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Abstract

A new sensitivity improved approach is presented to measure the Ca–Ha scalar and dipolar coupling constants in 13C/15N-labeled

proteins using a HA(CA)CONH scheme. The proposed experiment has significantly higher sensitivity than the previously published

(HA)CA(CO)NH sequence, and provides accurate and straightforward measurements of the scalar and residual dipolar coupling

constants. The sequence is easy to implement, and has been demonstrated on the C-terminal domain of the human Ku-80 protein

(152 amino acid residues). On average, sensitivity is improved by 40% for both isotropic and anisotropic samples. The sensitivity

enhancement is more pronounced for structured regions than unstructured regions, with an average of 50–60% enhancement being

observed in the well-structured regions of the protein.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Residual dipolar coupling constants have been used

successfully in structural determination of macromole-

cules by solution NMR methods [1,2]. Dipolar coupling

constants provide information on the orientation of the

bond vectors with respect to the anisotropic alignment

tensor of the molecule. Thus, dipolar coupling constants

provide long-range structural information that comple-

ments the distance and torsional angle restraints derived
from NOE and scalar coupling constants. The most

common dipolar coupling constants measured in protein

samples are those associated with the one-bond amide

N–H, Ca–Ha, C
0
–Ca and C

0
–N groups. These dipolar

couplings have been used in structural refinements [3], in

obtaining protein folds and determining structures de

novo [4–6], in structural quality evaluation [7], and in

docking protein–protein complexes [8]. The dipolar
couplings can be obtained from measuring the difference

between the couplings measured from the sample in

isotropic and anisotropic phases [2,9]. Methodology
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development for the measurement of residual dipolar

coupling constants in macromolecular systems is
strongly motivated by these promising applications.

The amide N–H and the Ca–Ha coupling constants

can be obtained with high accuracy relative to other

one-bond couplings involving backbone atoms, as these

two inter-nuclear vectors have the largest dipolar cou-

pling interactions among the backbone vectors in a

protein. These large interactions are due to the large 1H

gyromagnetic ratio and the short bond distances be-
tween these atom pairs. Because of their large values and

higher accuracies, the N–H and Ca–Ha residual dipolar

coupling constants are the most frequently used in the

application of dipolar coupling restraints.

Several methods have been developed for the

measurement of the Ca–Ha coupling constants. It�s
measurement can be proceeded in a quantitative J-

correlation manner, either from a 2D correlation of
13C–1H using constant-time HSQC [10] or from a 2D

correlation of 15N–1H using a (HACACO)NH se-

quence [11]. Although the later approach offers better

resonance dispersion, resonance degeneracy occurs in

these 2D methods, especially for large proteins. To re-

duce the resonance overlap, several 3D triple-resonance
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experiments have been proposed to measure the Ca–Ha

coupling constant. In one HNCO-based experimental

approach, the coupling of Ca–Ha is embedded in the C
0

dimension, and resonance overlap is further reduced by

separating the two coupling components into two sub-

spectra [12]. The drawback of the sequence, as pointed

out by Rule and co-workers [11], is that the active Ca–

Cb coupling causes an under-digitization in the cou-

pling (Ca–Ha) detection dimension, and may thus
compromise the accuracy of the measurement. More

recently, Bax and co-workers have proposed a quanti-

tative measurement for C–H dipolar coupling constants

using a CB(CA)CONH experiments [13]. This approach

offers relatively high sensitivity and can be used to

obtain couplings of both Ca–Ha and Cb–Hb. However,

six 3D experiments are needed in order to extract the

dipolar coupling of Ca–Ha, thus requiring an extensive
period of instruments time to complete the measure-
Fig. 1. Pulse schemes of 3D-HA(CA)CONH (A) and (HA)CA(CO)NH (B)

wide bars represent 90� and 180� pulses, respectively. All pulses are along x-ax

4.77 and 118ppm. The 13C carrier frequency was set initially at 55 ppm and th

strengths of the 1H and 15N pulses are 36 and 9.3 kHz. The power of decoupli

of decoupling SEDUCE-1 pulse [22] on 13Ca is 0.83 kHz. The durations of 90�
they do not disturb the C

0
region. The same durations were also used for C

0

adjustment to correct the Bloch–Siegert shift caused by the 180� pulse on C
0
.

g3¼ (33.75G/cm, 1.25ms), g4¼ (18G/cm, 0.5ms), g5¼ (32.56G/cm, 0.125m

and TN ¼ 14ms. TC is 3.8ms for (A) and 12.5ms for (B). Phase cycling ar

ð/5Þ ¼ x, �x, �x, x, �x, x, x, �x. Rance-Kay sensitivity enhancement schem

achieved by alternating /4 between x and �x in concert with the sign inversio

added to both /3 and /5. Quadrature detection for t1 was achieved via Sta
ment. Alternatively, the Ca–Ha can be measured in the
(HA)CA(CO)NH sequence [14], in which the Ca–Ha

dipolar coupling is active during the constant-time pe-

riod for chemical shift labeling of Ca [15,16]. The

constant-time period is set to 1/JCa–Cb, a compromised

duration to allow both sufficient digital resolution for

measuring the Ca–Ha coupling constants and to mini-

mize the signal loss due to Ca–Cb coupling. Since the

two components of Ca–Ha couplings are well resolved,
two experiments (one in isotropic and the other in

anisotropic media) are usually sufficient to extract the

residual dipolar coupling constants for a medium-size

protein. An IPAP scheme [17] can be added to resolve

overlaps in the Ca region if needed. A major drawback

to use (HA)CA(CO)NH experiment to measure the Ca–

Ha coupling constant is that significant signal loss oc-

curs during the long period of constant-time caused by
the fast T2 relaxation of Ca. The sensitivity of an
experiments for measuring coupling constants of Ca–Ha. Narrow and

is unless indicated otherwise. The 1H and 15N carrier frequencies are at

en moved to 176 ppm after the first two high power pulses on Ca. Field

ng WALTZ16 pulse [21] on 1H and 15N are 7.2 and 1.3 kHz, the power

and 180� pulses on Ca after the first two pulses are 64 and 57ls so that

90� and 180� pulses. The 90� pulse on Ca labeled with ‘‘*’’ has phase

Strengths and duration of gradients are g1 ¼ g2¼ (22.5G/cm, 0.5ms),

s). The durations are sa ¼ 1:8ms, sb ¼ 2:35ms, sd ¼ 4:5ms, se ¼ 14ms

e /1 ¼ y, �y; /2 ¼ y, y, �y, �y; /3 ¼ 4ðxÞ, 4ð�xÞ; /4 ¼ x and Acq.

e [23] was used on 15N dimension, and the quadrature detection was

n of g3. For each complex point of 15N dimension, the 180� phase was
tes-TPPI [24] on /2.



Fig. 2. Selected slices of spectra acquired using the HA(CA)CONH

and (HA)CA(CO)NH experiments on isotropic (A) and anisotropic

samples (B). The slices were extracted at 1H¼ 7.68 and 15N¼ 119.3

ppm, respectively. The slices of (a) and (c) are from the HA(CA)

CONH experiment, and slices of (b) and (d) are from the (HA)CA

(CO)NH experiment. The intensities of peaks from the HA(CA)CONH

are significantly higher than those from the (HA)CA(CO)NH ex-

periment, and the enhancement factors for both down-field and up-

field components have been displayed in the Figure. The spectra were

recorded with 24 scans per FID for isotropic sample, and 32 scans

per FID for anisotropic sample. The total experimental time are 53

and 64 h for isotropic and anisotroipic samples, respectively. The

spectra widths for F1/F2/F3 are 3268/1215.7/8000Hz. The net ac-

quisition times for F1/F2/F3 are 19.6/21.4/80ms for isotropic and

18.4/21.4/80ms for anisotropic samples, respectively. Both t1 and t2
time domains were apodized using cosine bell window function. The

digital resolution in F 1 was improved by zero-filling the t1 time

domain to 256 prior to Fourier transformation. The data points of t2
time domain were doubled using mirror linear prediction [25], and

zero-filled to 128 prior to transformation. The t3 domain was ap-

odized using a 72� shifted sine bell window function and the data

was zero-filled to 1024 points prior to transformation.
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experiment for measuring the Ca–Ha coupling con-
stants is a critical factor for medium and large-sized

protein samples because deuteration of protein [18], a

common way to suppress the CaT2 relaxation for large

proteins, would not be useful in this case because Ha is

required to measure the Ca–Ha coupling constants.

In this communication, we present an sensitivity-im-

proved approach for measuring Ca–Ha coupling con-

stants using the same magnetization transfer pathway as
in the (HA)CA(CO)NH scheme but dictating the cou-

pling interaction using Ha instead of Ca. The pulse se-

quence for the HA(CA)CONH experiment is illustrated

in Fig. 1A. For comparison purposes, the recently pub-

lished (HA)CA(CO)NH sequence [15,16] is shown in

Fig. 1B. Details of the differences between the proposed

real-time HA(CA)CONH and previously published

constant-time (HA)CA(CO)NH sequences are as fol-
lows: (i) To avoid a long constant-time delay during

which Ca T2 relaxation occurs as well as limitations

imposed by Ca–Cb coupling upon the constant-time

duration in the (HA)CA(CO)NH experiment, Ca–Ha

coupling detection is moved to the beginning period of

the sequence (points a to b) during which magnetization

of Ha is along the x–y plane. Thus, the Ca–Ha coupling

constants are detected in a real-time manner rather than
through a constant-time period. The INEPT period used

to transfer the magnetization from Ha to Ca in the

(HA)CA(CO)NH (2sa in Fig. 1B) is omitted. (ii) The Ha

chemical shift is refocused by the 180� proton pulse in the

middle of the t1 period. The removal of cross correlation

relaxation between Ha dipole and Ca CSA is accom-

plished by using the 180� pulse on Ca, which gives more

uniform intensity for the two coupling components. (iii)
From points c to d, the magnetization is further relayed

to C
0
and the duration is 7.6ms, which is an optimized

value to reduce dephase of the coherence caused by

passive Ca–Cb coupling and to maintain the transfer

efficiency from Ca to C
0
. The duration of the same period

(points c to d) is 25ms in the (HA)CA(CO)NH sequence.

This period is optimized to resolve the two components

of Ca–Ha couplings and to minimize the signal loss due
to Ca–Cb coupling. (iv) To take advantage of the fa-

vorable resonance dispersion of C
0
nucleus, the Ca–Ha

coupling in the proposed HA(CA)CONH sequence is

encoded in the C
0
chemical shift labeling period from

points e to f. During the period from points e to f, an-

tiphase term associated with C
0
to Ca is refocused and

magnetization transfer from C
0
to 15N takes place for

both pulse sequences. The rest of pulse sequences in both
schemes are the same and will not be discussed further.

This particular approach (Fig. 1A) has two advan-

tages relative to the constant-time approach (Fig. 1B).

First, the real time version can reduce signal loss due to

the T2 relaxation of Ca resonance during a long con-

stant-time period. Second, measuring Ca–Ha coupling in

Ha dimension can avoid Ca–Cb coupling interference.
To test the new pulse scheme, four 3D data sets were
acquired using schemes of Figs. 1A and B on the 13C/
15N-labeled Ku-80 C-terminal domain dissolved in an

isotropic and anisotropic phases. The Ku-80 C-terminal

domain, composed of 152 residues, interacts with DNA–

protein kinase catalytic subunit during DNA double

strand break repair in the non-homologous end-joining

pathway [19]. The concentrations of isotropic and an-

isotropic samples were 1.2 and 0.6mM in 100mM
phosphate buffer (pH 6.0). The anisotropic sample was

prepared using Pf1 phage [9], with a phage concentra-

tion at about 20mg/mL. Experimental conditions and

data processing for isotropic and anisotropic samples

were identical, and have been discussed in the caption to

Fig. 2. Data were processed and analyzed using nmrPipe

[20] and Felix (Accelrys Inc.).
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To illustrate the sensitivity difference between the two
experiments, two slices along C

0
and Ca dimension at 1H

of 7.69 ppm and 15N of 119.19 ppm are shown in Fig. 2.

Slice (a) and (b) are from spectra recorded on an iso-

tropic sample using the HA(CA)CONH and (HA)-

CA(CO)NH schemes, respectively. The peak intensities

of the two couplings components in slice (a) are higher

than those observed in slice (b). The enhancement fac-

tors for the up-field and down-field components are 1.6
and 1.4, respectively. Similar results have been observed

for the oriented sample as shown in Fig. 2B in which

slice (c) and (d) are from spectra obtained using the

HA(CA)CONH and (HA)CA(CO)NH sequences, re-

spectively. The sensitivity enhancement factors of slice

(c) over slice (d) for up-field and down-field components

are 2.0 and 1.9, respectively. To obtain a thorough

comparison between the two pulse schemes, the inten-
sities of all well-resolved peaks have been compared

between spectra acquired using schemes HA(CA)-

CONH and (HA)CA(CO)NH on both isotropic and

oriented samples. Extremely weak peaks, which came

mostly from spectra recorded using the (HA)CA(-

CO)NH sequence, were excluded from the comparison.

Gly residues were also not considered since their signals

were suppressed significantly owing to the choice of the
sa value in the HA(CA)CONH experiment. In all, 237

peaks (couplings components) have been compared for
Fig. 3. Intensity ratios of individual coupling components from experiments o

Ku-80 DNA-binding domain. Shown together in panel (A) is the NOE of

composed of six helices. The panel (B) and (C) are from isotropic and anisotr

up and down-field of the Ca–Ha coupling components.
the spectra recorded on the isotropic sample. On aver-
age, the HA(CA)CONH scheme provided a factor of 1.4

enhancement in sensitivity over the (HA)CA(CO)NH

scheme. For the anisotropic sample, the average sensi-

tivity enhancement is a factor of 1.4 for 224 peaks

(coupling components). These results show that the

sensitivity can be enhanced significantly by the new

HA(CA)CONH scheme for the measurement of Ca–Ha

coupling constants.
Furthermore, the sensitivity enhancement is more

significant for residues in the structured region than in

the unstructured region. To demonstrate this observa-

tion, the experimental intensity ratios of individual res-

idues versus the amino acid sequence have been

presented along with the 1H–15N NOE values in Fig. 3.

The ratios in Figs. 3B and C have been obtained from

the isotropic and anisotropic samples, respectively. The
label of ‘‘+’’ and ‘‘o’’ correspond to the up- and down-

field components of the Ca–Ha couplings. It is inter-

esting to note that no sensitivity enhancement has been

observed for the unstructured N- and C-termini. The

average sensitivity ratio is 0.95 and 0.94 for 28 peaks

from the spectra recorded on the isotropic and aniso-

tropic samples, respectively. The NOE values of these

two regions are very small or negative, which suggests
that these two regions are very flexible. On the other

hand, the sensitivity ratios in a long loop region between
f HA(CA)CONH and (HA)CA(CO)NH versus the primary sequence of

amide 15N from amide proton. The Ku-80 DNA-binding domain is

opic samples, respectively. The label of ‘‘+’’ and ‘‘o’’ correspond to the
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helix 5 and 6, which has a normal 1H–15N NOE values,
are approximately the same as those in regions of reg-

ular secondary structures. Thus, the enhancement for

the well-ordered region of the protein is more pro-

nounced. The absence of sensitivity improvements in the

flexible region is consistent with the relative longer Ca

T2 relaxation time of these residues compared to the

residues in the rest of the protein, and this lack of sen-

sitivity improvement is acceptable because the intrinsic
peak intensity in flexible region is strong. Actually, when

both the unstructured N- and C-termini are excluded

from the comparison statistics, sensitivity enhancement

factors of 1.5 (averaged over 181 peaks) and 1.6 (aver-

aged over 168 peaks) have been obtained for isotropic

and anisotropic samples, respectively. This observation

suggests that the sensitivity improvement over the

(HA)CA(CO)NH scheme should be more profound as
the size of protein increases.

In summary, the proposed HA(CA)CONH approach

offers a significantly improved sensitivity over (HA)-

CA(CO)NH sequence for measuring the Ca–Ha residual

dipolar coupling constants. More importantly, sensitiv-

ity improvement is anticipated to be more pronounced

as the protein size increases. This higher sensitivity

makes this approach a valuable method for measuring
Ca–Ha residual dipolar coupling constants. This se-

quence should be applicable to protein samples on

which sufficient sensitivity can be achieved using the

HA(CA)CONH experiment.
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