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It is demonstrated that the spin-state-selective pulse sequence
lements, S3E and S3CT, previously introduced for measurement
f J coupling constants in 15N-labeled proteins can be applied for
ork with peptides and proteins with 13C at the natural abundance

evel. In addition, a method is described for suppression of
rosstalk caused by passive spin flips and pulse imperfections,
hich otherwise results in systematically underestimated J cou-
ling constants and thereby inaccurate structural constraints. This
ethod is also applicable for crosstalk suppression in applications

f S3E and S3CT to 13C- or 15N-labeled samples. Experimental
onfirmation is obtained using a 10 mM BPTI sample focusing on
3C in the a position. The measured J coupling constants include
J(HN–Ha) and 3J(Ha–Hb) related to the w and x1 angles,
espectively. © 1999 Academic Press

Key Words: S3E; S3CT; E.COSY; J coupling constants; multidi-
ensional NMR; crosstalk.

In 13C,15N-labeled proteins a wide range of NMR pu
echniques exist for chemical shift correlations and mea
ent ofJ coupling constants. They are very efficient beca

ypically all coherence transfers rely on one-bond coup
onstants.
For unlabeled proteins these techniques cannot be emp

s it is realistic only to retrieve signals from molecules wi
ingle 13C or 15N nucleus, and with current spectrometer s
itivity a relatively high concentration is required. Fortunat
nly a single heterolabel is required for E.COSY-type (1–3)
easurement of homo- and heteronuclearJ coupling constant
ver more than one bond, provided homonuclear1H–1H co-
erence transfer is feasible (4, 5). The addition of spin-state
elective excitation (S3E) (6–9) or coherence transfer (S3CT)
10) to these techniques have resulted in convenient and
ate methods for extraction of interestingJ coupling constants
s has been demonstrated for15N-labeled proteins.
It is the purpose of this Communication to adapt the t

1 Current address: Department of Chemical Research, Leo Pharmac
roducts, Industriparken 55, DK-2750 Ballerup, Denmark.
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imensional SE and SCT techniques to work with C at the
atural abundance level in peptides and proteins. For two
easons we focus on molecules with the13C label at thea
arbon. First of all, Ca plays a pivotal role in the backbone
roteins as it is where the side chain is attached. HenJ
oupling constants involving Ca or Ha represent crucial stru
ural constraints. Secondly, measurement ofJ coupling con
tants between Ca or the attached Ha and other protons by S3E
r S3CT 2D or 3D techniques require that other spectral a

han the one of Ha be detected. That is of immense con
ience considering that the water resonance is in the Ha spec-

ral region.
In Fig. 1 are shown four different pulse sequences tha

elevant for the applications in mind. They represent the
ombinations of either 2D homo- or heteronuclear correla
ith measurement of either homo- or heteronuclearJ coupling
onstants. S3E as well as S3CT could be employed in all fou
ases, but S3E for homonuclear and S3CT for heteronuclea
orrelation yield the respective shortest pulse sequences
All these sequences have in common an elementp/2 (water

elective)–gradient–p/2 (nonselective) after the homonucl
oherence transfer (denotedmixing in the pulse sequences
ig. 1) by, e.g., TOCSY or NOESY that ensures minimal w
ignal excitation. A relatively short water selective pulse
e employed, as it is immaterial ifa proton signals are als
liminated. Alternatively, Watergate (11) could be considere

nstead of thep/2 (water selective)–gradient–p/2 (nonselec
ive) element. Another common feature of the pulse seque
n Fig. 1 is the initial bilinear rotation that creates longitudi
wo-spin order for protons attached to13C while other 1H
agnetizations are transverse and can be suppressed
ulsed field gradient. The selectivep/2 Ca excitation pulse in

he heteronuclear correlated sequences in Figs. 1a and 1
erves to restrict the spectral range int 1. In other application
ne could well imagine a nonselective pulse at this poin
rder to cover a larger number of carbon resonances.
The pulse sequence in Fig. 1a employs S3CT for coher-

ical
1090-7807/99 $30.00
Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.



,
r ted
b

238 COMMUNICATIONS
FIG. 1. S3CT and S3E pulse sequences for determination of homo- or heteronuclearJ coupling constants. Filled and open bars representp/2 andp pulses
espectively. The shapedp/2 I pulses are selective for the water signal and the shapedp/2 S pulses are selective for the Ca signals. The phases are indica
elow the pulses (those with the prefix6 indicate independent two-step phase cycles with relative receiver phasep) and the delayt is (2J)21. The frame
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239COMMUNICATIONS
nce transfer from Ca to Ha and results in a13Ca–1H corre-
ation spectrum from which all heteronuclearJ coupling
onstants from Ca to protons can be measured. The o
equirement is that1H–1H coherence transfer from Ha to the
espective protons be sufficiently efficient. This stipula
s critical for all the pulse sequences, and the prefe

eans of homonuclear coherence transfer are NOES
OCSY, although other techniques such as ROESY o

ayed COSY could also serve. As described in detail e

FIG. 2. (a) Schematic S3CT or S3E 2D contour subspectra with 25% cr
nd {S3 a} 2 0.25{S3 b} give clean subspectra without crosstalk. (b) Exc
ample (details in Fig. 3 caption) showing the Ala58 Ca–Hb signal before an
egend to Fig. 3, except that a 5-Hz exponential line-broadening window
.4 Hz before and after compensation for crosstalk, respectively. (c) Lik
he estimated Ala58 Ha–Hb J coupling constants are 5.2 and 7.4 Hz bef

esignatedmixing represents homonuclear coherence transfer by, e.g., is
hase cycling of Derome and Williamson (22) is employed. The phases an

o Sørensenet al. (10): The phasew was cycled to create two data sets w
ith receiverx, x). Addition and subtraction, respectively, yield the edited
hasep. (a) Hetero-correlated S3CT sequence for determination of hetero
f homonuclearJ coupling constants. The phases and the editing scheme
wo data sets with the phase vectors (w1, w2, w3, w4) are recorded, i.e.,A:{( p/4
he linear combinationsA 1 B andA 2 B yield the edited subspectra wit
oherence order in a concerted manner, i.e., ann-step cycle with increment
etermination of heteronuclearJ coupling constants; (d) homo-correlated3E
d
or
e-
e-

here (10), S3CT excites in an intermediate state hete
uclear zero- and double-quantum coherence (ZQC
QC) which can be separated by a phase cycle or pu
eld gradients. Then follows a pulse-sequence elemen
s equivalent to a selectivep rotation on, say, one of the tw
-spin transitions. That rotation transfers the ZQC or 2
xclusively to one of the two I-spin transitions.
The pulse sequence in Fig. 1b is the same as in Fig. 1a
ith a heteronuclear zero-quantum (ZQ)p rotation (5, 12–14)

talk indicated by the filled contour. The linear combinations {S3 b} 2 0.25{S3 a}
t from a S3CT TOCSY spectrum recorded with the sequence in Fig. 1b on a
ter compensating for crosstalk. The spectrum was processed as describ
ction was used int 2. The estimated Ala58 Ha–Hb J coupling constants are 6.9 a

b), but processed with a 15 Hz exponential line-broadening window funon in t 2.
and after compensation for crosstalk, respectively.

pic TOCSY (e.g., by DIPSI-2 (21) or a delay for NOESY transfer. For NOESY, t
e editing scheme of the S3CT E.COSY-type pulse sequences (a, b) are acco
h contain both 2QC and ZQC: (w 5 x, 2x with receiverx, x) and (w 5 y, 2y
spectra.j9 5 j 1 p/2, wherej is cycled in two steps (x, 2x) with relative receive
learJ coupling constants; (b) hetero-correlated S3CT sequence for determinati
the SE E.COSY-type pulse sequences (c, d) are according to Meissneret al. (6, 7):

, 0, 0)2 (p/4, 0,p/ 2, p/ 2)}, B:{( p/4, 0, 0,p) 2 (5p/4, 0,p/ 2, 3p/ 2)}.
relative phase shift ofp/2 in t 1. The phaseh is cycled to select zero change
n, n $ 3, at constant receiver phase. (c) Homo-correlated S3E sequence fo
quence for determination of homonuclearJ coupling constants.
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240 COMMUNICATIONS
ppended at the end. That has the effect of converting the
.COSY-type cross peak multiplet patterns with Ca in the role
f the passive spin into patterns with Ha in that role. Hence

FIG. 3. Excerpts from a heteronuclear correlated S3CT TOCSY spectrum o
Varian Unity Inova 750 MHz spectrometer at 36°C. The spectrum was pro
verlaid using the software package Pronto (21). TheJ coupling constants are
0 ms; solvent presaturation 1.5 s;t 5 3.57 ms; States-TPPI mode;t1(max) 13.3
ine-bell window functions int2 andt1, respectively. Spectral widths of 7400 a
192 points prior to Fourier transformation. The selectivep/2 Ca andp/2 wate
espectively. The13C and1H carriers were positioned at 53.1 and 4.67 ppm, r
as compensated for 36% crosstalk. The coupling constants were estimate
D peak shapes into account are available within the program package P
sicHH coupling constants can be determined from 2D spe
ecorded with this sequence (5).

The sequences in Figs. 1c and 1d correspond to tho

mM BPTI (90%/10% H2O/D2O) sample recorded with the sequence in Fig. 1
sed with the program XWINNMR 2.0 and the edited subspectra (solid andines)
onuclear Ha–HN and Ha–Hb coupling constants. Parameters: TOCSY mixing t
; 640 scans and 98 increments; exponential (lb5 15 Hz) and squaredp/2 shifted
9450 Hz were covered by a data matrix of 1963 8192 points zero-filled to 10243
ulses were a 750ms E-BURP (24) pulse and a 5.87 ms 270° Gauss pulse (25),
ectively. All signals were compensated for 28% crosstalk except Ala58 Ca–HN, which
om 1D sections with a precision of about 0.2 Hz. Alternatively, routines taking the entire
TO (http://www.crc.dk) (23).
f 10
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igs. 1a and 1b, respectively, but lead to homo- instea
eteronuclear 2D correlation spectra. They employ S3E for
diting into the two subspectra associated with thea andb spin
tates, respectively, of either Ca (Fig. 1c) or Ha (Fig. 1d). Also
ncluded as an option for resolution and sensitivity enha

ent is the BIRD element (15) in the middle of the evolutio
eriods which provides homo- and heteronuclear decoupli
1. S3E (6–9) is an alternative to S3CT which is equivalent t
selective (p/2)w rotation on one of the transitions of a doub

ollowed by a nonselectivep/2 pulse on the same spin w
hasew 1 p/2 in one experiment andw 2 p/2 in another
ddition and subtraction of these two data sets provides
ubspectra corresponding to separate excitation of the
oublet components.
Both S3E and S3CT allow convenient measurements oJ

oupling constants by editing the spectrum into two subsp
ccording to the spin state of the passive spin. TheJ coupling
onstants are easily extracted from the relative peak disp
ents in the two subspectra. Nevertheless, there is a pro

n both S3E and S3CT, as well as other E.COSY-type metho
amely, passive spins changing their state between two e

ion periods of a multidimensional experiment (16–18). Pas-
ive spin flips lead to the appearance of additional compo
n the cross peak multiplets. That is, signals from syst
here the passive spin in the first evolution period was in
spin state will appear in thea subspectrum and vice vers

nother source of crosstalk of this type is pulse imperfecti
As the linewidth in most proteins dominates theJ coupling

FIG. 4. Excerpts and traces from the S3CT TOCSY spectrum of BPTI
z, (b) 10 Hz, and (c) 15 Hz line broadening, respectively, in thet 2 dimension
onstant is 12.3 Hz.
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onstants of interest, the desired and undesired signals o
nd result in a single signal with maximum shifted in
irection of the undesired one. Accordingly, crosstalk du
assive spin flips results in an underestimation of the cou
onstants when they are measured as separations of pe
he present work, crosstalk is suppressed by postprocess
he edited subspectra (vide infra).

Figure 2a shows a schematic 2D S3CT or S3E spectrum
here passive spin flip has lead to 25% crosstalk. That is
3 b (S3 a) subspectrum consists of two signals with

ntensity ratio of 1:0.25; one is the desired signal while
ther is an undesired signal corresponding to the passive
eing in thea (b) spin state. The combinations {S3 b} 2
.25{S3 a} and {S3 a} 2 0.25{S3 b} yield clean S3 b and S3

subspectra, respectively. Figures 2b and 2c show the A
a–Hb signals of an S3CT spectrum recorded with the s
uence in Fig. 1b on a sample of the protein bovine pancr

rypsin inhibitor (BPTI) (19). It is immediately apparent fro
he subspectra processed with 5 Hz line broadening int 2 (Fig.
b) that crosstalk is present due to Ala58 Ca/Ha spin flips.
lean subspectra are in the case of Ala58 obtained by ass
6% crosstalk when making the linear combinations (Fig.
he crosstalk, although still visible, is not as evident when
pectra are processed with 15-Hz line broadening int 2 (Fig.
c). The level of crosstalk may differ for different residu
epending on local motion. Nevertheless, it was found
8% compensation generally resulted in excellent suppre
f crosstalk except for the C-terminal Ala58 requiring 36

wing one of the Tyr23 Ca–Hb signals. The spectrum was processed with (
e traces were taken at the Tyr23 Ca frequency. The estimated Ha–Hb coupling
sho
. Th
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his uniformity is handy when it comes to smallJ coupling
onstants because the required level of crosstalk compen
annot be determined from the pertinent cross peaks.
Estimation of the level of crosstalk is easy in experiment
easurement of heteronuclearJ coupling constants (Figs. 1
nd 1c) because it can be done from the one-bond correla
ith large doublet splitting. This is not the case in experim

or measurement of homonuclear coupling constants, an
urrently rely on uniformity of crosstalk levels. In other wor
he level of crosstalk for largerJ coupling constants is es
ated as shown in Fig. 2, and that same correction is
pplied to other cross peaks. Notwithstanding, this appr
annot be applied to larger proteins and it is a subjec
ngoing research to develop setup experiments for indepe
etermination of the level of crosstalk. The complications f
rosstalk apply both to enriched and natural-abundance
les. For quantification of errors from crosstalk in measurJ
oupling constants, we refer to Ref. (8).
Compensation for crosstalk in E.COSY-type spectra wit

pplication of S3-based editing schemes could also be don
inear combinations as described above of a normal a
o-called complementary E.COSY spectrum (1–3). However
hat would require separate recording of the compleme
ne, which would be detrimental to the overall sensitivity

he experiment.
Figure 3 shows excerpts from the BPTI S3CT spectrum

ecorded with the sequence in Fig.1b employing TOCSY
omonuclear mixing. The homonuclear three-bond Ha–HN and
a–Hb J coupling constants which contain information ab

hew andx1 angles, respectively, are easily extracted from
elative peak displacements in the subspectra compensat
rosstalk. The obtained coupling constants are in good a
ent with those used in the determination of the BPTI struc

26). Small JHH coupling constants are best extracted fro
orresponding spectrum employing in this case more effi
OESY transfer.
Determination of the Ha–Hb J coupling constants in CaH–

bH2 systems is impeded by the fact that relaxation eff
uring detection introduces nonidentical submultiplet patt

or the two spin states of the passive spin (20). The asymmetri
ineshape of the Tyr23 Ca–Hb multiplet in Fig. 4a illustrate
hese relaxation effects. The different shapes of the two
ultiplets complicate determination of the coupling cons
y fitting of the submultiplets. Extensive line broadening in

2 dimension can, as shown in Figs. 4b and 4c, circumven
roblem as the fine structure is irrelevant for measureme

he interestingJ values.
In conclusion, we have demonstrated the application o

ulse sequence elements S3CT and S3E for measurement ofJ
oupling constants in peptides and proteins with13C at the
atural abundance level. Furthermore, it has been show
rosstalk due to passive spin flips can be eliminated by
rocessing of S3-edited subspectra, which improves the ac
acy of the measuredJ coupling constants.
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