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A new method for the measurement of homonuclear J(HNHa)
oupling constants in 15N-labeled small proteins is described. The
ethod is based on a modified sensitivity enhanced HSQC exper-

ment, where the 3J(HNHa) couplings are multiplied in the f1-
imension. The J-multiplication of homonuclear 3J(HNHa) cou-
lings is based on simultaneous incrementation of 15N chemical
hift and homonuclear coupling evolution periods. The time in-
rement for the homonuclear coupling evolution period is chosen
o be a suitable multiple (2N 3 t1) of the corresponding increment
or 15N-shift evolution. This results in the splitting of the HSQC
orrelation in the f1-dimension by 2N 3 3J(HNHa). Because the
ulse sequence has good sensitivity and water suppression prop-
rties, it is particularly useful for natural abundance samples.
1999 Academic Press
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INTRODUCTION

Thef-angle is an important parameter for the calculatio
rotein structures from NMR data. In literature, several m
ds have been proposed for the determination of3J(HNHa)
oupling constants, which can be related to thef-angle using
n appropriately parametrized Karplus equation (1, 2). How-
ver, accurate measurement of homonuclear coupling
tants in proteins is often problematic as the linewidths
arge and relaxation times short.

In principle, the antiphase splitting in a COSY spectrum
e measured and fitted with observed (or assumed) linew
3–5). Also, J-modulated, HSQC based methods have b
uggested (6–8), as well as methods that are based on tr
esonance techniques with15N/13C-labeled proteins (9, 10).
he quantitativeJ-correlation method (8, 11) relies on the
easurement of intensity differences between diagona

ross peaks in a 3D HNHA spectrum of15N-labeled proteins
he triple resonance-based methods, as well as the HNHA
elatively robust, but problems may be encountered with la
roteins. In the triple resonance-based experiments, the
tion during the evolution period may interfere with obser

1 To whom correspondence should be addressed.
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orrelations (12) and the accuracy is also somewhat limited
he resolution in a 3D spectrum.

The 2D HMQC-J experiment (13, 14) relies on measureme
f splittings in a resolution enhanced 2D1H–15N correlation
pectrum. This experiment inspired us to implementJ-multi-
lication (15, 16) for the measurement of homonuclear c
lings using a variation of the sensitivity-enhanced1H–15N
SQC (17). The resulting spectrum,J-multiplied sensitivity
nhanced HSQC (MJ-HSQC), allows direct observation o

3J(HNHa) coupling constants with very good water suppres
roperties.

DESCRIPTION OF THE PULSE SEQUENCE

The pulse sequence for MJ-HSQC is presented in Fig.
The response of the MJ-HSQC sequence was analyzed

roduct operator calculations neglecting the signs, trigono
ic factors, and homonuclearJ-evolutions during the thre
NEPT steps (20). The sequence starts with a common ho
uclear spin-echo sequence, where the delayt is incremente

n concert witht 1. The incrementt is a multiplet oft 1 incre-
ent (N 3 t 1). This results in modulation of the signal
omonuclear coupling(s). If an HNHaN system with the initia
tate being HZ

NH I
aN I (where I is the identity operator) is co

idered, the product operators after the 90(H)–t–180(H)–t prop-
gator are of type HY

NH I
aN I and HX

NHZ
aN I . The first one of thes

ives rise to a signal that is cosine modulated with the de
-coupling. The pulse sequence continues with an INEPT
D 5 1/(21JHN)) and subsequentt 1 evolution. After the INEPT
tep, the operators are of the form HZ

NH I
aNY and HY

NHX
aNY.

uring thet 1-period only the15N chemical shifts are active f
hese operators as the proton magnetization is refocused
entral 180(H)-pulse resulting in the operators HZ

NH I
aNY,

Z
NH I

aNX, HY
NHX

aNY, and HY
NHX

aNX. Both theY- andX-compo-
ents of the nitrogen magnetization are taken into acc
ecause of the sensitivity enhancement method. The 90(H)90(N)

ulse pair converts these into HY
NH I

aNZ, HY
NH I

aNX, HZ
NHX

aNZ,
nd HZ

NHX
aNX. After the refocusing delay,D, these hav

volved into HX
NH I

aN I , HY
NH I

aNX, HZ
NHX

aNZ, and HI
NHX

aNY

HZ
NHX

aNZ is not affected as there is no large coupling betw
1090-7807/99 $30.00
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a and15N). The 90 degree pulses withy-phases on proton an
itrogen and the secondD result in operators HZ

NH I
aN I ,

X
NH I

aN I , HX
NHZ

aNX, and HZ
NHZ

aNX, which will be converted int

FIG. 1. Pulse sequence for theJ-multiplied, sensitivity enhanced HSQC
egree hard rectangular pulses. Gradient pulses are represented with g
hite half-ellipse. All the pulses havex-phase unless otherwise indicated.
f t in concert witht 1 results in the multiplication of3J(HNHa) in the f 1-dim
, x, y, y, 2x, 2x, 2y, 2y, F 4 5 x, F 5 5 x, receiver5 x, x, 2x, 2x
imultaneously inverting the sign of gradient 5 and the phase ofF4. Axial pea
f F5 and receiver on every second increment. Decoupling of15N during
uppression can be further improved using weak bipolar gradients (0.2

FIG. 2. Expansion of the MJ-HSQC spectra of the Tec SH3 domain
M protein and 20 mM sodium phosphate buffer in 97% H2O/3% D2O at pH 6
ith 1152 (1H) 3 200 (15N) points and 16–128 scans per time increment
: 5.0 G/cm, 0.750 ms, gradient 2:215.0 G/cm, 1.500 ms, gradient 3: 30.0
s. A 90-degree shifted squared sine bell apodization function was us

orrelation for residue Glu26 are shown (d(1H) 5 7.54 ppm). The upper cor
Y
NH I

aN I , HX
NH I

aN I , HX
NHY

aNX, and HY
NHY

aNX by the last 90(H)-
ulse. Only the operators HY

NH I
aN I and HX

NH I
aN I (cosine mod

lated by3J(HNHa) in the f 1-dimension) contribute to obser

th gradient selection. Narrow white bars and wide black bars indicate 90
half-ellipses and a selective 90 degree pulse on water resonance is rented by a

lay5 1/(21JNH); the delayt is incremented in steps ofN 3 t 1. Incrementation
sion. The phase cycle employed isF 1 5 8(x), 8(2x), F 2 5 x, 2x, F 3 5
he N- and P-type coherences are recorded separately, which is achie
splacement is obtained via the States-TPPI method (18) by inverting the phas
acquisition was performed using the WALTZ-16 sequence (19). The wate

cm) during thet-periods to prevent the radiation damping (24).

sured at 298 K using a 500 MHz Varian Unity spectrometer. Sample co
ectral widths were 8000 Hz (1H) and 2100 Hz (15N). The spectra were acquir
the gradient pulses were block-shaped. Gradient 0: 4.0 G/cm, 1.000 m
cm, 1.250 ms, gradient 4: 4.0 G/cm, 0.500 ms, and gradient 5: 27.8 G/
n both dimensions. After zero-filling the matrix size was 20483 1024 points. Th
tion (d(1H) 5 7.73 ppm) originates from the side-chain amide proton of Gl
wi
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245COMMUNICATIONS
ble proton signal and are processed like an echo–ant
ataset to obtain pure absorptive in-phase signals. The ob
ble signal will be split by 2N 3 3J(HNHa) in thef 1-dimension
N can be any positive number).

RESULTS

We have tested the MJ-HSQC pulse sequence with the
H3 domain (65 amino acids), which is currently under st

ure determination in our laboratory. In Fig. 2, a series
J-HSQC spectra acquired with increasing values of the

iplication factor are shown for residue Glu26 (1H d 5 7.54
pm). The increase in the apparent coupling constant is cl
isible. In Fig. 3 the least-squares fitting of measured coup
onstants for this residue is presented. The line was fitt
hree experimental data points (spectra run with multiplica
actors 2N 5 3, 5, and 7) and extrapolated to 2N 5 1 yielding
he true three-bondJ-coupling. The extremely highR-factor
hows, however, that a fitting procedure is usually not ne
ary, and that3J(HNHa) values can simply be extracted from
ingle spectrum (measured, for example, with 2N 5 3). Ob-
iously, the accuracy of the obtained coupling values wil
ncreased (especially in case of small coupling constants
he fitting procedure.

Table 1 lists some of the coupling constants of the
omain of Tec, measured as mentioned above, together
alues from a common COSY spectrum. In order to eval
he accuracy of the MJ-HSQC experiment, we applied
biquitin, a protein with well-determined 3D structure. In F
, the MJ-HSQC spectrum of ubiquitin recorded using a m

iplication factor of three (2N 5 3) is presented. In Table 2
et of 3J(HNHa) values measured with MJ-HSQC are co
ared with values obtained with HNHA (12) and with value

FIG. 3. Least-squares fitting of the apparent3J(HNHa) coupling constant
or residue Glu26, measured with different multiplication factors.
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redicted from Karplus relationship (parametrized using
alues of Vuister and Bax (22)) calculated from the X-ra
tructure (23).

TABLE 1
Comparison of Measured 3J(HNHa) Coupling Constants (Hz)

for Some Residues of Tec SH3 Domaina

Residue COSY MJ method

M 12 7.33 5.90
F 15 7.88 6.78
A 17 6.09 4.46
D 22 6.88 6.32
L 23 8.30 8.15
E 26 7.27 6.55
R 27 9.38 8.34
L 32 7.07 6.22
I 33 9.36 9.02
L 34 9.98 9.44
V 39 — 3.00
R 43 9.28 8.51
A 44 9.81 8.91
I 54 7.95 8.72
N 57 6.52 5.73
S 64 6.44 6.67

a J-values from the MJ-method were obtained as mentioned in the tex
alues from the COSY spectrum were optimized by using the simu
nnealing line fitting procedure implemented in the FELIX program (21). Out
f these residues, D22, L23, L32–L34, R43, A44, and I54 are situat

ypical b-sheet structures and the others in turning regions.

FIG. 4. The MJ-HSQC spectrum (multiplication factor5 3) of ubiquitin
easured at 300 K, processed with a 90-degree shifted squared si
podization function in thef 2-dimension (spectral width5 9600 Hz, numbe
f points5 1024) and 70-degree shifted squared sine bell apodization fun

n the f 1-dimension (spectral width5 2000 Hz, number of time increments5
56). The spectrum was measured with two scans (relaxation delay5 1.0 s)
nd the total measurement time was about 17 min using a Bruker DRX
pectrometer. The15N labeled ubiquitin sample was obtained from VLI R
earch and the sample concentration was 1 mM (50 mM sodium pho
uffer in 90% H2O/10% D2O at pH 5.3).
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DISCUSSION AND CONCLUSIONS

Common methods for obtaining the3J(HNHa) values in
roteins are HNHA and HNCA-J. Whereas HNCA-J requ
ouble-labeled protein samples, the HNHA method is app
le also for 15N-labeled samples. As both methods invo

hree-dimensional spectra, the time needed to perform
xperiments can be quite long. The time needed to record
J-HSQC spectrum is short and the suppression perform

s very good. A drawback of the current method is line bro
ning in thef 1-dimension, which is caused by the simultane

ime incrementation during theJ-coupling and shift evolutio
eriods. In other words, the sampledt 1-increment for15N shift
orresponds to a period of (2N 1 1) 3 t 1 during which
elaxation is active (2N 3 t 1 for T2 relaxation of amid
rotons). This problem becomes an issue with larger pro
s theirT2 relaxation times are short. Furthermore, with lar
roteins, the achievable resolution in thef 1-domain will be low
ecause the signal intensity drops relatively fast during

1-time incrementation. Thus, the limiting factor of the te
ique is the transverse relaxation of the amide protons
stimate that current method will be applicable when am
roton linewidths are small (#10 Hz). This means it shou
ork well for peptides and proteins up to 100 amino a

esidues (the NH linewidths in the Tec SH3 domain were 7
z). One possibility to decrease the effect of the relaxa
uring the multiplication (delayst in Fig. 1) is to creat
ultiple quantum coherences. However, in our hands thi
ot give any improvement.
The accuracy of the current method (especially for s

oupling constant values) can be improved by using resol

TABLE 2
Comparison of Measured 3J(HNHa) Coupling Constants

of Some Residues of Ubiquitina

Residue MJ-HSQC HNHA (12) Karplus (22, 23)

E18 9.60 8.8 9.87
K27 3.21 3.4 4.21
D32 2.93 3.7 3.33
R54 9.58 9.2 7.47
I61 7.37 7.3 7.85
H68 9.48 9.6 9.41

a Results from MJ-HSQC (averages from spectra acquired with multip
ion factors 2N 5 3, 5, and 7), HNHA (12), and values calculated using t
arplus relationship from the X-ray structure (23).
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nhancement inf 1-domain and/or line fitting procedures for t
n-phase doublets, as the apparent coupling tends to be s
han the true value, when the two lines of the doublet ove
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