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Abstract

A NMR strategy designed to measure simultaneously and without increased resonance overlap scalar and dipolar couplings
(RDCs) in 13C-, 15N-labeled proteins is presented. Contrary to common schemes for simultaneous measurement of RDCs, a single
reference experiment is used for the extraction of more than one type of coupling, thereby reducing the required measurement time.
This is accomplished by a common reference spectrum followed by a series of interleaved experiments, in which a particular coupling
dependent parameter is varied according to the quantitative J-correlation method or using accordion spectroscopy. To illustrate this
idea, we have modified the 3D TROSY–HNCO and the 3D CBCA(CO)NH experiment allowing efficient measurement of one-bond
1DNH,

1DC0N,
1DCaHa,

1DCbHb, and
1DCaC 0 couplings in small to medium sized proteins. In addition, the experiments are expected to

be useful for largely unfolded proteins, which show strong resonance overlap but have very favorable relaxation properties. Mea-
surement of RDCs is demonstrated on uniformly 15N–13C-labeled ubiquitin and on the sensory domain of the membraneous two-
component fumarate sensor DcuS of Escherichia coli (17 kDa). DcuS was found to be unstable and to precipitate in one to two
weeks. RDCs obtained from these experiments are in good agreement with the 1.8 Å X-ray structure of ubiquitin.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Residual dipolar couplings (RDCs) can be observed
in solution when a molecule is aligned with the magnetic
field, either as a result of its own magnetic susceptibility
anisotropy [1,2] or caused by an anisotropic environ-
ment such as an oriented liquid crystalline phase [3] or
an anisotropically compressed gel [4,5]. When alignment
can be kept sufficiently weak, the NMR spectra retain
the simplicity normally observed in regular isotropic
solution, while allowing quantitative measurement of a
wide variety of RDCs, even in macromolecules [6,7].
In proteins, the most commonly measured dipolar
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couplings are the one bond 1DNH,
1DCaHa,

1DC 0N, and
1DCaC 0 RDCs. These couplings are sufficiently large to
be measured with good accuracy, allow definition of
the orientation of a peptide plane and play a key role
in RDC-based structure determination [8–11].

However, it is observed that certain proteins are
unstable under the orienting media condition. If the
magnitude and/or the orientation of the alignment ten-
sor are changing slowly over time due to instability of
the sample (protein or liquid crystal), the different sets
of dipolar couplings will not be consistent with a unique
alignment tensor/structure. This will in turn bias the
protein structure calculation process. Therefore, it is
desirable to measure as many types of RDCs in the com-
mitted time in which the protein/liquid crystal is stable.
Moreover, much focus is put on dipolar couplings for
rapid structure determination, with the aim to establish
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NMR spectroscopy as an important tool in Structural
Genomics [12]. Therefore, there is the need to measure
a large set of dipolar couplings in an as short time as
possible.

Instead of measuring one type of coupling per NMR
experiment, a number of schemes have been proposed
recently that allow simultaneous measurement of differ-
ent types of dipolar couplings in a single spectrum:
1DHN/

1DCaC 0 or 1DHN/
1DCaHa from frequency differ-

ences using the IPAP-strategy [13,14], 1DCaC 0/3DHNCa

or 1DNCa/
2DNCa/

2DHNCa/
3DHNCa from 3D HNCO(a/

b-C 0Ca-J)–TROSY and HNCO(a/b-NCa-J)–TROSY
[15], 1DNCa/

2DHNCa from 13Ca coupled or J-modulated
[15N,1H]-HSQC spectra [16], 1DC 0N/

1DNCa/
2DNCa from

a quantitative J-correlation 3D TROSY–HNC experi-
ment, in which cross and reference axial peaks are ob-
served in a single spectrum [17], 1DCaHa/

2DNHa from
HNCA–TROSY [18], and 1DC 0N/

2DHNC0 from an
E.COSY-type HSQC experiment [19]. Approaches in
which multiple couplings are allowed to evolve in a sin-
gle experiment have the disadvantage that each coupling
results in a splitting that reduces the signal intensity by
one half. Therefore, the overall sensitivity of these exper-
iments is not higher than when the couplings are mea-
sured sequentially (potentially even lower if not
multiple values for each J + D value are obtained in
the same experiment). In addition, if the multiplet com-
ponents are not separated in different spectra this will re-
sult in increased overlap. Increased overlap is also a
problem for the quantitative J-correlation TROSY–
HNC experiment, as reference peaks are located in a sin-
gle plane of the 3D spectrum and both Ca(i) and
Ca(i � 1) peaks are present [17].

Here we present a different strategy for simultaneous
measurement of dipolar couplings that is based on the
quantitative J-correlation method and accordion spec-
troscopy. Only a single coupling is active during a single
experiment, but for different couplings the same refer-
ence spectrum is used. This can reduce the total required
measurement time without increasing resonance over-
lap. In addition, the experiments, in which different cou-
plings are active, are recorded interleaved, such that
measured RDCs correspond to a unique alignment ten-
sor. To illustrate this concept, we have modified the 3D
experiments TROSY–HNCO and CBCA(CO)NH for
efficient measurement of 1DNH,

1DC 0N,
1DCaHa,

1DCbHb,
and 1DCaC 0 couplings in small to medium sized, globular
or larger, but intrinsically unstructured proteins.
2. Description of the pulse sequences

All presented pulse sequences can be used for mea-
surement of one-bond isotropic scalar couplings. Dipo-
lar couplings are obtained by performing the
experiments both in an isotropic and a partially aligned
phase followed by subtraction of the two measured val-
ues. The pulse sequence of the 3D TROSY–HNCO
experiment for simultaneous measurement of 1DC0N

and 1DNH couplings is shown in Fig. 1. It consists of
three interleaved experiments that are based on the 3D
TROSY–HNCO [20].

The backbone 1JC0N coupling is obtained by the
quantitative J-correlation approach [21]. A reference
experiment is recorded in which peak intensities are
not strongly affected by the coupling of interest. This
is achieved with the 180� pulse at position (a) and with
a conventional constant time 15N evolution period as de-
picted in panel (i). The 15N–{13C 0} dephasing delay is
adjusted to 2T = 66.7 ms and the separation of the
180� pulses amounts to D = 16.7 ms. Thus, the effective
dephasing time due to 15N–13C 0 couplings is
2T � 2D = 33.3 ms, i.e., close to 1/21JC 0N. To attenuate
cross peak intensities according to the 1JC 0N coupling,
the 180� inversion pulse on C 0 is shifted to position (b)
and the 1JC 0N coupling is active for the entire interval.
1JC 0N can then be calculated from the intensity ratios
of the reference, Iref, and attenuated resonances, Iatt,
according to

Iatt
I ref

¼ sinð2p1JC0NT Þ
sin½2p1JC0N ðT � DÞ� : ð1Þ

This previously described approach for measurement of
1JC 0N [21] is extended by addition of a third experiment,
which is recorded in an interleaved manner with the two
described above, and allows simultaneous measurement
of 1JNH couplings. The 180� inversion pulse on the car-
bonyls is kept at position (a), to maximize the 15N–
{13C 0} transfer amplitude. Opposite to the reference
spectrum, however, an additional delay is inserted at
the end of the constant time 15N evolution period that
is incremented together with the 15N evolution time
(Fig. 1, (ii)) [22]. During this delay, the 15N–{1H} cou-
pling evolves with respect to its directly attached proton
while chemical shift evolution is refocused. Therefore,
the peaks appear at xN–(j + 1)p1JNH rather than at
xN–p1JNH as in the reference spectrum with 1JNH < 0.
Typically j is set to 2 so that a particular cross peak is
shifted between the spectra by 1JNH Hz in the 15N
dimension. In this way, a common reference experiment
(Fig. 1; a, (i)) can be used for extraction of 1JC 0N (Fig. 1;
b, (i)) and 1JNH couplings (Fig. 1; a, (ii)). Note that the
two 180� pulses on 1H and 15N, which are necessary for
measurement of the 1JNH coupling, are also present in
the reference and the 1JC 0N-attenuated experiment, to
have the same number and type of pulses in all
experiments.

One-bond 1DCaHa,
1DCbHb, and

1DCaC 0 dipolar cou-
plings are measured with a modified version of the 3D
CBCA(CO)NH pulse sequence, which has been en-
hanced by the use of adiabatic pulses [23,24]. The exper-



Fig. 1. Pulse scheme of the modified 3D TROSY–HNCO experiment for simultaneous measurement of 1JC0N and 1JNH couplings. Narrow and wide
pulses correspond to flip angles of 90� and 180�, respectively. All pulse phases are x, unless specified otherwise. 13C 0 pulses bracketing the t1 evolution
period are 90� and have the shape of the center lobe of a sinx/x function, and durations of 120 ls (at 176 MHz 13C frequency). The other two 13C 0

pulses are hyperbolic secant shaped (1 ms) and correspond to 180�. Composite pulse 13C 0 decoupling (CPD) was used during acquisition. All three
180� 13Ca pulses are sine-bell shaped and have durations of 150 ls. Delay durations: s = 2.5 ms; T = 33.7 ms; d = 16 ms; D = 16.7 ms. For the
reference and the 1JNH-shifted spectrum, the first 180� 13C 0 pulse (open shape) is applied in position a; for the rephased, 1JC0N-attenuated spectrum in
position b. The shaded portion of the pulse scheme is given in detail in (i) and (ii). (i) Used for the first and second interleaved spectrum and (ii) is
used for the third interleaved spectrum for measurement of 1JNH couplings. In the shifted spectrum (ii) j is typically set to 2, to obtain a shift of 1JNH

Hz in the 15N dimension. Two FIDs are acquired and stored separately for obtaining quadrature selection of the TROSY component in the t2
dimension, with phases /2 = y,x, /3 = �y, /4 = �y and with phases /2 = y,�x, /3 = y, /4 = y [36]. In both cases, /1 = x, x,�x,�x, and
receiver = x,y,�x,�y. States-TPPI quadrature selection is used in the t1 dimension. Sine-bell shaped pulsed field gradients (1 ms each) have strength
(G/cm) and axis: G1: 3, x; G2: 18, y; G3: 18, x; and G4: 18, z.
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iment is performed four times in an interleaved manner
(Fig. 2). All couplings are obtained using the quantita-
tive J-correlation technique. The 1JCaHa and

1JCbHb cou-
plings are obtained from the first three interleaved
experiments, in which the 1H 180� pulse during the t1
evolution period is switched between positions a, b,
and c, respectively [25]. The rephasing of the JCH cou-
pling of Cb and Ca at the end of the carbon constant
time period depends on the duration of D1. This is re-
flected in the spectra by a modulation of signal intensi-
ties according to

SðD1Þ � sin p
X

JCHð2D1 þ DeffÞ
h i

; ð2Þ

where Deff accounts for the effect of JCH dephasing dur-
ing the adiabatic 13C inversion pulse, during the 13C 90�
pulses, and during short switching delays, and from
which

P
JCH can be derived by a SIMPLEX minimiza-

tion routine.
1JCaC 0 couplings are obtained from the first experi-
ment (this is also used as a reference spectrum for the
measurement of 1JCaHa and 1JCbHb couplings) and an
additional fourth, interleaved experiment. To attenuate
signal intensities according to the one-bond 1JCaC0 val-
ues, the C 0 to 15N transfer step is used (Fig. 2). In all
four interleaved experiments, the total dephasing delay
is set to 2(g + f) = 22 ms. In the regular CBCA(CO)NH
experiment (i.e., the reference experiment) a 180� inver-
sion pulse is applied a duration f after the 90� excitation
pulse on C 0, such that the 1JCaC 0 coupling is active for
2f = 9 ms, i.e., close to 1/21JCaC 0. In the fourth inter-
leaved experiment, however, the open 180� pulse on
Ca is shifted by a duration D closer to the 180� C 0 pulse
making 1JCaC 0 active for 2(f + D) = 18.7 ms. 1JCaC 0 cou-
plings are almost rephased at the end of the C 0 to 15N
transfer step, yielding weak resonance intensity. The ra-
tio of signal intensities from the reference and attenu-
ated spectrum follow a similar relationship as Eq. (1),



Fig. 2. Pulse scheme of the 3D CBCA(CO)NH quantitative JCH and JCaC0 experiment. Narrow and wide pulses correspond to flip angles of 90� and
180�, respectively. All pulse phases are x, unless specified otherwise. The first three 13C 0 180� pulses have a rSNOB profile [37], and a duration of
170 ls (at 150 MHz 13C frequency). All other shaped 13C 0 and 13Ca/b pulses (46 ppm) are of the hyperbolic secant adiabatic inversion type (500 ls),
with a squareness level, l, of 3 [38]. The open 1H pulses, applied at time point a, b, or c, are composite ð90�x–180�y–90�xÞ. Delay durations: e = 1.3 ms;
D1 = 0.77, 1.67, and 3.42 ms in the three interleaved experiments; T = 3.4 ms; d = 3.4 ms; g = 6.5 ms; c = 6.8 ms; j = 5.4 ms; s = 2.7 ms. For the
reference spectrum, the first 180� 1H pulse (open shape) is applied at position a, which gives a total JCH -modulation duration of 2(D1 + Deff) 1.93 ms
[25]. In the JCaC 0-attenuated experiment (the fourth interleaved spectrum) the open 13Ca 180� pulse is applied at point d, otherwise at position a/b/c.
Delay durations: D = 4.85 ms; f = 4.5 ms. Note that the second 180� pulse on Ca compensates the Block–Siegert shift, and should be applied with a
reverse phase profile in order to refocus the coupling evolution during the open 13Ca 180� pulse [39]. Phase cycling: /1 = y,�y; : /2 = x,x,y,y;
receiver = x,�x,�x,x. Rance-Kay t2 quadrature detection is used, [40] alternating the phase of the first 15N 90� pulse after gradient G3 between x and
�x, in concert with the polarity of gradient G3. States-TPPI quadrature selection is used in the t1 dimension. Pulsed field gradients G1,2,4,5 are sine-bell
shaped (18 G/cm for G1,2, 28 G/cm for G4,5), and G3,6,7 are rectangular (30 G/cm). Durations: G1,2,3,4,5,6,7 = 2, 1.4, 2.705, 0.4, 0.4, 0.2, 0.074 ms, with
respective gradient axes: xy,y,z,x,y,z,z.
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from which 1JCaC0 couplings can be extracted by a one
dimensional grid search or a nonlinear fit. Note that
the Cb resonances are also modulated by the 1JCaC 0 cou-
pling. Thus, if there is signal overlap in the Ca region of
the spectrum one can still obtain the couplings from the
Cb resonances, provided the particular residues do not
have overlapping Cb frequencies.

3D CBCA(CO)NH and TROSY–HNCO are among
the most sensitive triple resonance experiments for med-
ium sized proteins and the method is applicable to any
protein which yields TROSY–HNCO and CBCA
(CO)NH spectra with high S/N (P20:1 and P40:1,
respectively) in a reasonable amount of time.
3. Data collection

The method is demonstrated for uniformly 13C/15N-
labeled human ubiquitin (VLI Research, Philadelphia)
and on the uniformly 13C/15N-labeled sensory domain
of the membraneous two-component fumarate sensor
DcuS of E. coli (17 kDa) [26]. One-bond couplings were
measured for an isotropic sample, containing 0.8 mM
ubiquitin in 95% H2O, 5% D2O, 50 mM phosphate buf-
fer, pH 6.5 at 35 �C, or containing 0.8 mM DcuS in 95%
H2O, 5%D2O, 50 mMphosphate buffer, pH 6.5 at 30 �C,
and a second sample containing additionally either 5%
C12E5/n-hexanol (r = 0.96) (in case of ubiquitin) [27]
or 10 mg/ml bacteriophage Pf1 (in case of DcuS) [28,29].

Spectra were recorded on BRUKER AVANCE 600
and 700 MHz spectrometers. TROSY–HNCO experi-
ments were acquired as 24* · 40* · 512* data matrices
with acquisition times of 16.8 ms (t1,

13C 0), 18.7 ms (t2,
15N), and 50 ms (t3,

1H), using 4 scans per fid and a total
measuring time of 19 h for all three interleaved spectra.
In case of the CBCA(CO)NH, each interleaved spec-
trum was recorded as a 46* · 25* · 512* data matrix
with acquisition times of 4.9 ms (t1,

13Ca/b), 17.5 ms
(t2,

15N), and 50 ms (t3,
1H) using 8 scans per fid and

a total measuring time of 48 h for all four interleaved
spectra. Data were processed and analyzed using NMR-
PIPE/NMRDRAW [30].
4. Results and discussion

Selected regions of the spectra measured with these
pulse sequences for ubiquitin in isotropic solution are
shown in Figs. 3 and 4. In Fig. 3A, the first interleaved
TROSY–HNCO spectrum is shown, which is used as
reference for extraction of both 1JC 0N and 1JNH cou-
plings. The second interleaved spectrum is shown in
Fig. 3B, in which signal intensities are modulated
according to the 1JC 0N coupling. In Fig. 3C resonances
are not attenuated compared to Fig. 3A, but shifted in
the 15N dimension by 1JNH Hz from the reference
spectrum of Fig. 3A. Fig. 4 shows selected regions
of the interleaved CBCA(CO)NH experiments. In
Fig. 4A, the reference spectrum is shown and in Figs.
4B and C signal intensities are modulated by the 1JCa-

Ha and 1JCbHb couplings. Fig. 4D encodes the 1JCaC 0

coupling.



Fig. 3. Selected regions of the modified TROSY–HNCO spectrum of
ubiquitin in isotropic solution. (A) reference spectrum, (B) 1JC0N-
attenuated spectrum, and (C) 1JNH-shifted spectrum. Dashed contours
denote negative intensities. Selected regions have a C 0 frequency of
171.1 ppm.
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A CBCA(CO)NH experiment is much less sensitive
than a conventional HNCO due to the larger number
of transfer steps and the fast relaxation of transverse
Ca and Cb magnetization. For a 11 kDa protein such
as ribonuclease T1 the CBCA(CO)NH is a factor of
three less sensitive than a HNCO experiment (Bruker
Avance 3D/Triple Resonance User Manual). For larger
proteins the relative sensitivity of the CBCA(CO)NH is
even further reduced. However, the following consider-
ations have to be taken into account for measurement
of 1DCaC 0 couplings. The sensitivity of the HNCO(a/b-
C 0Ca-J) experiment proposed by Permi et al. [15], for
example, is reduced by a factor of 0.9 due to the inser-
tion of a filter element with a duration of 9 ms and
due to an extended 13C evolution time of about 30 ms,
which is required to obtain sufficient resolution for accu-
rate measurement of splittings (assuming a C 0 transverse
relaxation time of 117 ms). Moreover, the intensity of a
single resonance is split into two reducing the sensitivity
by 45% overall. For the approach proposed here, on the
other hand, only a single additional, conventional
CBCA(CO)NH experiment is required as the reference
experiment is already available either from the measure-
ment of 1DCaHa/

1DCbHb couplings or from conventional
backbone assignment. No additional delays or pulses
had to be introduced into the CBCA(CO)NH pulse se-
quence avoiding increased relaxation losses or a higher
sensitivity towards pulse imperfections. The accuracy
of the 1JCaC 0 couplings obtained from the CBCA
(CO)NH is further improved, as splittings can be ob-
tained from both the Ca and the Cb resonance. The cor-
responding values can be averaged, such that the
sensitivity of the CBCA(CO)NH (in terms of measure-
ment of couplings) is effectively increased by a factor
of

p
2. Therefore, for small to medium sized proteins

such as ribonuclease T1, measurement of 1DCaC 0 cou-
plings simultaneously with 1DCaHa/

1DCbb values has a
similar efficiency as separate measurement of 1DCaC 0

couplings with a HNCO(a/b-C 0Ca-J) experiment.
Measurement of 1JCaC0 couplings as proposed herein

has the following favorable properties: (i) Opposite to a/
b-filtered spin-state selective experiments J-mismatch is
not a problem in quantitative J-correlation experiments.
This is particularly important for measurement of RDCs
where the filter period no longer matches the J + D va-
lue. (ii) Despite the lower resolution of a CBCA(CO)NH
compared a HNCO experiment, a very complete set of
1JCaC 0 couplings can be obtained as in case of Ca overlap
the coupling might be extracted from the Cb resonance.
(iii) For extraction of 1JCaC0 couplings no additional
experiment has to be processed, peak picked and ana-
lyzed. 1JCaC 0 couplings are obtained in parallel with
the 1JCaHa and 1JCbHb couplings, minimizing the num-
ber of errors in extracted dipolar coupling values. (iv)
The proposed pulse sequences allow simultaneous mea-
surement of RDCs such that they will be in agreement
with a unique effective alignment tensor even if the pro-
tein degrades/aggregates rapidly. With the CBCA
(CO)NH this is possible for 1JCaC 0, 1JCaHa, and

1JCbHb

couplings without increased resonance overlap and
employing a common reference experiment.

The random error in coupling values obtained by
quantitative J-correlation methods mainly depends on
the intensity in the reference spectrum, Iref, and the ran-



Fig. 4. Selected regions of the modified CBCA(CO)NH spectrum of ubiquitin in isotropic solution. (A) The reference spectrum. (B and C) The
attenuated spectra for measuring Ca–Ha and Cb–Hb couplings. (D) Spectrum for measuring Ca–C

0 couplings. Negative intensities are denoted by
dashed contours. Selected regions have a 15N frequency of 116.2 ppm.
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dom noise r in the attenuated spectra, and can be
approximated as r/[2p (f + D) Iref], where 2(f + D) is
the total duration in which that particular coupling is ac-
tive in the attenuated spectrum. So for a signal-to-noise
ratio of 50 in the reference spectrum the random error
in 1JCaC 0 [2(f + D) = 18 ms] will be 0.35 Hz. Except for
couplings between 13C 0 and carbons resonating in the
Ca region, all other couplings attenuate the reference
and attenuated spectrum in the same way, and therefore
do not affect the derived coupling. The inter-residue
2JCaC 0 coupling, on the other hand, affect the attenuated
and the reference spectrum differentially. The magnitude
of 2JCaC 0 with the next residue being in cis position is
63 Hz. [31]. This attenuates the reference spectrum by
less than 0.4% and the attenuated spectra by 1.5%, and
the Iatt/Iref ratio is decreased by 1.2%, resulting in a cou-
pling which is at most 1.2% closer to 55 Hz than its real
value. When the bonds are trans, as it might be the case
for residues preceding proline, the coupling could be as
large as 6 Hz [31] resulting in a more pronounced overes-
timation of the derived coupling. However, these resi-
dues are any way not detected in CBCA(CO)NH
experiments. Due to the fact that the selectivity of the
Ca inversion pulse is not perfect, other long-range cou-
plings that may affect the derived 1JCaC 0 value can in-
clude 2JC0Cb and 3JC 0Cc. These couplings, however, are
comparatively smaller. Assuming 2JC 0Cb and 3JC 0Cc val-
ues of 3 and 4 Hz, respectively, the cumulative effect of
all the three couplings would be to make the coupling
closer to 55 Hz by less than 4.6 %. So a coupling of
52.0 Hz will appear as 52.1 Hz and for an actual coupling
of 54 Hz the derived coupling would be 54.05 Hz, which
typically is considerably smaller than the random error.

Hence, extracted coupling values do not contain any
large systematic errors. This is also evident from isotro-
pic 1JCaC 0 couplings measured with the pulse sequence
presented here, when compared to those obtained from
a Ca-coupled HNCO experiment recorded on the third
immunoglobulin-binding domain of streptococcal pro-
tein G (56 residues). The coupling values from these
two measurements have a correlation of 0.98 (data not
shown).

Comparison of isotropic 1JNH couplings measured
for DcuS with the 3D TROSY–HNCO experiment pre-
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sented here and those obtained from a 2D IPAP–HSQC
have a correlation of 0.97 (data not shown). In case of
the 3D TROSY–HNCO, the incremented delay that
was introduced for the extraction of the 1JNH couplings
(Fig. 1; a, (ii)) slightly lowers the sensitivity of the third
interleaved TROSY–HNCO spectrum compared to the
reference experiment. In addition, during this additional
delay transverse relaxation proceeds with an effective
rate that is given by the average of the individual 15N
multiplet components. Therefore, for large molecules a
compromise between separation of the upfield and
downfield component (which increases with j) and the
sensitivity of this experiment has to be made. For large
molecules it might be advantageous to reduce j. At the
same time, however, the 180� pulses on 15N and 13C
could be applied simultaneously after a time
T = 16 ms, such that 2T would be reduced to 32 ms as
in a conventional TROSY–HNCO.

1JC 0N couplings can be measured separately using a
non-decoupled TROSY–HNCO, in which 1JC 0N values
are obtained from antiphase splittings in the 15N dimen-
sion [32]. To resolve the small 1JC 0N couplings a rather
long 15N acquisition time is required, which is best
implemented in a semi-constant time fashion and set
to a maximum value, tmax

2 , roughly equal to the trans-
verse 15N relaxation time T2 [32]. For example, for deu-
Fig. 5. Correlation between observed dipolar couplings and values back-cal
correlation coefficients are 0.98, 0.96, 0.98, and 0.96 for 1DNH,

1DCaHa,
1DC
terated EIN (transverse relaxation time of the downfield
component at 600 and 800 MHz: 118 and 131 ms,
respectively) a 15N acquisition time of 115 ms was em-
ployed. Comparison of the relaxation losses in the quan-
titative J-correlation experiment, in which the 15N
magnetization is 33 ms longer in the transverse plane
than in a regular TROSY–HNCO, with those in a
non-decoupled TROSY–HNCO, with a semi-constant
time evolution tmax

2 ¼ T 2ð15NÞ, indicates that the quanti-
tative J-correlation experiment is more sensitive for
T2 (

15N) > 100 ms [33]. T2 (
15N) values larger than

100 ms are commonly observed at room temperature
for globular proteins with a molecular weight
<16 kDa, for the downfield component of deuterated
proteins up to 30 kDa, such as EIN, or for large proton-
ated, but natively unfolded proteins. For example, for
ubiquitin (T2 (

15N, 25 �C) � 160 ms; T2 (
15N,

7 �C) � 105 ms) the quantitative J-correlation experi-
ment is 15 and 2% more sensitive than the non-decou-
pled experiment at 25 and 7 �C, respectively. On the
other hand, for a relaxation time of 74 ms (�T2 (

15N)
of protonated EIN) the non-decoupled HNCO would
be more sensitive by 20%. Therefore, for transverse
relaxation times larger than 100 ms simultaneous mea-
surement of 1JNH and 1JC 0N couplings as proposed here
achieves a time saving that corresponds to about one
culated from the crystal structure of ubiquitin (PDB code: 1ubq). The
0N, and

1DCaC0 couplings, respectively.
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conventional TROSY–HNCO. Note, that this does not
even take into account that the reference experiment
(Fig. 1; a, (i)) or the shifted experiment (Fig. 1; a, (ii))
can be used for backbone assignment, which is difficult
with the non-decoupled TROSY–HNCO. A further
drawback of the non-decoupled TROSY–HNCO is that
the overlap is more pronounced.

Fig. 5 compares experimental dipolar couplings with
those back-calculated from the 1.8 Å X-ray structure of
ubiquitin [34] using singular-value decomposition as
implemented in the program PALES [35]. Correlation
factors of 0.98, 0.96, 0.98, and 0.96 are obtained for
1DNH,

1DCaHa,
1DC 0N, and 1DCaC 0 couplings, respec-

tively. This demonstrates that the pulse sequences pre-
sented here allow accurate measurement of J and
dipolar couplings in medium sized proteins. Residual
dipolar couplings measured in DcuS (17 kDa) were used
for the structure determination of this protein [26].
5. Conclusion

We have presented a simple strategy for simultaneous
measurement of scalar and dipolar couplings in 13C-,
15N-labeled proteins. More than one type of coupling is
extracted from a single reference experiment, thereby
reducing the required measurement time for small to
medium sized globular, as well as larger, unfolded pro-
teins. The couplings are obtained either using the quanti-
tative J-correlation approach or accordion spectroscopy;
a second spectrum is recorded in which the signal intensi-
ties are modulated or signals are shifted according to the
coupling of interest. Hence, simultaneous measurement
of dipolar couplings does not result in an increase in res-
onance overlap compared to when the couplings are mea-
sured sequentially. The strategy presented is general and
can be applied to various 3D experiments.

The interleaved 3D TROSY–HNCO and CBCA
(CO)NH experiments presented here allow measurement
of four backbone RDCs and 1DCbHb.

1DNH,
1DCaHa,

1DC 0N, and
1DCaC 0can be used in a conventional struc-

ture calculation, enabling accurate determination of
peptide plane orientations [9], or protein fold determina-
tion even in the absence of NOEs [8,10,11]. The combi-
nation of 1DCaHa,

1DCbHb, and 1DCaC0provides v1
rotamer information, even in the absence of a backbone
structure [25]. Moreover, the reference spectra, which
are used here for extraction of couplings, can be used
for traditional backbone assignment, further reducing
the total required measurement time in a NMR struc-
ture determination project. In the broader sense of
speeding up structure determination by NMR (e.g., as
required for Structural Genomics applications), our
strategy also has the advantage that peak picking, refine-
ment of picked peaks and reassignment of resonances
only has to be done for the reference spectrum, as long
as the quantitative J-correlation approach is employed.
For extraction of the 1JCC 0 coupling no additional exper-
iment has to be processed, peak picked and analyzed.
1JCaC 0 couplings are obtained in parallel with the 1JCaHa

and 1JCbHb couplings. In addition, if the anisotropic
medium is unstable or the protein degrades rapidly, as
it is the case for DcuS, measured residual dipolar cou-
plings will be in agreement with a unique effective align-
ment tensor.
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refined at 1.8 Å Resolution, J. Mol. Biol. 194 (1987) 531–544.

[35] M. Zweckstetter, A. Bax, Prediction of sterically induced align-
ment in a dilute liquid crystalline phase: aid to protein structure
determination by NMR, J. Am. Chem. Soc. 122 (2000) 3791–3792.

[36] K.V. Pervushin, G. Wider, K. Wuthrich, Single transition-to-
single transition polarization transfer (ST2-PT) in N-15,H-1-
TROSY, J. Biomol. NMR 12 (1998) 345–348.

[37] E. Kupce, J. Boyd, I.D. Campbell, Short selective pulses for
biochemical applications, J. Magn. Reson. B 106 (1995) 300–303.

[38] M.S. Silver, R.I. Joseph, D.I. Hoult, Highly selective Pi/2 and Pi-
pulse generation, J. Magn. Reson. 59 (1984) 347–351.

[39] E. Kupce, R. Freeman, Compensation for spin-spin coupling
effects during adiabatic pulses, J. Magn. Reson. 127 (1997) 36–48.

[40] L.E. Kay, P. Keifer, T. Saarinen, Pure absorption gradient
enhanced heteronuclear single quantum correlation spectroscopy
with improved sensitivity, J. Am. Chem. Soc. 114 (1992) 10663–
10665.


	Simultaneous measurement of protein one-bond residual dipolar couplings without increased resonance overlap
	Introduction
	Description of the pulse sequences
	Data collection
	Results and discussion
	Conclusion
	Acknowledgments
	References


