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Short transverse relaxation times of C* and C* single-quantum
coherences reduce the sensitivity of triple-resonance experiments
involving transfers of C*/C* or H*/H® coherences. Multiple-quan-
tum line-narrowing techniques improve the relaxation properties
of *C coherences, thereby increasing the sensitivity of the exper-
iment. In the present work, we describe PFG-CBCA(CO)NH and
PFG-HBHA(CO)NH experiments that utilize heteronuclear mul-
tiple-quantum coherences in a simultaneous constant-time period
to obtain completely decoupled spectra with improved sensitivity.
Results indicate that ~30% of cross peaks show an average en-
hancement of ~15% in the CBCA(CO)NH experiment. In the
related HBHA(CO)NH experiment, ~97% of the cross peaks show
an average enhancement of ~40%. © 1999 Academic Press
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Triple-resonance experiments provide a powerful approag

for determining resonance assignments in proteihs8)
However, the short transverse relaxation times 6fa@d C’

single-quantum states in proteins reduce signal-to-noise ra
of these heteronuclear correlation experiments. Deuterium
richment of the sample with deuterium decoupling durin
evolution of carbon magnetization is one approach for impro

ing the transverse relaxation times 8€ coherences9(-11).

Another approach to overcoming this “short transverse rel
ation problem” is to utilize heteronuclear multiple-quantur?
coherences 12—-19. In these multiple-quantum states, th
dominant one-bon&C—H dipolar relaxation pathway is elim-
inated and relevant coherences often exhibit significan

longer relaxation times.
We have recently described a simultanedis and *°C

constant-time (sim-CT) heteronuclear multiple-quantum

. . . .ex
evolution scheme which generally provides enhanced sensiti
ity in triple-resonance protein NMR experiments. Relative @
HSQC versions, the sim-CT HMQC versions of PFG-HA
(CA)(CO)NH (19 and (HA)CA(CO)NH (7) experiments
were observed to have average signal-to-noise enhancemt%
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of 5-20%. In this Communication, we have applied this gen:
eral approach for sensitivity enhancement in PFG-CBCA
(CO)NH and PFG-HBHA(CO)NH triple-resonance experi-
ments. Results on proteins show that the sim-CT HMQC
versions of PFG-CBCA(CO)NH and PFG-HBHA(CO)NH ex-
hibit significant signal intensity enhancements compared witl
the conventional HSQC versions of the same experiments.
The CBCA(CO)NH 20-22 and HBHA(CO)NH @3) pro-
tein triple-resonance experiments correlatéGc and H/H®
resonances of residue respectively, with®N and H' reso-
nances of residue+ 1. These pulse sequences are crucial tc
many general strategies for determining protein resonance ¢
signments. Shown in Fig. 1A is a generalized schematic de
scribing implementations of these two experiments in routine
use in our laboratory. In the #H* frequency-labeled version
Lthis experiment, transverse'land H magnetization is first
fequency labeled while simultaneously developing antiphas
2H,C, magnetization, which is then converted into antiphase
20H C, magnetization using an INEPR4) coherence transfer.
nihe C'/C* frequency-labeled version of the experiment, this

en-

same antiphase 2B, coherence is generated without the
fhitial proton frequency-labeling period. This 2€| antiphase

V_

magnetization is then refocused int§Cin-phase magnetiza-
tion during therfoce, delay period, while simultaneously de-

a\)/(éloping antiphase 2{C? magnetization over the constant-

ime period ... This 2G C¢ magnetization forms the basis for
he ®C—-°C COSY transfer, which is subsequently relayed
lihrough the carbonyl atom’Go N-H, for detection. In the
ase of the CBCA(CO)NH version’C frequency labeling is
developed in a constant-time fashion during tfg geriod.

A serious shortcoming of this widely used triple-resonance
periment is that the Tand ¢ magnetizations are in single-
uantum states throughout the relatively lonig. period, and
xhibit efficient relaxation by dipolar interactions with directly
bound H and H nuclei. These effects can be suppressed b
H{ging multiple-quantum states during the development o
e required®*C-"*C antiphase coherences. Following concept:
simultaneous constant-time frequency evolution of multiple:

versity, 679 Hoes Lane, Piscataway, New Jersey 08854-5638. Fax: 732-285antum coherences outlined in our previous papErs X9,

4850. E-mail: guy@nmrlab.cabm.rutgers.edu.
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we have designed and implemented sim-CT HMQC CBCA.

1090-7807/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



438 COMMUNICATIONS

b4

1

H :TfOCCH

. GARP |,

T

(1;1 4 93

BCap ’Tc+t1/2 ITc- t/2

t9/2 fTcH | /2 ITCH

[

(D4 y

TCHl'CH 'B C ‘CfOCCH ‘CfOCNH NH BTNH TNHIETNH [Te IlTe q)
o [ GARP r
: 03
T
Boosp I AI ID y CACBI‘CACB TCACoI e e
¢2 61
"N GARP |

I Tn- t2/2 ITn+t2/2
NCO TcACORMTINCO
SINC ]
]

1

I ' I GARP

13C!

B R e

©
N

©
w

g B4 y
" ZTCHE A I IP W’%H ch’%l}l [——GWIﬁOCNH LrNH I"NH }"NHITNH Te IE o,

. | |

01 E ; ; 03
BCoup ‘ B IC I ; }TCACBITCACB TcAcol | S o]

I o i 02 8,
15N | — | l Tn- tp/2 ITn+t2/2 I ‘ I o
E 05
13C' | SN I ‘ ;fFNco-TCAcoITNco I o]
g2 g3

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(CO)N
experiments. In At} = 0 for *C* frequency labeling whil¢, = 0 for "H* frequency labeling. Typical coherence transfer delays were tuneg,te 1.7 ms,
7focey = 2.15 mS,reacs = 3.25 MS,mcaco = 4.8 MS,Tyco = 14.5 ms,ry, = 2.5 ms,rfocyy = 5.4 ms, andr, = 650 us, and the constant times were seflto
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(CO)NH (Fig. 1B) and sim-CT HMQC HBHA(CO)NH (Fig. expressions can be derived for the sim-CT HMQC HBHA-
1C) experiments that utilize multiple-quantum 23 states (CO)NH experiment (Fig. 1C) from the requirements 6

for the development of’C—°C antiphase coherence. As ex-frequency labeling during the evolution tinig refocusing of
pected, the sim-CT HMQC versions of these experiment&C chemical shift evolution durint, constant-time evolution
generally provide enhanced sensitivity compared with the casf carbon—carbon and proton—proton scalar couplings, ar
responding conventional HSQC versions. refocusing of heteronuclear two- and three-bond scalar cot

For both the sim-CT HMQC CBCA(CO)NH and theplings of H* and C nuclei, respectively; the solutions to this
sim-CT HMQC HBHA(CO)NH experiments, the relevantset of equations aréd = D = T./2 + t/4 — 7c4/2 —

magnetization transfer pathway up to tH€* — “C* coher- foc/4 andB = C = T./2 — t,/4 + 7cuf2 — tfoce/4.
ence transfer step (i.e., the pulse labeled with pldase Figs. These HSQC and sim-CT HMQC frequency evolution pe-
1B and 1C) is described in product operator formali®¥) @s  riods were compared using a uniformfiZ, **N-enriched sam-
ple of bovine pancreatic trypsin inhibitor (BPTI). Representa:
90,(H) 2TcH 90,(C) tive traces along, dimensions of HSQC CBCA(CO)NH and
Hf ——— — Hf— 2HEC? sim-CT HMQC CBCA(CO)NH spectra recorded with identical
total data collection times and resolution are shown in Fig. 2A
A similar comparison of representativg traces from HSQC
HBHA(CO)NH and sim-CT HMQC HBHA(CO)NH spectra
j(c* - CP) 90,(H) recorded, again, with identical data collection times and resc
— 2HECY 4HECECy—————  |ution are shown in Fig. 2B. In both sets of comparisons, man)
resonances exhibit significant sensitivity enhancements. F
example, Cys-51 € exhibits a sim-CT HMQC:HSQC en-
hancement ratio of 1.32 (Fig. 2A).

A quantitative analysis of 86 well-resolved cross peaks ir
these CBCA(CO)NH spectra is summarized in the histograr
of Fig. 2C. As in our previously described comparison of
where H, C*, and C represent angular momentum 0peratorgisac and sim-CT HMQC versions of the (HA)CA(CO)NH
for "H, “C”, and "C" spins, respectively. Optimal values of g, e riment {7), some cross peaks exhibit significant sensitiv-
delaysA, B, C, andD in the sim-CT HMQC CBCA(COINH " anhancements, e.g., as large as 40% (Fig. 2C), while oth
experiment (Fig. 1B) are uniquely determined by sites exhibit lower signal intensities in the HMQC experiment

compared with the conventional HSQC version. Approxi-
A-B-C+D+rfoccy =1, [11  mately one-third of the cross peaks exhibit HMQC/HSQC
A+B—-C-D=0 [2] enhancement factors greater than 1.0, with an average enhan
ment within this subset of 15%. On the other hand;70% of
A+ B+ C+ D+ foce, = 2T, 8] the cross peaks exhibit HMQC/HSQC enhancement factol
A-B+C-D=0, [4] <1.0 with an average reduction of15%. The average
HMQC/HSQC signal-to-noise ratio in these CBCA(CO)NH
where Egs. [1]-[4] are derived from the requirements of [1$pectra is 0.93.
3C frequency labeling during the evolution ting [2] refo- The transverse relaxation rates of the single-quantdth C
cusing of H/H? chemical shift evolution during,, [3] con- coherences are due mainly to dipolar relaxation of tHé C
stant-time evolution of carbon—carbon and proton—proton scadcleus and its directly attached”H nuclei. For methine
lar couplings, and [4] refocusing of heteronuclear two- andarbons, this interaction is eliminated in the MQ coherence; fo
three-bond scalar couplings of'land C nuclei, respectively. methylene carbons it is reduced. However, the dipolar interac
The solutions for this set of equations ae= D = T,/2 + tions between these 4 nuclei and other protons that are
t,/4 — +foccy/2 and B = C = T./2 — t,/4. Similar nearby in the three-dimensional structure of the protein ca

rfocey
— 4HECPCt — > — 2C5C§,

= 3.3 ms andl, = 13.5 ms. The delaya, B, C, andD are set as described in the teXt and*C spins are broadband decoupled during the periods show
using GARP 28). Selective™*C’ or *C* decoupling during the periods shown was done using band-selective SINC waveforms. The pulse phases are cyc
follows: ¢, = +X, —X; ¢, = 8(+X), 8(—X); P = +X, =X, =X, +X, =X, +X, +X, =X, =X, +X, +X, =X, +X, =X, =X, +X; ¢4 = 4(+y), 4(-y);

ds = +X, +X, —X, —X; and the receiver phasg = +Xx, —X, =X, +X, =X, +X, +X, =X, =X, +X, +X, =X, +X, =X, —X, +x. All 180° pulses are applied
with phasey, unless otherwise indicated. Quadrature detection in,ttiEnension is obtained by changing the phase of the first 90° proton pul¥e farquency
labeling (A and C) or the phase of the first 180° and 90° carbon pulsé¥Xfdrequency labeling (A and B), in the States—TPPI man2ey, @nd in thet, domain

by inverting 6, and the gradient g2 simultaneously as described byé€a}. (30). Pulsed-field gradients are applied along ttexis with an amplitude of-28
G/cm and gradient durations g1 and g2-e% and~0.5 ms, respectively.
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FIG. 2. Comparison of traces along for C* /H" ;(w)—H"(ws) cross peaks from 2D versions of CBCA(CO)NH and HBHA(CO)NH spectra. The sampl
was uniformly**C, *N-enriched BPTI at a concentration of 2 mM, pH 5.8, and a temperature of 20°C. These spectra were generated with the pulse sec
shown in Fig. 1 with incrementable deléy= 0. (A) Traces from 2D spectra with frequency labeling** resonances and (B) traces from 2D spectra with
frequency labeling ofH*? resonances. All of the 2D data sets were acquired with 42 and 1024 complex data pojrdadn;, respectively, and the data in
thet, dimension were extended to 128 complex points by linear prediction and zero-filled to 1024 points prior to Fourier transformation. The HSQ@eE)ottec
and sim-CT HMQC (solid lines) spectra were recorded and processed under identical conditions and are plotted with the same vertical scalet aoisappa
level. For each spectrum, 128 transients were acquired forte@mtrement and the total collection time wa$ h. Histogram plots of the number of cross peaks
vs enhancement factor (sim-CT HMQC:HSQC intensity ratio) measured in (C) CBCA(CO)NH and (D) HBHA(CO)NH spectra of BPTI. The enhancement
is defined as the ratio of cross-peak signal-to-average-noise ratios of the sim-CT HMQC and HSQC spectra. For these statistics, 86 well-regeakd crc
were analyzed from the ‘Cw,)-H"(w;) spectra and 60 well-resolved cross peaks were analyzed fronfthg)HH" (ws) 2D spectra. NMR spectra were collected
on a Varian Unity 500 NMR spectrometer system equipped with three independent channels and a computer-controlled fourth synthesizer forlsasbony
and decoupling. Protein samples were prepared in Shigemi NMR tubes. Data processing was carried out with Varian VNMR software.

contribute significantly to the transverse relaxation rates of Signal intensities in the sim-CT HMQC experiment are alsc
these multiple-quantum coherences. Thus, the observed semgidulated by both carbon—carbon and proton—proton homc
tivity enhancement is a balance between the improved relauclear scalar-coupling interactions during the constant-tim
ation properties ofH—"*C MQ coherences over S&C coher- proton evolution period. Optimal values of the dela¥.2
ences due to suppression of the relaxation contribution fratetermined by the set of carbon—carbon scalar couplings ar
the directly bonded proton(s) and the effects of local protarlaxation effects were found to be around 8 ms. Proton—prota
density on'H-"C MQ relaxation rates 14, 17; while for scalar couplings modulate the signal intensitieBl g 273, T2,
many C*—H?* sites in proteins the net effect is an enhanceshere X', = 2T, + 27, — focg,. For an H atom of an
sensitivity, for other sites the sim-CT HMQC experiment i&\MX-type spin system with scalar-coupling interactions
similar to or even less sensitive than the conventional HSGQH*-H*) ~ 12 Hz and®J(H*~H"*) ~ 16 Hz, and coherence
version. evolution periods Z, = 8.4 ms,7¢y = 1.6 ms,rfoce; = 2.3
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ms, IT;,cos(2rd,,; Te) = 0.84; i.e., the attenuation of HMQC time period significantly minimizes the total length of the pulse
due to proton—proton homonuclear scalar coupling can be sexjuence. These features provide enhancemend0? in the
much as~16%. For LONG amino acid spin systems, additionaim-CT HMQC HBHA(CO)NH experiment. In the case of the
*J(HP-H") interactions can further suppress signal intensitgim-CT HMQC CBCA(CO)NH experiment, sensitivity en-
For many sites, these scalar-coupling effects are balancedhayicement is more modest and some cross peaks in fact exhi
improved relaxation properties of the MQ coherences, resutietter sensitivity in the HSQC version of the experiment.
ing generally in net sensitivity enhancement. Accordingly, an optimum strategy might include runnimgth

Comparing the HSQC (Fig. 1A) and sim-CT HMQC (FigHSQC and sim-CT HMQC versions of CBCA(CO)NH in order
1C) versions of HBHA(CO)NH, it is clear that the HSQQo optimize sensitivity at most sites.
version of the experiment is much longer when thealue is The sim-CT HMQC proton evolution scheme described her
incremented for proton frequency labeling. The sim-CSignificantly increases spectrum sensitivity as demonstrated
HMQC experiment incorporates the proton chemical shift evthis study. Four-dimensional versions of these experimen
lution within the constant-time periodT2. This, together with with constant-time evolutions in three indirect dimensions cal
the improved relaxation properties of MQ coherences duriradso be readily obtained without extending the pulse sequent
the evolution of ®*C*~"°C* antiphase magnetization, results idength. Moreover, sim-CT HMQC-type experiments are ex-
especially large sensitivity enhancements in sim-CT HMQfected to give even greater enhancements compared wi
HBHA(CO)NH relative to the HSQC version. A histogramHSQC-type experiments in larger proteins with sHi®¥* SQ
summarizing these enhancements is shown in Fig. 2D; for tliansverse relaxation times, and in partially deuterated proteir
BPTI sample studied here-97% of cross peaks exhibit (27) in which deleteriousH—"H dipolar relaxation effects are
HMQC:HSQC ratios>1.0; while the average enhancemenguppressed.
factor for all sites is~1.4, some sites exhibit as much-a860%
signal enhancement. ACKNOWLEDGMENTS
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