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A novel implementation of the water flipback technique employ-
ng a 45° flip-angle water-selective pulse is presented. The use of
his water flipback technique is shown to significantly enhance
ignal in 3D 15N-edited ROESY in a 20 kDa complex of the
nd/NK-2 homeodomain bound to DNA. The enhancement is seen
elative to the same experiment using weak water presaturation
uring the recovery delay. This enhancement is observed for the
ignals from both labile and nonlabile protons. ROESY and
OESY pulse sequences with 45° water flipback are presented
sing both HMQC and HSQC for the 15N dimension. The 45°
ipback pulse is followed by a gradient, a water selective 180°
ulse, and another gradient to remove quadrature images and
rosspeak phase distortion near the water frequency. Radiation
amping of the water magnetization during the t1 and t2 evolution
eriods is suppressed using gradients. Water resonance planes
rom NOESY–HMQC and NOESY–HSQC spectra show that the
MQC version of the pulse sequences can provide stronger signal

or very fast exchanging protons. The HSQC versions of the
OESY and NOESY pulse sequences are designed for the quan-

itative determination of protein–water crossrelaxation rates, with
o water-selective pulses during the mixing time and with phase
ycling and other measures for reducing axial artifacts in the
ater signal.
Key Words: PFG (pulsed field gradients); protein–water cross-

elaxation rates; radiation damping suppression; high molecular
eight; water suppression.

INTRODUCTION

As the size of macromolecular systems studied by NMR
ncreased, the usage of ROESY experiments to measure
uclear distances has become less prevalent. Neverth
OESY experiments can complement NOESY experimen

arge systems to provide dynamical information on macro
ecular internal motions (1–6), hydration water–macromo
cule interactions (7–10) and to aid in the stereospecific
ignment of resonances (11). The drawback of ROESY fo
arger systems is the substantial loss of signal intensity
ccurs due to fasterT2 relaxation. Recently, the water flipba
12) and WATERGATE solvent suppression (13) technique
ave been employed with ROESY experiments on sm
olecules resulting in an increase in signal intensity (14). This
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ombination of techniques allows one to avoid water pres
ation and thereby significantly enhance the intensity of r
ances that strongly interact with water. These ROESY e

ments on smaller molecules employ a lengthy delay du
hich radiation damping is exploited to achieve water flipb
OE crossrelaxation can occur during the delay, making
pproach suitable only for smaller molecules since their N
rossrelaxation rates are small. Here, we present a new15N-
dited 3D ROESY experiment that incorporates WAT
ATE and includes a novel form of water flipback that utili
45° flip-angle water-selective pulse. In this new experim

o lengthy delay is required, making this ROESY pulse
uence suitable for higher molecular weight systems.
SQC and HMQC forms of the experiments are presented

he relative strengths of each compared. The correspo
OESY experiments are also provided. The NOESY exp
ents differ from our previously reported NOESY–HMQ
xperiment (15), not just in the inclusion of 45° flipback, b
articularly in the design of the NOESY–HSQC pulse
uence, the design of which makes it particularly approp

or measuring water–macromolecular interactions. The s
nhancement provided by the new ROESY experiment is
nstrated by comparison with the water presaturation RO
xperiment for the vnd/NK-2 homeodomain DNA complex
Da, PDB accession code 1NK3, BioMagResBank acce
ode 4141).

METHODS AND RESULTS

Figure 1 shows the 3D15N-edited ROESY–HSQC an
OESY–HMQC pulse sequences. Figure 2 shows the c
ponding sequences for the NOESY–HSQC and NOE
MQC. Water flipback is initiated by the first water-select
5° flip-angle pulse. However, because the selective pu
pplied with a 90° phase relative to the first high-power p
nd because the faster exchanging protons can unde
ignificant amount of exchange during the selective p
mall quadrature artifacts can appear in the signals of
aster exchanging protons. To remove these artifacts, and
hase distortions caused by the selective pulses on reson
ear the water frequency, the 45° pulse is followed b
1090-7807/99
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452 GRUSCHUS AND FERRETTI
radient, a water-selective 180° pulse, and another gra
oth of these gradients (G1 in Fig. 1) are of the same le
nd direction. This gradient, selective 180° pulse, grad
equence suppresses the quadrature images and phase
ions by dephasing all nonlongitudinal magnetization be
he first 90° pulse of thet 1 evolution period. Because of t
ater-selective 180° pulse between the two gradients
ater magnetization is refocused by the second gradient.
80° pulse results in a reversal of the sign of crosspeaks
ater. The amplitude of fast exchanging resonances and
ances near the water frequency will be reduced dependi
ow much exchange occurs or how close the resonance

he water frequency. The duration of the selective puls
ade sufficiently long to minimize the impact on resonan

FIG. 1. Pulse sequences for the 3D15N-edited ROESY–HSQC and R
igh-power 90°1H and15N pulses, and the broader, tall rectangles corresp
igh-power1H trim (spin-lock purge) pulse is applied for 1 ms, contribut
as a strength of 2.5 kHz. The short, broad rectangles correspond to lo

he HSQC and before the HMQC portions of the pulse sequences, are s
f the sequences are a sinc-shaped 45° flip-angle pulse of;6–7 ms duration
ll pulses are applied at zero phase unless otherwise indicated. All1H pulse
trength of 2.5 G/cm along each axis and is in the (1x, 1y, 1z) direction w
o a two-dwell delay in order to provide enough time for G2 and its delay
1x, 2y, 1z), (2x, 2y, 1z), and (1x, 1y, 1z) for G0, G1, G3, G4, an
.5 ms. The phases for the ROESY–HSQC (A) aref1 5 p/4, p/4, 5p/4, 5p/
he States–TPPI protocol was used for phase-sensitive detection in thet 1 dim
ach complext 1 point, f3 is incremented byp. The TPPI protocol was used
re 0.3, 0.18, 0.25, 0.2, and 0.4 ms, and each gradient is followed by a
/4, p/4, 5p/4, 5p/4; f2 5 7p/4, 7p/4, 3p/4, 3p/4; f3 5 0, 0, p, p; f4 5 0

hat bothf3 and the acquisition phase are incremented byp after each comp
nd G5 the durations are 0.25, 3.0, and 0.2 ms. The directions of the g
nt.
th
nt
stor-
e

he
is
m
so-
on
to
is
s

ear the water chemical shift, but not so long as to allow
uch exchange of fast exchanging resonances. For the
K-2 DNA complex at 35°C, a 45° pulse duration of 6–7
nd a 180° pulse duration of 20–22 ms provided a g
alance between the two effects. These selective pulse
inc-shaped, and the corresponding effective field streng
s roughly 20 Hz. Crosspeaks within a few times this fi
trength from the water frequency, say up to 60 Hz (0.1
rom the water frequency on a 600 MHz1H frequency spec
rometer), should experience some reduction in their ampl
ue to the initial selective pulses and accompanying grad
Figure 3 shows that for both real and imaginary scans
ater magnetization is brought to thep/2 (y) direction by the
rst high-power 90° pulse of thet evolution period. Equal an

SY–HMQC with 45° water flipback. The tall, narrow rectangles corresp
d to high-power 180°1H and15N pulses, except for the pulses marked “trim.” E
1 ms each to the total mixing time. The mixing time low-power spin-lo
ower rectangular 90° pulses (;1 ms, 250 Hz). The taller1H shaped pulses, durin

-shaped 90° pulses of;2 ms duration. The longer1H shaped pulses at the beginn
a sinc-shaped 180° flip-angle pulse at the same power of;20–22 ms duration
re applied at the carrier (H2O) frequency. The rectangular gradient G2 ha
a duration of 50ms, followed by a delay of 50ms. The initialt 1 time was se
he sine bell shaped gradients are triple-axis, along (1x, 1y, 1z), (2x, 1y, 1z),
5, with strengths of 25 G/cm along each axis and each followed by a d

2 5 7p/4, 7p/4, 3p/4, 3p/4; f3 5 p, p, 0, 0; f4 5 0, p; acq.5 p, 0, 0,p.
sion by decrementingf1 and incrementingf2 by p/2 (also see Fig. 3). Afte
thet 2 dimension by incrementingf4. The durations of G0, G1, G3, G4, and
ms delay. The delayd 5 2.2 ms. For the ROESY–HMQC (B) the phases aref1 5
acq.5 0, p. Phase sensitive detection int 1 and t 2 is done as in (A), excep
point. The durations of G0, G1, and G2 are the same as (A), and for G
ients and the delays following them are the same as in (A). The delaye 5 4.5 ms.
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453SIGNAL ENHANCEMENT USING 45° WATER FLIPBACK
pposite gradients dephase and refocus the water and
agnetization during thet 1 evolution period, which preven

adiation damping of the water magnetization (17). In the
OESY experiments, the water is then spin-locked in thep/2
irection, and in the NOESY experiments, the water is
otated by the second high-power1H pulse to the1z or 2z
irection.
The ROESY–HMQC and NOESY–HMQC pulse sequen

ave only one additional pulse for water flipback, just prio
he first high-power1H 90 pulse of the HMQC portion of th
equences (15, 18). This flipback pulse is a shaped, wat
elective, 90° flip-angle pulse. For the NOESY–HMQC,
ipback pulse occurs at the end of the NOE mixing time.

FIG. 2. Pulse sequences for the 3D15N-edited NOESY–HSQC and N
igh-power 90°1H and 15N pulses, and the broader, tall rectangles corre

o low-power rectangular 90° pulses (;1 ms, 250 Hz). The taller1H shaped
re sinc-shaped 90° pulses of;2 ms duration. The two longer1H shaped puls
s duration and sinc-shaped 180° flip-angle pulse of;20–22 ms duration.
pplied at the carrier (H2O) frequency. The rectangular gradient G2 has
uration of 50ms, followed by a delay of 50ms. The initialt 1 time was set to
radients are sine bell shaped with strengths of 25 G/cm along each ax
p/4, 3p/4, 3p/4; f3 5 p, p, 0, 0; f4 5 0; f5 5 0, p; acq.5 p, 0. The St
ecrementingf1 and incrementingf2 by p/2 (also see Fig. 3). After each
imension by incrementingf5. The gradients G0, G1, and G2, and the d
f Fig. 1. The length of G3 is (tmix/22 0.5 ms), and G4 is (tmix/22 1 ms2
z) and (2x, 1y, 1z). The gradients G5, G6, G7, and G8 have duratio

1x, 2y, 1z), (2x, 2y, 1z), (2x, 1y, 1z) and (1x, 1y, 1z). The delayd

2 5 7p/4, 7p/4, 3p/4, 3p/4; f3 5 p, f4 5 p, p, 0, 0; f5 5 0, p; acq.5
ncremented byp each complext 1 point. Gradients G0–G5 are the same a
nd (1x, 2y, 1z), followed by 0.5 ms delays. The delaye 5 4.5 ms.
her

n

s

e
r

he ROESY–HMQC, the ROE mixing time is followed
otation of the spin-locked magnetization to thez axis. A shor
elay follows in which a gradient is applied, which serves
ame purpose as a trim, or spin-lock purge, pulse, and the
ater flipback pulse is applied. The first high-power1H pulse
f the HMQC brings the water magnetization along1z. The

ollowing two low-power1H 90° pulses and the high-power1H
80° pulse cause a net zero rotation on the water magn

ion, leaving it at1z at the end of the pulse sequence. The
radients in the NOESY–HMQC and G5 gradients in
OESY–HMQC dephase and refocus the water magnetiza
reventing radiation damping during thet 2 evolution period. A
odified version of the WATERGATE water suppress

SY–HMQC with 45° water flipback. The tall, narrow rectangles corresp
nd to high-power 180°1H and 15N pulses. The short, broad rectangles corresp
lses, during the HSQC and before the HMQC portions of the pulse seq
at the beginning of the sequences are a sinc-shaped 45° flip-angle pulse;6–7
pulses are applied at zero phase unless otherwise indicated. All1H pulses are

trength of 2.5 G/cm along each axis and is in the (1x, 1y, 1z) direction with a
two-dwell delay in order to provide enough time for G2 and its delay. All
The phases for the NOESY–HSQC (A) aref1 5 p/4, p/4, 5p/4, 5p/4; f2 5 7p/4,
s–TPPI protocol was used for phase-sensitive detection in thet 1 dimension by
mplext 1 point, f4 is incremented byp. The TPPI protocol was used in thet 2

tions and the delays that follow them, are the same as for the ROESY
), both followed by 0.5 ms delays. G3 and G4 are triple-axis along (1x, 1y,
f 0.22, 0.25, 0.2, and 0.4 ms, followed by 0.5 ms delays, and are triple

2.2 ms. For the NOESY–HMQC (B) the phases aref1 5 p/4, p/4, 5p/4,5p/4;
0. Phase-sensitive detection int 1 and t 2 was done as in (A), withf3 being

n (A). Gradients G6 and G7 have lengths of 3.0 and 0.2 ms, along (1x, 1y, 1z)
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454 GRUSCHUS AND FERRETTI
echnique is employed during the HMQC to eliminate
esidual transverse water signal (15). The ROESY–HSQC an
OESY–HSQC both use two flipback pulses during the HS

FIG. 3. The effects of the 45° water flipback and gradients on the water
maginaryt1 points. The first selective, shaped pulse is the 45° water flipback p
s indicated by the dotted line in the smaller axes appearing between points a a
t the same power and phase as the first, this time with a 180° flip-angle, ro
agnetization 180° from its direction at point b, 135° from the1z direction. A hig

ransverse,x–y plane, and the phase of this pulse is shown between points e an
he real and the imaginary time points, while the nonwater signal differs by a
agnetization so that no radiation damping can occur duringt1, and the gradient2G2
o chemical shift evolution has occurred in the rotating frame for the water magn
t the end of thet1 period, and so the full water magnetization is always spin-lock
o the water magnetization is rotated to thez axis at the start of the NOE mixing t
y

C

nd employ WATERGATE during the final reverse INE
12, 13).

All the pulse sequences in Figs. 1 and 2 use 45°-sh

ter arrow) and nonwater (darker arrow) magnetization vectors are shown forl and
e, and it rotates the water magnetization 45° from the1z direction. The phase of this pul
. A gradient is then applied, G1, dephasing the water signal. A secondselective, shaped puls
s the dephased water signal 180°. The same gradient G1 is reapplied, refocusing the wate
ower 90° pulse then rotates both the water and the nonwater magnetization
Notice that this high power pulse rotates the water magnetization to the1y direction for both
ase of 90°, as required for phase sensitive detection int1. The gradient G2 defocuses
cuses the magnetization at the end oft1. Since the carrier is set at the water freque
ation duringt1. In the ROESY experiment the spin-lock field is applied along the1y direction
In the NOESY experiment a high-power1H 90° pulse is applied along thex direction, and
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455SIGNAL ENHANCEMENT USING 45° WATER FLIPBACK
hase sensitive detection in the F1 dimension. This phase
s needed so that crosspeaks from the water resonance ha
ame phase as the other crosspeaks in the spectrum. I
hifted phase sensitive detection, the signal at the carrie
ignal from the water resonance, is always present with
ame magnitude along the spin-lock axis during the R
ixing time or the1/2 z direction during the NOE mixin

ime. Because of the 45° flip-angle water flipback, the
ater magnetization, rather than just the 45° projection o
ater signal, is spin-locked or brought to the1/2 z direction
uring the mixing time. Thus, flipback causes the crossp

rom the water magnetization to be enhanced by a factor o
quare root of two.
For the ROESY and NOESY experiments shown in F

B, 2A, and 2B, the phase cycling of the first high-power
ulse at the beginning of thet 1 period and the high-power 9
ulse at the end of the mixing time is used to cancel the m
ources of axial signal that develop during thet 1 period and
ixing time. To further ensure that residual axial signal d
ot interfere with ROE or NOE signal coming from the wa
agnetization, all the experiments are collected with
tates–TPPI protocol in thet 1 dimension. With the States
PPI protocol axial signal appears at the edge of the spec
ather than at zero frequency (19). The NOESY sequenc
nclude a1H high-power 180° pulse halfway through the m
ng time so that axial signal due to spin-lattice relaxa
uring the mixing time is cancelled for every scan. Gradi
re applied during nearly all of the NOE mixing time in or

o prevent water signal along2z from relaxing due to radiatio
amping and to prevent artifacts that can arise in the w
esonance plane due to the radiation damping feedback
20). The inversion of the water signal during half the mix
ime distinguishes the NOESY sequences here from earlie
D, and 2D (homonuclear) NOESY pulse sequences
ater flipback (14, 15, 21, 22). These earlier NOESY s
uences require that the water signal be along1z by the end o

he mixing time. Except for experiments with very long mix
imes, this requirement prevented the use of States–TP
hese earlier sequences. The pulse sequence shown in F
he ROESY–HSQC experiment, uses a different phase cy
ancel axial noise in thet 1 dimension than the other pul
equences use. In this pulse sequence the first high-pow
ulse and the acquisition phase, rather than the first high-p
0 pulse and the high-power 90 pulse following the mix

ime, are used to cancel the axial noise. The reasons for th
urely historical, and the other pulse sequences could al
ritten using the acquisition phase cycle to cancel axiat 1

ignal. Phase cycling the acquisition phase has the a
dvantage that anyt 1 axial noise that somehow develops a

he mixing time will also be canceled.
In order to minimize interactions with the15N magnetization

hat might appear at zero frequency and thus interfere wit
OE or NOE signal from water, two15N purges,15N 90° pulses

ollowed by gradients, are employed. The first15N purge is a
ift
the
5°-
he
e

E

l
e

ks
e

.
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or

s
r
e

m

ts
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D,
th

in
1A,
to

90°
er

are
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e

he beginning of the pulse sequence, to remove15N equilibrium
agnetization, and the second one occurs at the end o
ixing time.
In the ROESY–HMQC, during thez filter following the

OE mixing time, NOE crossrelaxation can occur, so
mportant to keep thez filter as short as possible. In both t
OESY–HMQC and NOESY–HMQC, the water flipba
ulses during the mixing times make the conversion of
ater crosspeak intensity into crossrelaxation rates prob
tic. In contrast, the ROESY and NOESY HSQC seque
ave no water flipback pulses or other pulses during the m

imes that would interfere with the build-up of ROE or NO
rosspeaks from water to the amide protons.
Figure 4 compares the results of the ROESY–HMQC

eriment with and without water presaturation during the
overy time. Except for the use of the presaturation field du
he recovery time (1.4 s), the spectra were acquired and
essed identically and are plotted at a threshold five time
ms noise level of each spectrum. The diagonal peaks for
ackbone amide resonances of the vnd/NK-2 homeodo
nd the ROE crosspeaks to these resonances are show
mides shown are slow-exchanging (kex , 0.01 s21) except for
he8, which has a moderate rate (1 s21 . kex . 0.01 s21) (16).
ubstantial improvement of the crosspeak intensity is
hen water flipback is employed. While the average impr
ent in the signal-to-noise ratio was 10% for the spec
verall, for some signals the improvement was much m
ramatic. For instance, in the spectrum with water presa

ion, the crosspeaks for Tyr54 are too weak to be seen fo
hreshold shown in Fig. 4, but without presaturation, cr
eaks from the alpha and beta resonances are clearly ev
ater presaturation reduces the intensities of resonance

nteract strongly with water. Most of the crosspeaks in Fi
re from nonlabile protons, with the exception of the Ile4
rp48 HN–HN crosspeak, indicating that direct and rela
ipolar interactions with water are responsible for the reduc
f the nonlabile resonance intensities.
Figure 5 compares the water resonance planes from
OESY–HMQC and NOESY–HSQC experiments and c
ares the NOE crosspeaks for three arginine He resonances
he majority of the signals correspond to resonances of
xchanging protons. These include the backbone amide

ons of the unstructured N and C termini of the protein, wh
ive the most intense (highest) crosspeaks, and the arg
uanidinium protons, which give the largest volume cr
eaks. Fast-exchanging amide protons at the beginnin
ach of the three helices of the homeodomain, Lys10, A
nd Thr43, show large crosspeaks. For two residues, L
nd Ser27, the signal seen is likely dominated by theira

esonances, which are degenerate with the water frequ
everal slow-exchanging amides also show crosspeaks
ater frequency, such as Thr13, Ser36, and Thr56, w
ignals come in large part through relayed magnetization
heir exposed hydroxyl groups. However, Thr9 and Thr41 h
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456 GRUSCHUS AND FERRETTI
either fast-exchanging backbone amide protons nor exp
ydroxyl groups (23), and no crosspeaks are observed f
ater to their backbone amide protons. All together, abou

FIG. 4. Comparison of 45° water flipback ROESY–HMQC spectra o
ater presaturation during the recovery delay (1.4 s). The backbone am
Greek letter alone are intraresidual ROE crosspeaks. The crosspeaks
eak (B1 5 13 Hz), a small, but sufficient amount of water signal rema
iagonal crosspeaks are positive, indicated by lighter shading, and all o
12* matrices, sixteen scans per point, witht 1 5 11.2 ms (F 1 5 5700.0Hz
pectra were linear predicted to double the size oft 1 and t 2, apodized with a
OE mixing time was 16 ms for both spectra.

FIG. 5. Comparison of water resonance planes (4.644 ppm in the F1
nd NOESY–HMQC (bottom) spectra of the vnd/NK-2 homeodomain D
1.2 ms (F 1 5 5700.0Hz), t 2 5 42.0 ms (F 2 5 1520.5Hz), andt 3 5 61
f t 1 and t 2, apodized with a shifted squared sine bell window function,
he region enclosed with dashed lines contains the crosspeaks from w

o the three arginine He resonances shown to the right. See text for addi
ed

0

ackbone amides have little or no detectable crosspeaks
ater, including some that are partially exposed to the sol
ost interestingly, some slow-exchanging backbone am

e vnd/NK-2 homeodomain DNA complex with (A and C) and without (B
resonances are indicated by the labeled diagonal peaks. The crosspeaeled with
eled with asterisks are from water. Because the presaturation field streh was very
d to give crosspeaks to some of the amides in the presaturation expe
r labeled crosspeaks shown are negative. The spectra were recorded a* 3 32 3
5 8.8 ms (F 2 5 1824.6Hz), andt 3 5 61.4 ms (F 3 5 8333.3Hz). Both

ifted squared sine bell window function, and zero-filled in all dimension

ension) and crosspeaks to three arginine He resonances from NOESY–HSQC (to
complex. Both spectra were recorded as 64*3 128 3 512* matrices, witht 1 5
s (F 3 5 8333.3Hz). Both spectra were linear predicted to double the
zero-filled in all dimensions. The NOE mixing time was 32 ms for both

r to arginine guanidinium resonances. The horizontal line in this regionesponds
al details.
f th
ide
lab
ine
the
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dim
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.4m
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rotons have sizable crosspeaks from water and do not a
o be close to other fast-exchanging protein protons, inclu
he8, Trp48, and Gln50, which might indicate the presen

ong-lived waters near these residues (9).
Although 1H–1H scalar couplings cause broader15N line-
idths in the NOESY–HMQC spectrum, some peak intens

peak heights) are actually stronger (higher) in the NOE
MQC spectrum than in the NOESY–HSQC spectrum.

wo spectra were acquired under comparable conditions,
essed identically, and plotted in both cases at a thresho
imes the rms noise level for the water resonance plane
our times the noise level for the arginine crosspeaks. W
rosspeaks to the arginine side chain amide resonances,
he dashed box region in the lower right of the spectra,
pproximately 30% more peak intensity (height) in the HM
xperiment. The remaining resonances, i.e., backbone a
nd Gln/Asn side chain amides, are on average 30%

ntense in the HSQC experiment. However, variations in
emaining peak intensities are not systematic. Two extr
xamples are indicated in Fig. 5 by larger lettering, i.e., H
nd Arg58 backbone amides. The crosspeak from wat
is52 is twice as strong in the HSQC spectrum, wherea
rosspeak to Arg58 is 37% stronger in the HMQC spect
hese intensity differences arise due to relaxation proc
ccurring after the end of the mixing time, since the exp
ents are identical until this point. Because of this, the HS
MQC intensity ratio measured for the water crosspeak
articular amide should be the same for all crosspeaks to
mide. For the NOE crosspeaks to Arg2, Arg5, and Arg5e

esonances, also compared in Fig. 5, the crosspeaks a
verage 30% stronger in the HMQC spectrum, the same
entage that was observed comparing the water crossp
lthough, for reasons that are not entirely clear, the N
rosspeaks to Arg58 He are stronger in the HSQC spectru
uch of the higher intensities seen in the HMQC experim
re due to the two extra delays in the HSQC experim
ompared to the HMQC experiment. These delays occu
efore and just after the15N evolution period, when all the1H
nd 15N signal is along thez direction. For protons with ver

ast solvent exchange rates (kex . 10 s21), such as arginin
uanidinium protons, these extra delays result in signifi

oss of signal. Differences in the dipolar terms giving rise
ingle and multiple quantum relaxation could also accoun
ome of the intensity variations.
Both the ROESY–HSQC and the NOESY–HSQC exp
ents were designed for our ongoing work in measuring

ein–water cross-relaxation rates at protein–DNA interfa
he major sources oft 1 axial signal are suppressed by
hase cycling of the 90° pulses at the beginning of thet 1 period
nd the end of the mixing time, and additionally for
OESY experiment, the 180° pulse during the mixing ti
he remaining residual axial signal should appear at the
f the spectrum in the F1 dimension since the States–
rotocol is used. A ROESY–HSQC spectrum with a 1 ms
ear
g
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ixing time and NOESY–HSQC spectrum with a 2 msmixing
ime were recorded (both with data matrix sizes of 48*3 963
12*). No crosspeaks at the carrier (water) frequency w
etectable in these two spectra except for a trace of sign

he fastest exchanging amide and guanidinium protons, w
ave the strongest water crosspeaks in the spectrum
OESY spectrum was recorded with a 1 msmixing time

nstead of zero mixing time to accommodate the spinlock p
ulses. The NOESY spectrum was collected with a 2 ms
ixing time to accommodate the gradients, gradient reco
elays, and high-power1H 180° pulse during the mixing tim

n contrast with the HMQC experiments, no water flipb
ulses are implemented during the ROESY–HSQC
OESY–HSQC mixing times, as such would complicate
omputation of the water crossrelaxation rates. The squar
f two enhancement of the water crosspeaks aids the me
ent of the rates by allowing the spectra to be recorded

ewer scans and shorter mixing times, reducing spin diffu
ffects.
The use of water flipback significantly enhances signal in

15N-edited ROESY. This enhancement was observed fo
ignals from both labile and nonlabile protons. In additio
hould be straightforward to employ the Cavanagh–Ra
ay sensitivity enhancement method at the end of
OESY–HSQC and NOESY–HSQC pulse sequences to
ide additional enhancement of the signal (24, 25). Since there
re fewer delays, the HMQC versions of the ROESY
OESY can provide stronger signal for very fast exchan
rotons. The HSQC versions are designed for the quantit
easurement of protein–water crossrelaxation rates, wi
ater-selective pulses during the mixing time, and with15N
urges, phase-cycling, and a 180° pulse in the middle o
OE mixing time to suppress artifacts in the water signa

EXPERIMENTAL

All spectra reported here are from the complex of the
K-2 homeodomain bound to its cognate DNA at a 1.3
oncentration at 308 K, 80 mM NaCl, and pH 6.0. The pro
onsists of a 77 amino acid peptide containing the 60 res
omeodomain plus 17 flanking residues, and the DNA
uplex of 16 base pairs. Further sample preparation d
ave been described previously (16, 26). The spectra wer
ecorded on a Bruker AMX 600 MHz spectrometer. All spe
ere processed with nmrPipe, and the spectra were p
sing nmrDraw (27).
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