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In this paper, the recently developed ‘“Water-PRESS’ method
of water suppression [W. S. Price and Y. Arata (1996), J. Magn.
Reson. B 112, 190] in which homospoil pulses are used to manipu-
late the effects of radiation damping on the water resonance and
thereby selectively alter the effective relaxation times of the water
resonance with respect to the solute (e.g., biological macromole-
cules) resonances is further developed and applied. In the present
work, methods for optimization in terms of degree of water sup-
pression and in temporal terms (important for the application of
Water-PRESS to multidimensional experiments) are considered
so that recycle delays of less than 2.3 s (including the acquisition
time) are possible. Also, a simple modification which allows the
observation of solute resonances with relaxation times similar to
that of the water resonance is presented. Finally, the inclusion into
more complicated pulse sequences is also discussed. Experimental
examples using aqueous samples of lysozyme and immunoglobulin
are given. Compared to most other NMR water suppression tech-
niques, this method is extremely simple to implement and optimize
and does not require accurately calibrated RF pulses or perfect
Iineshape. © 1997 Academic Press

INTRODUCTION

In protein NMR studies, it is often desirable to observe
the (exchangeable) NH or OH protons and also perhaps
bound water molecules[e.g., Ref. (1)]; this entails conduct-
ing the NMR experiments in a solvent consisting of ~90%
H,O. The large difference between the protein (~mM
range) and the water—proton (~100 M) concentrations di-
rectly impedes efficient spectral acquisition of the protein
resonances in two ways. First, the receiver gain must be set
to a small value ill-suited to efficiently digitizing the weak
protein resonances, and second, the water resonance may
conceal many protein resonances (especially a protons).
This second problem is compounded by the effects of radia-
tion damping (2) which cause the water resonance to be
artificially broadened. The single largest problem in water
suppression is that it is not generally possible to manipulate

T To whom correspondence should be addressed.

1090-7807/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.

the water resonance independently of the solute resonances
in the frequency domain.

Traditional Means of Water Suppression and
Complications

Many water-suppression methods exist, including presatu-
ration, relaxation-based techniques, selective-excitation, gra-
dient, and combined selective-excitation—gradient-based
methods. Most of these methods have been recently re-
viewed (3-7). The selectivity to the water resonance and
the degree of suppression of these methods are diminished
by a combination of five factors: (1) radiation damping, (2)
selective pulses are not perfectly selective and generally do
not have a pure phase, (3) inhomogeneity of the RF (i.e,
B,) and static magnetic (i.e., By) fields, (4) spin diffusion,
and (5) due to radiation damping, the water resonance has
an effective relaxation time close to that of the protein reso-
nances.

The use of selective-excitation (3, 4) and gradient-based
methods involving selective RF pulses[e.g., WATERGATE
(8,9), flipback (10), WET (11, 12), and RAW (13)] com-
plicates pulse sequences. It has been shown in a recent work
that a double PFG echo obviates the phase problems usually
associated with selective RF pulses (14); however, the se-
guence requires more time. The efficiency of selective RF
pulsesis also compromised by the effects of radiation damp-
ing (15). Although the diffusion coefficient of proteins is
typically at least an order of magnitude below that of water
(7), diffusion-based gradient methods such as DRY CLEAN
(16) are only applicable when the solute and the solvent
(e.g., water) have very different diffusion coefficients, and
such sequences generally result in significant attenuation of
the solute resonances, especially those of exchangeable pro-
tons. Further, any echo-based system such as DRYCLEAN
will result in unegual losses of the protein resonances ac-
cording to the T, relaxation rates of the individual spins.

Thus, the traditional methods of water suppression are not
totally specific to water and may also introduce additional
complications into the intended pul se sequence and resulting
spectrum. Solvent suppression in samples with very large
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macromolecules (i.e., MW > 10,000) such as immunoglob-
ulins (17) presents specia difficulties due to the unfortunate
combination of short relaxation times and high susceptibility
to spin diffusion (18—20). Thus, irradiation at the water
frequency can result in a severe loss of intensity of the
protein resonances. Further, the short T, relaxation times of
the resonances (20) severely restrict the possible methods
that can be used, especially those involving echoes. Jump—
return and binomia sequences (21) have considerable ad-
vantages for use with high-molecular-weight species; how-
ever, they introduce complicated phase relationships through
the spectrum, and they preclude the observation of reso-
nances at the solvent frequency.

An elegant method of water suppression is to use the
difference in relaxation time between the water and the pro-
tein resonances in an inversion-recovery experiment to sup-
press the water resonance (also known by the acronym
WEFT) (22-24). WEFT-based techniques are particularly
attractive for protein studies as they alow the observation
of solute resonances close to the water resonance (25) . How-
ever, radiation damping causes the observed water relaxation
time to become very close to that of the protein resonances,
which makes the WEFT method ineffective. We have re-
cently presented a variation of the WEFT method termed
water- presequence suppression (Water-PRESS) in which
magnetic-field-gradient pulses are used to inhibit the effects
of radiation damping and thereby selectively alter the effec-
tive relaxation time of the water resonance so that it becomes
much longer than that of the protein resonances (26). Al-
though in the present examples the solvent is water and the
solute is protein, the Water-PRESS method is quite genera
and the solute and solvent can be any species with suitable
relaxation characteristics.

In the present work wefirst briefly review the basic Water-
PRESS sequence and then develop strategies for optimizing
the time required and the degree of water suppression. A
detailed description of how to use the Water-PRESS se-
guence is presented. Some emphasisis placed on the use of
this method for suppressing water in samples of very large
macromol ecules, and a simple modification to the pulse se-
guence is presented which allows the unperturbed observa-
tion of protein resonances having spin—lattice relaxation
times of similar order to that of the water resonance. Exam-
ples are aso given of ways in which this method can be
used to specify the magnitude of the water resonance for
different applications such as protein—water NOE measure-
ments. Finally, an example of combining the Water-PRESS
sequence with a COSY sequence is presented.

THEORY

The Basic Idea

Radiation damping results from the precessing spin mag-
netization generating an oscillating current in the receiver
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coil which in turn generates an oscillating magnetic field
which tends to rotate the magnetization back to its equilib-
rium position. The effect of radiation damping can be charac-
terized by atime constant (in CGS units) (27, 28)

T = 21ynQMy, [1]

where y isthe gyromagnetic ratio of the spins, n isthefilling
factor of the probe, Q = wL/R is the quality factor of the
probe (where w, L, and R are the resonance frequency, in-
ductance, and resistance of the coil, respectively), and My
is the equilibrium magnetization per unit volume. Thus, the
effects of radiation damping are much more prevalent in
modern spectrometers with their larger static fields and more
sensitive probes.

In biological NMR samples, the solute (e.g., protein) con-
centration is typically four orders of magnitude smaller than
the water concentration. As a result the solute resonances
are amost totally unaffected by radiation damping. With
water, however, the situation is entirely different and the
effects of radiation damping, especially at higher magnetic
fields and with sensitive probes, dominate the effects of the
inherent relaxation mechanisms of the water protons. This
results in the water resonance having an effective relaxation
time very similar to that of the protein resonances. In the
Water-PRESS sequence (see Fig. 1A), the = RF pulse in-
verts all of the magnetization (i.e., protein and water reso-
nances) to the —z axis. A series of weak gradient pulses
oriented along the z axis (i.e., homospoil pulses) is then
applied to remove any transverse magnetization and conse-
guently prevents the initiation of radiation damping of the
water resonance so that the water relaxes back to equilibrium
near its inherent longitudinal relaxation rate during the pe-
riod Dyp. As the natural longitudinal relaxation rate of wa-
ter, TH29,, is generally much longer than that of the protein
resonances, T%, it is easily possible to choose an appropriate
delay (i.e., Dyp) such that the water magnetization is ~zero
while the protein resonances are (nearly) fully relaxed (see
Fig. 1B). An observe pulse (e.g., w/2) can then be applied
to observe the protein resonances with near complete sup-
pression of the water resonance. Also because of the long
water relaxation time, a small error in the setting of the
duration of Dy Will not result in a large water signal. If
Du,o > 5 X T4°, where Dy is the recycle delay and
THC is the effective relaxation time of the water, then the
optimal condition for water suppression will be given by
Dy = IN(2) X T, In Fig. 2, an aqueous solution of
lysozyme is used to demonstrate water suppression obtained
using the Water-PRESS subunit. In our previous paper, we
compared the suppression obtained with Water-PRESS to
that obtained using presaturation and WATERGATE.

Srategies for Optimization
Optimization can be taken in two senses: (1) minimizing
the residual water resonance or (2) minimizing the time
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FIG. 1. A schematic representation of (A) the Water-PRESS subunit
and how it produces water suppression. The Water-PRESS subunit consists
of a relaxation delay (Dy,0) to alow the water magnetization to reach
thermal equilibrium. Next, a = pulse is applied to rotate the magnetization
to the —z axis. A delay (Dyp) of sufficient length is used to alow the water
magnetization to relax to the origin. In the presence of radiation damping
(i.e., without gradient pulses), the water (---) quickly returnsto the equilib-
rium position at arate similar to that of the protein nuclei (- - -). However,
if during Dyp, a series of n very weak and evenly spaced homospoil pulses
isapplied so asto inhibit the effects of radiation damping, the water relaxes
according to its natural spin—lattice relaxation rate (—). To effect water
suppression, Dy would be set to the value so that the water resonance is
nulled (see B), and the protein resonances, by virtue of their faster relax-
ation rate, have achieved thermal equilibrium. If an observe pulse, a honse-
lective w/2 pulse in the present example, is applied, an aimost water-free
protein spectrum is acquired.

required to conduct the experiment while still obtaining ac-
ceptable suppression. In the following subsections, we con-
sider both types of optimization.

Composite pulses, B, and B, homogeneity. Due to inho-
mogeneity of the B, field, not al of the water protons in the
sample will receive exactly the same tip angle, and conse-
guently no single value of Dypwill result in the water magne-
tization being null over the entire sample volume. Hence,
the net magnetization may be null when integrated over the
linewidth of the water resonance, but at a particular fre-
quency the water resonance may not be null. The simplest
approach is to restrict the sample size. The sequence can
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also be altered to better cope with B; inhomogeneity by,
for example, using a composite 7 pulse (29). Further, the
inhomogeneity in the B; field is often coincident with the
inhomogeneity in the B, field, and this can be used asabasis
for volume selection (30). Using this idea the 7/2 pulse
can be replaced, for example, by a suitably phase-cycled,
p—180°—180° (¢ can be any angle but for the purposes
of our discussion it is conveniently taken as a 90° pulse)
as in the FLIPSY sequence (30). However, since al the
experimental results of the present work were obtained with
the sample contained in a susceptibility matched microtube,
we found that these two pul se sequence approaches provided
negligible benefit and did not justify the additional complica-
tion.

Variable angle and soft RF pulses. If the = pulse is
replaced by a pulse in the range 7/2 < 6 < 7 (see Fig.
3A) and avalue of Dyp (0 < Dype < In(2) TH°) is chosen,
then the value of 8 which will give a null point is

D
_ -1 _ NP
0 = cos [1 exp(_l_?zo>] .

However, as 6 approaches 7/2, Dy» becomes shorter and
the solute signals may become T,-weighted. The 7/2 pulse
can be replaced by a pulse of any angle since the water is
nulled at the time of the application of this pulse (see Fig.
3A). Thus, if Dy < 5 X TY, the optimum signal-to-noise
for the protein resonances will be given when the =/2 pulse
is replaced by one at the *‘Ernst angle’’ (31), i.e,

— el _ Dwe
¢ = cos [exp( Ti’)]

Although the *H resonances of proteins typically have
subsecond relaxation times, some resonances (e.g., met-6
and some aromatics) have particularly long relaxation times.
If ahard 7 pulseis used in the Water-PRESS sequence, the
intensity of these resonances will be considerably reduced
because the recycle delay is insufficient to allow full relax-
ation. One method of circumventing this problem is to re-
place the hard = pulse with a frequency-selective 7 pulse
(see Fig. 3B). Since we do not wish to observe the water
resonance, the phase purity of the selective pulse is not
important. Also, protein resonances with long relaxation
times are typically well separated from the water resonance,
and the frequency-selectivity requirements for the selective
pulse are not severe. Some protein resonances close to the
water frequency will be affected by the selective pulse but
since these typically have shorter relaxation times they will
recover during Dyp. Hence, the soft pulse is only required
to rotate the water magnetization below the x—y plane; the
precise angle is not important. Thus, in contradistinction to
virtually all other water-suppression methods involving soft

[2]

(3]
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FIG. 2.

*H NMR spectra of a lysozyme solution (10 mM in 10:90 ?H,0:H,0, pH 3.7) at 310 K (A) without water suppression and (B) with the

water resonance suppressed using the Water-PRESS sequence. Both spectra were acquired at 300 MHz, and in both cases, a 90° observe pulse was used.
To avoid saturation of the analog-to-digital converter, the receiver gain used in acquiring spectrum (A) was 28 dB less than that used in acquiring
spectrum (B). The parameters used in the Water-PRESS sequence were Dy o = 10 s and Dyp = 2.24 s which included a series of half-sine-shaped
homospoil pulses of 0.5 ms duration with a maximum amplitude of 1 G cm™*. The sharp spike at ~4.5 ppm results from a combination of the effects
of radiation damping on the water resonance during the acquisition time and the transmitter offset.

pulses, the performance requirements of the soft pulse are
minimal. In the present case, a smple Gaussian soft pulse
was used, but almost any shape will suffice.

Water steady state. The sequence can be greatly short-
ened if the requirement for full water relaxation prior to the
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FIG. 3. Simple modifications to the Water-PRESS sequence. In the
pulse-sequence diagrams, it is understood that the series of gradient pulses
are applied during the delay Dyp (asin Fig. 1). In (A), the = pulse in the
Water-PRESS subunit has been replaced by 7/2 < 6§ < 7 and the «/2
pulse replaced by a variable angle pulse, ¢. In (B), the = pulse is replaced
by a selective 7 pulse (e.g., a Gaussian). The performance required (i.e.,
selectivity and phase) for the soft pulse is not high as we do not wish to
observe the water signal, and the solute resonances that are affected by the
soft pulse will have largely relaxed to their equilibrium value by the end
of Dyp.

inversion pulse (32) is removed. Instead, the only require-
ment is for the water magnetization to be nulled at the time
of the observe pulse (see Fig. 4A). During Dy,o, which
includes the acquisition time, the water magnetization starts
from O (N.B., for water suppression the water signal must be
0 at the beginning of signal acquisition) and relaxestoward a
maximum of M, with time constant T2°, thus,

D
M2ro = Mo[l - exp<— T:;f)] .
1

The‘‘inversion’’ pulse rotates M 2+,0 about the origin so that

the magnetization after the pulse is given by
M2+.0cos(#). During Dyp, the water magnetization relaxes
toward My; thus,

(4]

M2ve = Mo — [M, + MEHzocos(e)]exp<— DNP) . [5]

TEO

To achieve a null point at the time we apply the observe
pulse, we require MZv» = 0. We solve Eq. [5] for Do,

since Dy Will normally be determined by the solute relax-
ation time, to obtain

D —In cos(#)exp(— Dyp/ TH°) THo
M2 7 T 1+ [cos(6) — 1]exp(—Dpe/ TEC) [ 1

[6]
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FIG. 4. Steady-state Water-PRESS. The change in the longitudina
magnetization of the water protons when Dy,,0 < 5 X T42° is schematically
shown in (A). We have chosen to present the sequence in this order to
make it more obvious that the acquisition time is part of Dy,o. As before
(eg., Fig. 1A), there is a series of z-gradient pulses applied during Dye
(not shown). The sequence is shown contained in brackets with a subscript
n (integer) to emphasize the repetition of the sequence which in combina-
tion with Dy,0 < 5 X T42° maintains the water in a steady state. An example
of water suppression using the Water-PRESS sequence using an aqueous
sample of lysozyme while keeping the water in the steady state is shown
in (B). The relevant experimental parameters were Do = 2.3 s (N.B,,
this includes the acquisition time of 0.8 s) and Dy = 1.36 s. The other
experimental details are given in the legend to Fig. 2. Because the Water-
PRESS sequence was run in the steady state, the effects of radiation damp-
ing are largely eliminated throughout the entire sequence including the
acquisition time, and the only remaining evidence of the water (including
a contribution from the transmitter spike) is the small narrow spike at
~4.5 ppm.

For Eqg. [ 6] to be valid, we require that

[cos(h) — 1]exp<— DNP) < -1 [7]

oo

If & = 7, then the limit given in Eq. [ 7] becomes, as ex-
pected,

Dnp < IN(2) x TH=°, [8]
and Eq. [6] simplifies to the solution given by Benz et
al. (22).

The above equations were derived assuming that the effec-
tive TH° is the same throughout the pulse sequence, which
will not occur if the radiation-damping mechanism is pres-
ent. Thus, Dy,,0 as given by Eq. [6] represents a maximum
value.

A spectrum of lysozyme acquired with the water in the
steady state is given in Fig. 4B. Excellent water suppression
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could be obtained when using arecycle delay (i.e., Dy,o +
acquisition time) of only 2.3 sand Dy = 1.37 s. Of particu-
lar interest is the degree to which radiation-damping effects
are eliminated not only during Dy but aso during the acqui-
sition period. When the Water-PRESS sequence is per-
formed with Dy, = 5 X TH°, the water magnetization
relaxes aong the z axis toward +z during Dyp. Thus, as
soon as gradient pulses are no longer applied, there is till
alarge coherent-water-magnetization vector with a possibil-
ity of being stimulated into producing radiation damping
(see Discussion). However, when Dy, is shorter such that
the water magnetization isin asteady state, the water magne-
tization still relaxes toward +z during Dyp, but instead of
its ‘‘relaxation path’’ comprising only the z axis (i.e., one
line), much of the magnetization can be imagined to sweep
out the volume of a sphere. As a result, there is much less
coherent magnetization available for evoking/producing ra-
diation damping. Thisis clearly seen in Fig. 4B where there
is only a very small spike-like resonance resulting from the
induction of radiation damping during the acquisition period
and the transmitter offset. This spectrum should be compared
to those in the previous paper (26) obtained with the same
sample using WATERGATE, presaturation, and Water-
PRESS run with a recycle delay allowing full relaxation of
the water resonance. When the water resonance is kept in
the steady state, better suppression is achieved with nearly
an order of magnitude time saving (i.e., Dy,0 = 2.3 s and
Dne = 1.4 s, compared with Do = 208 sand Dy = 26 S
where full relaxation was alowed). In both cases, Dy
includes the acquisition time of 0.8 s.

Temperature control. Accurate temperature control is
critical for ensuring that all of the water protons have the
same longitudinal relaxation rate. In fact, the use of a small
sample volume helps to meet this requirement.

EXPERIMENTAL

Chicken-egg lysozyme was obtained from Seikagaku Cor-
poration (Tokyo). Human myeloma immunoglobulin 1gG1
() 1ke-N (1gG) was prepared as described previoudly (17).
Millipore water was used in al experiments. The lysozyme
NMR sample was prepared by dissolving the protein in
H,0:D,0 90:10 and adjusting the pH with HCI. The immu-
noglobulin NMR sample was prepared by dissolving 10 mg
of protein in 0.4 ml of H,O:D,O 90:10. The pH of the
lysozyme and 1gG samples were 3.7 and 6.9 (uncorrected
for the deuterium isotope effect), respectively. NMR sam-
ples were dispensed into 5 mm NMR microtubes ( Shigemi,
Tokyo).

All NMR experiments were performed at 300 MHz on a
Bruker DRX 300 NMR spectrometer using a 5 mm inverse
gradient probe. Typical acquisition parameters were a 90°
pulse width of 9 us and a spectral width of 6 kHz digitized



WATER-PRESS SEQUENCE FOR BIOLOGICAL MACROMOLECULES

A B C D E F
| |
[
\
1 }\ ]
S N
‘ | [
‘ \
1 1 1
6 5 4 3
ppm

FIG. 5. An example of the use of the Water-PRESS pulse sequence to
control the effective relaxation rate of the water resonance in a lysozyme
solution (10 mM in 10:90 2H,0:H,0O, pH 3.7) acquired at 310 K at 300
MHz. In this experiment, Dyp was set to 2 s. The number of homospoil
pulses (0.5 ms, haf sine with a maximum strength of 1 G cm™) used in
acquiring the spectra were (A) 1, (B) 21, (C) 31, (D) 41, (E) 51, and
(F) 61. Ascan be clearly seen, after the interval between homospoil pulses
is decreased to about 40 ms (i.e., spectrum E) there is no further increase
in the effective water relaxation time. Since the effect of radiation damping
is diminished with increasing number of gradient pulses, the linewidth of
the water signal decreases.

into 16 K data points. Prior to Fourier transformation, 0.3
Hz of linebroadening was added to improve the apparent
signal-to-noise ratio. Sincein the absence of radiation damp-
ing at 310 K, T'X, is nearly 4 s, a recycle delay of 20 s
was used unless otherwise noted to allow fair comparisons.
However, as noted in Fig. 4B, a much shorter (nearly an
order of magnitude) relaxation delay is possible. Further
experimental conditions are given in the figure legends.

APPLICATIONS

Controlling the Effective Water Relaxation Rate and the
Magnitude of the Water Resonance

In some applications, it can be desirable to control the
magnitude of the water resonance. For example, by starting
a sequence with a different value of the water magnetization,
it might be possible to discriminate between NOE or ex-
change effects. Typically, the water resonance, due to the
effects of radiation damping, relaxes in a nonexponential
manner [actually a hyperbolic tangent profile (33)] on a
time scale of several hundred milliseconds or less (see Fig.
1). However, if the Water-PRESS pulse sequence is used,
T42° can be varied in the range T < TH° < T429, where
T429, isthe relaxation time in the presence of radiation damp-
ing, by changing the ratio (number of gradient pulses): (dur-
ation of Dyp) as shown in Fig. 5.
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A series of weak gradient pulses is experimentally more
convenient than one long weak gradient pulse for selectively
atering the effective water relaxation time as additional RF
pulses can be inserted into the gradient off periods and aso
the effective water relaxation rate can be altered while keep-
ing Dyp constant.

Water Suppression

Experimental setup. The experimental parameters needed
to effect water suppression with the Water-PRESS subunit
are quickly and easily obtained using the following proce-
dure. First, a trial value of Dy is set (e.g., 2.4 s) and the
number of gradient pulses for the delay Dyp are selected,
for example, 120 half-sine-shaped pulses of 0.5 ms duration
with a maximum strength of ~1 G cm™. The exact number
of gradient pulsesis not important as after a certain ratio of
(number of gradient pulses):(duration of Dyp) there is no
further change in the effective water relaxation rate (see
Fig. 5). A spectrum is then recorded and phased, then by
repeatedly changing Dye and recording a spectrum, a value
of Dyp providing better water suppression can be found [it
is easier to vary Dyp than the number of gradient pulses (n)
to achieve high degrees of suppression]. If the Water-PRESS
subunit isto be used in the steady state, a number of dummy
scans (e.g., 8) must be used.

Water suppression in solutions containing high-molecu-
lar-weight solutes. Spectra of 1gG (MW ~ 150,000) ac-

ppm

FIG. 6. One-dimensiona *H spectra of 1gG solution (10 mg of protein
in 0.4 ml of H,0:D,0 90:10, pH 6.9) acquired using (A) the Water-PRESS
method and (B) presaturation. Both spectra were acquired using the same
receiver gain and averaging 160 transients. Spectrum (B) was acquired
using 1.5 s of presaturation (included as part of the recycle delay) at a
field strength of ~35 Hz at the water frequency. Many of the resonances
in the spectrum acquired with presaturation have lost more intensity due to
the effects of spin diffusion than in the spectrum acquired using the Water-
PRESS sequences. Thisis particularly clear from observing the differences
in intensity in the amide region. The spectra are presented with the noise
set to the same level.
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FIG. 7. The diphatic regions of one-dimensiona 'H spectra of 1gG

acquired using the Water-PRESS method in the steady state with (A) a
selective (60 ms Gaussian) pulse and (B) ahard 7 pulse. The experimen-
tal parameters were Dy = 1.5 sin both cases and Dyp = 1.455 sfor (A)
and 1.46 sfor (B). The different Dyp values result from the different lengths
of the 7 pulses. The other experimental details are given in the legend to
Fig. 6. The spectra are presented with the same absolute intensity. From
comparison of the two spectra, it can be clearly seen that the selective =
pulse alows larger contributions from the more slower relaxing resonances
(i.e., the impurities at ~0.1 and ~1.3 ppm).

quired using presaturation and the Water-PRESS sequence
are shown in Fig. 6. It was observed that relatively small
increasesin theirradiation strength when observing the spec-
trum using presaturation resulted in very large losses of spec-
tral intensity (data not shown). In Fig. 7, the use of a soft
7 pulse in the Water-PRESS subunit is demonstrated. Since
the selective pulse only inverts those resonances near or
under the water resonance, the resonances of nuclei with
longer relaxation times, which are generally distal to the
water, have more time to relax. The use of a selective pulse
also provides ameans of acquiring spectra of low-molecular-
weight species with long relaxation times, so long as the
peaks of interest are not too close to the water resonance.
Combining with more-complicated pulse sequences. The
requirements for water suppression in multidimensional ex-
periments are generally less stringent than those for one-
dimensional experiments (4), since the nature of many ex-
periments is to filter and cancel out the effects of strong
signads (e.g., experiments containing double-quantum fil-
ters). There are so many variations of multidimensional se-
guences that it is not possible to present individual solutions
for finding optimal conditions for water suppression using
the Water-PRESS subunit. However, here we present some
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guiding principles for combining Water-PRESS into multidi-
mensional sequences. The first approach is to incorporate
the ‘‘nonwater suppression’’ part of the sequence on a tem-
poral basis into Dy as noted by Patt and Sykes (23) for
the WEFT pulse sequence. However, a prerequisite for this
approach is that the nonwater suppression part of the se-
guence does not affect the water magnetization in a compli-
cated manner so that the delays cannot be set so asto achieve
anull point of the water resonance at the beginning of acqui-
sition. The second approach, which is more applicable to
more-complicated pulse sequences, is to prefix the desired
sequence with the Water-PRESS sequence and set Dyp SO
that the water is nulled at the beginning of the ‘‘real’’ part
of the sequence. We can then take advantage of the water
magnetization being ‘‘orthogona’’ (i.e., the water magneti-
zation is nulled) while the protein magnetization is close to
its thermal equilibrium value at the start of the sequence.
Hence, it may be possible to maintain the water magnetiza-
tion **90° out of phase’’ with the solute magnetization. For
this purpose, it should be noted that most protein resonances
of interest are J-coupled while the water protons are not.

Experimentally, the optimum conditions for water sup-
pression when the Water-PRESS sequence is combined with
a more complicated sequence are best found using a 1D
analogue of the multidimensional sequence and adjusting
Dunp as described above. In some circumstances and if the
multidimensional sequence involves large increments in a
variable delay, it may be possible to adjust Dy in accordance
with the changes of the variable delay to maintain optimal
water-suppression conditions.

As a simple example of water suppression in a multidi-
mensional sequence, the amide regions of COSY spectra of
lysozyme acquired using presaturation and the Water-
PRESS method are given in Fig. 8. Since the Water-PRESS
method, unlike presaturation, does not bleach out the o pro-
tons under the water resonance, there are numerous amide
cross peaks close to the water frequency that are only visible
in the COSY acquired using Water-PRESS.

DISCUSSION

The Water-PRESS subunit is an extremely simple and
technically undemanding means of suppressing water. Com-
pared to the WEFT method (22-24), the Water-PRESS
subunit is not susceptible to the effects of radiation damping

FIG. 8. Amide regions of COSY spectra of the lysozyme solution (10 mM in 10:90 ?H,0:H,0, pH 3.7) acquired using (A) presaturation of the
water resonance prior to the COSY sequence and (B) the Water-PRESS sequence prefixed to the COSY sequence. The parameters used in acquiring
the presaturation COSY were the following: arelaxation delay of 20 sincluding 3 s of presaturation at a field strength of ~35 Hz at the water frequency.
In this experiment, Dyp was set to 2.59 s which included a series of half-sine-shaped homospoil pulses of 0.5 ms duration with a maximum amplitude
of 1 G cm™*. Much shorter values of Dy,c and Dy could have been used with no loss of water suppression (see Fig. 4B). The water resonance was at
4.51 ppm. The effects of presaturation on the resonances near and under the water resonance are clearly seen by the absence/diminution of the cross

peaks having a-proton resonances around 4.5 ppm.
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and is consequently suited for use at higher magnetic fields
and with more sensitive probes. Radiation damping can be
initiated in magnetization stored along the —z axis by resid-
ual RF leakage and even thermal noise from the RF coil
(33). The train of gradient pulses in the Water-PRESS se-
guence stops thisinduction by eliminating any net transverse
magnetization. The problem of radiation damping will be
greatly magnified by the usage of superconducting RF coils
with their extremely large Q values. Many methods for the
suppression of radiation damping exist, including those re-
quiring sophisticated electronics (34—38) or (not commonly
available) B, gradients (39); however, the use of atrain of
homospoil pulses to manipulate the radiation-damping ef-
fects (see Fig. 5) is possible with little or no modification
on many current spectrometers. Zhang and Gorenstein have
proposed the idea of interleaving pairs of opposed z-gradient
pulses between acquisition of FID data points (40). How-
ever, this method only addresses the problem of radiation
damping during acquisition. The Water-PRESS method, es-
pecialy when the water magnetization is kept in the steady
state, largely removes the effects of radiation damping
throughout the entire sequence including acquisition.

The suppression of radiation damping in multidimensiona
NOE and ROE experiments for studying protein hydration
is particularly desirable since radiation damping reduces the
amount of water magnetization available for transfer to the
protein resonances during the mixing time. Further, since
the lineshape in the indirectly detected domainsis that of the
bulk water, the cross peaks will be significantly broadened.
Sklenaf has proposed the use of aternating gradient pulses
during the evolution periods of multidimensional experi-
ments and NOE mixing periods as a means for suppressing
the effects of radiation damping (41). While using the Wa-
ter-PRESS method, it is possible to control the radiation
damping at the start of the sequence as well as set the water
magnetization to a certain level (see Fig. 5).

Both the water relaxation, by definition, and the effects
of the radiation damping are totally frequency selective to
the water resonance, and thus the Water-PRESS method is
totally frequency selective to the water resonance. This is
particularly important in its implications for spin diffusion.
First, it means that the transfer of magnetization resulting
directly from the water-suppression method (i.e., that re-
sulting from the nonequilibrium water magnetization) only
originates at the water frequency; second, the upper limit
for the amount of magnetization transferred is determined
by the amount of water magnetization. Thisis in contradis-
tinction to presaturation in which the saturating field is nei-
ther exactly frequency selective nor limited in magnitude as
it depends on the experimental parameters used in acquiring
the spectrum. By inhibiting the effects of radiation damping,
any residual water resonance in the observed spectrum is
much closer to the inherent linewidth, thereby allowing ob-
servation of resonances near or under the water resonance,

PRICE, HAYAMIZU, AND ARATA

which also reduces the frequency range for magnetization
transfer from the nonequilibrium water magnetization. These
aspects were clearly shown in Fig. 6.

The Water-PRESS method obviates many of the problems
associated with previous water-suppression schemes; for ex-
ample, lineshapeis not a prerequisite for good water suppres-
sion. This method is suitable for samples with large mole-
cules, such as IgG, which have short T, values; it alows
observation of signals near or under the water resonance,
and the method does not cause any diffusional loss of inten-
sity. In thiswork, we have addressed the temporal efficiency
problem that would otherwise preclude the use of Water-
PRESS from (aready) time-intensive multidimensional
NMR experiments.

CONCLUDING REMARKS

In the present work, we have shown that the Water-PRESS
subunit is an experimentally and conceptually easy method
for providing extremely high degrees of water suppression.
It does not introduce any complicated phase relationships
into the resulting spectrum and it allows observation of sol-
ute resonance at or near the water resonance frequency. An
additional advantage of this method is that the suppression
of radiation damping can extend into the acquisition period
when the water magnetization is kept in the steady state.
Similarly, by keeping the water in the steady state, it is
possible to suppress water in multidimensional spectrawith-
out any additional time requirement than that ordinarily re-
quired for solute relaxation since the Water-PRESS subunit
is substituted for the usual relaxation delay. By replacing
the hard inversion pulse with a selective inversion pulse,
Water-PRESS can be adapted to suppression of water in
samples where the solute(s) contain a large range of relax-
ation times.
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