
f
b
T
c
e
t
t
b
t
d
t
b
a
i
1

m

c

p
n
M
r
a
a

b
c
d
i
c
a
S
e
t
O
T

Journal of Magnetic Resonance140,259–263 (1999)
Article ID jmre.1999.1820, available online at http://www.idealibrary.com on
COMMUNICATIONS

Pulse Sequences for Measurement of One-Bond 15N–1H Coupling
Constants in the Protein Backbone

Mathilde H. Lerche, Axel Meissner, Flemming M. Poulsen, and Ole Winneche Sørensen

Department of Chemistry, Carlsberg Laboratory, Gamle Carlsberg Vej 10, DK-2500 Valby, Denmark

Received March 8, 1999; revised May 17, 1999
ch
tio
sta
ea

tan

ts

wo
d-
r th
s a
ss
by
ibu
ure
cc

s nts in
t 2D
p
c t in
b s of
a lly, it
i ing a
s e apart
f

t
t talk
o
u . This
i
i e
S

gory
S ve
a t in
D ther
c order
e the
t
H
o in a
s the
T

ods
f e
p iteria
o thout
s the
T m-
m the
n e to
r pec-
t ther
A set of three improved two-dimensional (2D) NMR methods
or measuring one-bond 15N–1H coupling constants in the protein
ackbone is presented. They are tailored to suit the size of the
ROSY effect, i.e., the degree of interference between dipolar and
hemical shift anisotropy relaxation mechanisms. The methods
dit 2D spectra into two separate subspectra corresponding to the
wo possible spin states of the coupling partner. Cross talk between
he two subspectra is a second order effect in the difference
etween the actual coupling constants and the one used in setting
he pertinent delays of the pulse sequences. This relatively high
egree of editing accuracy makes the methods useful for applica-
ions to molecules subjected to weak alignment where the one-
ond coupling constants are linear combinations of a scalar J and
residual dipolar contribution containing important structural

nformation. A demonstration of the new methods is shown for the
5N-labeled protein chymotrypsin inhibitor 2 in a lipid bicelle

ixture. © 1999 Academic Press

Key Words: S3CT; TROSY; bicelles; residual dipolar coupling
onstants.

It has long been known that heteronuclear one-bondJ cou-
ling constants between a proton and another directly atta
ucleus in a protein backbone contain structural informa
oreover, measurements of these one-bond coupling con

ecently became very important when the methods for w
lignment of proteins made residual dipolar coupling cons
ccessible (1, 2).
A convenient way of measuring such coupling constan

y spin-state selective (S3) techniques (3–10), where the two
omponents of doublets or two or four components of t
imensional (2D) multiplets ofI–S two-spin systems are e

ted into separate subspectra. In particular, two criteria fo
hoice of pulse sequence are relevant. First of all, it i
lways of interest to keep pulse sequences as short as po
econd, it is necessary that the pulse sequences and there
diting into subspectra are relatively insensitive to a distr

ion in the sizes of the coupling constants to be meas
therwise, cross talk between the edited subspectra will o

hat is not a problem if peaks from different sites are wes
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eparated but it reduces the accuracy of the measureme
he case of partially overlapping peaks as is typical in
rotein NMR spectra. For example, one-bond1JNH coupling
onstants in proteins cover a relatively narrow range bu
icelle solution with a small degree of alignment, variation
bout 10–15% around an average value are typical. Fina

s also an advantage if the data necessary for produc
ubspectrum are all generated by the same pulse sequenc
rom phase shifts of some pulses.

Techniques within the S3E category (4, 5, 9) have the lowes
olerance of variation in the coupling constants as cross
ccurs to first order inDJ 5 uJ 2 J0u whereJ0 is the value
sed in setting the pertinent delays of the pulse sequences

s a disadvantage except for applications involving, e.g.,1JNH

n isotropic solution (11), and it is not outweighed by th
3E-type elements having a duration of only (4J)21.
Another type of technique is represented by the cate

3CT (6) including S3P (7) or IPAP (10). These elements ha
duration (2J)21, but as cross talk is a second order effec
J, they are useful for studies in bicelle solutions. Yet ano
ategory of technique where cross talk is also a second
ffect in DJ is represented by the method known under

hree acronyms TROSY (12), Double S3CT (13), and a,b-
SQC-a,b (14). The duration of this element isJ21 but it is
ptimized with respect to transverse relaxation resulting
ensitivity advantage for large molecules, i.e., when
ROSY effect is large.
It is the purpose of this Communication to present meth

or measuring one-bond15N–1H coupling constants in th
rotein backbone that are attractive with respect to the cr
f editing accuracy and length of the pulse sequences. Wi
trict quantitative limits we distinguish three ranges of
ROSY effect for which different experiments are reco
ended: small, intermediate, and large. We further use
omenclature of the TROSY and anti-TROSY resonanc
efer to the narrow and the broad lines of doublets, res
ively. Finally, the line observed when decoupling the o

llpin is referred to as neutral with respect to the TROSY effect.
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FIG. 1. 2D pulse sequences for measurement of one-bondI–S (1H–15N) coupling constants with editing intoa andb subspectra. Except for the first pu
equence, the1H (theI spin) carrier frequency must be on-resonance for the water signal. Filled and open bars representp/2 andp pulses, respectively. Selecti
/2 Watergate (15) pulses are shown as open bell shapes. The phases are indicated below the pulses.c9 5 c 1 p/2, w9I 5 w I 1 p/2, andx9 5 x 1 p/2 with
5 w I 1 c 1 p. The prefix6 on the phase of thep/ 2(S) pulse precedingt 1 indicates an independent high priority two-step phase cycle with opposite re

hase. All other phase cycles below occur at constant receiver phase. The phases in the initial INEPT transfer are adjusted to return the water magnetization to
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In Fig. 1a is shown the 2D S3CT pulse sequence (6) tailored
or small TROSY effects. It employs the scheme of Moriet al.
16, 17) to avoid saturating the water. The S3CT sequenc
ields two 2D subspectra with the coupledI -spin resonances
he v2 dimension corresponding to theS spin being in thea
ndb states, respectively, while theI -decoupledS-spin chem

cal shifts are observed in thev1 dimension. The pulse s
uence is very short, but it requires observation of neutral/
ROSY peaks in one of the subspectra limiting its applica

o molecules with small TROSY effects.
For intermediate TROSY effects a higher sensitivity will

btained by the pulse sequence outlined in Fig. 1b w
o-called semi-TROSY peaks are observed, i.e., TROSY
ROSY and anti-TROSY/TROSY. In other words, in comp

son to the method of Fig. 1a, neutral in one of the dimens
s replaced by TROSY for the peak of lowest intensity.
ulse sequence is a special case of Double S3CT (13), while the
asic setup is the same as that used by Ranceet al. (17). The
equired linear combinations of data sets have also been
ested by Anderssonet al. (14).
In systems where large TROSY effects prevail it is unatt

ive to have anti-TROSY in one of the dimensions. Hence
uggest using the genuine TROSY approach to obtain e
ively the TROSY peak (i.e., TROSY resonance in both
ensions) by the pulse sequence in Fig. 1c for this applica
his spectrum must be supplemented by a spectrum h
eutral/TROSY or TROSY/neutral peaks. To obtain s
eaks either the sequence in Fig. 1a selecting only the TR
esonances inv2 or the sequence in Fig. 1d selecting
ROSY resonances inv1 can be used. The price to pay for

mproved sensitivity of this approach compared to the on
he semi-TROSY peaks is a reduction in the peak separa
o half their values. In particular when the sequence in Fig
ith S-spin multipulse decoupling during acquisition is use

s important to record the two subspectra in an interlea

he 1z axis before acquisition.t is (2JXH)21, andd is a gradient delay. Apa
eld gradients are arranged in self-compensating pairs. The gradients2G and
ntil the delays are large enough to accommodate them. (a) S3CT pulse sequ
ecorded both withu 5 c and withu 5 c 1 p, and the same for B: (w 5 y,
or the two subspectra: (A2 B)u5c and (A1 B)u5c1p are echo and antiecho,
re echo and antiecho, respectively, for the left multiplet components. Th
f 8 data sets: A: (w 5 x, 2x, x, 2x; c 5 x, x, 2x, 2x), B: (w 5 y, 2
: (w 5 y, 2y, y, 2y; c 5 y, y, 2y, 2y), all for u 5 c and foru 5 c 1
ield the echo and antiecho parts, respectively, for the right multiplet c
ombinations {(A2 B) 2 (C 2 D)} u5c1p and {(A 1 B) 1 (C 1 D)} u5c, res
e suppressed by an independent (x, 2x) two-step phase cycle of this puls
he phasec is cycled to create two data sets that contain both semi-TRO
c 5 x, 2x) is recorded with (w I 5 y; wS 5 2y) and with (w I 5 2y; wS 5 y)
re echo and antiecho, respectively, for the subspectrum containing the
nd antiecho, respectively, for the subspectrum containing the lower left
y the shaded pulsed field gradients. For1H and 15N spins the echo is obta

y; wS 5 y, G1 5 28, G2 5 2, G3 5 3. (d) TROSY sequence with de
ettings in this figure apply for Varian Unity Inova spectrometers; for Br
nverted in the sequences in (c) and (d) (13).
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fashion. Otherwise, temperature effects may slightly shift
peaks.

It should be noted that the sequences in Figs. 1c and 1d
also be realized with the setup of Fig. 1b withoutd delays if the
gradient enhanced heteronuclear echo or antiecho sel
improving the water suppression is dispensed with. In
absence of pulse imperfections and the TROSY effect,
ignoring different relaxation during the experiments, all p
sequences in Fig. 1 exhibit identical sensitivity for the pe
they produce. Furthermore, although not observed in ou
spectra of a relative small protein (vide infra), all the exp
ments in Fig. 1 are susceptible to artifacts caused by diffe
relaxation rates of the various coherences present durin
mixing sequences (17).

An experimental demonstration of the described metho
shown in Fig. 2 with excerpts from15N–1H 2D spectra o
15N-labeled chymotrypsin inhibitor 2 (CI2) recorded with
pulse sequences in Fig. 1. The pairs of edited subspectra a
all three methods plotted in plain and dashed contours, re
tively. It is clear that the methods presented offer a conve
and sensitive means of measuring one-bond15N–1H coupling
constants in bicelle solution. Figure 3 shows sections t
through three of the peaks in Fig. 2 and underscores the
editing accuracy and excellent tolerance of a distributio
coupling constants.

CI2 was expressed, purified, and15N-labeled as describe
previously (18, 19). Dimyristoyl-phosphatidylcholine (DMPC

nd dihexanoyl-phosphatidylcholine (DHPC) were purch
rom Avanti Polar Lipids, Inc. (Alabaster, AL). A DMPC
HPC stock solution of 18% w/v was prepared with a rati
.3:1. The phospholipids were weighed under argon and
olved in two steps. First the readily solvable DHPC
issolved in a buffer solution (10 mM phosphate, pH 6.5,
M NaN3 in 90% H2O/10% D2O) that subsequently was add

to the DMPC. In order for the DMPC to dissolve complet

from the initial purge gradient in (b) and where otherwise indicated, the
during thet 1 periods in (a) and (b) are omitted for the first fewt 1 increments

ce where the phasesw andu are cycled to create four data sets: A: (w 5 x, 2x)
y). Appropriate linear combinations yield the pairs of echo/antiecho dat
spectively, for the right multiplet components while (A2 B)u5c1p and (A1 B)u5c

phase cycle can be extended by cyclingc in a manner similar tow resulting in a tota
y, 2y; c 5 x, x, 2x, 2x), C: (w 5 x, 2x, x, 2x; c 5 y, y, 2y, 2y),
The combinations {(A2 B) 2 (C 2 D)} u5c and {(A 1 B) 1 (C 1 D)} u5c1p

ponents. For the left multiplet components, echo and antiecho are obtaed by the
ctively. An imperfectp I pulse during thet 1 period generates artifacts that c
t constant receiver phase. (b) Pulse sequences for recording semi-TRO
Y resonances of the multiplets for the echo and antiecho pathways, res
nd the same for B: (c 5 y, 2y). Then (A2 B)wI5y; wS52y and (A1 B)wI52y; wS5y

er right multiplet components while (A2 B)wI52y; wS5y and (A1 B)wI5y; wS52y are echo
ultiplet components. (c) TROSY sequence where echo/antiecho selectiois achieved
ed forw I 5 2y; wS 5 2y, G1 5 27, G2 5 3, G3 5 2, and antiecho forw I

upling int 2 employing the same phase and gradient settings as in (c). All
r instruments the phase of the firstp I pulse must be shifted byp/2 andw I andwS
rt
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his solution was placed on a shaker at 20°C for 3 days. D
icelle NMR samples were obtained by the addition of bu

o the bicelle stock solution and subsequently adding this d
icelle solution to freeze-dried protein. The resulting NMR s
le was 1 mM15N-labeled CI2 in a 4% w/v DMPC:DHPC 3.3:

FIG. 2. Excerpts from the 2D S3CT spectrum (pulse sequence in Fig.
a), the semi-TROSY spectrum (pulse sequence in Fig. 1b) (b), an
ROSY andv2-decoupled TROSY spectra recorded with the pulse sequ

n Figs. 1c and 1d, respectively (c), of 1 mM15N-labeled CI2. The protein wa
issolved in a 10 mM phosphate, pH 6.5, 0.15 mM NaN3, 4% DMPC/DHPC
.3:1 solution of 90% H2O/10% D2O and measured at 37°C. The spectra w
ll recorded on a Varian Unity Inova 750 MHz spectrometer and proc
ith the Bruker XWINNMR software package after a short C program
ade the required linear combinations of data. Parameters applied
xperiments: relaxation delay 1.5 s;t 5 5.26 ms;d 5 1.1 ms;t 1(max)5 32.6
s; and a total of 32 scans for each set of experiments. Spectral widths o
z in the 15N and 12,000 Hz in the1H dimension were recorded in a d
atrix of 2563 1024 points. The subspectra were combined as describ

he legend of Fig. 1. All spectra were zero-filled to 20483 4096 points prio
o Fourier transformation and cosine window functions were applied in
imensions. The two edited subspectra (plain and dashed contours) prov
easurement of1JNH 1 1DNH in (a) and (b) and of (1JNH 1 1DNH)/2 in (c). The

oupling constants indicated are measured from 1D sections like those
n Fig. 3 with a precision of about60.2 Hz. A higher accuracy can be obtain
y taking the entire 2D peakshapes into account. TheJ coupling constant

ritten in italic are those measured in isotropic phase.
te
r
te
-

In conclusion, we have described a set of three method
easurement of heteronuclear one-bond coupling cons

overing the range of the TROSY effect, i.e., the degre
nterference between dipolar and chemical shift anisot
elaxation mechanisms. The merits of the methods are
ively short pulse sequences and a high degree of ed
ccuracy that is crucial in applications to proteins or o
iomolecules dissolved in bicelles or similar media enforci
mall degree of molecular alignment.
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