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Selective pulses have been used frequently for small molecules.
However, their application to proteins and other macromolecules
has been limited. The long duration of shaped-selective pulses and
the short T2 relaxation times in proteins often prohibited the use
of highly selective pulses especially on larger biomolecules. A very
selective excitation can be obtained within a short time by using
the selective excitation sequence presented in this paper. Instead
of using a shaped low-intensity radiofrequency pulse, a cluster of
hard 90◦ pulses, delays of free precession, and pulsed field gradi-
ents can be used to selectively excite a narrow chemical shift range
within a relatively short time. Thereby, off-resonance magnetiza-
tion, which is allowed to evolve freely during the free precession
intervals, is destroyed by the gradient pulses. Off-resonance excita-
tion artifacts can be removed by random variation of the interpulse
delays. This leads to an excitation profile with selectivity as well as
phase and relaxation behavior superior to that of commonly used
shaped-selective pulses. Since the evolution of scalar coupling is
inherently suppressed during the double-selective excitation of two
different scalar-coupled nuclei, the presented pulse cluster is espe-
cially suited for simultaneous highly selective excitation of N–H
and C–H fragments. Experimental examples are demonstrated on
hen egg white lysozyme (14 kD) and the bacterial antidote ParD
(19 kD). C© 2001 Academic Press

Key Words: NMR spectroscopy; pulse cluster; pulsed field gradi-
ents; relaxation; selective excitation.
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INTRODUCTION

For biological macromolecules, signal overlap in NMR sp
tra often prevents the extraction of useful parameters,
NOEs, relaxation times, coupling constants, or homonuclear
heteronuclear correlations. Two- and multidimensional exp
ments can be used to circumvent this resolution problem1).
However, in some cases one is interested in only one or a
specific resonances. To overcome the long measurement
and large data storage requirements of multidimensional N
spectra, selective experiments have been used (2–6). Through
selective excitation by either shaped low-amplitude radio
quency pulses (6) or DANTE pulse clusters (7), the fate of
1 To whom correspondence should be addressed. Fax: 43 316 380-9
E-mail: klaus.zangger@kfunigraz.ac.at.
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one specific signal during a pulse sequence can be monit
without the influence of other resonances. This also redu
the dimensionality of necessary NMR experiments, since
origin of magnetization is known and no frequency discrim
ination is necessary in the dimension belonging to the
lectively excited spin. So far, the use of selective pulses
proteins has been restricted mainly to applications employ
band-selective pulses for, e.g., the excitation ofα- or carbonyl
carbons in triple-resonance experiments (8, 9) or selective pulses
for solvent suppression (10). An interesting approach to selec
tive excitation for isotopically labeled macromolecules, whe
magnetization can be selectively excited within a rather sh
time by using doubly selective cross-polarization, has rece
been described (11–13). However, this approach is not fea
sible for unlabeled macromolecules and in situations wh
the frequency of the heteronuclear scalar coupling partne
unknown.

Generally, the duration of a selective pulse is proportio
to the reciprocal of the excitation bandwidth (3, 14). For pro-
teins and other macromolecules, the long durations neces
for highly selective pulses would cause substantial loss
magnetization due to relaxation during the application of
shaped pulse. In addition to signal losses, the excitation p
files deteriorate if significant relaxation is present (14, 15).
This is not surprising, since relaxation is usually not cons
ered in the design of shaped pulses especially when nume
optimization procedures are employed (16). However, vari-
ous selective pulses have been optimized to reduce relaxa
losses during the pulse. Some of these are derived by s
ulated annealing of shaped radiofrequency pulses (17, 18),
while another one (DANTE-Z) (19, 20) belongs to the DANTE
pulse family. The favorable relaxation behavior of the la
ter method stems partially from the storage of selectiv
excited magnetization along thez-direction after each pulse
train.

To obtain highly selective excitation within a short time wit
an easily implemented pulse sequence, a new excitation sch
that is not based on shaped low-power pulses but instead
a combination of hard (nonselective) 90◦ pulses, delays of free
precession, and pulsed field gradients to suppress off-reson
magnetization is presented here.
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THEORY

The pulse sequences used are shown in Fig. 1. After excita
by the first 90◦ x pulse, the magnetization is allowed to prece
freely during the delayτa (Fig. 1a). The next 90◦ pulse with
opposite phase flips the magnetization, which is aligned al
the y direction back along thez axis. Magnetization along the
x axis is defocused by the subsequent pulsed field grad
In terms of product operators the first 90◦ x pulse createsI y

magnetization, which evolves duringτa under the chemical shif
ωI to give

I y cos(ωI τa)+ Ix sin(ωI τa). [1]

FIG. 1. Pulse sequences of (a) the presented selective excitation pulse
ter, (b) a selectively excited 1D watergate, and (c) an N–H double-sele
HSQC. Thin and thick bars represent 90◦ and 180◦ pulses, respectively. Only
the phases for the SELDOM scheme are shown; the others are as describ
the original watergate and HSQC experiments.τa is the varying interpulse delay
of the SELDOM cluster,t1 the incrementable delay in the HSQC experime
andτG the delay needed for refocusing the chemical shifts during the applica
of G1. The relative strengths ofG1 :G2 are 10 : 1.Gw is the de- and refocusing
gradient for the watergate sequence andGv serves to defocus the magnetizatio
that evolved duringτa. The latter gradient needs to be changed in a noncorrel

way during successive steps of the SELDOM scheme to prevent refocusin
unwanted off-resonance magnetization.
FAST-RELAXING SYSTEMS 49
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The next 90◦–x pulse flips theI y term back to thez direction,
whereasIx is unaffected:

I y cos(ωI τa)+ Ix sin(ωI τa)

90◦–x
—−→ Iz cos(ωI τa)+ Ix sin(ωI τa). [2]

The subsequently appliedz gradient destroys all magnetiza
tion left in thex, yplane. Therefore, the amount of off-resonan
magnetization destroyed by this pulse cluster is equal to
x component created during the delayτa(= sin(2πντa)). This
gives a cosine-modulated excitation in the frequency dom
according to cos(2πντa). Repeating the sequence several tim
with varying delaysτa leads to an averaging of the side loo
of the excitation profile and therefore an increasing of the
els of off-resonance signal suppression. On the other hand
resonance magnetization is not affected by the gradient
therefore is aligned along thez axis at the end of the selec
tive excitation scheme. This method of selective excitation
we termed SELDOM (selective excitation bydestruction ofoff-
resonancemagnetization) pulse cluster can be used for selec
excitation whenever the magnetization is along thez direction.
In cases where transverse magnetization is present, it si
must be converted toz magnetization before the application
the presented excitation scheme.

This SELDOM cluster can be used at the beginning of a pu
sequence (Fig. 1b) or for example in the middle of an HS
experiment (21) (Fig. 1c) if the two 90◦ pulses on the proton an
X nucleus, which transfer the magnetization from anti-ph
proton to anti-phase X-magnetization, are not executed sim
taneously but sequentially. Thereby,IzSz magnetization is pro-
duced and both theI and S nuclei can be selectively excited
By using regular selective pulses (shaped pulses or DAN
type clusters) the excitation bandwidth must be large enoug
excite the whole H–Xdoublet since scalar coupling is active du
ing the selective excitation. However, for the proposed selec
excitation scheme highly selective excitation is possible si
the simultaneous 90◦ hard pulses on the H andX nucleus pro-
duce a combination of double- and zero-quantum magnetiza
(e.g.,Ix Sx) and therefore scalar coupling is not active during
delays of free precessionτa.

The magnetization retained duringn successive steps of th
selective excitation cluster is given by

I = I0 ∗
n∏

i=1

cos(2πντai ), [3]

whereI is the observable signal intensity, I0 is the signal intensity
at the start of the sequence, andτai is thei th delayτa.

The interpulse delayτa can be either randomly or system
tically changed between each repetition. The higher the num
g ofof repetitions, the better the destruction of off-resonance magne-
tization. However, to keep relaxation losses to a minimum, the



50 ZANGGER, OBERER, AND STERK

FIG. 2. Excitation profiles calculated with Eq. [3] for (a) constantτmax (= 5 ms) as a function ofτmin, and (b) constantτmin (= 0.1 ms) as a function ofτmax.

Five equally spaced repetitions of the SELDOM pulse cluster were used and the delayτ was incremented in equidistant steps. (a) A variation ofτ mainly
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influences the position and sign of excitation sidebands, whereas (b) a va

total duration of this excitation scheme should be as sho
possible. During the application of the gradients the
resonance magnetization is along the+zaxis and therefore noT1

andT2 relaxation losses occur. Some magnetization is lost du
the whole pulse cluster through cross-relaxation since the o
spins are defocused. However, cross-relaxation also lea
sometimes significantly deteriorated excitation in other selec
excitation schemes (15). The excitation profile can be calculate
for systematic variations of the delayτa using Eq. [3]. For a se
lective excitation using five repetitions and an equidistant in
mentation ofτa betweenτmin andτmax the calculated excitatio
profiles are shown in Figs. 2a and 2b for constantτmax (= 5 ms)
andτmin (= 0.1 ms) as a function ofτmin andτmax, respectively.
The excitation bandwidth is mainly determined byτmax, since
the evolution of chemical shifts is most pronounced during
interval. As can be seen in Fig. 2b, a shorterτmax leads to broade
excitation profiles, whereas a shorterτmin has negligible effects
on the excitation bandwidth. Excitation side bands like th
seen in Figs. 2a and 2b are produced if the delayτa is incremented
in equal steps, as explained below and could be suppress
τa is incremented randomly. Excitation artifacts of up to ab
15% of maximum signal, which are created by nonoptimal
resonance signal suppression, can be reduced by using a h
number of repetitions. However, this would require longer du
tions of this selective excitation scheme. Even more powerfu
the reduction of off-resonance signals is randomization of
delayτa between individual transients or increments in multi
mensional experiments as will be shown in the experimenta
sults. During the individual steps of the SELDOM scheme, ze
quantum terms could be created for scalar coupled nuclei, w
would not be defocused by the gradients. However, such c
rences can also be eliminated by random variation of
interpulse delays.
It should be noted that the proposed selective excitat
scheme is not related to DANTE pulses, which consist of
a min

ation ofτmax has more significant effects on the excitation bandwidth.
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array of short pulses whose excitation sums up to one 90◦ pulse,
whereas the SELDOM cluster consists of an array of 90◦ exci-
tations whose off-resonance artifacts are eliminated by the
ation of the interpulse delay. Therefore, it can be described
series of 1–̄1 binomial sequences with varying interpulse del
and gradients in between to defocus off-resonance magne
tion. A somehow similar way of reducing “excitation sideband
was presented by Shaka and Freeman (22, 23), who used arrays
of “prepulses” of varying pulse angles and phases to supp
harmonic responses in spatially localizedin vivo experiments,
which stem from signals excited in sample regions where
flip angle is around 270◦, 450◦, etc.

Pure phase-selective excitation has also been achieved
method termedexcitation sculpting(24–26), where a selective
excitation pulse is flanked by two gradients of the same stre
and duration and a subsequent repetition of this pulse sand
with a different gradient strength. This gives aG1–S–G1–G2–
S–G2-type excitation cluster, whereG1 andG2 are two gradients
of varying field strengths andScan be any selective pulse. In th
case the excitation bandwidth is still determined by the selec
pulse within the sequence andT2 relaxation of all spins occur
during the application of the pulsed field gradients. The n
for applying the selective pulse twice in this sequence fur
enhances transverse relaxation losses.

RESULTS AND DISCUSSION

Experimental excitation profiles of the presented excita
scheme in comparison with several basic shaped-selective p
are shown in Fig. 3 in phase-sensitive (Figs. 3a, 3c, 3e, 3g
and absolute value (Figs. 3b, 3d, 3f, 3h, 3j) representa
For all profiles the duration of the selective pulse was 3.5
Figure 3 clearly shows that in addition to the narrowest excita
ion
an
bandwidth, the SELDOM cluster (Figs. 3a, 3b) also produces no
dispersive components (Fig. 3a), which are very prominent for
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FIG. 3. Experimental excitation profiles (2 kHz wide) of the presented selective excitation scheme in comparison with various shaped-selective p
all pulses the duration was 3.5 ms and both phase-sensitive (left) and absolute value mode (right) profiles are shown. The used pulses are SELDOM pluster
(a, b), rectangular soft pulse (c, d), sinc pulse (e, f), Gaussian pulse (g, h), and EBURP2 (i, j). For the same duration, the SELDOM cluster not onlys the

narrowest excitation profile, it also shows superior phase behavior compared to all other selective pulses. These profiles were acquired on a H2O/D2O (1%/99%)

dis-
ay.
sample doped with GdCl3 (1 mg/ml) to enable faster relaxation.

rectangular (Fig. 3c), sinc (Fig. 3e), and Gaussian (Fig. 3g) pu
shapes. It was verified experimentally (data not shown) that

excitation profiles of DANTE pulse clusters consisting of equ
intensity low-power pulses are the same as a rectangular pu
lse
the
excitation profile of the same duration with sidebands at
tances corresponding to the reciprocal of the interpulse del

al
lse

A common parameter for quantifying the selectivity of a selec-
tive pulse is the product1t1Ä for a 3-dB decrease of maximum
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intensity in the excited signal (14). For a SELDOM pulse with
four repetitions and aτmin = 0.5 ms andτmax = 2.0 ms this
ratio is 0.39 as calculated by Eq. [3]. A comparison with1t1Ä
ratios of several shaped pulses (rectangular, 1.12; Gaus
1.32; EBURP2, 5.00) (14) clearly shows the superiority of SEL
DOM if highly selective excitation is needed within a relative
short time. In addition to superior excitation characteristics,
setup of the SELDOM cluster is straightforward since no ad
tional pulse angle determination is necessary. Solely, a reg
90◦ pulse is needed. The SELDOM scheme is also very
bust to pulse angle and phase errors since the hard pulse
alternatively applied from two opposite directions and err
cancel each other out before the gradient is applied. Pos
phase coherence problems that are sometimes encounter
using selective excitation units for the generation of shaped
power pulses are circumvented since all pulses are generate
same way and no special hardware for the creation of sha
low-power pulses is necessary.

To theoretically compare the relaxation losses during the S
DOM scheme compared to various other relaxation optimi
pulses for selective excitation, numerical simulations were
ried out using the Bloch equations including relaxation,
d Mx = −Mx − My1ν + Mzγ B1 sin(φ)

SLURP-
pulse.
and
sen

duration of the pulses were 4.8 ms for the SELDOM scheme,
ms
dt T2

FIG. 4. Theoretical excitation profiles of (a) a SELDOM cluster (4.8 ms), (b) a DANTE-Z pulse (8 ms), (c) an e-SNOB pulse (15 ms), and (d) a
2 pulse (30 ms) calculated by solving Eqs. [4] numerically. Thereby,T1 = 1 s andT2 was varied between 100, 50, 30, and 10 ms for each selective
The topmost excitation profile corresponds to the longest and the bottom one to the shortestT2 relaxation time. The frequency offset is given in hertz
the signal intensity in relative units where 1 stands for maximum signal (excitation with a hard 90◦ pulse without relaxation). The pulse lengths were cho

8 ms for the DANTE-Z pulse, 15 ms for the e-SNOB, and 30
to give similar excitation bandwidths for all pulses. Six steps were used
0.01 ms. The DANTE-Z cluster consisted of 40 steps.
ER, AND STERK
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d My

dt
= −My

T2
+ Mx1ν + Mzγ B1 cos(φ) [4]

d Mz

dt
= −M0− Mz

T1
− Mxγ B1 sin(φ)− Myγ B1 cos(φ),

whereMx, My, and Mz are the magnetization components
thex, y, andz directions,T1 is the longitudinal andT2 the trans-
verse relaxation time,γ is the gyromagnetic ration,ν is the
frequency offset, andφ is the pulse phase. Figure 4 shows
citation profiles calculated for (a) the SELDOM cluster, (b
DANTE-Z cluster, (c) an e-SNOB pulse, and (d) a SLUR
pulse. The pulse lengths were chosen to produce excitatio
to±100 Hz. TheT1 relaxation time was kept constant at 1 s and
T2 values of 100, 50, 30, and 10 ms were used for each p
as shown by four excitation profiles for every pulse, where
bottom one corresponds to the shortestT2 relaxation time. To re
duce the amount of excited off-resonance magnetization wit
randomization ofτa, more steps of the SELDOM scheme we
necessary for this simulation. Despite this fact the SELD
cluster (Fig. 4a) shows less relaxation losses than each sh
pulse (Figs. 4c and 4d) and less excitation of off-resonance
netization than the DANTE-z pulse cluster (Fig. 4b). The t
for the SELDOM pulse cluster with interpulse delays of 2, 1.4, 1.2, 0.15, 0.1,and
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SELECTIVE EXCITATION IN

for the SLURP-2 pulse. Scalar coupling, which was not
cluded in this calculation, is likely to cause problems for long
pulses.

An experimental comparison of the SELDOM pulse clu
ter with other relaxation optimized selective pulses is shown
Fig. 5. To selectively excite the signal at−0.15 ppm (indicated
in Fig. 5a) of a 3-mM sample of lysozyme (T2 = 22 ms) with
the same excitation bandwidth, the durations of the selec
pulses used had to be varied: 3.9 ms for the SELDOM clu
(Fig. 5b), 10 ms for the DANTE-Z cluster (Figure 6d), 19 ms f
the SNOB (Fig. 6c), and 40 ms for the SLURP-2 (Fig. 6d). T
interpulse delay of the SELDOM cluster was varied random
±50% for the spectrum in Fig. 5b), which results in a shor
pulse length and still better artifact suppression.

Whenever transverse magnetization is present during the
plication of a selective pulse,T2 relaxation occurs. For the
SELDOM cluster this is the sum of interpulse delays, wher
for shaped-selective pulses the projection of the magnetiza
trajectory onto thex, y plane is rather small for the most tim
(16, 18). However, to achieve sufficient selectivity for shap
pulses, the total time the magnetization spends away from
z axis is still significant and therefore the signal excited with t
SELDOM pulse train is still the most intense thanks to the sh
overall duration.

The relative signal intensities are 100:104:106:123
SLURP-2:e-SNOB:DANTE-Z:SELDOM. The larger signal in
tensity obtained by using the SELDOM cluster over t
DANTE-Z compared to the results from the theoretical c
culation (Fig. 4) probably stems from the smaller numb
of steps necessary for artifact suppression ifτa is random-
ized. Since the DANTE-Z pulse train relies on phase
cling for achieving its selectivity, the receiver gain had
be reduced during the acquisition of all spectra in Fig.
to allow for a fair comparison. This might prevent the u
of DANTE-Z pulse clusters in systems with very large si
nals (e.g., from the solvent) due to dynamic range pr
lems.

It is worth mentioning that multiple excitation could als
be achieved with the SELDOM pulse cluster. Increment
τa in constant steps ofτmin produces excitation sidebands
frequencies separated by 1/τmin.

The selective excitation by the SELDOM scheme can also
implemented into the direct or indirect dimensions of multid
mensional NMR experiments (Fig. 1c). As an example of
usage of the SELDOM pulse cluster within a pulse sequen
Fig. 6 shows the selective excitation of a single amide proto
15N-labeled 19-kD dimeric protein ParD through simultaneo
1H and15N selective excitation of the cross peak indicated
Fig. 6a. As mentioned above, scalar coupling between the
ton and its directly attached15N nucleus is not active during th
SELDOM scheme since only zero- and double-quantum m
netization is present during the delays of free precession.

selectively excited signal is only about 60 Hz separated fro
its closest neighbor in the nitrogen dimension. Due to the la
FAST-RELAXING SYSTEMS 53
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FIG. 5. (a) One-dimensional1H-NMR spectrum of lysozyme in D2O and
the signal at−0.15 ppm (indicated by an arrow) selectively excited with selecti
pulses of the same bandwidth, using (b) a 3.9-ms SELDOM cluster, (c) a 10
DANTE-Z pulse cluster, (d) a 19-ms SNOB pulse, and (e) a 40-ms SLURP
pulse. The spectra (b–e) are drawn with the same vertical scale to allow a d
comparison of signal intensities, whereas the intensity of the regular 1D spect
(a) is reduced by a factor of 4 to enable an estimation of signal amplitudes in
whole spectrum. A total of 128 transients were accumulated for each spect
and the FIDs were multiplied by an exponential window function with a lin
broadening of 2 Hz prior to Fourier transformation. Five steps were used for

m

rge
SELDOM pulse cluster and the interpulse delays of 1.5, 0.9, 0.7, 0.5, and 0.3 ms
varied randomly by±50%. The DANTE-Z cluster consisted of 40 steps.
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filled
FIG. 6. (a) A 2D1H–15N HSQC of15N-labeled ParD, (b) a 1D1H–15N HSQC of the same sample, and (c) a double-selective 1D1H–15N HSQC obtained by
selective excitation of the signal indicated in (a) using the pulse sequence shown in Fig. 1c. Thirty-two scans of 1024 complex data points were acquired for each
of the 128 increments for (a). After multiplying the FIDs with a 60◦ phase-shifted squared cosine window function in both dimensions the data were zero-
to a final matrix of 2K× 1K points. For (b) and (c) 1024 transients were accumulated and multiplied with a 60◦ phase-shifted squared cosine window function

prior to Fourier transformation. For (b) an exponential window function with 10-Hz line broadening was applied additionally. The interpulse delayswere varied
randomly by±30%. Four repetitions of the SELDOM pulse cluster with a total duration of 5 ms were used for the selective excitation in (c).
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SELECTIVE EXCITATION IN

one-bond H–N coupling (∼90 Hz) it would not be possible to
selectively excite this signal using regular selective pulses.

In conclusion, a new method for selective excitation in fa
relaxing systems has been presented. It works by defocu
the off-resonance magnetization, created during subsequen
lays of free precession, with pulsed field gradients and allo
a highly selective excitation without dispersive compone
within a short time. It is especially suited for double-select
excitation of H–X scalar-coupled spins due to the elimination
scalar coupling during the pulse cluster. Its superiority in se
tivity as well as relaxation and phase behavior has been sh
theoretically, as well as experimentally, for proteins ranging
size between 14 and 19 kD.

EXPERIMENTAL

All experiments were carried out on a Bruker Avan
500-MHz NMR spectrometer equipped withz-axis gradients
using a 5-mm HX inverse probe except for the experimen
excitation profiles that were recorded on a Varian Unity INOV
600-MHz NMR spectrometer. A solution of 3 mM lysozym
in D2O at pH 7.0 was used at 25◦C. Under these condition
the transverse relaxation time (T2) of the selectively excited
signal was 22 ms.15N-labeled ParD was expressed in min
mal media with 15 g/l (NH4)2SO4 as the sole nitrogen sourc
in E. Coli BL21 essentially as described (27). A sample of
0.7 mM 15N-labeled ParD in H2O/D2O (90%/10%), 20 mM
phosphate buffer, pH 6.0 was used. The transverse relaxa
time of the selectively excited amide signal in ParD was arou
18 ms. Experimental excitation profiles were obtained on
H2O in D2O solutions doped with GdCl3 (1 mg/ml). If no
stated otherwise, the interpulse delayτa was incremented in
equal steps of (τmax− τmin)/(n − 1), whereτmax andτmin are
the maximum and minimum interpulse delays andn is the
number of repetitions. Eight repetitions of the SELDOM clu
ter were used for the experimental excitation profiles on
doped H2O sample. The gradient strengths were not chan
in a random fashion but instead varied according to ratios
1 : 1.12 : 1.34 : 1.76 : 1.21 : 1.43 : 1.67 : 1.89 for all the expe
mental spectra shown. Details of the processing and dis
schemes are given in the figure captions. All calculations w
carried out with Mathematica (28).
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