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Abstract

Triple-resonance NMR experiments for measuring three-bond scalar coupling constant between 13C0ði� 1Þ and 1HaðiÞ spins,

defining the dihedral angle /, are presented. The novel experiments enable the measurement of 3JC0Ha from simple two (or three)-

dimensional 13C0, ð15N=13CaÞ, 1HN correlation spectra with minimal resonance overlap, thanks to solely intraresidual coherence

transfer pathway and spin-state-selection. The 3JC0Ha values measured in human ubiquitin using the proposed intraresidual

iHN(CA),COða=b-J -COHAÞ TROSY method were compared with those determined previously utilizing the HCAN½C0� experi-
ment.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Three-bond scalar couplings can be related to Rama-

chandran angles, / and w, defining conformation of

polypeptide chain. These relations are based on famous

Karplus equations [1,2]. Backbone dihedral w is only
defined by three 3J -couplings, 3JHaN,

3JNCb , and 3JNN [3–

5]. In practice, only 3JHaN is useful for determining main-

chain angle w [4,5]. However, there are six different

J-couplings, 3JHNHa , 3JHNC0 , 3JHNCb , 3JC0Ha , 3JC0C0 , and
3JC0Cb which can be used to probe the course of main

chain dihedral / through existing Karplus relations [6–

10]. The existing repertoire for measuring these 3J cou-

plings is large [6–27], although extensive development of
methodology has been carried out only in the case of
3JHNHa [17–27]. In this paper we shall focus on measure-

ment of three-bond scalar coupling between 13C0ði� 1Þ
and 1HaðiÞ, ranging from 0 to 8Hz. This coupling has

previously been measured by employing quantitative J-
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correlation [11] as well as E.COSY-type of techniques

[28]. Wang and Bax used an HCAN½C0�E.COSY experi-

ment for reparametrization of Karplus curve for the
3JC0Ha coupling [7]. This experiment requires long mag-

netization transfer steps from 13Ca to 15N and back

during which the 13Ca spin remains in transverse plane.
Thus, fast transverse relaxation of 13Ca spin results in

considerable loss in sensitivity especially on larger pro-

teins. L€oohr and R€uuterjans designed an elegant Ha-cou-

pled H(N)CA,CO experiment in order to minimize

sensitivity losses due to rapid R2 of
13Ca spin [15]. In their

experiment 3JC0Ha is determined from an E.COSY pattern

in indirectly detected 13C0 dimension, requiring resolved
1JCaHa splitting in the orthogonal 13Ca dimension. In
addition, two sets of cross peaks arise per each residue,

potentially inducing resonance overlap. Meissner et al.,

employed a spin-state-selective filter in their S3E version

of the H(N)CA,CO experiment in order to further di-

minish time of transverse 13Ca magnetization as well as to

reduce unnecessary spectral crowding due to 1JCaHa

splitting [14]. Despite of spin-state-selective editing, the

S3E H(N)CA,CO method cannot be recorded as a two-
dimensional experiment even in the case of smaller pro-

teins since the sequential cross peaks arising from the
reserved.
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undesired 2JNCa transfer will impair the measurement of
3JC0Ha . Even three-dimensional experiment will not afford

complete relief to a problem since potential overlap of

intra- and interresidual correlations may deteriorate data

analysis especially on larger proteins. Another proposed,

the S3P HN(CA),CO, experiment potentially facilitates

measurement of 3JC0Ha from two (or three) dimensional

spectrum but it hinges on exclusive magnetization

transfer from 15NðiÞ to 13CaðiÞ spin, the situation which is
not readily obtained using the HNCA-type magnetiza-

tion transfer [14].

In this paper, we propose novel triple resonance ex-

periments, utilizing recently introduced spin-state-selec-

tion technique [29–34] and intraresidual coherence

transfer pathway scheme [35]. In this way, we are able to

measure 3JC0Ha couplings from well-dispersed spin-state-

selective, two or (three)-dimensional 13C0ði� 1Þ, (15NðiÞ
or 13CaðiÞ), 1HNðiÞ correlation spectrum.
2. Results and discussion

A novel intraresidual HN(CA),CO experiment for

measuring 3JC0Ha is schematically presented in Fig. 1a.

The corresponding TROSY [36,37] version of the exper-

iment is shown in Fig. 1b. For simplicity, the density

operator description of the methodology is presen-

ted for the iHN(CA),COða=b-J -COHAÞ. The proposed

iHN(CA),COða=b-J -COHAÞ experiment is based on in-
traresidual HNCA experiment [35]. The desired coher-

ence floats through the iHN(CA),COða=b-J -COHAÞ
experiment in a following way:

1HN � f1JHNNg � 15N� f1JNC0 ; 1JNCa ; 2JNCag � 13C0

� f1JC0Cag � 13Cað1JCaHaÞ � 13C0ðt1Þ � f1JC0Cag
� f1JNC0 ; 1JNCa ; 2JNCag � 15Nðt2Þ � f1JHNNg � 1HNðt3Þ;
Fig. 1. Pulse sequences for the measurement of 3JC0Ha couplings in 15N-,
13C-labeled proteins. Narrow (wide) bars correspond to 90� (180�) pul-
ses, with phase x unless otherwise indicated. Half-ellipses denote water

selective 90� pulses to obtain water-flip-back. All 90� (180�) pulses for
13C0 and 13Ca are applied with a strength of X=

p
15ðX=

p
3Þ, where X is

the frequency difference between the centers of the 13C0 and 13Ca regions.

The 1H, 15N, 13C0, and 13Ca carrier positions are 4.7 (water), 120 (center

of 15N spectral region), 175 ppm (center of 13C0 spectral region), and 55

ppm (center of 13Ca spectral region), respectively. Pulsed field gradients

are inserted as indicated for coherence transfer pathway selection and

residual water suppression. The delays employed are: D ¼ 1=ð4JNHÞ;
D0 ¼ D þ d=2;Ta ¼ 25ms;T 0

a ¼ Ta � D;TN ¼ 1=ð4JNC0 Þ;TC ¼ 1=ð4JC0Ca Þ;
s ¼ 1=ð4JCHÞ; d ¼ Gr þ field recovery delay; 06j6 ðsÞ= t2;max. For

each scheme, the in- and antiphase data are recorded in an interleaved

manner and subsequently addedand subtracted to separate themultiplet

components to two subspectra. (a) The iHN(CA),COða=b-J -COHAÞ
scheme. Phase cycling for the in-phase spectrum: /1 ¼ x;�x; /2 ¼ 2ðxÞ,
2ð�xÞ; /3 ¼ x; n ¼ x; /rec: ¼ x; 2ð�xÞ; x; for the antiphase spectrum:

/2 ¼ 2ðyÞ; 2ð�yÞ. Quadrature detection in the F1-dimension is obtained

byaltering thephaseof/1 according toStates-TPPI [41].For quadrature

detection in F2, two data sets, both for the in- and antiphase spectra, are

collected (I): n ¼ x; (II): n ¼ �x with simultaneous change in gradient

polarity [42]. The data processing is according to sensitivity enhanced

method [42].Gradient strengths (durations) are optimized for thehighest

sensitivity:Gs ¼ 30G=cm (1.25ms),Gr ¼ 29:6G=cm (0.125ms). (b) The

iHN(CA),COða=b-J -COHAÞ-TROSY scheme. All parameters as in (a)

except for quadrature detection and TROSY selection in F2, two data

sets, both for the in- andantiphase spectra, are collected (I):w ¼ x; n ¼ y;
f ¼ �x, (II): w ¼ �x; n ¼ �y; f ¼ x with simultaneous change in gra-

dient polarity [37]. If removal of the 2JNðiÞHaðiÞ coupling during t2 is de-
sired, an additional 180� ð1HÞ pulse is applied at time point a and two

data sets collected for the TROSY selection are changed as follows: (I):

w ¼ �x; n ¼ y; f ¼ x, (II): w ¼ x; n ¼ �y; f ¼ �x. (c) The

iH(N)CA,COða=b-J -COHAÞ experiment with semi-constant time spin-

state-selective filtering scheme. All parameters as in (a) except phase

cycling for the in-phase spectrum: /1 ¼ x;�x; /2 ¼ 2ðxÞ; 2ð�xÞ;
/3 ¼ 4ðxÞ; 4ð�xÞ; /4 ¼ x;/rec: ¼ x; 2ð�xÞ; x; for the antiphase spectrum:

/4 ¼ y; /rec: ¼ x; 2ð�xÞ; x;�x; 2ðxÞ;�x. Quadrature detection in the F1
(and F2)-dimensions is obtained by altering the phase of /1 ð/2Þ ac-

cording to States-TPPI [41]. Alternatively, the iH(N)CA,CO

ða=b-J -COHAÞ experiment can be recordedwith PFG z-filtering scheme

(c�) using the following phase cycling for the in-phase experiment

/1 ¼ x;�x; /2 ¼ 2ðxÞ; 2ð�xÞ; /4 ¼ x; /rec: ¼ x; 2ð�xÞ; x. For the anti-

phase experiment: /4 ¼ y.

b
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where ti ði ¼ 1 to 3Þ is an acquisition time for the cor-
responding spin and the couplings used for coherence

transfer are shown in parenthesis. The spin-state-selec-

tive filter element is placed prior to the t1 evolution pe-

riod for the purpose of subspectral editing.

In order to survey 3JC0Ha , we transfer the 1HN

magnetization to the preceding 13C0ði� 1Þ spin, while

simultaneously transferring the magnetization to both

intra- and interresidual 13Ca spins during the delay
2Ta. The relative density operator at time point a can

then be described with the corresponding product op-

erators:
ra ¼ 8NyðiÞC0
zði� 1ÞCa

z ði� 1ÞCa
z ðiÞ sinð2p1JNCaTaÞ

� sinð2p2JNCaTaÞ sinð2pJNC0TNÞ þ 2NyðiÞC0
zði� 1Þ

� cosð2p1JNCaTaÞ cosð2p2JNCaTaÞ sinð2pJNC0TNÞ:

We should point out that the delay 2Ta is set to

50ms [35]. This will ensure that coherence transfer is

maximized for the desired pathway. More importantly,

the transfer efficiency will be at least 20 times lower for

the undesired pathway provided that 1JNCa and 2JNCa

are in the range of 9–12 and 6–9Hz, respectively [35].

For the sake of clarity, let us now omit the undesired

magnetization component as well as trigonometric
terms and elaborate on the flow of desired 8NyðiÞ
C0

zði� 1Þ Ca
z ði� 1ÞCa

z ðiÞ coherence. This magnetization

is next converted into the 13C0 single-quantum coher-

ence by the succeeding 90� pulses on 15N and 13C0. The
ensuing 13C0 �13 Ca INEPT step converts the magneti-

zation into the 13Ca single-quantum coherence (time

point b)
rb ¼ 4NzðiÞC0
zði� 1ÞCa

y ðiÞ:

At this point, the spin-state-selective half-filter [5], con-

ceptually similar to the S3P element [14], is inserted into

the pulse sequence. Thus, we convert the 4NzðiÞ
C0

zði� 1ÞCa
y ðiÞmagnetization, with respect to 1HaðiÞ spin,

into 8NzðiÞC0
zði� 1ÞCa

z ðiÞHa
z ðiÞ coherence in the first ex-

periment, referred here to as the antiphase experiment.

To this end, two 180� ð1HÞ pulses marked with filled bars

are applied immediately before 180� ð13CaÞ and 90 ð13CaÞ
pulses, respectively. In addition, the phase of the

90�/2
ð13CaÞ pulse is shifted 90� with respect to the suc-

ceeding 90� ð13CaÞ pulse. The ensuing gradient pulse

purges a dispersive component of magnetization arising

from J-mismatch [5]. The 13C0ði� 1Þ chemical shift is
then recorded during the t1 evolution period while the

small three-bond coupling between the 13C0ði� 1Þ and
1HaðiÞ spins evolves simultaneously. The magnetization

can be described for the antiphase experiment at the end

of the t1 evolution period by the density operator (time

point c)
rc ¼ 8NzðiÞC0
yði� 1ÞCa

z ðiÞH
a
z ðiÞ cosðp3JC0ði�1ÞHaðiÞt1Þ

� cosðxC0ði�1Þt1Þ þ 4NzðiÞC0
xði� 1ÞCa

z ðiÞ
� sinðp3JC0ði�1ÞHaðiÞt1Þ cosðxC0ði�1Þt1Þ
þ 8NzðiÞC0

xði� 1ÞCa
z ðiÞHa

z ðiÞ cosðp3JC0ði�1ÞHaðiÞt1Þ
� sinðxC0ði�1Þt1Þ þ 4NzðiÞC0

yði� 1ÞCa
z ðiÞ

� sinðp3JC0ði�1ÞHaðiÞt1Þ sinðxC0ði�1Þt1Þ:

The ensuing gradient z-filter destroys the undesired

components of magnetization, i.e., the second and third

term in rc. We would like to clarify that it is possible to

implement 13C0 shift and 3JC0Ha coupling evolution pe-

riods in a semi-constant time manner [38]. This would,

however, require an additional filtering step to get rid off
the undesired dispersive magnetization components due

to 1JC0Ca mismatch with respect to 2TC. After labeling

the 13C0ði� 1Þ chemical shift with 3JC0Ha frequencies, the

magnetization floats back to the amide proton by the

same, but reverse coherence transfer pathway. The 15N

chemical shift is recorded during the t2 evolution period,

which is implemented into the 13C–15N back-INEPT in

the usual constant-time manner.
In the second experiment, referred to as the in-phase

experiment, two 180� ð1HÞ pulses marked with unfilled

bars are applied at the midpoint of delays s in order to

retain the desired coherence in-phase with respect to
1HaðiÞ spin, i.e., to preserve 4NzðiÞC0

zði� 1ÞCa
y ðiÞ mag-

netization prior to the t1 period. After the t1 evolution

period, the density operator for the in-phase experiment

can be given, neglecting dispersive components of
magnetization subsequently purged by the PFG z-filter

(time point c)

rc ¼ 8NzðiÞC0
yði� 1ÞCa

z ðiÞHa
z ðiÞ sinðp3JC0ði�1ÞHaðiÞt1Þ

� sinðxC0ði�1Þt1Þ þ 4NzðiÞC0
yði� 1ÞCa

z ðiÞ
� cosðp3JC0ði�1ÞHaðiÞt1Þ cosðxC0ði�1Þt1Þ:

Ultimately, we transfer the magnetization back to the
amide proton as in the antiphase experiment.

After post-acquisitional addition and subtraction of

the antiphase and in-phase data sets, we obtain

two (three)-dimensional subspectra with correlations ap-

pearing at xC0 ði� 1Þ þ p3JC0Ha , xNðiÞ, xHNðiÞ, and xC0

ði� 1Þ � p3JC0Ha , xNðiÞ, xHNðiÞ, respectively. Hence,
3JC0Ha can be measured from the cross peak displacement

in the 13C0 dimension between two subspectra from the
well-dispersed 13C0ði� 1Þ, 15NðiÞ, 1HNðiÞ correlationmap.

There are numerous aspects to consider in obtaining

the optimal performance. First, for larger proteins

TROSY version of the experiment (Fig. 1b) should

provide higher sensitivity due to relatively long 13C–15N

out- and back-INEPT steps. It should be noted that

when proton decoupling is omitted during the 13C–15N

back-INEPT and if the spin-state of 1Ha is not per-
turbed between the t1 and t3 evolution periods, 3JHNHa
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can be measured in F3 between two subspectra. How-
ever, due to short lifetime of 1Ha spin-state, especially

on large proteins, the familiar E.COSY pattern collapses

during the long back-transfer step [7]. In practice, the
3JHNHa couplings are underestimates of their true values.

Analogously, due to small two-bond coupling between

the 1HaðiÞ and 15NðiÞ spins during t2 in a three-dimen-

sional TROSY experiment, an E.COSY pattern arises in

F2-dimension, which may impede determination of
3JC0Ha in the orthogonal dimension. If desired, this can

be removed by a 180� ð1HÞ pulse, applied at time point a

(see text for Fig. 1b for details). The caveat is that the

TROSY effect will be lost for t2=2 period although we

can take advantage of it during relatively long 15N–13C

transfer periods.

In order to provide highest sensitivity by maintaining

TROSY effective throughout the most of the pulse se-
quence, we purposely employ also two 180� ð1HÞ pulses
during the filter elements [5]. This also suppresses cross-

correlation between chemical shielding anisotropy

(CSA) of 13Ca and dipole–dipole relaxation (DD) of
13Ca–1Ha by averaging relaxation rates of doublet

components by the inversion of 1Ha0s spin-state during

the filter elements [5].

There are different kind of source of errors, poten-
tially leading to inaccurate determination of 3JC0Ha .

First, the differential relaxation of antiphase

4NzðiÞC0
zði� 1ÞCa

y ðiÞ and in-phase 8NzðiÞC0
zði� 1ÞCa

y ðiÞ
Ha

z ðiÞ operators between the spin-state-selective filter

element and t1 may lead to insufficient separation of

spin-states. This will result in systematically underesti-

mated coupling constants due to the fact that 3JC0Ha is in

most cases smaller than the linewidth. However, delay
between the filter and the evolution period is kept to a

minimum in order to avoid problems arising from dif-

ferential relaxation [33].

The spin-state-selective filters are sensitive to a J

mismatch when coupling evolution does not exactly

match the filter period [30–34]. This is deleterious for

subspectral editing and may complicate the accurate

determination of coupling constants. In this case, the
filter is compensated to a first order for the J mismatch.

This will not pose to a significant problem since the

editing is excellent when 1JCH is in the 120–170Hz range

[5]. It is noteworthy that the spin-state-selective filter can

be replaced by the DIPSAP element [39] for more effi-

cient filtering performance, albeit with a significant cost

in sensitivity. In general, effects of J crosstalk on accu-

racy of measured couplings, as well as its removal, has
been discussed earlier [30–34,39].

The final source of error is incomplete elimination of

magnetization transfer pathway yielding sequential

cross peak. As long as there is no frequency separation

in 13Ca dimension, there is now way we can tell whether

complete elimination of interresidual pathway has

emerged. Thus, in the case of xC0 ði� 1Þ, xNðiÞ, xHNðiÞ
correlation map, the sequential pathway is super-
imposed with the desired intraresidual pathway due to

lack of frequency separation in the 13Ca dimension.

However, the transfer efficiency of the intraresidual

pathway will be at least 20 times higher than for the

undesired sequential pathway provided that 1JNCa and
2JNCa are in the range of 9–12 and 6–9Hz, respectively

[35]. Typically the suppression of the undesired, se-

quential pathway is excellent. The sequential pathway
can be completely removed by recording two data sets

with and without an additional 90� ð13CaÞ pulse applied
at time point d while inverting receiver phase between

the data sets [35]. The relevant product operators at time

point d are

rd ¼ 2NzðiÞC0
zði� 1Þ þ 8NzðiÞC0

zði� 1ÞCa
z ði� 1ÞCa

z ðiÞ:

The 90� ð13CaÞ pulse operates only for the latter term in
the first data set while both terms are left intact in the

second data set. Therefore, by subtracting these data

sets, the first term can be eliminated. The caveat using

this active suppression of sequential pathway is a loss of

sensitivity by the factor of
p
2. Another, but only par-

tial, solution to the problem is to record 13Ca chemical

shift instead of 15N. The pulse sequence for this

iH(N)CA,COða=b-J -COHAÞ experiment is shown in
Fig. 1c. It is essentially similar to the iHN(CA),COða=
b-J -COHAÞ experiment except that we label the 13Ca

chemical shift during t2 instead of 15N. Additionally, the

iHN(CA),COða=b-J -COHAÞ experiment utilizes a novel

filter element for separation of a- and b-spin-states,
which will be shortly described. In order to reduce the

time 13Ca spin being in transverse plane, the t2 evolution
period is concatenated with the spin-state selective filter
(Fig. 1c, time points a–b). It is possible to implement the
13Ca chemical shift evolution in a semi-constant time

manner, since 13Ca–1Ha spin–spin interaction is active

during 2s, whereas it is effectively decoupled during t2.
Again, the antiphase data set is recorded with 180� ð1HÞ
pulse (denoted by filled bar) placed after t2=2þ s,
whereas the in-phase data is obtained by inserting the

180� ð1HÞ pulse (unfilled bar) after t2=2. The clean se-
lection of the desired in- or antiphase coherences with

respect to the 1HaðiÞ spin is obtained by two consecu-

tive 90� ð1HÞ pulses (time point b) in a manner similar

to the famous X-half filter [40]. Alternatively, the spin-

state selection can be accomplished utilizing the filter-

ing scheme analogous to one implemented in the

iHN(CA),COða=b-J -COHAÞ experiment as depicted in

Fig. 1c�.
Hence, correlations arise at xCaðiÞ þ xC0 ði� 1Þ þ

p3JC0Ha , xHNðiÞ, and xCaðiÞ þ xC0 ði� 1Þ � p3JC0Ha ,

xHNðiÞ after addition and subtraction of antiphase and

in-phase data sets. Now, the intra- and sequential cross

peaks from the residues exhibiting peculiar 1JNCa and/

or 2JNCa couplings can be separated in 13Ca dimension

in the case of incomplete suppression of sequential
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pathway, i.e., the undesired sequential connectivities
would emerge at xCaði� 1Þ þ xC0 ði� 1Þ þ p2JC0Ha ,

xHNðiÞ, and xCaði� 1Þ þ xC0 ði� 1Þ � p2JC0Ha , xHNðiÞ.
However, the sensitivity enhancement scheme cannot

be applied to 13Ca dimension resulting in sensitivity

loss by
p
2 in comparison with the iHN(CA),COða=

b-J -COHAÞ scheme. In addition, this experiment has

to be recorded as three-dimensional experiment.

Therefore, if it is desired to ensure complete sup-
pression of sequential pathway, it is more judicious to

utilize the iHN(CA),COða=b-J -COHAÞ experiment with

active suppression of sequential pathway. The iHN

(CA),COða=b-J -COHAÞ scheme provides not only
Fig. 2. Two-dimensional iHN(CA),COða=b-J -COHAÞ-TROSY subspectrum

30 �C at 600MHz 1H frequency. Inserted expansions show 13C0–1HN plane

spectra for Val70 residue. The 3JC0Ha can be measured from cross peak disp

obtained in F3. Asymmetry in cross peaks arises from 1Ha spin flips durin

measured 3JHNHa couplings are underestimates of their true values. Two-dime

dimensional spectrum was zero-filled to 1024� 128� 1024 data matrix. Th

dimensions.
higher sensitivity (semi-constant time 13Ca evolution vs.
constant time 15N evolution) but it can also be recorded

as a two-dimensional 13C0ði� 1Þ, 1HNðiÞ correlation

experiment.

The sensitivity of the experiments is mainly limited by

the transverse relaxation time of 15N spin owing to

longer 15N to 13C transfer step in comparison with the

familiar HN(CO)CA method for instance. It is then

obvious that TROSY version of the experiment is
mandatory for larger proteins. We presume that the

proposed methodology is applicable to smaller and

medium-sized proteins, or proteins, for which perdeu-

teration is not required.
, recorded from 0.58 mM U-(15N, 13C) ubiquitin, 95/5% H2O=D2O,

s from three-dimensional iHN(CA),COða=b-J -COHAÞ-TROSY sub-

lacement between subspectra in F1-dimension whereas 3JHNHa can be

g lengthy (57ms) from 13C back to 1HN transfer steps. Therefore

nsional data were zero-filled to 1024� 4096 data matrix whereas three-

e spectra were apodized with shifted squared sine-bell functions in all



Fig. 3. A pairwise correlation of 3JC0Ha coupling constants measured

from three-dimensional spectrum acquired with the iHN(CA),COða=
b-J -COHAÞ-TROSY (without active suppression of sequential path-

way) vs. 3J couplings measured by Wang and Bax using the HCAN½C0�
experiment [7]. The pairwise root-mean-squared deviation between two

experiments is 0.37Hz.
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The viability of the proposed iHN(CA),COða=
b-J -COHAÞ method for the measurement of the
3JHaðiÞ�C0ði�1Þ scalar couplings was verified on a 0.58 mM

uniformly 15N=13C enriched human ubiquitin, (Asla,

Riga, Latvia) having a molecular mass of 8.6 kDa (76

amino acid residues), dissolved in 95/5% H2O=D2O, 10

mM potassium phosphate buffer, pH 7.2, in a 260ll
Shigemi microcell at 30 �C. The three-dimensional

iHN(CA),COða=b-J -COHAÞ-TROSY experiment (with-
out active suppression of sequential pathway) was carried

out on a Varian Unity INOVA 600 NMR spectrometer,

equipped with a 15N=13C=1H triple-resonance probehead

and an actively shielded z-axis gradient coil. The spectrum

was acquired as a three-dimensional experiment using

four transients per FID with 128, 30, and 1024 complex

points and the corresponding acquisition times of 64,

18.8, and 128ms in t1, t2, and t3, respectively. The em-
ployeddelayswereTa ¼ 25ms,TN ¼ 16:6ms,TC ¼ 4:55ms,

D ¼ 2:75ms, s ¼ 1:7ms, d ¼ gradientþ field recovery

delay. The data were zero-filled to 1024� 128� 1024

matrix before Fourier transform and phase-shifted

squared sine-bell window functions were applied in all

dimensions. In addition, two-dimensional 13C0–1HN

correlation experiment was recorded with 128 and 1024

complex points in t1 and t3, using 64 transients.
Fig. 2 illustrates one of the two-dimensional 13C0–1H

subspectra recorded with the pulse scheme shown in Fig.

1b. Cross peaks represent xC0 ði� 1Þ þ p3JC0Ha , xHNðiÞ
correlations. As can be seen, some of the cross peaks are

overlapping although very good dispersion can be ex-

pected for the 1HN–13C0 correlation spectrum. Expan-

sions of the overlapping region in Fig. 2 depicts two 3D

subspectra, exhibiting correlations at xC0 ði� 1Þ þ
p3JC0Ha , xNðiÞ, xHNðiÞ and xC0 ði� 1Þ � p3JC0Ha , xNðiÞ,
xHNðiÞ from Val70 residue. Three-dimensional subspec-

trawere obtainedby adding and subtracting the antiphase

and in-phase data sets, acquired with the pulse scheme

shown inFig. 1b (without active suppression of sequential

pathway) in an interleaved manner. The relevant 3JC0Ha

coupling can be readilymeasured from the 13C0 dimension

between correlations arising in two subspectra. In addi-
tion, 3JHNHa coupling could be measured from 1HN di-

mension thanks to the E.COSY pattern arising in F1–F3
plane. In practice, however, the measured coupling is an

underestimate of true 3JHNHa due to long 13C–15N back

transfer step.

Fifty-four 3JC0Ha couplings were measured for

ubiquitin, excluding 6 glycines and 3 prolines, from a

3D-spectra collected in 45 h. In addition, residues 7–12
and 74–76 were not observed due to chemical exchange

broadening. The measured couplings vary between 0.5

and 7.9Hz. The residues residing on extended confor-

mation typically show larger 3JC0Ha values (>2.5Hz)

than the residues found in helical regions of ubiquitin

(0.5–2Hz). The measured couplings were compared with

those determined earlier by Wang and Bax using their
HCAN½C0� experiment on ubiquitin dissolved in D2O at

pH 4.7 [7]. Comparison of 53 3JC0Ha couplings measur-

able with both experiments gave 0.37Hz pairwise root

mean square deviation (RMSD) (Fig. 3) suggesting
precision of ca. 0.2Hz for the individual measurement.

This is in good agreement with the precision of the

proposed method. It is noteworthy that largest devia-

tions between the measured couplings and the values

provided by Wang and Bax can mostly be found for the

residues outside the regular secondary structure of

ubiquitin.
3. Conclusions

In summary, we have introduced novel triple-reso-

nance NMR experiments for measuring 3JC0Ha scalar
couplings in proteins. The proposed iHN(CA),COða=
b-J -COHAÞ scheme provides precise and sensitive way

to measure 3JC0Ha in two or three-dimensional spectrum

with a minimal amount of resonance overlap as was

demonstrated on 15N-, 13C-labeled ubiquitin. Alterna-

tively, iHN(CA),COða=b-J -COHAÞ scheme with active

suppression of sequential pathway or iH(N)CA,COða=
b-J -COHAÞ experiment with a novel spin-state-selective
filter can be employed. The proposed experiments fa-

cilitate accurate definition of proteins main chain dihe-

dral / by providing sensitive way to determine 3JC0Ha as

a supplement to routinely measured 3JHNHa scalar

coupling.
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