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A novel 90° composite pulse sequence which allows one to
record 1D and 2D NMR spectra without disturbing the water
magnetization is described. A home-written program was used to
optimize the pulse angles for which the pulse sequence response
fitted best the desired excitation profile, producing a neat and
distortionless spectrum with a broad null excitation at the carrier
frequency. The resulting pulse sequence was first evaluated using
the simulation program “PENCIL” and then tested on two pro-
tein samples. A 3.5° phase shift of the last pulse was required to
cancel correctly the water signal. The pulse scheme was appended
to a NOESY pulse sequence. Inspection of the water cross section
revealed interactions between water and some protons of droso-
mycine, a small insect antifungal protein. © 1998 Academic Press
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nearly uniform excitation profile across the spectral region o
interest with minimal phase gradient.

For the design of the composite 90° pulse, a program name
“PULSE" was written to search for the pulse angles giving the
best sequence output, in agreement with predefined requir
ments: (1) the pulse sequence should be symmetrical ar
should contain six pulses, (2) all pulses should be applied alor
only one axis, and (3) the pulse sequence must provide a cle:
excitation profile along the regions of interest with minimum
phase distortion and a broad null excitation at the offset resc
nance. Since the effects of pulses and of the evolution durin
any time interval upon chemical shift on magnetization are
rotation around axis, the influence of the pulse sequence c

specific lipid transfer protein; drosomycin. Mx, My, andMz magnetizations is calculated via rotation ma-

trices. At any time of the sequence, the system is represent

1 L by a matrix P[i][j] which provides the evolution of the
In protein™H NMR studies, it is often necessary to observg,, My, andMz magnetizations

exchangeable protons and bound water molecules which give a
wealth of information on structure and dynamics of these

molecules. Several pulse sequences have been proposed to o :“ji :12” 2131
record 'H NMR spectra without presaturation of the water PLIIL1= 2L T2 28|
Az Az Ay

signal. Among them, the binomial pulse sequences which give

no net excitation at the frequency of the solvent resonance are == N )
well known (). However, most such composite pulses suffeyhere] indicates the position of the pulse in the sequence

from a nonuniform excitation profile and a consequent vari&l/even pulses are considered: six real pulses applied op the
tion in signal phase across the excitation bandwidth. Recen@iS corresponding to odchumbers, and five rotations around
pulse sequences using inhomogeneity of either the radioffB8Zaxis corresponding to evgmumbers; these are frequency
quency field or the static magnetic field to scramble th®H erendgnt and represent the evolution of the f_requenues.dL
magnetization during the NMR pulse sequence have beBf the interpulse delay. Therefore each matrix element is
described 2, 3. Unfortunately, due to the very lor, relax- Calculated for several frequencieswherev; = 2mAvri, Av
ation time of HO protons compared to protein protons, watd?€ing the frequency increment amdhe interpulse delay. For
remains in a semisaturated state since the delay time betw@8f] numbers the matri®fi][j] is

scans is usually much shorter than thgdHT; relaxation time.

In this note we describe a composite 90° pulse sequence which
does not excite the water magnetization and which provides a

cog6,) 0O sin6y)
Pli][2k + 1] = 0 1 0 ,
—sin(6,) 0 cog6,)

1 In memory of Patrick Sodano. . .
2 To whom correspondence should be sent. Fax: (33) 2 38 63 15 17. E-m¥{fere] = 2k + 1 and 6, represents the f'IIp "?‘ngl'e of thﬂ’h
ptak@cnrs-orleans.r. pulse. Since the offset frequency magnetization is submitted t
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an overall pulse equal to the sum of &}l a nonexcitation of for the Mx magnetization and

that frequency requires the constraiht 6, =0. As in binomial

pulse sequences, we use a symmetrical solution. Therefore, rms, = \/(2 (Sy5 — dz)2IN)
i

three additional constraints are added which in turn save cal-
culation time since only three pulse angles are incremented and

searched forf, = —0g, 0, = — 05, andf; = —6,. for the dispersive component.
For evenj values the matrix represents the evolution of the |y this calculation, the null window from the offset fre-

Mx, My, andMz magnetization related to chemical shifts, quency is set to 80 Hz for the absorptive component to ensul
that the water signal is not excited. The initial solution calcu-

cogBi) —sin(B;) O lated by PULSE is in agreement with the predefined require
P[i]J[2k]=| sin(B;)) cogB;) O |, ments. The only discrepancies are two large symmetrical di
0 0 1 persive bulges in a window of 80 Hz around the offset

resonance. The intensity of these unwanted dispersive cor

wherej = 2k, B; = 2mAvti, 0 =i = N, Av being the ponants is strongly reduced by oversampling the frequenc

frequency incrementr the interpulse delayN,.x = vma/Av  axis in this critical frequency window. Eighty points are chosen

and v, the highest sweep width frequency. Owing to th# describe the first 130 Hz from the offset and 30 points for the

symmetry of the sequence response, only frequencies betwesst of the frequency sweep width, i.e., 1950 Hz. In this case

the offset resonance angl,,, are considered for calculations.rms, and rmg values are dominated by the response of the
The output of the pulse sequence is reduced to the matplse sequence in the null window region.

multiplication The solution showing the lowest rmsds corresponds to th
following three pulse angles); = 35°, 6, = 56°, and6; =

Si; Siz Siz 132° (see Fig. 1). These values are close to those found in tl

Slil=TI PLil[j1=| S Sz S |, 3-9-19 sequence (20.8°, 62.3°, 131.5°) defining a se!ectiv
j<12 Ssi Ssi Say 180° pulse in the WATERGATE sequencd).( The main

difference between the two sequences is a sign inversion of tf

whereP[i][0] is the identity matrix. first and last pulse phases.
Since we are only interested in the in-plane magnetizations
Mx andMy arising from the evolution of th#1z magnetization 5
after the pulse sequence, only the two matrix elemegntand 0 0 0
s, Which refer to theMix andMy magnetizations, respectively, Oy Oy Bz. o > -

evolving at the frequency,, are considered. . . . . .
The desired response of the pulse sequence is then intrg
FID

duced as a two-dimensional column matbXi] where ele-
ments are zero or one:

b
D[i] = [gj . Do, Do B,

hs
d,; = 0.0 for 0= i = Nrepresents the frequency interval from H t H Tm . HTHTHTHTHT%
FID

the offset where ndMx magnetization excitation is expected
andd;; = 1.0 forN = i = N, represents the frequency sweep
where a uniform excitation of th&x magnetization is re-

quired. Since no dispersive componant of the magnetizationgg 1. (a) composite pulse sequence used to record 1D spectra. The pul
My, is wanted, we imposd,; = 0.0 for 0= i = Nax angles are 35°, 56°, and 132° féy, 6,, and 6, respectively. The interpulse
The program increments step by step the first three pul@ayq-was set to 29Qus in all NMR experiments. To overcome the detection
angles, the three last ones being deduced by a sign inversibfiror image signals a 4-step CYCLOPS cycle can be used. (b) NOES!
and calculates for each increment the theoritical resp&fige PUISe Seduence used to record spectra of wheat ns-L TP and drosomycine. |
. . phase cycling is a classical 16-step cycligg:(4x, 4(—x)), ¢, (8%, 8(—x)),
for all freque_mes:_/i in the freque_nc_y range 2100 Hz from they_ (x v —x —y), b (v, =% =Y X, 2(=¥, X Ys —X), Vs =%, —Y, X).
offset. Then it estimates the deviation between the output of th& phasep, refers to the phase of the first pulse of the composite 90° pulse
pulse sequence and the desired excitation profile, sequence. The phagg was shifted by an angle of 45° to allow a rapid return
of the water magnetization onto thez axis during the mixing time via
radiation damping8). A 1-ms homospoil pulse is applied at the end of the
ms, = (E (S13 — di)?IN), mixing time to ensure that all magnetizations are aligned witlzthds before
i applying the composite 90° pulse for signal detection.
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The pulse program is first evaluated using the simulation
program “PENCIL" (5). The expected excitation profile of the
composite 90° pulse sequence is provided in Fig. 2. The pulse
sequence nicely fulfills the desired requirements since a clean
excitation of theMx magnetization is achieved over most of the
spectral sweep width. Thely magnetization being the source
of the phase distortions along the spectral width is almost equg|

Mx
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FIG. 3. All spectra of wheat ns-LTP sample presented here were recorde
under the same experimental conditions. The temperature was set to 20°C, 1
protein concentration was 6 mM, and the solution pH was set to 5.5. Th
spectrometer used was a Bruker AMX500 operating at a frequency of 50
MHz for proton nucleus and equipped with three axis gradient coils. The
interpulse delay- was set to 29Qus. The RF field power corresponds to a 90°
of 13.8 us. The recycling delay was 1.4 s in all cases. For all spectra, nc
postacquisitional water suppression and baseline correction were applied. Or
zero order phase correction was used. (a) 1D spectrium ® mM wheat
ns-LTP sample solubilized in nondeuterated solvent recorded with the puls
scheme of Fig. 1a. Although strongly attenuated, a strong water signal we
detected. (b) Same conditions as in (a) except for a 3.5° phase shift of the Ia
pulse phase. The spectrum is almost water free. (c) Fourier transform of tt
first FID of a NOESY spectrum recorded on the ns-LTP sample. The mixinc
time was set to 200 ms and the interpulse delay of the composite sequence
290 us. The phase of the last pulse was shifted by 3.5°. The number of scar
was 64. (d) Spectrum of wheat ns-LTP recorded with a presaturation schem
The presaturation delay was 1.2 s with a RF power of 60 Hz.

to zero except for two small symmetrical bulges located aroun
the offset resonance. Both magnetizations show a sufficientl
broad null at the carrier frequency to abolish the detection o
any signal arising from the solvent magnetization. This is
illustrated by the low phase values observed over the spectr
width except for a region around the offset resonance wher
some phase distortions are expected.

Several frequencies are not excited by this kind of composit
pulse. The first null occuring at the offset frequency, theoriti-
cally the other unexcited frequencies experience a multiple c

FIG. 2. Excitation profile of the composite 90° pulse sequence calculat@ir rotation during the interpulse delays2r = k27, wherek
by the simulation program “PENCIL.” The interpulse delay was setto 880 g gn integer.

and the RF power to 25 kHz. The initial magnetization Wes All pulses were
applied on they axis and the composite sequence generates a clean excitatio

nTheoretically the second null must be set outside the fre

of the Mx component of the magnetization. The phase distortions calculat84€NCY sweep width. Therefore, for a given sweep width SW
from the Mx and My magnetizations are also reported.

the interpulse delay is chosen in such a way that the highest
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10.00 5.00 0.00 suppresses almost completely the water signal as display:
' o in Fig. 3b. In this case, the receiver gain setting is mainly
limited by the signals arising from the protein. Although the
WATERGATE pulse sequence is more robust and less set
sitive to parameter missettings, it requires two necessar
extra delays during which gradient pulses are applied. Th
composite 90° pulse sequence described herein reduces t
delay between the protein signal excitation, and this time
saving can be crucial for the study of proteins, the proton:
of which are relaxing fast. For comparison we have added
one-dimensional spectrum recorded with a simple presatt
ration scheme in Fig. 3d. It clearly appears that the presatt
ration induces an overall intensity decrease of the signal
arising from the amide protons of the protein via an ex-
change process with the presaturated bulk water. The ma
10.00 - : : | 10.00 drawback of the composite sequence use is an attenuation
10700 '" ~~"0.00 ppm resonances lying close to the offset frequency. A compari
son of Figs. 3b and 3d shows that resonances aHC
FIG. 4. NOESY spectrum of wheat ns-LTP recorded with the pU|59r0tons of the protein are Strong|y reduced in intensityl
scheme o_f Fig. 1b. The mixing time was 200 ms. The experimgntal conditiopﬁjwever, the most interesting region in this spectrum re
were 512 increments, 64 scans per FID. The quadrature detectionca|oves . . . . .
achieved by the use of the States methd@).(The overall relaxation delay Corded n .l-iO .'S th,e amide region. Indeed .thIS spectral
between two scans was 1.4 s. The interpulse delay of the composite 90° pli@gion, which is uniformly and properly excited and not
sequence was set to 29@. The RF power corresponds to 90° pulse of 13.&ttenuated, contains crucial informations on the secondal
us. A simple zero-order phase correction was used alongjtaxis. structure elements of the protein.

The composite 90° pulse sequence can easily be appendec
spectral frequency, SW/2, experiences duringa rotation a NOESY pulse sequence to record NOESY spectra of proteir
lower than 2r, 2aSW/2r < 24, and thereforer < 2/SW.

In order to test the pulse sequence, a one dimensional
spectrum 6 a 6 mM sample of wheat nonspecific lipid ppm  10.00 5.00 0.00
transfer protein (ns-LTP), a 90 amino-acid protein, was = ,
recorded in HO on a Bruker AMX 500-MHz spectrometer e
(Fig. 3a). Clearly, the suppression of the water magnetiz&-00 = - 0.00
tion does not appear to be neat, as expected. Although ; . L gl
considerably attenuated, a strong residual water signal is
still present in the spectrum, providing large baseline dis-
tortions. This discrepancy between experimental and theo-
retical results may result from the radiation damping of the
water magnetization which occurs during the interpulses.00 -
delays. Such phenomenon has been extensively described
and may be very critical for NOESY experiments where no
presaturation and gradient pulses are applied. Indeed the
first pulses create transverse magnetizations of the solvent
signal. This magnetization generates an oscillating current e ==
in the coil of the NMR probe, which in turn generates g¢ ¢ | o o = et | 10.00
weak RF field. This soft pulse has a tendency to rotate the . . = e
solvent magnetization back to thez axis (6). Although a : e l
290-us interpulse delay is used, the influence of the radia- 10.00 5.00 0.00 ~ ppm
tion damping hampers the efficiency of the composite se+ig.5. NOESY spectrum of drosomycine recorded at 20°C with the pulse
guence as already described in the jump and return puksgeme of Fig. 1b. The mixing time was 250 ms, and 80 scans per FID wer
sequence ). The water magnetization position when apcoadded. The total recycling delay was 1.4 s, and 512 FIDs were recorded al

lvina the last pulse is not accurately defined. This robIeWF States method was used to record phase sensitive spectrum. The RF po
plyIng P y P rresponds to a 90° pulse of 9. The protein concentration was 1.5 mM.

. . . o
can be alleviated by S“ghtly moving the phase of the la?ﬁe sample volume being 3Qd, a Shigemi nmr tube was used. No baseline

pulse. With our Bruker AMX500 spectrometer, operating &brrection or digitalized filter was used to reduce the water signal in the 2
500 MHz for *H, a decrease of the last pulse phase of 3.5Bectrum. Only zero-order phase correction was applied along tlasis.

ppm
0.00 -

+0.00

5.00 +5.00

+5.00




198 SODANO, LANDON, AND PTAK

without presaturation or any kind of water suppression. The
pulse sequence with the phase cycling is reported in Fig. 1b.
The efficiency of the composite 90° detection pulse sequence
relies on the position of the water magnetization. For optimum
efficiency, the water magnetization must be aligned along the”
+z axis before applying the composite pulse. Owing to the
phase cycling in the NOESY sequence, the water magnetiza-
tion is aligned along the-z axis half of the time. This two-step
phase cycling is necessary to remove axial peaks in the result-
ing two-dimensional spectrum. In probes with high qualty
factor, the mixing time should be long enough to allow the
return of the solvent magnetization onto the axis before
applying the detection pulsé); With our probe, a mixing time
of 200 ms is not long enough and still a small but noticeable
residual transverse water magnetization is present. In order to

overcome this problem, we took advantage of the radiation
damping by shifting the phase of the second 90° pulse by 45°.

Therefore, regardless of the phase cycling, the water magneti-
zation is never completely aligned along the axis and a
strong residual water transverse magnetization is always
present at the beginning of the mixing time, speeding up the
return to the+z axis via radiation dampinggj. To ensure that

no transverse magnetization arising from the solvent and th& ™

solute is still present at the end of the mixing time a 1-ms

8 6 4 2 0

homospoil pulse is applied. Under these conditions a neat andiG. 7. Spectra ba 5 mM peptide derived from the defensin A protein
almost water-free spectrum is recorded. The result is shown¢aorded at 27°C and at pH 6.5 on a Bruker AM300 operating at a 300 MH:

Fig. 3c where the Fourier transform of the first increment

fgequency for'H nucleus. In (a) the spectrum was recorded with a simple
presaturation scheme, and in (b) the spectrum was recorded under the sa

experimental conditions as in (a) but with the composite pulse sequence. Eig

il Lews7 scans for both spectra were coadded. The RF power was set in order to ha
NeH Trpld  NH Ser3a  NH Glvd3 He His32 Hn2 Trpd0 HS Tyr7 o i i
T, S atp.c Gk, - JLud: A a 90° pulse length of 1@s in both cases. The presaturation delay was set tc

1.5 s and the relaxation delay in (b) to 1.5 s. The interpulse delags 400
s, and the phase shift of the last pulse was 16°.

plotted. No postacquisitional water suppression is appliec
Furthermore only a zero-order phase correction is used, avoit
ing strong baseline rolling which is often obtained when com:-
posite 90° pulse sequences are used. The double Fourier tral
form of the NOESY spectrum is shown in Fig. 4. Again no
postacquisitional procedures to reduce the water signal, i.€
digital filtering or baseline correction and zero-order phast
correction alongw, frequency axis, are applied. This high
quality demonstrates the efficiency of the pulse scheme.
Another NOESY spectrum is recorded with a diluted sample
of drosomycin in HO, a 44-residue protein whose solution

structure was solved in our laborator9) (and which is in-
volved in the antifungal defense of insects. In order to increas

ppm

g g 7 the protein concentration, the protein was dissolved in @00
of a mixture 90/10 of HO/D,O in a Shigemi NMR tube. The

FIG. 6. Cross section of the NOESY spectrum of drosomycin correspongesulting NOESY spectrum (Fig. 5) is obtained without apply-
ing to the water resonance along theg axis. All peaks which are identified ing baseline corrections, and postacquisitional water suppre

correspond to the protein protons which interact with water via a NOE or an
exchange process. Some cross peaks are not assigned corresponding to 5&*

and without first-order phase correction. This clearly

between GH proton resonating at the water frequency and amide protons, iemonstrates that even for diluted sample, the use of tf
agreement with the solution structure of the protein. composite 90° pulse sequence allows one to record a sensiti
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NOESY spectrum without destruction of the water magnetizposite pulse is used. All examples provided in this work

tion. show that the composite pulse sequence can be confident
Since there is no attempt to suppress the water magnetizatised in peptide and protein studies. However, some pha:

at any time of the pulse sequence, the cross section of the watistortions and signal attenuations may occur in high fre:

signal can be used to detect protein protons which interact wigency regions due to off-resonance effects and may b

water. However, the effective mixing time for water/proteitroublesome in DNA and RNA imino proton studies.

proton NOEs is less than the nominal NOESY mixing time

since radiation damping brings the water magnetization back ACKNOWLEDGMENTS

onto the+z axis during this delay. Figure 6 displays the cross

section of the NOESY spectrum corresponding to the Watefl’his work was suppqrted by the Centre Nati_one}I_de Ia’ Recherche Scient

frequency along thaw, frequency axis. All amide protonsf|que (C.N.R.S.), the Rgon Centre, and the UniversitEOrléans.

depicted in the figure giving a cross peak with water were

previously found to be fast exchanging with deuterons. The

only exceptions are concerning the amide protons of Cys23,

. % P. J. Hore, J. Magn. Reson. 55, 283 (1983).
Ser34, and Leu37. However, these residues are located ver g ( )

. . . . . G. Otting, E. Liepinsh, B. T. Farmer Il, and K. Wuthrich, J. Biomol.

close to Ser residues in the protein solution structures, and the .. Magn. Reson. 1, 209 (1991).

interactions seen in the cross-section for these three amigoy, piotto, v. saudek, and V. Sklenar, J. Biomol. Nucl.

acids may result from NOEs with the hydroxyl protons of Reson. 2, 661 (1992).

Ser29 for Cys23 and Ser36 for Ser34 and Leu37. 4. V. Sklenar, M. Piotto, R. Leppik, and V. Saudek, J. Magn. Reson. A

In conclusion, the results provided in this paper clearly 102, 241 (1993).

show that the novel composite 90° pulse sequence we pre-J. Callahan, “Pencil, a Visualization Package for NMR and MRI

pose can be used to record very sensitive multidimensional Experiments,” University of Washington, USA.

Spectra of Compounds dissolved |a@{ Since this sequence 6. C. Anklin, M. Rindlisbacher, G. Otting, and F. H. Laukien, J. Magn.

does not require gradient pulses it can be implemented on Reson: B 106, 199 (1995).

any spectrometer. Several spectra have been acquired withS: Takahashi, and K. Nagayama, J. Magn. Reson. 81, 555 (1989).

this simple sequence on a Bruker AM300. In that case th& V- Jahnke, M. Baur, G. Gemmeker, and H. Kessler, J. Magn.
. Reson. B 106, 86 (1995).

phase shift of the last pulse wasl6° and nearly water-free

. g C. Landon, P. Sodano, C. Hetru, J. Hoffmann, and M. Ptak, Prot.
spectra were recorded. For instance, two spectra of a 28- g, 5 1578 (1997).

residue peptide CorresDonding to thec(IBmotif of defen- 10. D. J. States, R. A. Haberkorn, and D. J. Ruben, J. Magn. Reson. 48,
sin A (11) where Cys residues were substituted by serines ,gg (1982).

are reportgd in Fig- 7. Thi? clearly emthSizes the improver . comet, J. M. Bonmatin, C. Hetru, J. A. Hoffmann, M. Ptak, and
ment obtained in the amide proton region when the com- F. vovelle, Structure 3, 435 (1995).
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