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The new concept of slaved pulses is evaluated in the context of
he study of protein hydration. The inversion properties of these
ulses are shown to be superior in quality to the previously pub-

ished schemes. High-quality water selective homonuclear 2D 1H
OESY–NOESY and NOESY–TOCSY experiments were re-

orded on horse heart ferrocytochrome c. © 1999 Academic Press

Key Words: selective water inversion; radiation damping; feed-
ack field; slaved pulses; ferrocytochrome c; protein hydration.

INTRODUCTION

Since the pioneering work of Otting and Wu¨thrich (1–5),
hich proved the feasibility of studying protein hydration
MR, extensive work has been directed in this area. Dete
OEs or ROEs between water molecules and protein pro
llows the precise location of the bound water molecules
etermined and sheds additional light on the structure

unction of the protein.
Whereas the initial studies were conducted using 3D1H

omonuclear experiments, it quickly became apparent
hese methods were too time-consuming and that they
dvantageously be replaced by water selective 2D1H homo-
uclear experiments (6, 7).
These experiments rely on the selective excitation of w
agnetization, which is then subjected to a first mixing pe
uring which part of the water magnetization is transfe

hrough chemical exchange or dipolar cross relaxation to
ein protons. In order to help in the assignment proces
econd mixing period is usually included to provide a sec
imension. In practice, the most commonly used water s
ive homonuclear 2D experiments are NOESY–NOE
OESY–TOCSY, ROESY–NOESY, and ROESY–TOCSY
The main difficulty in these experiments consists of prop

nd selectively exciting the intense water resonance. The
omenon of radiation damping (8) will tend to counteract th
ffect of the selective pulse and to bring the water magne

ion back along the1Z axis, therefore preventing a go
nversion of the water signal. A lesser degree of water ex
ion means that less water is available for NOE, ROE
xchange transfers and that the resulting 2D spectra will
oorer quality. This phenomenon becomes more pronou
ith increasing magnetic fields.
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Several solutions have been proposed in the literatu
vercome this problem, including the use ofQ-switched
robes (9, 10) and the use of bipolar gradients between
uccessive points of a shaped pulse (11). Currently, the mos
opular approach, proposed by Dalvitet al. (12, 13), is based
n a selective spin echo. This approach uses a 180°
elective pulse surrounded by two identical gradients to s
he transverse magnetization of the water signal. In ord
chieve sufficient selectivity, a 50-ms Gaussian pulse is us
mployed. This sequence is particularly easy to implemen
roduces high-quality spectra; however, as will be seen be

t is very sensitive to diffusion and relaxation effects.

RESULTS AND DISCUSSION

In this article, we evaluate a radically different approach
electively inverting the water signal which is based on
ontrol of radiation damping by an electronic circuit (14–17).
riefly, the principle of this technique is to use an electro
evice that can detect the water signal and subject it to

ollowing manipulations. The signal is first demodulated
udio frequency, then filtered at the water frequency,
nally remodulated before being fed back into the probe
he appropriate phase and amplitude. A detailed descripti
he system can be found in Refs. (14) and (16). The feedbac
eld is water-magnetization-dependent and is a faithful im
f the transverse water magnetization present in the samp

his manner, depending on the phase of the feedback sig
s possible to cancel or to accelerate radiation dampin
articularly useful application of this system, which was o

nally proposed by the group of Jean-Yves Lallemand (18), is
o invert the water signal very efficiently. In order to achi
hat purpose, the feedback field must satisfy two condition
hase must be shifted by 180° with respect to the radi
amping field and its intensity must be superior to that of
adiation damping field. The overall effect is therefore no
ring the water magnetization along the1Z axis but along th
Z axis (18). Practically, starting from equilibrium magne

ation, a short nonselective RF pulse that slightly tilts
agnetization away from equilibrium generates enough t

erse water magnetization to initiate the inversion process
onselective pulse is applied using the standard proton ch
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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FIG. 1. Pulse calibration of an inversion slaved pulse (1Mz3 2Mz). The pulse is incremented from 5-ms by 5-ms steps (see legend to Fig. 3 for the
ulse scheme and experimental details).
nts (see
FIG. 2. Inversion profile (1Mz3 2Mz) of a 40-ms slaved pulse. The profile was obtained by varying the remodulation frequency in 1-Hz increme
egend to Fig. 3 for the actual pulse scheme and for experimental details).
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109EVALUATION OF SLAVED PULSES TO STUDY PROTEIN HYDRATION
f the instrument whereas the feedback pulse is gene
sing a separate channel that contains the radiation dam
oard. Since, as explained previously, the two pulses mus
definite phase relationship, a perfect phase coherence

xist between the two channels of the spectrometer used f
xperiment. This requirement is, however, not a handicap

t is a standard feature of modern spectrometers.
This technique allows all of the water signal to be inve

ery efficiently leading to spectra with enhanced sensiti
he nature of the feedback pulse compared to that of clas
F pulses commonly used in NMR is very peculiar. As
cribed by Abergel (18), the shape, the phase, and the am
ude of the feedback pulse are solely water-magnetiza
ependent. The pulse can be thought of as slaved to the
agnetization. It has the very intriguing and interesting p
rty of dropping to zero intensity as soon as the water is a

he 1Z or 2Z axis. In that case, the projection of the wa
agnetization onto the (x, y) plane is close to zero and t

laved pulse almost vanishes.
The pulse calibration of Fig. 1 reveals some interes

eatures as to the way these pulses operate. In that examp
ater is entirely inverted after 40 ms and the transition re

s quite narrow. This is an interesting property since trans
OE effects that occur during the pulse will be reduced

FIG. 3. (A) Water selective 1D NOESY experiment using a slaved p
nd the slaved pulse is applied over 40 ms using a separate channel of t
f the slaved pulse, the water magnetization is either brought to the2Z axis

ndicated otherwise. The gradientG1 prevents radiation damping duringtm1 (1
elective 1D NOESY experiment using a selective spin echo (12, 13). A 180
ed
ing
ar
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entioned previously, once the slaved pulse has inverte
ater magnetization, its intensity drops to a very small v

hat is sufficient to maintain the water magnetization along
Z axis. An immediate advantage is that these pulses ar

ery sensitive to pulse misadjustment. Once past a g
hreshold for the pulse length, the water always ends up a
he 2Z axis. As mentioned previously, in order to achi
ater inversion, the slaved pulse must have a well-de
hase with respect to the initial short nonselective pulse. H
ver, the phase setting is not critical and water inversion o
ith the same efficiency over a 40° range (data not sho
he pulse calibrations are obviously probe- and sample-de
ent since the intensity of the radiation damping field dep
n theQ factor of the probe and on the quantity of H2O presen

n the sample. The quality of the inversion is quite satisfac
ince the integral of the inverted water signal using a 40
laved pulse is equal to 85% of the signal recorded w
onselective 90° pulse.
The slaved pulse has the very valuable property of b

xtremely selective. An excitation profile recorded by kee
he demodulation frequency constant and by stepping th
odulation frequency in 1-Hz steps is shown in Fig. 2. Th
ata show that a 40-ms slaved pulse exhibits a selectivity
z with very sharp transition regions. The 50-ms Gaus

e to invert the water signal. Thed pulse is a short nonselective pulse of abou
pectrometer that contains the radiation damping control board. Accordinthe phase
ase1x) or to the1Z axis (phase2x). The phase of the pulses is1x unless
Water suppression is achieved through a Watergate block (20, 21). (B) Water
aussian pulse of length 50 ms is used to select the water magnetizatio
uls
he s
(ph
9).
° G



p y o
a

tw
w w
u Fi
3 .
t lav
p at
m k

a e
b with
w d. To
i een
t nt of
s
g water
m e
m gate

D triple axis
g g. 3B with 64
s
w d a 100-ms
m

110 BORNET, GUERLESQUIN, AND PIOTTO
ulse typically used in Dalvit’s experiment has a selectivit
bout 40 Hz.
In order to check the relative performances of these
ater inversion schemes, the pulse sequences of Fig. 3
sed to record water selective 1D NOESY experiments. In
A, the pulse sequence using a slaved pulse is describedd is

he small nonselective pulse that precedes the actual s
ulse. According to the phase of the slaved pulse, the w
agnetization is either inverted (phase1x) or brought bac

FIG. 4. Comparison of the results obtained with the two sequences

2O, containing 50 mM phosphate buffer (pH 5.9) at 300 K. A 500-MHz
radients was used. (A) Reference 1D spectrum recorded with 8 scans
cans and a 100-ms mixing time. A 50-ms Gaussian pulse was used to
as 0.25,25, and 20 G cm21, respectively. (C) Spectrum recorded with
ixing time. The strength of the 1-ms gradientsG1y andG3x was about 0
f

o
ere
g.

ed
er

long the 1Z axis (phase2x). By taking the differenc
etween the two spectra, only the protons in interaction
ater (chemical exchange or dipolar effects) are selecte

ncrease the efficiency of the magnetization transfer betw
he water molecules and the protein, a constant gradie
trengthG1 is applied during the whole mixing time (19). This
radient suppresses radiation damping and allows the
agnetization to be kept along the2Z axis during the whol
ixing time. Water suppression is achieved by a Water

ig. 3 on a 10 mM sample of horse heart ferrocytochromec in 90% H2O and 10%
X Bruker spectrometer equipped with a HCN probe and self-shielded

d presaturation. (B) Spectrum recorded with the sequence shown in Fi
ect the water magnetization. The strength of the 1-ms gradientsG1y, G2x, andG3x
sequence shown in Fig. 3A using 64 scans, a 40-ms slaved pulse, an
and 20 G cm21, respectively.
of F
DR
an
sel

the
.25
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111EVALUATION OF SLAVED PULSES TO STUDY PROTEIN HYDRATION
lock (20, 21) prior to detection. Figure 3B describes the wa
elective 1D NOESY experiment using a selective grad
cho. The phase cycling of the 180° selective pulse bring
ater alternatively along the1Z axis or along the2Z axis.
he difference between the two spectra shows again onl
rotons in interaction with water. Apart from the invers
cheme, the two sequences are identical. The sequence
A is potentially more sensitive to subtraction artifacts res

ng from instrument instability since the signals of the non
hangeable protons have to be suppressed completely b
hase cycling. Figure 3B, on the other hand, defocuses

FIG. 5. Comparison of the results obtained with the two sequences
onditions as Fig. 4. (A) Reference 1D spectrum recorded in 8 scans w
nd a 100-ms mixing time. (C) Spectrum recorded using the sequence
r
nt
he

he

Fig.
t-
-
the
se

ignals before the mixing time, therefore minimizing the
ensity of the signals that have to be subtracted. These s
an, however, relax during the mixing time (tm1) and reach a
mportant intensity when long mixing times are used. Dip
eld effects (22) can also affect the quality of the subtract
rocess; however, control experiments (23) run with a shor
ixing time (1 ms) show only signals originating from f
xchangeable protons and no protein signals in the alip
egion, proving the quality of the subtraction process.

The results obtained on a 10 mM ferrocytochromec sample
n 90% H2O (Fig. 4) show clearly that the two pulse sequen

Fig. 3 on a 2 mMsample of lysozyme in 90% H2O and 10% D2O under the sam
presaturation. (B) Spectrum recorded using the sequence of Fig. 3B wns
own in Fig. 3A with 128 scans, a 40-ms slaved pulse, and a 100-ms m
of
ith
sh
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112 BORNET, GUERLESQUIN, AND PIOTTO
roduce artifact-free spectra with the same information
ent. However, it is immediately clear that the spectrum
orded with a slaved pulse exhibits a signal-to-noise impr
ent that approaches a factor of 2. This important differen

ignal-to-noise originates from diffusion or/and relaxation
ects taking place during the 50-ms Gaussian pulse. In ord
ifferentiate between the two effects, spectra were reco
ith different gradient strengths to select the water si

gradientG2 in Fig. 3B). The results show that there is no
ignificant improvement in signal-to-noise when weaker
ients are used, therefore excluding diffusion effects.
rigin of the loss of signal-to-noise is therefore due to re
tion processes. It is indeed known that theT2 relaxation time
f water protons in the presence of a compound with excha
ble protons can be shorter than 200 ms due to exch
roadening (5). The presence of a small amount of param
etic compounds will create a similar decrease of the valu

he T2 relaxation time of water. In the case of the ferrocy
hromec sample, the length of the 180° Gaussian selec
ulse had to be reduced to a value inferior to 12 ms in ord
chieve the same signal-to-noise as the one obtained wi
xperiment using a slaved pulse. To check how the two

FIG. 6. Pulse sequences used for the water selective 2D NOESY–N
hort nonselective pulse of about 3° and the slaved pulse is applied ove

s 1x unless indicated otherwise. The gradientsG1, G2, and2G2 prevent ra
magnetization. Water suppression is achieved through a Watergate bl20
he TOCSY mixing is achieved with a DIPSI-2 sequence (29).
-
-

e-
in
-
to
ed
l

-
e
-

e-
ge
-
of
-
e
to
the
i-

ation schemes compared on different protein samples
ame experiments were run on a 2 mMlysozyme sample. Th
esults of Fig. 5 show this time a more modest increas
ignal-to-noise of the order of 15–20%. These measurem
herefore indicate a very different relaxation behavior of
ater protons in lysozyme and in ferrocytochromec. A sub-

raction artifact is visible in Fig. 5C at around 2 ppm a
ppears as a dispersive lineshape. This peak correspond
arrow acetate peak (half width of 2 Hz) and is therefore
ost likely to be affected by subtraction artifacts. The bro
rotein resonances (10–30 Hz) all appear as absorptive
hapes.
The inversion scheme using a slaved pulse was incorpo

nto a water selective 2D NOESY–NOESY and a water se
ive 2D NOESY–TOCSY experiment as shown in Fig. 6.
xperiment starts with the same module as the one used
D NOESY experiment and continues with at 1 labeling period
uring which radiation damping is canceled using bip
radients (19). A second mixing time of lengthtm2 follows that
an be either a second NOESY mixing (Fig. 6A) or a TOC
ixing (Fig. 6B). Since the NOE transfer will take place wit

he proton network of the protein, there is no need to sup

SY (A) and NOESY–TOCSY (B) experiments with slaved pulses. Thed pulse is a
ms. The three pulses that surroundt 1 andtm2 are 90° pulses. The phase of the pu

tion damping duringtm1 andt 1, respectively (19). G4 andG5 are used to sele
(1). Quadrature detection inf 1 is achieved using the States–TPPI method (28).
OE
r 40
dia
ock, 2
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113EVALUATION OF SLAVED PULSES TO STUDY PROTEIN HYDRATION
FIG. 7. Water selective 2D NOESY–NOESY (A) and NOESY–TOC
sing a 40-ms slaved pulse. Spectra were acquired at 300 K on a 10 m
M phosphate buffer (pH 5.9). Sixty-four scans were recorded for each
f 0.25, 0.5, 20, 5, and28 G cm21, respectively. The NOESY mixing timetm

o 100 and 50 ms, respectively. The spectral width in both dimension
imensions, prior to Fourier transformation. Linear prediction up to 512 d

ime was around 10 h.

FIG. 8. Expansion of the water selective 2D NOESY–NOESY (A) an
esonance assignments of ferrocytochromec are based on previously pu
iagonal peaks arise from the transfer of magnetization from the water t
riginate from a second magnetization transfer during the second mixin
eriod or among dipolar-coupled protons during the NOESY mixing pe
SY (B) spectra recorded with the pulse sequences of Figs. 6A and 6B, re
M sample of horse heart ferrocytochromec in 90% H2O and 10% D2O, containing 50
of the 256t 1 increments. The gradientsG1y, G2x, G3x, G4z, andG5z had a strengt

1 was set to 100 ms and the NOESY and the DIPSI-2 mixing timestm2 were se
s was 8500 Hz. The data were multiplied with a cosine bell square funct
ata points was applied in dimensionf 1. The interscan delay was 2 s, the total recor
d NOESY–TOCSY (B) spectra recorded on the horse heart ferrocytochromec sample
blished data (22). Residues in interaction with water molecules are indicated.
o protein resonances during the first NOESY mixing time (tm1) whereas the cross pea
g time (tm2). Transfers occur among scalar-coupled protons during the TOCSY m
riod.
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114 BORNET, GUERLESQUIN, AND PIOTTO
adiation damping with a gradient pulse. Water suppressi
gain achieved by a Watergate block (20, 21) prior to detec

ion.
These 2D pulse sequences were applied to the 10 mM

eart ferrocytochromec sample at 300 K. Figure 7A shows t
esult of the water selective 2D NOESY–NOESY and Fig.
he result of the water selective 2D NOESY–TOCSY.
uality of these experiments is remarkable with very
rtifacts and a high signal-to-noise ratio. The only vis
rtifact appears ast 1 noise around 2 ppm and is the result of

ncomplete cancellation of the acetate peak present in
ample. Similar spectra recorded using Dalvit’s method s
he same cross peaks but with an intensity that is inferior
actor of 2.

The previous data were analyzed using the proton as
ents previously published by Wand and Di Stephano (24). An
xpansion of the water selective 2D NOESY–NOESY s

rum (Fig. 8A) allows the easy identification of amide prot
A15, Q16, G23, N31, L32, F36, G37, K39, T40, Q42, G
52, Y67, E69, K72, K73, G77, K88), NH2 groups (R38), an
romatic ring protons (W59, Y74, and Y97) of ferrocy
hromec residues found in contact or in chemical excha
ith water molecules. These data are consistent with the
iously published data on the hydrating water molecule
olution structure of horse ferrocytochromec (25) and crys
allographic data on yeast ferrocytochromec (26, 27). In these
tructures, K39, T40, Q42 NHs, and R38 NH2 interact with
at121, Q16 NH is close to Wat126, N52 and Y67 NHs ar

he vicinity of Wat166, and K72 and F36 NHs interact w
at172 and Wat196, respectively. Moreover, R38 side c

rotons, W59 ring protons, and N31 and L32 NHs are
nteraction with Wat168 in yeast cytochromec.

In the NOESY–TOCSY experiment, the ring protons
romatic residues in interaction (NOE or chemical excha
ith water molecules are particularly well observed (Fig. 8
s noticed previously, these data are consistent with the p

mity of W59 to Wat168, F36 to Wat 124, and F82 to Wat1

CONCLUSIONS

In this article, we have shown the ability of slaved pulse
nvert very efficiently and selectively the water magnetiza
hereby generating 2D NOESY–NOESY and NOES
OCSY spectra with high signal-to-noise. Slaved pulses
owever, not limited to inversion processes and they can
e used as 90° excitation pulses. The study of their imple

ation in 2D ROESY–NOESY and ROESY–TOCSY exp
ents is currently under investigation.
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1. A. Böckmann and E. Guittet, J. Biomol. NMR 8, 87 (1996).

2. C. Dalvit and U. Hommel, J. Magn. Reson. B 109, 334 (1995).

3. C. Dalvit, J. Magn. Reson. B 112, 282 (1996).

4. A. Louis-Joseph, D. Abergel, and J-Y. Lallemand, J. Biomol. NMR
5, 212 (1995).

5. D. Abergel, C. Carlotti, A. Louis-Joseph, and J-Y. Lallemand, J.
Magn. Reson. B 109, 218 (1995).

6. D. Abergel, A. Louis-Joseph, and J.-Y. Lallemand, J. Biomol. NMR
8, 15 (1996).

7. P. Broekaert and J. Jeener, J. Magn. Reson. A 113, 60 (1995).

8. D. Abergel, A. Louis-Joseph, and J.-Y. Lallemand, Chem. Phys.
Lett. 262, 465 (1996).

9. V. Sklenar, J. Magn. Reson. A 114, 132 (1995).

0. M. Piotto, V. Saudek, and V. Sklenar, J. Biomol. NMR 2, 661 (1992).

1. V. Sklenar, M. Piotto,R. Leppik, and V. Saudek, J. Magn. Reson. A
102, 241 (1993).

2. H. T. Edzes, J. Magn. Reson. 86, 293 (1990).

3. A. G. Sobol, G. Wider, H. Iwai, and K. Wüthrich, J. Magn. Reson.
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