
HN(a/b-COCA-J) Experiment for Measurement of 1JC9Ca Couplings
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A new method for measurement of one-bond 13C*–13Ca scalar
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nd dipolar couplings from a two-dimensional [ N, H] correla-
ion spectrum is presented. The experiment is based on multiple-
uantum coherence, which is created between nitrogen and car-
onyl carbon for simultaneous evolution of 15N chemical shift and
oupling between 13C* and 13Ca. Optional subspectral editing is
rovided by the spin-state-selective filters. The residual dipolar
ipolar contribution to the 13C*–13Ca coupling can be measured
rom these simplified [15N, 1H]-HSQC-like spectra. In this way,
ithout explicit knowledge of carbon assignments, conformational

hanges of proteins dissolved in dilute liquid crystals can be
robed conveniently, e.g., in structure activity relationship by
MR studies. The method is demonstrated with human cardiac

roponin C. © 1999 Academic Press

Key Words: cTnC; dipolar coupling; multiple-quantum coher-
nce; spin-state-selective filter.

INTRODUCTION

Recently found means to enhance anisotropic tumblin
olute molecules by dilute liquid crystalline media (1–6) have
endered residual dipolar couplings observable. The direct
nformation obtained from dipolar couplings can be use
rotein structure determination (6–9). This approach calls fo
eans to measure covalently determined one-bond and
ond couplings, which have previously been judged ra

nsignificant for the structure determination compared
hree-bond couplings related to dihedral angles. Neverthe
he 1JCa Ha and 1JNCa scalar couplings have been found
orrelate with protein’s secondary structure (10, 11) as well as

1JC9N, which is also sensitive to hydrogen bonding (12). Ac-
ordingly, there are various methods to measure, for exam

1JCa Ha, 1JNCa, 1JC9N, 1JC9Ca, and 1JNH coupling constants in pro
eins (10–16).

There are spectroscopic reasons in favor of measuring
lings from [15N, 1H] correlation spectra: (1) Among the nuc

n the backbone of proteins, usually amide protons and n
ens provide the best dispersion of chemical shifts, tha
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mide nitrogen and proton in protonated samples are s
han corresponding rates of aliphatic carbons and pro
urthermore, transverse relaxation optimized spectros
TROSY), which exploits the destructive relaxation inter
nce between15N chemical shift anisotropy (CSA) and15N–1H
ipolar interaction, offers significant improvement in reso

ion and sensitivity at high magnetic fields (17–20). (3) Het-
ronuclear polarization transfer steps are easier to control
recisely with nitrogen than with carbon because there i
ignificant coupling between nitrogens in the polypeptide b
one. (4) Water signal can be effectively suppressed wit
isturbing 1HN signals of the solute. There are also pract
dvantages in the measurement of couplings from the [15N, 1H]
orrelation spectra. For example, in the study of struc
ctivity relationship (SAR) by NMR (21–23), the [15N, 1H]-
SQC (24) is frequently used. Amide nitrogen and pro
hemical shifts are very sensitive to changes in chemica
iroment and conformation. It is also conceivable that cha
f residual dipolar couplings induced by ligand binding co
e observed concomitantly with chemical shift change
eveal conformational changes.

Here we focus on the measurement of13C9–13Ca dipolar
ouplings from the [15N, 1H] correlation spectra. These co
lings have been previously measured from the [13C, 1H]-CT-
SQC spectrum (14), in which the resolution in the indire

13C-dimension is limited due to couplings of Ca to Cb (t 1,max

sually;28 ms) and rapid transverse relaxation of Ca. Obvi-
usly, this method is not applicable to perdeuterated prot
hese problems can be circumvented by measuring the
ling from a coupled two-dimensional H(N)CO spectrum (15).
limitation of this experiment is the relatively small disp

ion of 13C9 resonances. Spectral crowding can be reduce
longer 3D-version of the experiment. In this context,

onsidered an experiment which would allow the measure
f 1JC9Ca scalar and dipolar couplings conveniently from spe
uperficially resembling the [15N, 1H]-HSQC spectrum. W
escribe here the gradient-selected PEP (preservation of e
lent pathways)-HSQC experiments (25, 26) either with or
ithout spin-state-selective (a/b) filters (27–30). Previously
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45HN(a/b-COCA-J) EXPERIMENT FOR MEASUREMENT OF1JC9Ca COUPLINGS
nto the [15N, 1H] and [13C, 1H]-HSQC pulse sequences (27–
0), but also into a HN(a/b-NC9-J)-TROSY and 2D-H(N)CO
xperiments for the determination of1JNC9 and 2JHN C9 (15, 16).

DESCRIPTION OF THE PULSE SEQUENCES

The intention is to record a two-dimensional [15N, 1H] cor-
elation spectrum, where the nitrogen chemical shift is m
ated by the one-bond13C9–13Ca coupling. This can be accom
lished by generation of multiple-quantum coherence betw

he nitrogen of residuei and carbonyl carbon of residuei -1 and
ubsequently recording simultaneously nitrogen chemical
nd 13C9–13Ca coupling evolution during thet 1 period. The
hemical shift evolution of13C9 is prevented by application
80° pulses on carbonyl and Ca spins in the middle oft 1. We
efer to this experiment as HN(COCA-J). The flow of coher
nce is

1HNO¡

JNH
15NO¡

JNC9
13C9,15N~t1!O¡

JNC9

15NO¡

JNH
1HN~t2!,

heret 1 and t 2 are the evolution and acquisition times. C
lings used for magnetization transfer are indicated abov
rrows. In the spin-state-selective experiment, referre
N(a/b-COCA-J), ana/b-half-filter element is placed prior

he t 1 evolution period.
The HN(COCA-J) pulse sequence for determination

1JC9Ca couplings from the [15N, 1H] correlation spectrum
resented in Fig. 1A. The experiment begins with the ma

ization transfer from1HN via INEPT (31) to 15N antiphase
oherence with respect to1HN, described by an operat
HzNy. During the subsequent delay 2*D, which is incorpo
ated in the delay 2*TN, the 15N coherence rephases w
espect to1HN and WALTZ-16 (32) decoupling field on th
roton is turned on. The15N coherence dephases with resp

o the carbonyl spin during the delay 2*TN and is converted b
90° pulse on carbonyl to a mixed double-/zero-quan

DQ/ZQ) coherence, 2Nx,yC9y. In the middle of the followingt 1

volution period a 180° pulse is applied on13C9 and13Ca. Thus,
he chemical shift of nitrogen and the coupling between
onyl anda carbons evolves simultaneously. This result

n-phase doublet components atvN 1 pJC9Ca andvN-pJC9Ca in
he F1-dimension. A 90° pulse at the end oft 1 period convert
he nitrogen–carbonyl multiple-quantum coherence back
he 15N single-quantum coherence, 2Nx,yC9z. During the latte
*TN period, the antiphase nitrogen–carbonyl carbon co
nce refocuses simultaneously with the nitrogen chemical
he proton decoupling field is switched off to allow dephas
-

en

ift

-
he
as

e-

t

m

r-
n

to

r-
ift.
g

he antiphase15N coherence is transferred to1HN by a revers
NEPT step. An additional 90° pulse on13C9 serves to purge a
ndesired magnetization. A selective SEDUCE-1 (33) decou-
ling field is applied on Ca region during the 2*TN delays to
revent dephasing of nitrogen coherence due to couplin

13Ca. Alternatively, a selective 180° pulse fora carbons in th
iddle of 2*TN delays could be used to refocus depha
itrogen coherence.
In the a/b-filtered experiment, presented in Fig. 1B,

nitial magnetization transfer from1HN spin to the antiphas
15N spin coherence is identical to the HN(COCA-J) experi-

ent. However, the HMQC-like coherence transfer from15N to
13C9 in the HN(COCA-J) experiment is replaced now by t
NEPT step. Consequently, the antiphase13C9 coherence wit
espect to15N is generated. The subsequenta/b-half-filter
lement generates either antiphase or in-phase13C9–13Ca co-
erence described by the operators 4NzC9xCz

a and 2NzC9y, re-
pectively. A mixed DQ/ZQ coherence is created with a
ulse on nitrogen prior to thet 1 evolution period. In the case
ntiphasea/b-filter, the phase of the15N 90° pulse is shifted b
0° with respect to the in-phase spectrum and simultane
n in-phase13C9 coherence is purged by a 90° pulse on
onyl (pulses denoted with filled bars are applied in this ca
his ensures absorptive antiphase lineshape in the F1-dimen-
ion as dispersive contribution arising fromJ mismatch is
emoved and will not be converted into detectable pr
agnetization at the end of the pulse sequence. Analogo

he HN(COCA-J) experiment, the nitrogen chemical shift
ncremented simultaneously with the one-bond13C9–13Ca cou-
ling evolution duringt 1. In the case of in-phasea/b-filter,
osine modulated absorptive in-phase lines are gene
pulses denoted with unfilled bars are applied on Ca, togethe
ith the 180° pulse on C9). In summary, the signal of in

erest in the antiphase spectrum is proportional
x,yC9ysin(vNt 1)sin(pJt1) and in the in-phase spectrum
x,yC9ycos(vNt 1)cos(pJt1). After the t 1 evolution period, th
ntiphase nitrogen single-quantum coherence, 2Nx,yC9z, is re-
enerated by a 90° pulse on carbonyl and is allowed to re
imultaneously with dephasing of nitrogen–proton coher
s in the HN(COCA-J) experiment. A simultaneous 90° pu
n carbonyl is used to purge undesired dispersive magn

ion terms. Finally, the magnetization is transferred from15N to
1HN by the reverse INEPT step.

Quadrature detection and coherence selection in both e
ments are obtained by gradient selection combined with
itivity enhancement via the preservation of equivalent p
ays. Postacquisitional addition and subtraction of these
ets and their corresponding quadrature counterparts res
pectra with high-field and low-field doublet component
N 1 pJC9Ca and vN 2 pJC9Ca in the F1-dimension, respec

ively.
It should be noted that the spin-state-selective experi

ould be easily converted into a three-dimensional HNCOa/
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l ob
t
p Th
9 ter
t a
c
d en
t
i itiv
e f t
2

g
e
d d
s en
f . T
i m
p

w e

fi or
c

iple
c e

r a

rked
b quipped
w
c 6
s gth
o e
w
4
fi
1
T
e
e
f e
f r. Delay
d rting the
s ths
( ,
G to
t e
1 n
a
a
f
e e
u .g.,
S compo
a

iple
c g a
t ue for
1

47HN(a/b-COCA-J) EXPERIMENT FOR MEASUREMENT OF1JC9Ca COUPLINGS
ap in the case of larger proteins. The 3D experiment is
ained by removing the 180°(13C9/13Ca) pulses from thet 1

eriod and replacing them with a 180° pulse on nitrogen.
0°(15N) pulse before thet 1 period should then be placed af

he t 1 period and the15N chemical shift is incremented in
onstant-time manner during the latter 2*TN period. A more
etailed description of the modification is given in the leg

o Fig. 1B. Alternatively, a two-dimensional [1H, 13C9] exper-
ment may be used. However, the gradient-selected sens
nhancement method cannot be invoked in the case o
D-H(N)CO(a/b-COCA-J) experiment.

RESULTS AND DISCUSSION

Thea/b-half-filters are prone to aJ crosstalk when couplin
volution does not match the filter period. TheJ crosstalk
eteriorates subspectral editing, that is, in addition to the
ired principle multiplet component, the minor compon
rom the other spin state will be present in the subspectra
ntensity ratio of the principle component to the minor co
onent in this case is

1 1 sin~pJt!

1 2 sin~pJt!
5

I p

I m
, [1]

hereJ is the true coupling constant andt is the delay of th

FIG. 1. (A) HN(COCA-J) pulse sequence for the measurement of1JC9Ca co
y narrow and wide bars, respectively, with phasex, unless indicated otherw
ith a pulsed field gradient unit and a triple-resonance probe with an ac
arrier was set to the center of15N spectral region (119 ppm), and the13C9 ca
equence (32) was used to decouple1H during heteronuclear coherence tra
f d/=15(d/=3), whered is the frequency between centers of the13C9 and13C
ith phase modulation byd. The off-resonance compensation pulses (36) are
(x), 4(y), 4(2x), 4(2y); f 4 5 16(x), 16(2x); frec 5 4(x, 2x, 2x, x,
eld recovery delay. Gradient strengths (durations): G1 5 4 G/cm (0.7 ms),
5.6 G/cm (0.7 ms), G6 5 17.410 G/cm (0.25 ms). Frequency discrimina
he echo and anti-echo signals are collected separately by inverting
cho/anti-echo selection,f1 and frec are incremented according to the St
xperiment for the measurement of1JC9Ca couplings from two [15N, 1H] correla

1 5 x, 2x; f 2 5 x, x, 2x, 2x; f 3 5 4(x), 4(y), 4(2x), 4(2y); f 4 5

5 is incremented by 90° for the data modulated by sin(vNt 1)sin(pJC9Cat 1). The
urations as in (A), except fort 5 1/(2JC9Ca). The F1-quadrature is achieved
ign of the G6 gradient pulse along with the inversion off6. Additionally, for
durations): G1 5 4 G/cm (0.7 ms), G2 5 12 G/cm (0.7 ms), G3 5 5 G/cm (0

7 5 8 G/cm (0.7 ms), G8 5 15.6 G/cm (0.7 ms), and G9 5 17.410 G/cm (
he pulse sequences, e.g., between the second 90°(1H) and the 90°f1(

15N) pu
80°(13C) pulses duringt 1 (between time pointsa andb) are replaced with th
is omitted and applied at positionb instead. Hence, the density operato

nd 4NzC9xCz
a, respectively. Phase cycling for cos(vC9t 1)cos(pJC9Cat 1) modula

5 5 x; frec 5 x, 2x, 2x, x. For sin(vC9t 1)sin(pJC9Cat 1) modulated data, the
lement are altered according to the States-TPPI protocol to obtain qua
sual 15N constant time evolution (TN 2 t 2/2 180°(15N/13C9) TN 1 t 2/2) perio
EDUCE-1 decoupling field. After addition and subtraction of these two
t vC9 2 pJC9Ca andvC9 1 pJC9Ca in the F1-dimension.
-

e

d

ity
he

e-
t
he
-

lter. I p and I m are the intensities of the principle and min
omponents, respectively.
The intensity ratio of the minor component to the princ

omponent as a function ofJ is shown in Fig. 2. For th
13C9–13Ca coupling, a good filtration can be achieved. Fo

ings from [15N, 1H] correlation spectrum. Hard 90° and 180° pulses are ma
. All spectra were recorded on a Varian Unity 600 MHz spectrometer e

ly shieldedz-axis gradient. The1H carrier was placed at the H2O frequency, the15N
r was set to the center of the13C9 spectral region (179 ppm). The WALTZ-1
er and15N during acquisition.13C 90° (180°) pulses were applied with a stren
ions. All13C9 pulses were applied on-resonance and13Ca pulses off-resonanc

icated with asterisks. Phase cycling:f 1 5 x, 2x; f 2 5 x, x, 2x, 2x; f 3 5
, x, x, 2x). Delay durations:D 5 1/(2JNH), TN 5 1/(4JNC9), e 5 gradient1

12 G/cm (0.7 ms), G3 5 18 G/cm (2.5 ms), G4 5 8 G/cm (0.7 ms), G5 5
in F1 is obtained using the PEP sensitivity-enhanced gradient selection (25, 26).
sign of the G3 gradient pulse together with the inversion off5. In addition to

s-TPPI protocol (42). (B) HN(a/b-COCA-J) pulse sequence ofa/b-half-filtered
n subspectra. The phase cycling for data modulated by cos(vNt 1)cos(pJC9Cat 1):
(x), 16(2x); f 5 5 x; frec 5 4(x, 2x, 2x, x, 2x, x, x, 2x). The phas

sine and sine modulated data sets are collected in an interleaved manne
in (A). The echo and anti-echo signals are collected separately by inve

ht 1 value, the phasesf5 andfrec are incremented by 180°. Gradient streng
s), G4 5 5 G/cm (0.7 ms), G5 5 11 G/cm (0.7 ms), G6 5 18 G/cm (2.5 ms)

5 ms). Water suppression by water-flip-back (43, 44) can be implemented in
. Scheme for measuring1JC9Ca in 3D-HNCO(a/b-COCA-J) experiment. Th

80° (15N) pulse applied at the midpoint oft 1, and the 90°f5(
15N) pulse at positio

f interest immediately after pointa for the in- and antiphase spectrum are 2NzC9y
data:f 1 5 x, 2x; f 2 5 x, x, 2x, 2x; f 4 5 x, x, x, x, 2x, 2x, 2x, 2x;
(C9) pulse at positionb is applied with phasey. The13C9 pulses in thea/b-filter
ure in1. The latter 2*TN period between the time pointsb andc is replaced with th
and the semiselective Ca-decoupling is applied during this period using, e

sets, two spectra are generated with the upfield and downfield doubletnents

FIG. 2. Intensity (%) of the minor component relative to the princ
omponent as a function ofJ. The curve was calculated with Eq. [1] usin
value of 9.09 ms, corresponding to 55 Hz taken as the average val

JC9Ca.
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48 PERMI ET AL.
he intensity of the minor component will be at least 30 tim
maller compared with the intensity of the principle com
ent. This is sufficient to separate thea- andb-states clearl

nto two subspectra also when there is an additional vari
n the 13C9–13Ca coupling due to residual dipolar couplings.
ractice the13C9–13Ca dipolar coupling may vary up to65 Hz.
his corresponds approximately to625 Hz in 15N–1HN cou-
ling and larger dipolar contributions would limit the polari

ion transfer. The effects ofJ crosstalk to the measured co
lings have been addressed earlier (16, 27–30
4, 35). In this case of relatively large splitting between thea-
nd b-states of doublet components compared with their
idths, theJ crosstalk is only harmful when the minor co
onent of one residue distorts the line of the principle com
ent of another residue and leads to a distorted signal a
lightly erroneous measurement of the coupling constant
eviation from the true coupling depends on the size
egree of overlap of the minor component relative to
rinciple component.
Also the relaxation of13Ca spin can lead to an insufficie

/b-filtration, because of different relaxation rates for
n-phase and antiphase coherences. Thus, neglecting oth
axation mechanisms, the in-phase and antiphase ope
elax at rates given by Eq. [2],

R2~NzC9y! 5 R2~
13C9! 1 R1~

15N!;

R2~NzC9xCz
a! 5 R2~

13C9! 1 R1~
13Ca! 1 R1~

15N!. [2]

onsequently, the intensity of the in-phase doublet differs
hat of the antiphase doublet. Effects of differential relaxa
ates can be corrected, for example, by scaling the in-
ntiphase signals before construction of the subspectra

aking an appropriate linear combination of the in- and
iphase spectra (15, 34, 35). In practice, using an average sc
ng factor for all signals will largely improve the ratio of t
rinciple to the minor component, but of course, variatio

he relaxation rates for different residues depending on
nternal protein dynamics will cause residual artifacts. In
ase, there is a possibility of suppressing theJ crosstalk fo

ndividual resonances by reprocessing for the refined li
ombination of equivalent regions of the subspectra.
The off-resonance effect of the 180(13Ca) pulses on13C9 was

ompensated for during thet 1 period and also in the antipha
lter element by applying an additional compensatory puls

13Ca (36). Alternatively, a constant phase offset to
80°(13C9) pulse could be used. It is noteworthy that
tate-of-the-art probes, with the usual composite pulse ele
90x180y90x), are able to invert (.97%) carbonyl carbon
hile a proper refocusing of the13Ca chemical shifts i
chieved (37). We did not try to use this approach, howev
dditionally, utilization of shaped pulses, e.g., REBURP or
s
-

n

e
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a

he
d
e
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ors

m
n
d

by
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e
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38, 39), for refocusing and inversion could also improve
erformance.
It is well known that in the presence of cross-correla

etween dipole–dipole (DD) and chemical shift anisotr
nteractions, two doublet components relax at different r
40). Both the in- and the antiphase filter elements are desi
o minimize effects of this interference between13C9 CSA and

13C9–13Ca DD by averaging the relaxation rates of doub
omponents by the inversion of13Ca’s spin states during th
lter elements (30). This also largely prevents a formation
purious terms arising from the interference between13C9–15N
nd 13C9–13Ca dipolar interactions (41).
The pulse sequences were tested with the regulatory do

f human cardiac troponin C (cTnC, 10 kDa, 93 amino
esidues) dissolved in both isotropic and anisotropic phas
ddition, results obtained from human ubiquitin (8.6 kDa
esidues) in water at 25°C using the HN(COCA-J) pulse se
uence, shown in Fig. 1A, were compared with those obta
nder similar conditions with the13Ca-coupled 2D-H(N)CO
xperiment (no spectra are shown).
There is a good agreement between the values obt

sing these two methods. The pairwise root-mean-squ
eviation is less than 0.1 Hz for the 51 residues considered
esidues with no significant cross peak overlap in either s
rum. Figure 3 shows the correlation between the meas

1JC9Ca splittings obtained with the HN(COCA-J) and H(N)CO
xperiments. Figure 4 presents an expansion of the [15N, 1H]
orrelation spectrum of cTnC dissolved in water. Figure
erves for a reference and shows both the upfield an

FIG. 3. Correlation of 1JC9Ca coupling constants measured from spe
cquired with the H(N)CO vs HN(COCA-J) experiments. The pairwise roo
ean-squared deviation is 0.09 Hz. The couplings were derived from in-

plittings measured from 1 mM uniformly15N/13C-labeled ubiquitin (VL
eseach Inc. Southeastern, PA) in 90%/10% H2O/D2O, pH 5.8, 50 mM sodium
hosphate buffer in water at 25°C.
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49HN(a/b-COCA-J) EXPERIMENT FOR MEASUREMENT OF1JC9Ca COUPLINGS
ownfield doublet components in-phase, recorded with
N(COCA-J) pulse sequence. The downfield and upfi

13C9–13Ca doublet components are shown in Figs. 4B and
espectively, obtained from a data set collected with the Ha/
-COCA-J) pulse sequence given in Fig. 1B. Doublet com
ents are clearly separated and no significantJ crosstalk is
resent in either subspectrum.
Table 1 lists some of the 741JC9Ca coupling constants me

ured from the regulatory domain of cTnC (89 observableNN
orrelations) using the HN(a/b-COCA-J) pulse sequenc
ince cTnC is a mostly helical protein, the dispersion

esonances is somewhat poor (Fig. 4) and 60 coupling v
ould be extracted from the corresponding nonfilte
N(COCA-J) spectrum with twice as many correlatio
herefore the applicability of the nonfiltered HN(COCAJ)
xperiment is limited for larger proteins.
The sensitivity gain of the nonfiltered experiment owing

he shorter duration and fewer radiofrequency pulses com
ith the filtered experiment is nevertheless rather small.

ransverse relaxation time in the form of13C9 single-quantum
oherence is relatively long compared with the length of
/b-filter element (;9 ms). In our hands, the difference
ensitivity between these two experiments was 7–15% a
Hz 1H frequency. At the highest magnetic fields the dif

FIG. 4. Representative expansions of the HN(a/b-COCA-J) and HN(CO
rotein complex, measured at 600 MHz, 93%/7% H2O/D2O, pH 6.0, 40°C,
eference showing both doublet components in-phase (A), acquired w
eparately in (B) and (C), respectively, as obtained after postacquisition
arameters for the HN(COCA-J) and HN(a/b-COCA-J) experiments: Spec
56 (142 ms), acquisition time (t 2) 5 128 ms, number of scans5 32. Data
e

,

-

f
es
d

ed
e

e

00
-

nce will be larger. For larger proteins, it may be necessa
ake use of the three-dimensionala/b-filtered, 3D-HNCO(a/
-COCA-J) experiment (see Fig. 1 legend), in which the1JC9Ca

-J) spectra obtained from 1.0 mM uniformly15N/13C enriched 1:1 cTnC/Tn
ing pulse sequences in Fig. 1. The HN(COCA-J) spectrum is provided for
the experiment in Fig. 1A. Downfield and upfield doublet components
addition and subtraction of the data sets recorded with experiment B. Experimenta
widths in the F1 (F2)-dimension5 1800 (7994) Hz, number oft 1 increments5
e zero-filled to 2K (4K) in the F1 (F2)-dimension.

TABLE 1
1JC*Ca Coupling Constants for Some Residues of cTnC Measured

rom the Spectrum Collected with the HN(a/b-COCA-J) Experi-
ent

Residue 1JC9Ca [Hz] Residue 1JC9Ca [Hz]

Met1 53.5 Arg46 52.5
Asp2 52.6 Gln50 53.9
Ala7 52.5 Pro52 52.0
Glu10 52.8 Pro54 55.2
Gln11 52.4 Leu57 53.7
Leu12 52.6 Glu59 52.6
Thr13 52.1 Asp62 52.1
Glu14 53.8 Asp67 53.3
Gln16 52.9 Asp73 51.9
Lys17 53.4 Leu78 53.4
Asn18 53.1 Lys86 52.6
Phe20 52.7 Asp87 52.8
Phe24 53.4 Asp88 53.0
Gly30 53.4 Ser89 52.4
Gly34 53.4 Lys90 52.8
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oupling and13C9 chemical shift are detected under the13C9
ingle-quantum coherence duringt 1. After addition and sub
raction of the in- and antiphase data sets, this experi
enerates two HNCO-type spectra with correlations
C9(i ) 1 pJC9Cat 1, vN(i 1 1), vHN(i 1 1), and vC9(i ) 2
JC9Cat 1, vN(i 1 1), vHN(i 1 1), and thus provides a spectru
ith minimal resonance overlap. The HN(a/b-COCA-J) pulse
equence was also tested with cTnC dissolved in a dilute l
rystal, composed of filamentous phage particles (4). Figure 5
llustrates upfield (A) and downfield (B) doublet compone
f the HN(a/b-COCA-J) spectrum for two resonances in
nisotropic phase. Substantial deviation from the scalar1JC9Ca

plitting can be seen for Glu14 and Pro54 residues, w
ipolar contributions to the couplings are 4.4 and 4.6
espectively. The dashed line in Fig. 5 indicates the locatio
orresponding cross-section shown in Figs. 5A and 5B.
acts due to theJ crosstalk are very small in both subspec
mplying that distortions in lineshapes in the case of reson
verlap contribute only very little to the measurement oJ
ccording to the Eq. [1].
In summary, we have presented a method to measure13C9–13Ca

calar and dipolar couplings conveniently from the two-dim
ional [15N, 1H] correlation spectra with or without spin-sta
elective filtering. In the former case, each subspectrum con
o more cross peaks than the [15N, 1H]-HSQC spectrum. Furthe
ore, the HN(a/b-COCA-J) scheme can be easily converted

FIG. 5. Expansion of the HN(a/b-COCA-J) spectrum recorded from
omponents are shown separately. The dashed line indicates the loca
omposed of Pf1 filamentous phages (30 mg/ml) are marked in the spect
t 600 MHz, 93%/7% H2O/D2O, pH 6.5, 40°C. Experimental parameters we
f scans5 256. Data were zero-filled to 2K (4K) in the F1 (F2)-dimension;
nt
t

id

s

re
,

of
i-
,
ce

-

ins

he 3D-HNCO(a/b-COCA-J) experiment, if the dispersion
esonances in the [15N, 1H] correlation spectrum is otherwi
nsufficient. The filter is quite insensitive to theJ mismatch within
he expected variation of13C9–13Ca coupling. Measurement
ther one- and two-bond couplings such as1JNH, 1JNC9,

1JNCa,
1JCaCb, 2JNCa, 2JHNC9, and 2JHNCa from the two-dimensional [15N,
1H] HSQC-type spectra acquired from samples dissolved bo

ater and in dilute liquid crystal provide conveniently a wealt
esidual dipolar couplings from internuclear vectors at var
rientations. More reliable information of protein structure ca
etrieved with the constructive use of several dipolar coup
orresponding to nonredundant internuclear directions. In
ay conformational changes induced by ligand binding ca
bserved concomitantly with chemical shift changes, e.g., in
y NMR studies.
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