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Short transverse relaxation times of Ca and Cb single-quantum
oherences reduce the sensitivity of triple-resonance experiments
nvolving transfers of Ca/Cb or Ha/Hb coherences. Multiple-quan-
um line-narrowing techniques improve the relaxation properties
f 13C coherences, thereby increasing the sensitivity of the exper-
ment. In the present work, we describe PFG-CBCA(CO)NH and
FG-HBHA(CO)NH experiments that utilize heteronuclear mul-

iple-quantum coherences in a simultaneous constant-time period
o obtain completely decoupled spectra with improved sensitivity.
esults indicate that ;30% of cross peaks show an average en-
ancement of ;15% in the CBCA(CO)NH experiment. In the
elated HBHA(CO)NH experiment, ;97% of the cross peaks show
n average enhancement of ;40%. © 1999 Academic Press

Key Words: protein NMR; nuclear relaxation; NMR resonance
ssignments; simultaneous constant-time period.

Triple-resonance experiments provide a powerful appr
or determining resonance assignments in proteins (1–8).
owever, the short transverse relaxation times of Ca and Cb

ingle-quantum states in proteins reduce signal-to-noise
f these heteronuclear correlation experiments. Deuterium
ichment of the sample with deuterium decoupling du
volution of carbon magnetization is one approach for imp

ng the transverse relaxation times of13C coherences (9–11).
nother approach to overcoming this “short transverse re
tion problem” is to utilize heteronuclear multiple-quant
oherences (12–19). In these multiple-quantum states,
ominant one-bond13C–1H dipolar relaxation pathway is elim

nated and relevant coherences often exhibit significa
onger relaxation times.

We have recently described a simultaneous1H and 13C
onstant-time (sim-CT) heteronuclear multiple-quan
volution scheme which generally provides enhanced sen

ty in triple-resonance protein NMR experiments. Relativ
SQC versions, the sim-CT HMQC versions of PFG-

CA)(CO)NH (19) and (HA)CA(CO)NH (17) experiment
ere observed to have average signal-to-noise enhance

1 To whom correspondence should be addressed at CABM, Rutgers
ersity, 679 Hoes Lane, Piscataway, New Jersey 08854-5638. Fax: 73
850. E-mail: guy@nmrlab.cabm.rutgers.edu.
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f 5–20%. In this Communication, we have applied this g
ral approach for sensitivity enhancement in PFG-CB
CO)NH and PFG-HBHA(CO)NH triple-resonance exp
ents. Results on proteins show that the sim-CT HM

ersions of PFG-CBCA(CO)NH and PFG-HBHA(CO)NH e
ibit significant signal intensity enhancements compared

he conventional HSQC versions of the same experimen
The CBCA(CO)NH (20–22) and HBHA(CO)NH (23) pro-

ein triple-resonance experiments correlate Cb/Ca and Hb/Ha

esonances of residuei , respectively, with15N and HN reso-
ances of residuei 1 1. These pulse sequences are cruci
any general strategies for determining protein resonanc

ignments. Shown in Fig. 1A is a generalized schematic
cribing implementations of these two experiments in rou
se in our laboratory. In the Ha/Hb frequency-labeled versio
f this experiment, transverse Ha and Hb magnetization is firs

requency labeled while simultaneously developing antip
HxCz magnetization, which is then converted into antiph
HzCy magnetization using an INEPT (24) coherence transfe

n the Ca/Cb frequency-labeled version of the experiment,
ame antiphase 2HzCy coherence is generated without
nitial proton frequency-labeling period. This 2HzCy antiphase

agnetization is then refocused into Cx
a/b in-phase magnetiz

ion during thetfocCH delay period, while simultaneously d
eloping antiphase 2Cy

aCz
b magnetization over the consta

ime period 2Tc. This 2Cy
aCz

b magnetization forms the basis
he 13C–13C COSY transfer, which is subsequently rela
hrough the carbonyl atom C9 to N–Hi11

N for detection. In the
ase of the CBCA(CO)NH version,13C frequency labeling i
eveloped in a constant-time fashion during the 2Tc period.
A serious shortcoming of this widely used triple-resona

xperiment is that the Ca and Cb magnetizations are in singl
uantum states throughout the relatively long 2Tc period, and
xhibit efficient relaxation by dipolar interactions with direc
ound Ha and Hb nuclei. These effects can be suppresse
tilizing multiple-quantum states during the developmen

he required13C–13C antiphase coherences. Following conc
f simultaneous constant-time frequency evolution of multi
uantum coherences outlined in our previous papers (17, 19),
e have designed and implemented sim-CT HMQC CB

ni-
35-
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FIG. 1. Pulse sequences of 3D (A) generalized HSQC HBHACBCA(CO)NH, (B) sim-CT HMQC CBCA(CO)NH, and (C) sim-CT HMQC HBHA(C
xperiments. In A,t91 5 0 for 13Ca frequency labeling whilet 1 5 0 for 1Ha frequency labeling. Typical coherence transfer delays were tuned totCH 5 1.7 ms
focCH 5 2.15 ms,tCACB 5 3.25 ms,tCACO 5 4.8 ms,tNCO 5 14.5 ms,tNH 5 2.5 ms,tfocNH 5 5.4 ms, andte 5 650 ms, and the constant times were set toTc
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CO)NH (Fig. 1B) and sim-CT HMQC HBHA(CO)NH (Fi
C) experiments that utilize multiple-quantum 2HxCy states

or the development of13C–13C antiphase coherence. As
ected, the sim-CT HMQC versions of these experim
enerally provide enhanced sensitivity compared with the
esponding conventional HSQC versions.

For both the sim-CT HMQC CBCA(CO)NH and t
im-CT HMQC HBHA(CO)NH experiments, the releva
agnetization transfer pathway up to the13Cb 3 13Ca coher-
nce transfer step (i.e., the pulse labeled with phasef3 in Figs.
B and 1C) is described in product operator formalism (25) as

Hz
bO¡

90x~H!
2 Hy

bO¡

2tCH

2Hx
bCz

bO¡

90x~C!

2 2Hx
bCy

bO¡

1J~Ca 2 Cb!
4Hx

bCx
bCz

aO¡

90y~H!

2 4Hz
bCx

bCz
aO¡

tfocCH

2 2Cy
bCz

a,

here Hb, Cb, and Ca represent angular momentum opera
or 1Hb, 13Cb, and 13Ca spins, respectively. Optimal values
elaysA, B, C, andD in the sim-CT HMQC CBCA(CO)NH
xperiment (Fig. 1B) are uniquely determined by

A 2 B 2 C 1 D 1 tfocCH 5 t1 [1]

A 1 B 2 C 2 D 5 0 [2]

A 1 B 1 C 1 D 1 tfocCH 5 2Tc [3]

A 2 B 1 C 2 D 5 0, [4]

here Eqs. [1]–[4] are derived from the requirements o
13C frequency labeling during the evolution timet 1, [2] refo-
using of Ha/Hb chemical shift evolution duringt 1, [3] con-
tant-time evolution of carbon–carbon and proton–proton
ar couplings, and [4] refocusing of heteronuclear two-
hree-bond scalar couplings of Hb and Cb nuclei, respectively
he solutions for this set of equations areA 5 D 5 Tc / 2 1

1/4 2 tfocCH/2 and B 5 C 5 Tc / 2 2 t 1/4. Similar

3.3 ms andTn 5 13.5 ms. The delaysA, B, C, andD are set as describ
sing GARP (28). Selective13C9 or 13Ca decoupling during the periods sho

ollows: f 1 5 1x, 2x; f 2 5 8(1x), 8(2x); f 3 5 1x, 2x, 2x, 1x, 2

5 5 1x, 1x, 2x, 2x; and the receiver phasefr 5 1x, 2x, 2x, 1x, 2x
ith phasey, unless otherwise indicated. Quadrature detection in thet 1 dimen

abeling (A and C) or the phase of the first 180° and 90° carbon pulses fo13C f
y invertingu1 and the gradient g2 simultaneously as described by Kayet al.
/cm and gradient durations g1 and g2 of;5 and;0.5 ms, respectively.
s
r-

]

a-

xpressions can be derived for the sim-CT HMQC HBH
CO)NH experiment (Fig. 1C) from the requirements of Ha/Hb

requency labeling during the evolution timet 1, refocusing o
13C chemical shift evolution duringt 1, constant-time evolutio
f carbon–carbon and proton–proton scalar couplings,
efocusing of heteronuclear two- and three-bond scalar
lings of Hb and Cb nuclei, respectively; the solutions to th
et of equations areA 5 D 5 Tc / 2 1 t 1/4 2 tCH/2 2
focCH/4 andB 5 C 5 Tc / 2 2 t 1/4 1 tCH/2 2 tfocCH/4.

These HSQC and sim-CT HMQC frequency evolution
iods were compared using a uniformly13C, 15N-enriched sam
le of bovine pancreatic trypsin inhibitor (BPTI). Represe

ive traces alongv1 dimensions of HSQC CBCA(CO)NH an
im-CT HMQC CBCA(CO)NH spectra recorded with identi
otal data collection times and resolution are shown in Fig.

similar comparison of representativev1 traces from HSQC
BHA(CO)NH and sim-CT HMQC HBHA(CO)NH spect

ecorded, again, with identical data collection times and r
ution are shown in Fig. 2B. In both sets of comparisons, m
esonances exhibit significant sensitivity enhancements
xample, Cys-51 Cb exhibits a sim-CT HMQC:HSQC e
ancement ratio of 1.32 (Fig. 2A).
A quantitative analysis of 86 well-resolved cross peak

hese CBCA(CO)NH spectra is summarized in the histog
f Fig. 2C. As in our previously described comparison
SQC and sim-CT HMQC versions of the (HA)CA(CO)N
xperiment (17), some cross peaks exhibit significant sens

ty enhancements, e.g., as large as 40% (Fig. 2C), while
ites exhibit lower signal intensities in the HMQC experim
ompared with the conventional HSQC version. Appr
ately one-third of the cross peaks exhibit HMQC/HS
nhancement factors greater than 1.0, with an average enh
ent within this subset of;15%. On the other hand,;70% of

he cross peaks exhibit HMQC/HSQC enhancement fa
1.0 with an average reduction of;15%. The averag
MQC/HSQC signal-to-noise ratio in these CBCA(CO)
pectra is 0.93.
The transverse relaxation rates of the single-quantumb/a

oherences are due mainly to dipolar relaxation of theb/a

ucleus and its directly attached Hb/a nuclei. For methin
arbons, this interaction is eliminated in the MQ coherence
ethylene carbons it is reduced. However, the dipolar inte

ions between these Hb/a nuclei and other protons that a
earby in the three-dimensional structure of the protein

n the text.15N and 13C spins are broadband decoupled during the periods s
was done using band-selective SINC waveforms. The pulse phases are
x, 1x, 2x, 2x, 1x, 1x, 2x, 1x, 2x, 2x, 1x; f 4 5 4(1y), 4(2y);

, 1x, 2x, 2x, 1x, 1x, 2x, 1x, 2x, 2x, 1x. All 180° pulses are applie
is obtained by changing the phase of the first 90° proton pulse for1H frequency
ency labeling (A and B), in the States–TPPI manner (29), and in thet 2 domain

. Pulsed-field gradients are applied along thez axis with an amplitude of;28
ed i
wn
x, 1

, 1x
sion
rrequ
(30)
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ontribute significantly to the transverse relaxation rate
hese multiple-quantum coherences. Thus, the observed
ivity enhancement is a balance between the improved r
tion properties of1H–13C MQ coherences over SQ13C coher-
nces due to suppression of the relaxation contribution

he directly bonded proton(s) and the effects of local pr
ensity on 1H–13C MQ relaxation rates (14, 17); while for
any Cb/a–Hb/a sites in proteins the net effect is an enhan

ensitivity, for other sites the sim-CT HMQC experimen
imilar to or even less sensitive than the conventional H
ersion.

FIG. 2. Comparison of traces alongv1 for Ci21
a /H i21

a (v 1)–HN(v3) cross p
as uniformly13C, 15N-enriched BPTI at a concentration of 2 mM, pH 5.8
hown in Fig. 1 with incrementable delayt 2 5 0. (A) Traces from 2D spect
requency labeling of1Ha/b resonances. All of the 2D data sets were acqu
het 1 dimension were extended to 128 complex points by linear prediction
nd sim-CT HMQC (solid lines) spectra were recorded and processed u

evel. For each spectrum, 128 transients were acquired for eacht 1 increment a
s enhancement factor (sim-CT HMQC:HSQC intensity ratio) measured
s defined as the ratio of cross-peak signal-to-average-noise ratios of th
ere analyzed from the Ca(v1)–HN(v3) spectra and 60 well-resolved cross p
n a Varian Unity 500 NMR spectrometer system equipped with three i
nd decoupling. Protein samples were prepared in Shigemi NMR tubes
f
nsi-
x-

m
n

d

C

Signal intensities in the sim-CT HMQC experiment are
odulated by both carbon–carbon and proton–proton h
uclear scalar-coupling interactions during the constant-
roton evolution period. Optimal values of the delayTc

etermined by the set of carbon–carbon scalar coupling
elaxation effects were found to be around 8 ms. Proton–p
calar couplings modulate the signal intensities asP icos(2pJHHiT9c),
here 2T9c 5 2Tc 1 2tCH 2 tfocCH. For an Hb atom of an
MX-type spin system with scalar-coupling interactio

3J(Ha–Hb) ; 12 Hz and2J(Hb2–Hb3) ; 16 Hz, and coherenc
volution periods 2Tc 5 8.4 ms,tCH 5 1.6 ms,tfocCH 5 2.3

s from 2D versions of CBCA(CO)NH and HBHA(CO)NH spectra. The sa
d a temperature of 20°C. These spectra were generated with the pulse
ith frequency labeling of13Ca/b resonances and (B) traces from 2D spectra

d with 42 and 1024 complex data points int 1 and t 3, respectively, and the data
d zero-filled to 1024 points prior to Fourier transformation. The HSQC (dnes)
r identical conditions and are plotted with the same vertical scale and at noise
he total collection time was;6 h. Histogram plots of the number of cross pe
) CBCA(CO)NH and (D) HBHA(CO)NH spectra of BPTI. The enhancem

im-CT HMQC and HSQC spectra. For these statistics, 86 well-resolveds peaks
ks were analyzed from the Ha(v1)–HN(v3) 2D spectra. NMR spectra were collec
pendent channels and a computer-controlled fourth synthesizer for carlses
ata processing was carried out with Varian VNMR software.
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s, P icos(2pJHHiT9c) 5 0.84; i.e., the attenuation of HMQ
ue to proton–proton homonuclear scalar coupling can b
uch as;16%. For LONG amino acid spin systems, additio

3J(Hb–Hg) interactions can further suppress signal inten
or many sites, these scalar-coupling effects are balanc

mproved relaxation properties of the MQ coherences, re
ng generally in net sensitivity enhancement.

Comparing the HSQC (Fig. 1A) and sim-CT HMQC (F
C) versions of HBHA(CO)NH, it is clear that the HSQ
ersion of the experiment is much longer when thet 1 value is
ncremented for proton frequency labeling. The sim
MQC experiment incorporates the proton chemical shift

ution within the constant-time period 2Tc. This, together with
he improved relaxation properties of MQ coherences du
he evolution of13Ca–13Cb antiphase magnetization, results
specially large sensitivity enhancements in sim-CT HM
BHA(CO)NH relative to the HSQC version. A histogra
ummarizing these enhancements is shown in Fig. 2D; fo
PTI sample studied here;97% of cross peaks exhib
MQC:HSQC ratios.1.0; while the average enhancem

actor for all sites is;1.4, some sites exhibit as much as;60%
ignal enhancement.
We have estimated relaxation rates for SQ13C and MQ

13C–1H coherences in an isolated CH2 spin system based o
heory outlined by Grzesiek and Bax (14). These calculation
redict an enhancement in sensitivity of only about 4%
uming 2Tc 5 8.0 ms and an isotropic correlation timetc of 3
s). This is consistent with our observation that, though s
bH2 sites clearly exhibit significant signal enhancement in
im-CT HMQC CBCA(CO)NH experiment, for many sit
hese HMQC/HSQC enhancements are minimal. In the ca
he HBHA(CO)NH experiments, significantly larger HMQ
SQC enhancement factors are observed than in the13C ver-
ion. In addition to the improved relaxation properties of
oherences during the 2Tc period, in the sim-CT HMQC puls
equence proton chemical shift evolves during the same d
sed to evolve13Cb–13Ca antiphase coherence. This results
hortened pulse sequence compared with the HSQC vers
hich 1H frequency labeling is done prior to the polarizat

ransfer from1H to 13C.
We have also compared these HSQC (Fig. 1A) and sim
MQC (Fig. 1C) HBHA(CO)NH experiments with a sem
onstant-time HSQC (23, 26) version of the same experime
or most cross peaks, intensities and signal-to-noise r
ere highest for the sim-CT HMQC version, followed
emi-constant-time HSQC, and lowest for the HSQC ver
In summary, the simultaneous1H and 13C constant-tim
ultiple-quantum coherence scheme described in this
as several advantages: (i) utilization of multiple-quan
oherences generally prolongs transverse relaxation tim
b/a coherences; (ii) simultaneous constant-time evolutio
omo- and heteronuclear couplings suppresses splittin
esonances in the indirect HMQC dimensions; and (iii) in
oration of proton frequency evolution times into the const
as
l
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ime period significantly minimizes the total length of the pu
equence. These features provide enhancement of;40% in the
im-CT HMQC HBHA(CO)NH experiment. In the case of
im-CT HMQC CBCA(CO)NH experiment, sensitivity e
ancement is more modest and some cross peaks in fact e
etter sensitivity in the HSQC version of the experim
ccordingly, an optimum strategy might include runningboth
SQC and sim-CT HMQC versions of CBCA(CO)NH in ord

o optimize sensitivity at most sites.
The sim-CT HMQC proton evolution scheme described

ignificantly increases spectrum sensitivity as demonstrat
his study. Four-dimensional versions of these experim
ith constant-time evolutions in three indirect dimensions
lso be readily obtained without extending the pulse sequ

ength. Moreover, sim-CT HMQC-type experiments are
ected to give even greater enhancements compared
SQC-type experiments in larger proteins with short13Cb/a SQ

ransverse relaxation times, and in partially deuterated pro
27) in which deleterious1H–1H dipolar relaxation effects a
uppressed.
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