
a
p
t
l
o
c
v
c
c
P

o
n
T
p
h
R
s
I
H
l
a
t
S
l
1
H
t

s
p
4
a
W
p
c
H

Journal of Magnetic Resonance140,510–512 (1999)
Article ID jmre.1999.1899, available online at http://www.idealibrary.com on

1
C
A

Observation of Through-Hydrogen-Bond 2hJHC9

in a Perdeuterated Protein

Florence Cordier,* Marco Rogowski,† Stephan Grzesiek,*,† and Ad Bax‡

* Institute of Structural Biology, Forschungszentrum Ju¨lich, 52425 Ju¨lich, Germany;†Institute of Physical Biology, Heinrich-Heine Universita¨t,
40225 Düsseldorf, Germany; and‡Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases,

National Institutes of Health, Bethesda, Maryland 20892-0520

Received July 30, 1999
sen
) i

as
lue

ly

os
nd
n
ina

b
s

e p
e.

f
-
.
in

id

en
fro

t iza-
t

It is
a
p de-
a e
b ide
r This
i clear

ter-
a
p s

y
u mide
p the
t . If
n rms
w
w ally
d tions
o not
e ably
g use
o

t
p t
o
m
H t
o
p of

ith
t
s
p dro-
g , in
p sly in
t ng.
It is demonstrated that J connectivity between amide protons
nd hydrogen-bond-accepting carbonyl carbons can be observed in
erdeuterated human ubiquitin. A selective pulse scheme is used
o detect these small 2hJHC* interactions in the presence of the much
arger through-covalent-bond 2JHC* and 3JHC* couplings. The ratio
f the observed through-H-bond correlation intensity and the 2JHC*

onnectivity observed in a reference spectrum indicates 2hJHC*

alues of ca. 0.4–0.6 Hz, which are only slightly smaller than the
orresponding 3hJNC* values. However, for technical reasons, 2hJHC*

ouplings are more difficult to measure than 3hJNC*. © 1999 Academic

ress

A number of recent studies have demonstrated the pre
f substantialJ couplings across hydrogen bonds (H-bonds
ucleic acids, sugars, proteins, and other molecules (1–10).
he 2hJNN coupling across the H-bond in Watson–Crick b
airs is particularly large (6–7 Hz), and even larger va
ave been reported for other types of base pairing (3, 4).
emarkably, the corresponding1hJHN coupling is considerab
maller (2–4 Hz) and therefore more difficult to detect (2, 4).
n proteins, 15N–13C9 connectivities can be detected acr
-bonds (6–9), and3hJNC9 values closely correlate with H-bo

ength (8). Through-H-bond2hJH–Hg/Cd connectivities betwee
mide protons H-bonded to the sulfur atoms which coord

he metal (Hg or Cd) in rubredoxin were first observed
ummers and co-workers (11, 12), and were found to be a

arge as 4 Hz. However, despite repeated attempts over th
0 years, detection of2hJHC9 connectivity has remained elusiv
ere, we report the first measurement of suchJ couplings in

he small globular protein ubiquitin.
In proteins that are uniformly enriched in13C9, detection o

mall, through-hydrogen-bond2hJHC9 connectivities is ham
ered by the presence of the relatively large2JHC9 coupling (ca
Hz), and by the intraresidue3JHC9 coupling, which depends
Karplus-like manner on the intervening dihedral anglef.
hen attempting to transfer magnetization from a given am

roton to its H-bonded13C9, the much larger2JHC9 and 3JHC9

ouplings interfere with this process and make it ineffici
owever, if band-selective pulses are used, interference
510090-7807/99 $30.00
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he 2JHC9 and 3JHC9 couplings can be avoided, and magnet
ion transfer can be “focused” on the2hJHC9 of interest.

The pulse scheme used in this study is shown in Fig. 1.
variation on the regular HMQC experiment (13), with two

airs of 180°13C9/1HN pulses inserted at the midpoint of the
nd rephasing delays, 2T. Both 13C9 and 1HN 180° pulses ar
and-selective. The1H 180° pulse covers the entire am
egion but avoids excitation of the water resonance.
mproves water suppression and also avoids homonu

1H–1H J modulation (for protonated or incompletely deu
ted proteins). The inversion profile of the 6.6 ms13C 180° sinc
ulse covers approximately a bandwidth of650 Hz and leave

13C spins more than 150 Hz from the13C carrier essentiall
naffected. This ensures that only couplings between a
rotons and selected13C9 spins can yield antiphase terms of

ype sin(2pJT) HxC9z at the end of the dephasing period
onselective13C9 180° pulses were used, higher order te
ould also be generated. Although three-spin terms, HyC91zC92z,
ill be eliminated by the phase cycling, they can dramatic
ecrease sensitivity of the through-hydrogen-bond correla
f interest. Four-spin terms generally will be small, but are
liminated by the phase cycle of Fig. 1 and could conceiv
ive rise to confusing correlations in the 2D spectrum. The
f selective13C9 pulses avoids generation of such terms.
If only a single13C9, J-coupled to a given HN, is inverted by

he shaped13C9 pulse, the HxC9z term present at timea in the
ulse scheme of Fig. 1 will be converted into HxC9y at the star
f the t 1 evolution period, and at the end oft 1 (time pointb),
agnetization is converted back into sin(2pJT)cos(VC9t 1)
xC9z, which refocuses to sin2(2pJT)cos(VC9t 1) Hy at the star
f the detection period. Thus, the HN–C9 intensity will be
roportional to sin2(2pJT). In order to measure the value

2hJHC9, the experiment of Fig. 1 is carried out twice: once w
he 13C carrier at the position of the preceding13C9 (corre-
ponding to2JHC9 connectivity), and once with the13C9 shaped
ulse applied at the frequency of the carbonyl which is hy
en bonded to the HN of interest. As is demonstrated below
ractice, several couplings can be measured simultaneou

his manner, although the method remains time consumi
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The measurement is demonstrated for uniformly15N/13C/2H-
abeled ubiquitin, prepared as described by Sasset al.(14). The
ample contained 4 mg of protein in 300ml 95:5 H2O/D2O, pH
.5, 10 mM phosphate. Experiments were carried ou
ruker DMX-600 and DRX-600 spectrometers, equipped

riple resonance, 3-axis pulsed field gradient probeheads.
ra were recorded as 128*3 1024* data matrices, with acqu
ition times of 75 (t 1) and 120 (t 2) ms. For the referenc
pectrum, aimed at observation of2JHC9 connectivity, eigh
ransients per complext 1 increment were acquired (total tim
3 min); for the spectrum aimed at detection of2hJHC9 connec

ivity, 320 scans per complext 1 increment were taken (22 h
Figure 2B shows an example of2hJHC9 connectivity for the

-bonds between Val70–HN and Arg42-C9 and between Ile44-HN

nd His68-C9. Also visible are two intraresidue3JHC9 connectivities
or Val70 and Val17, which previously were measured to be 0
nd 1.46 Hz, respectively (15). A strong resonance connect
eu67-HN and Thr66-C9 corresponds to2JHC9. Figure 2A shows th
orresponding reference spectrum, which differs only by a sh
he 13C9 position from 173.8 to 175.3 ppm and a 40-fold sma
umber of scans. Here, only the relatively large2JHC9 couplings
ca. 4.5 Hz) give rise to the observed correlations.

The intensity ratios of the V70/R42 and I44/H68 peak
ig. 2B to the respective reference peaks in Fig. 2A, w
orrespond to sin2(2p 2hJHC9 T)/sin2(2p2JHC9 T) with 2JHC9 5
.0 Hz (Ile44) and 4.5 Hz (Val70) and 2T 5 76 ms, yields

2hJHC9 5 0.596 0.04 Hz for 2hJHC9(I44/H68) and 0.546 0.04
z for 2hJHC9(V70/R42). Similarly, the Val70 intraresidue3JHC9

oupling derived from the intensity ratio corresponds to 1.0
n fair agreement with the 0.836 0.1 Hz value previousl

easured with an E.COSY method (15).
Using five separate experiments, a total of eight2hJHC9 values
ere measured in ubiquitin. Assuming a linear correla

2hJ 5 A 3hJ 1 B, best fitting yieldsA 5 1.08 6 0.24

FIG. 1. Pulse scheme of the selective 2D1HN–13C9 HMQC experiment,
orrespond to flip angles of 90° and 180°, respectively. All pulses phases ax, un
urations of 6.6 ms (180°) and 200ms (90°).1H 90° and 180° pulses are rectan
for experiments at 600 MHz), such that excitation of the H2O resonance is minim
he 13Cf3

a 180° decoupling pulse is rectangular, with a duration of 47ms, which a
not shown) is used throughout the entire pulse sequence, except for the de
t to 76 ms, slightly shorter than the average amide protonT2, which was measu
(y), 4(2y); Receiver5 x,2(2x),x. Quadrature in thet1 dimension is obtained
mplitudes of 30 G/cm durations;G1,2,3 5 0.5, 0.2, and 0.2 ms, and directionsz,x
HC9 NC9
n
h
ec-

in
r

h

,

,

ndB 5 20.096 0.14 Hz,with a correlation coefficientR 5
.94(Fig. 3). As for large hydrogen bond lengths both type
ouplings go to zero, the constantB may be assumed to
ero, yielding2hJHC9 5 (0.94 6 0.02) 3 3hJNC9. Although, on
verage,2hJHC9 is only slightly smaller than3hJNC9,

2hJHC9 values
re considerably more difficult to measure than3hJNC9 interac-

ions. Detection of the2hJHC9 connectivities is hampered by t
elatively large linewidth of the amide proton, HN, and also by
he presence of two-bond sequential2JHC9 couplings and intra

d to detect through-hydrogen-bond2hJHC9 connectivity. Narrow and wide puls
specified.13C9 pulses have the shape of the center lobe of a (sinx)/x function and

lar and have durations of 360 (90°) and 320ms (180°), with the1H carrier at 9.2 ppm
d and1H–1H J modulation for incompletely deuterated residues is strongly red
ds excitation of the13C9 resonances.15N synchronous composite pulse decoup
period between scans. The dephasing period, 2T, was optimized for sensitivity by settin
to be ca. 90 ms. Phase cycling:f1 5 x, 2x; f2 5 2(x), 2(2x); f3 5 4(x), 4(2x),
States-TPPI phase incrementation off1. Gradients are sine-bell-shaped, with p
ndy, respectively.

FIG. 2. Small sections of the 600 MHz 2D selective1HN–13C9 HMQC
pectra of U–2H/13C/15N ubiquitin, recorded in H2O with the pulse scheme
ig. 1. The13C9 carrier was set to 175.3 ppm (A) and 173.8 ppm (B).

eference spectrum (A) was recorded with 8 scans pert 1 increment and show
nly sequential1H i

N–13C9i21 connectivities, through the large (ca. 4.5 Hz)2JHC9

oupling. Spectrum (B), recorded with 320 scans pert 1 increment, show
hrough-hydrogen-bondJ connectivities (V70/R42 and I44/H68), in additi
o intraresidue correlations (V70/V70 and V17/V17) and one sequentia
elation (L67/T66).
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esidue three-bond3JHC9 interactions, which make it necess
o use selective experiments. Deuteration of the nonexch
ble hydrogens, as used in the present study, increasesN

2 values more than twofold, but they remain consider
25–50%) shorter than the corresponding15N T2. Considering
he small magnitude of2hJHC9, it is not expected that routin
etection of such interactions will become widely used
roteins, but similar interactions might be measured m
asily in smaller systems, or in cases where very strong
rogen bonding gives rise to much larger values.
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