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As an effective method for solvent suppression, WATERGATE is widely used in high resolution NMR
spectroscopy. It is usually composed of a number of pulses separated by constant intervals. However, the-
oretical and experimental analyses indicate that narrower bandwidth and lower intensities around the
secondary suppression points occur in the excitation profile of the composite WATERGATE. The excitation
profile distortion is caused by the chemical shift evolution during the RF pulses. The higher the ratio of
pulse duration to the inter-pulse delay is, the severer the profile distorts. Therefore, in high magnetic
fields, the effect will be serious when WATERGATE is applied to some biological samples whose reso-
nances distribute over a wide range. As can be seen obviously by applying WATERGATE to detect a
RNA–protein mixture sample in an 800 MHz spectrometer, the resonances of the imino protons were par-
tially suppressed by showing decreased intensities, though the intended secondary suppression points
were set far away from them. In this article, we proposed an optimized WATERGATE that could effec-
tively compensate the chemical shift evolution during the RF pulses, and relieve the excitation profile dis-
tortion. The optimized experiment will be a good way to retain the imino signal intensities when
WATERGATE is applied to detect the RNA samples in high magnetic field.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

NMR spectroscopy is a powerful tool in biology, and has been
widely used in studies of biomolecular structure and dynamics. In
biological NMR, the suppression of water is essential, because the
signal intensity of H2O is much higher than that of solute. A lot of
techniques have been proposed for solvent suppression [1–33].
Among these methods, WATERGATE [17–19] is one of the most pre-
vailing methods, which assembles spin-echo pulse sequence with
selective pulses or pulse train flanked by two symmetrical gradient
pulses. The pulse sequence can be a non-selective p pulse sand-
wiched by two selective p/2 pulses [17], or a selective composite
pulse train, such as W3 [18] and W5 [19]. The usual form of the
composite pulse is a1(x) � s � a2(x) � s. . . � an(x) � s � an(�x). . .

� s � a2(�x) � s � a1(�x) [18,19]. Where, an are RF pulses with
variable duration; x, and �x are the phases of the corresponding
pulses; s is a short inter-pulse delay used to control the null-excita-
tion points or suppression points. In composite pulse WATERGATE,
the intended null-excitation points are 1/s (Hz) apart from each
other. However, we noticed there was excitation profile distortion
in the experiments of W3 and W5. The distortion was caused by
the chemical shift evolution during the RF pulses, which was unfor-
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tunately not taken into consideration in the conventional experi-
ment setup.

Taking the pulse train of W3 and W5 as examples, we analyzed
the effect of the chemical shift evolution during the RF pulses on
the excitation profile. Both simulations and experiments indicated
that the excitation profile distortion could be compensated by
modifying the inter-pulse delays accordingly.
2. Theory

All the simulations were carried out without considering the ef-
fects of J coupling and relaxation. In conventional WATERGATE
experiment, when chemical shift evolution during the RF pulse is
not considered, the product operator evolutions during each in-
ter-pulse delay s and pulse an are expðiXIzsÞ and expðihnIxÞ, respec-
tively. The elements in these two terms can be written as:

expðiXIzsÞ ¼
cosðxsÞ sinðxsÞ 0
� sinðxsÞ cosðxsÞ 0

0 0 1
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expðihnIxÞ ¼
1 0 0
0 cosðmnaÞ sinðmnaÞ
0 � sinðmnaÞ cosðmnaÞ
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where x/2p is frequency offset with respect to center suppression
point where the RF pulse carrier frequency is located. s is the inter-
pulse delay, and a is equal to p/26. For W3 experiment, n = 1–6,
and mn = 3, 9, 19,�19, �9, and�3, respectively. For W5 experiment,
n = 1–10, mn = 1.12, 2.67, 5.37, 10.11, 19.38, �19.38, �10.11, �5.37,
�2.67, and�1.12, respectively. The final signal Iq of WATERGATE is:

Iq ¼ Iq0

YN�1

n¼1

expðihnIxÞ expðiXIzsÞ½ � expðihNIxÞ ð3Þ

where Iq0
¼

0
Iy

0

2
4

3
5, N = 6, and 10 for W3 and W5, respectively. Since

W5 is a double spin-echo procedure, those operations should be ap-
plied twice.

Fig. 1a shows the simulated excitation profile of W3 without
considering the chemical shift evolution during the RF pulses. In
such case, the excitation profile is the intended result of WATER-
GATE, which is widely accepted and always remains the same no
matter how much the pulse duration is. The distance (d) between
two adjacent suppression points is defined by the inter-pulse delay
as d = 1/s. When the inter-pulse delay is 200 ls, the distance d is
5000 Hz, and is not affected by the change of the pulse duration.

When considering the chemical shift evolution during those
pulses, an extra operator expðiXIzTnÞ has to be introduced into
the simulation.

expðiXIzTnÞ ¼
cosðxmnpaÞ sinðxmnpaÞ 0
� sinðxmnpaÞ cosðxmnpaÞ 0

0 0 1
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75 ð4Þ

where pa is the pulse duration of a. In the simulation, each pulse an

is divided into 100 small pulses with equal duration. Accordingly,
the product operators expðihnIx=100Þ and expðiXIzTn=100Þ for those
small pulses can be considered as commuting operators. Therefore,
evolution during each pulse in WATERGATE should be

Q100
1

ðexpðihnIx=100Þ expðiXIzTn=100ÞÞ. With this extra chemical shift
evolution, the resulted signal Iq becomes:
Fig. 1. Simulated excitation profiles of WATERGATE W3 without (a) and with (b)
considering the chemical shift evolution during the RF pulses, and the one with
optimized inter-pulse delays (c). In all simulations, the original inter-pulse delay (s)
was 200 ls corresponding to inter-suppression points of 5000 Hz. In the optimized
experiments, the actual inter-pulse delays were s0i , which were defined as
s � 2(pwi + pwi+1)/p. The p/2 pulse duration of 10.0 ls, 20.0 ls and 30.0 ls were
simulated, and represented by solid line, dashed line, and dotted line, respectively.
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The corresponding simulated excitation profiles of W3 with dif-
ferent pulse durations are shown in Fig. 1b. Although the excitation
profiles around the center suppression point are similar to the in-
tended results shown in Fig. 1a, the profiles around the secondary
suppression points show clear RF pulse duration dependent after
considering the chemical shift evolution. The secondary suppres-
sion points move towards the center point gradually with the in-
crease of pulse duration. For p/2 pulse of 10 ls and 30 ls, their
distances decrease 250 Hz and 750 Hz, respectively. In addition,
the signal intensities at the secondary suppression regions are re-
duced, especially when the pulse duration is longer. This is reason-
able, because the pulse duration provides an extra time for
chemical shift evolution. Therefore, the higher the ratio of pulse
duration to the inter-pulse delay is, the more serious the excitation
profile distortion becomes.

In order to relieve the excitation profile distortion in WATER-
GATE mentioned above, the chemical shift evolution during the
RF pulses has to be considered. It was reported that a pulse in dura-
tion of pw could be approximately treated as an ideal pulse pre-
ceded and followed by an evolution period 2pw/p [34].
Therefore, the ith inter-pulse delay in WATERGATE should be set
to s0i ¼ s� 2ðpwi þ pwiþ1Þ=p, where, pwi and pwi+1 are the pulse
durations before and after the delay s0i, respectively. Obviously,
the inter-pulse delays are variant and pulse dependent.

For comparison, Fig. 1c shows the simulated excitation profiles
of W3 with optimized inter-pulse delays. Three excitation profiles
with different pulse durations were simulated. The excitation pro-
files with optimized parameters are much closer to the intended
ones in Fig. 1a. The drift of the secondary suppression point is re-
duced to 30 Hz for p/2 pulse of 30 ls, and the signal intensity dis-
tortion is significantly relieved as well.

Double WATERGATE utilizes excitation sculpting feature and
provides higher suppression efficiency, better baseline and line
shape [7,19]. Accordingly, we simulated the excitation profiles of
double W5 with and without the compensation of the chemical
shift evolution during the RF pulses, and showed the results in
Fig. 2. Compare with the intended excitation profile (Fig. 2a), the
signal intensities around the secondary suppression points of con-
ventional W5 are significantly dependent on the pulse duration
(Fig. 2b). Unlike single W3 (Fig. 1b), the drift of the secondary sup-
pression points is much small for double W5, because it takes the
advantage of double spin-echo or excitation sculpting [7,19]. When
the chemical shift evolution during the RF pulses is compensated
(Fig. 2c), the excitation profile of double W5 is dramatically
improved.

3. Results and discussion

To confirm the simulation, excitation profiles of the conven-
tional and optimized WATERGATE were measured using the resid-
ual signal of HOD (in D2O). The experimental excitation profiles of
W3 and double W5 are shown in Figs. 3 and 4, respectively. The p/
2 pulse durations are labeled in the figure. Obviously, the experi-
mental profiles are in good agreement with the simulated ones.
As expected, the main suppression regions settle in the center,
and do not change distinctly, no matter which pulse train is used,
or how much the pulse duration is. However, as the pulse duration
increases, the secondary suppression regions of the conventional
experiments (Figs. 3a and 4a) move towards the main suppression
point, resulting in narrower excitation bandwidth and distorted



Fig. 2. Simulated excitation profiles of WATERGATE W5 without (a) and with (b)
consideration of chemical shift evolution during the RF pulses, and the one with
optimized inter-pulse delays (c). In all simulations, the original inter-pulse delay (s)
was 200 ls corresponding to inter-suppression points of 5000 Hz. In the optimized
experiments, the actual inter-pulse delays were s0i , which were defined as
s � 2(pwi + pwi+1)/p. The p/2 pulse duration of 10.0 ls, 20.0 ls and 30.0 ls were
simulated, and represented by solid line, dashed line, and dotted line, respectively.
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signal intensities. In the optimized experiments (Figs. 3b and 4b),
the excitation profiles are nearly independent of the pulse width.
The results demonstrate that the chemical shift evolution during
the RF pulses can be effectively compensated by inter-pulse delay
optimization.

The theoretical simulations and experiments indicate that the
chemical shift evolution during the RF pulses causes excitation
Fig. 3. Experimental excitation profiles of W3 without (a) and with (b) inter-pulse delay o
corresponding excitation profile. The other experiment parameters were the same as th
profile distortion in WATERGATE, especially at the secondary sup-
pression regions. The distortion is pulse duration or ratio of pulse
duration to inter-pulse delay dependent. When the pulse duration
is short enough, the distortion may be ignored. However, the dis-
tortion may become serious if the inter-pulse delay s is short or
the RF pulse duration is long, which can be a frequently encoun-
tered problem when WATERGATE is applied in high magnetic field
spectrometer. This distortion or problem can be relieved simply by
taking the effective evolution time during the RF pulse into ac-
count, and adjusting the inter-pulse delay accordingly.

In order to evaluate the optimization, WATERGATE was applied
to a RNA–protein mixture sample, and two sets of 800 MHz 1H NMR
spectra (W3 and double W5) were recorded with and without inter-
pulse delay optimization, respectively. The p/2 pulse of 10 ls and
inter-pulse delay of 130 ls were used in the experiments. This gave
rise to the secondary suppression points to be 7692 Hz or 9.61 ppm
away from the center one at 4.70 ppm. The results are shown in
Fig. 5, where spectral regions from 12.20 ppm to 13.40 ppm are
plotted as inserts after vertical scale enlargement. As expected,
most of the resonances are the same in each set of WATERGATE
experiments, such as the signals between 0.00–4.00 ppm, and
5.70–10.00 ppm, since they are located in center part of the excita-
tion profile at either side of the main suppression point. However,
compare with the optimized experiments, the signal intensities of
the imino protons between 12.20 ppm and 13.20 ppm are attenu-
ated in the conventional WATERGATE. Since these peaks are close
to the intended secondary suppression point at 14.31 ppm, the sig-
nal attenuation indicates that those signals are partially suppressed
because of the excitation profile distortion in the conventional
WATERGATE experiment. Whereas, the high signal intensities of
the imino protons in the optimized experiment suggest that the
optimization is a good way to retain the signals intensities.
Although double W5 provides narrow solvent suppression region,
it causes attenuation for broad peaks. This is reasonable because
it uses twice the spin-echo time and an extra pair of gradients,
which give rise to spin–spin relaxation and self-diffusion.
ptimization. The corresponding p/2 pulse duration was labeled at the left side of the
ose used in Figs. 1 and 2.



Fig. 4. Experimental excitation profiles of W5 without (a) and with (b) inter-pulse delay optimization. The corresponding p/2 pulse duration was labeled at the left side of the
corresponding excitation profile. The other experiment parameters were the same as those used in Figs. 1 and 2.

Fig. 5. 800 MHz 1H NMR spectra of a RNA–protein mixture in water (1.0 mM Bk12,
1.0 mM EF57, 90% H2O + 10% D2O) obtained using W3 (a) and double W5 (b). The
dashed and solid lines are spectra recorded using the conventional and optimized
pulse sequence, respectively. The p/2 pulse was 10.0 ls, the original inter-pulse
delay (s) was 130 ls. In the optimized experiments, the actual inter-pulse delays
were s0i , which were defined as s � 2(pwi + pwi+1)/p.
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4. Conclusion

In summarization, the theoretical simulation and experimental
results indicate that the conventional WATERGATE with composite
pulse suffers signal distortion at the secondary suppression re-
gions. The distortion is caused by the chemical shift evolution dur-
ing the RF pulse, and can be relieved by optimizing the inter-pulse
delays accordingly. This is especially important when the experi-
ment is applied to biological samples in high magnetic fields, such
as RNA solutions.
5. Materials and experiments

The WATERGATE spectra of HOD in D2O were all obtained at
298 K on a Bruker AVANCE 500 spectrometer, the corresponding
1H frequency was 500.13 MHz.

In WATERGATE experiments, the gradients used were 1 ms
sine-shaped gradients, each followed by a 200 ls delay for gradient
recovery. All the other experiment parameters were kept the same
as those used in simulation: the original inter-pulse delay (s) was
200 ls corresponding to d of 5000 Hz, the p/2 pulse durations were
10 ls, 20 ls and 30 ls, respectively. In the optimized experiment,
the actual inter-pulse delays were s0i, which were defined as
s � 2(pwi + pwi+1)/p. The experimental excitation profiles were
measured in the one-dimensional mode by shifting the carrier fre-
quency in a step of 100 Hz for each scan.

To test the optimized WATERGATE W3 and W5, a RNA–protein
mixture sample was prepared in water (1.0 mM Bk12, 1.0 mM
EF57, 90% H2O + 10% D2O), non-optimized and optimized W3 and
double W5 spectra were recorded on a Bruker AVANCE III 800
spectrometer with p/2 pulse of 10 ls. The original inter-pulse de-
lay s of 130 ls was used corresponding to d of 7692 Hz. The carrier
frequency was set at 4.70 ppm, which is on-resonance of water sig-
nal. In the optimized experiment, the actual inter-pulse delays
were s0i, which were defined as s � 2(pwi + pwi+1)/p. The strengths
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of the gradient pulses were 10 G/cm for W3, and 17 G/cm and
11 G/cm for double W5, respectively.
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