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We report a version of the ROESY experiment in which satura-
tion of the water magnetization is avoided without compromising
suppression of the water signal during acquisition. Field gradient
and selective RF pulses are used to maintain precise control of
the water magnetization throughout the experiment and avoid
signal losses due to radiation damping and molecular diffusion
effects. The pulse sequence includes a delay for intentional radia-
tion damping prior to mixing period. The optimal length of this
delay is field and sample dependent, but easily determined from
the apparent linewidth of the water signal. NOESY and TOCSY
variants of the same experiment are presented which make use of
identical manipulations of the water magnetization. The three
pulse sequences constitute a suite for which little parameter adjust-
ment is required once one of the experiments has been configured.
© 1997 Academic Press

In order to obtain maximum sensitivity in high-field (vq
= 500 MHz) NMR spectroscopy of aqueous samples it is
necessary to suppress the water signal during acquisition
while avoiding saturation or dephasing of the water magneti-
zation during the magjority of the experimental cycle, particu-
larly for samples at neutral pH (1). This was first demon-
dtrated in heteronuclear experiments (2), and more recently
for homonuclear NOESY (3,4) and TOCSY (5,6). It is
more difficult to avoid saturation of the water magnetization
in the case of ROESY (7, 8). If awater suppression module
is appended to a conventional ROESY seguence (e.g., the
1-1 echo ROESY experiment reported by Bax et al. (9))
the water magnetization will be orthogona to B, during the
mixing period and dephased due to RF homogeneity for some
steps of the phase cycle required for phase-sensitive detection
in F1. Radiation damping during t; will also generate a com-
ponent of the water magnetization orthogonal to B; (10).
The previous schemes for flip-back TOCSY (5, 6) are not
directly applicable to ROESY experiments, since the latter
requires alonger (spin-lock) mixing time and that the magne-
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tization of interest be transverse during the mixing delay. We
report here a ROESY pulse sequence (Fig. 1A) in which the
water is efficiently returned to equilibrium prior to acquisition
by use of a combination of gradient pulses, intentiona radia-
tion damping, and selective RF pulses. We have avoided the
use of selective excitation at the solvent frequency prior to
the mixing period, in order to preserve information at this
frequency adong F1, and we have introduced minimal addi-
tional delays to avoid sensitivity losses due to relaxation.
Because radiation damping effects are controlled, efficient
recovery of water z-magnetization is obtained for the entire
phase cycle and over the entire range of t; evolution delays.

The flip-back ROESY seguence is shown in Fig. 1A. Dur-
ing the evolution period a bipolar pair of wesk gradient pulses
G; is used to reversibly quench radiation damping (10), and
thus minimize line broadening at the water frequency aong
F1(11). Following the evolution period isa zfilter containing
delay 7, for intentional radiation damping and a homospail
gradient pulse G,. The water magnetization is purely along
the z-axis by the end of the zfilter; i.e., the phase modulation
imposed by TPPI is selectively removed from the water mag-
netization. The excitation pulse phase ¢, has been shifted by
45° to minimize the length of 7, (12—15). The optimum value
for T, depends upon the spectrometer frequency and probe
tuning, but can be easily calculated by use of Egs. [1] and [ 3]
(see below). Following the z-filter the water magnetization is
returned to the transverse plane and is immediately spin-
locked, again suppressing radiation damping (16). A CW
spin-lock pulse is used during the mixing period, flanked by
two hard 90° pulses phased along y to compensate for reso-
nance-offset effects on the transverse NOE intensities (17).
The use of the spin lock to ‘‘store’’ the water magnetization
during mixing is preferable for ROESY to the approach used
in (6) for TOCSY, where transverse water magnetization is
dephased by a gradient pulse prior to isotropic mixing and
rephased afterward. The latter approach would result in sig-
nificant loss of water magnetization during typical ROESY
mixing times due to molecular diffusion (18, 19). Following
the mixing period is a second zfilter containing a homospoil
gradient pulse G; and a 90° sdlective flip-back RF pulse,
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FIG. 1.

Pulse sequences used in this work. (A) ROESY with zfilters, water flip back, and water suppression via excitation sculpting. (B) NOESY

with water flip back and excitation sculpting. (C) TOCSY with z-filters, water flip back, and excitation sculpting. The transmitter is on-resonance at the
water frequency. Smaller open boxes (with RF phase — ¢3) denote selective rectangular 90° pulses. Larger open boxes (with RF phase — ¢,) denote

selective rectangular 180° pulses. The same phase cycle is used for all three sequences: ¢, =
—X, 2X, —X

2(7y)v ba =X, 2(7)()7 X, Y, 2(7y)7 Y; dr = X, 2(7)()! X, Y, 2(7y)« Y,

4(=x, X), 4y, —Y); ¢2 = 8X, 8y; 3 = 2x, 2(—X), 2y,
, =Y, 2y, —Yy. Gradient strengths (in G cm™): G, = 0.25, G,

=12, G; =9, G, = 7.2, and G5 = 6. All gradient pulses are rectangular and 600 ws in duration except G, pulses which are of duration t,/2; i.e., their
duration is incremented during the 2D experiment. Each gradient pulse, except G, is followed by a 100-us recovery delay.

which maintains the water magnetization along the z-axis after
the read pulse. Findly, an excitation sculpting module
(20, 21), containing simple selective inversion elements (soft
180°—hard 180°), dephases any remaining transverse magne-
tization at the water frequency.

WATERGATE (22, 23) may also be used in this sequence
with good results. However, the excitation scul pting scheme
offers certain advantages. The selective 180° pulses may be
calibrated in asimple one-pul se experiment and used without
further adjustment. The phase difference between the high
and low RF power levels need not be compensated. The
total length of the excitation sculpting module is similar to
that of WATERGATE (6 to 8 ms), and transverse relaxation
losses are therefore similar.

The key to the flip-back ROESY experiment is the use of
intentional radiation damping during 7,. The time required
for efficient radiation damping is minimized by phase shift-
ing the excitation pulse by 45°, asis donein some implemen-
tations of the flip-back NOESY experiment (12, 14), so that
following a second pulse the water is never tilted more than
135° with respect to the z-axis. The phase shift causes no

baseline or phase distortion and no loss of sensitivity and
merely adds 45° to the zero-order phase correction in F1.
The minimum time 7, required for recovery of water z
magnetization from aflip angle 6 is a function of the radia-
tion damping time constant ., which in turn is dependent
on the 'H Larmor frequency and probehead impedance
matching (16, 24). Since the relaxation of solvent water
magnetization is dominated by radiation damping, other spin
relaxation mechanisms may be neglected and =, may be
measured directly from the water linewidth (10):

~0.8384

7TAI/1/2

[1]

Therecovery time 7, of solvent z-magnetization asafunction
of 6 is given by (25, 26)

o

> .

T, = Tr[tanhlﬁZ + In<tan
Mo
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Recovery of water z-magnetization via radiation damping vs flip angle 4. (A) The pulse sequence used. (B) Recovery curves. (a) § = 45°,

(b) 8 = 90°, (c) 6 = 135°, (d) 6 = 180°. M,/M, values were obtained by integrating the water peak. In the § = 135° case recovery is complete by 25

ms, in agreement with the value of 7, calculated by use of Egs. [1] and [3].

In our experience, good performance of the sequences de-
scribed in Fig. 1 resultsif 95% recovery of water magnetiza-
tion is obtained during delay 7,. The required delay for M,/
Mo = 95% and # = 135° is given by
7,(95%) = 2.717,. [3]
At 500 MHZ atypical water linewidth is 30 Hz, giving 7,
= 8.9 ms and 7,(95%) = 24 ms. This caculated value has
been verified by experimental calibration of , (see Fig. 2).
Longitudinal cross-relaxation during 7, may in principle
cause distortion of ROE intensities. However, in the case
of medium-sized biomolecules such as peptides, where
ROESY mixing times are typically on the order of 250 ms
for maximum buildup of transverse NOE intensity, a 24-
ms longitudinal period will not interfere significantly. At
higher field strength radiation damping is significantly faster
and even shorter delays can be used (e.g., at 750 MHz, 7,
= ca. 11 ms).
In Figs. 1B and 1C the corresponding NOESY and
TOCSY sequences are shown, which are identica to the

ROESY sequence except for the mixing scheme. The three
sequences employ identical RF and gradient programs and
a standard NOESY phase cycle. Therefore, minimal param-
eter adjustment is required once one of the experiments has
been set up.

The NOESY sequenceisidentical to the original flip-back
NOESY reported by Lippens et al. (3) except for the use
of gradients during evolution and excitation sculpting for
water suppression. In addition, because the excitation pulse
is phase shifted, flip-back NOESY spectra can be acquired
with mixing times as short as 30 ms at 500 MHz (27). Such
NOESY data are useful for generating NOE buildup curves,
and for distinguishing between direct NOE contacts and
spin-diffusion-mediated contacts.

The TOCSY variant (Fig. 1C) requires an isotropic
mixing sequence that can be phased entirely along =y in
order to spin-lock the water magnetization. If a mixing
scheme without intrinsic compensation for cross-relax-
ation effects is used (e.g., WALTZ-16 (28), DIPSI-2
(29)), then longitudinal cross-relaxation during =, and
uncompensated transverse cross-relaxation during 7 mix
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will effectively cancel, as occurs in some schemes for
‘““clean’” TOCSY experiments (30-32). Delay 7, (Fig.
1C) may be adjusted to optimize the cancellation, and
thereby remove cross-relaxation artifacts. In the slow-
motional regime (w7, > 1), usually applicable to pro-
teins, the transverse (¢") and longitudinal (") cross-
relaxation rates are related by (33)

o' = —-20". [4]
Neglecting off-resonance effects, the effective transverse re-
laxation rate during DIPSI-2 mixing is (0.25)c" (34).
Therefore the optimal value of , for slow-motional regime
systems is given by

[3]

At very high fields (v, = 750 MHz), where 7, is small, it
is preferable to omit 7, and use an intrinsically compensated
isotropic mixing scheme such as TOWNY-16 (35).

Experiments were performed at 500 MHz on a Bruker
AMX500 spectrometer using a 5-mm *H-'3*C-*°N
probehead equipped with actively shielded z-gradients. Fig-
ure 3A shows a ROESY spectrum obtained by use of the
flip-back ROESY sequence (Fig. 1A) of a2 mM 12-residue
peptide in 90% H,O at pH 6.9. Figure 3B shows the corre-
sponding flip-back TOCSY (Fig. 1C) spectrum of the same
sample. The water suppression is excellent; the residual sol-
vent signal has only very weak dispersive tails. Cross peaks
are well resolved at the solvent frequency.

The intentional use of radiation damping during 7, is
equivalent to a narrowband selective RF pulse at water fre-
guency (36) and might be expected to bleach or distort cross
peaks near this frequency. In fact, the ROESY and TOCSY
spectra obtained by use of sequences 1A and 1C are very
clean at water frequency in F1 (Figs. 3A and 3B). The RF
bandwidth of radiation damping is very narrow, so that only
signals on-resonance with water will be affected. The aver-
age effective RF field during radiation damping (v%) is

given by (16, 26)
sech{Tl - In[tan1<g>] }dt. [6]

rdy __ 1 fTZ
(vs) 2rT7, Jo

Under the experimental conditions of Fig. 3 (7, = 8.9 ms,
7, = 25 ms, maximum # = 135°) Eq. [6] gives (v{) =
13.1 Hz, i.e, on the order of the proton linewidth for biomol-
ecules. Furthermore, radiation damping during 7, removes
the TPPI-induced phase modulation in t; at the water fre-
quency, but does not attenuate the magnetization amplitude
(24). The sign discrimination of frequency along F1 will
be lost for these cross peaks, but this is of no consequence
at zero offset.

In conclusion, we have demonstrated a variant of the
ROESY experiment with minimal saturation of the water
magnetization and yet very efficient suppression of the water
signal during acquisition. The use of intentiona radiation
damping prior to mixing is afeasible means of achieving this
result, especially in high-field NMR. The flip-back ROESY
sequence and the corresponding NOESY and TOCSY se-
guences were designed so that most experimental parameters
are not sample or mixing-mode dependent, and in practice
the sequences are convenient to use on a routine basis.

A l oaj_

N '
LI R ¥

ppm

FIG. 3. NMR spectraof a 12-residue peptide in 2 mM agueous solution
(90% H,0/10% D,O, T = 25°C, pH 6.9) showing fingerprint and solvent
regions. (A) Flip-back ROESY. (B) Flip-back TOCSY. In (A) positive
and negative intensities are shown; positive intensity is depicted by asingle
contour. In (B) only positive intensity is shown. Selective pulse power
level: 90 Hz. For ROESY data: CW spin-lock power = 5 kHz, 7, = 250
ms. For TOCSY data DIPSI-2 spin-lock power = 25 kHz, 7, = 60
ms. For both spectra: 64 scans/FID, 2048 complex data pointsin t,, 250
increments in t;. Spectra were zero-filled to yield 2048 X 1024 real points
after processing. Window function: 60°-shifted sine bell. No postacquisition
solvent suppression was used.
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