ca, and
13C9, respectively,Jxy is the single-bond coupling constant
spins x and y, and V x is the chemical shift of spinx. The
four transients recorded for every pair oft 1 and t 2 can be
expressed as

S11 } S0cos~VC9t1!exp~1iVCat2!exp~iVHat3!

S12 } S0cos~VC9t1!exp~2iVCat2!exp~iVHat3!

S21 } S0sin~VC9t1!exp~1iVCat2!exp~iVHat3!

S22 } S0sin~VC9t1!exp~2iVCat2!exp~iVHat3!,

with S0 being defined as

S0 5 sin~2pJCaC9t1!cos~2pJCaCbt1!

3 sin~2pJCaC9Tc!cos~2pJCaCbTc!.

he real part of the FID fort 2 can be obtained by addingS11 to
S12 and S21 to S22. The corresponding imaginary part of

vely.

g

(A) and its corresponding 3D HSQC-HCACO spectrum (B) for 2TC 5 7 ms. Both
f the BC domain of CNTFR in D2O, pH 6.3, at 20°C. The lowest contours
a factor of 1.20. The spectra were obtained with identical processing pars using
m
g o
by
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FID is obtained by subtractingS11 from S12 andS21 from S22,
with an additional 90° phase shift being applied (9–12). The 3D
spectrum can be obtained by using normal Fourier transfo
tion.

To demonstrate the sensitivity enhancement of the HM
approach over the HSQC method, we applied the HM
HCACO and its corresponding HSQC-HCACO experimen
a Varian Inova 500 MHz NMR spectrometer. A13C- and
15N-labeled sample of the BC domain of the CNTFR, disso
in D2O at 20°C, was used. Figure 2shows 2D slices from th
3D HMQC-HCACO spectrum (A) and the corresponding
HSQC-HCACO spectrum (B), taken at13Ca 5 53.85 ppm, fo
2TC 5 7 ms. Data matrices of 50*3 40* 3 512* (* denotes
complex number), in the time domain, were acquired for
two spectra, with spectral widths of 3000, 7000, and 4000
respectively. The number of transients for each FID was

FIG. 3. The ratios of the volumes of the peaks of the 3D HMQC-HCA
spectrum to the corresponding peaks of the 3D HSQC-HCACO spectru
residue number for 2TC 5 7 ms.
a-

C
-

n

d

e
z,
6.

Spectral matrices of 1283 128 3 512 points for both 3D
spectra were obtained with identical processing param
Figure 2 clearly indicates that the sensitivity of the HMQ
HCACO experiment is increased considerably when comp
with that of HSQC-HCACO experiment. The ratios of the p
volumes of the 3D HMQC-HCACO spectrum to the p
volumes of the corresponding 3D HSQC-HCACO spect
are shown, by residue number, in Fig. 3. Empty position
Fig. 3 correspond to residues whose1Ha chemical shift wa
near the residual solvent peak at 4.7 ppm, as their inten
are difficult to measure precisely. Peaks with ratios sm
than 1 (due to off-resonance spin-lock effects) resonate a1Ha

chemical shifts higher than 5.5 ppm. On average, the sen
ity of the 3D HMQC-HCACO spectrum for 2TC 5 7 ms is
enhanced by 23% when compared with the correspondin
HSQC-HCACO spectrum.

Figure 4 shows the first 2D planes (t 2 5 0) of 3D HMQC-
CACO (A) and HSQC-HCACO (B) experiments for 2TC 5

27 ms. Data matrices of 128*3 512* points, in the tim
domain, were acquired for the two spectra, with spe
widths of 3000 and 4000 Hz, respectively. The num
of transients for each FID was 32. Spectral matrice
512 3 1024 points for both 2D spectra were obtained w
identical processing parameters. The sensitivity enhance
of the HMQC-HCACO experiment over the HSQC-HCAC
experiment exceeds 55%, on average, based on 31 is
peaks.

By introducing 1Ha–13Ca multiple-quantum coherence in
the HCACO experiment we have shown that the sensitivi
this experiment can be increased substantially. This will
siderably facilitate the spectral assignment of the back
atoms of13C-labeled proteins.

by
ra
ed by a
FIG. 4. The first 2D planes (t 2 5 0) of the 3D HMQC-HCACO (A) and its corresponding HSQC-HCACO (B) experiment for 2TC 5 27 ms. The spect
were obtained with identical processing parameters. The lowest contours for spectra (A) and (B) are drawn at the same level and contours are spacfactor
of 1.20.
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