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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 T, 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). © 2001 Academic Press

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

INTRODUCTION

one specific signal during a pulse sequence can be monitore
without the influence of other resonances. This also reduce
the dimensionality of necessary NMR experiments, since th
origin of magnetization is known and no frequency discrim-
ination is necessary in the dimension belonging to the se
lectively excited spin. So far, the use of selective pulses fo
proteins has been restricted mainly to applications employin
band-selective pulses for, e.g., the excitatiomobr carbonyl
carbons intriple-resonance experimetg or selective pulses
for solvent suppressiori(). An interesting approach to selec-
tive excitation for isotopically labeled macromolecules, where
magnetization can be selectively excited within a rather shor
time by using doubly selective cross-polarization, has recentl
been described1(-13. However, this approach is not fea-
sible for unlabeled macromolecules and in situations wher
the frequency of the heteronuclear scalar coupling partner i
unknown.

Generally, the duration of a selective pulse is proportiona
to the reciprocal of the excitation bandwidtB, (L4). For pro-
teins and other macromolecules, the long durations necesse
for highly selective pulses would cause substantial loss o
magnetization due to relaxation during the application of the
shaped pulse. In addition to signal losses, the excitation prc
files deteriorate if significant relaxation is preset#,(15.
This is not surprising, since relaxation is usually not consid-
ered in the design of shaped pulses especially when numeric
optimization procedures are employeti6). However, vari-

For biological macromolecules, signal overlap in NMR speg;,q selective pulses have been optimized to reduce relaxatic

tra often prevents the extraction of useful parameters, like.cqg during the pulse. Some of these are derived by sin
NOEs, relaxation times, coupling constants, orhomonuclear aid;eq annealing of shaped radiofrequency puldss 09
heteronuclear correlations. Two- and multidimensional expefinile another one (DANTE-Z)19, 20 belongs to the DANT,E
ments can be used to circumvent this resolution prob®m (;ise family. The favorable relaxation behavior of the lat-
However, in some cases one is interested in only one or a feW ethod stems partially from the storage of selectively

specific resonances. To overcome the long measurement tir@)@ated magnetization along thedirection after each pulse
and large data storage requirements of multidimensional NMRi,

spectra, selective experiments have been uge)(Through 14 gptain highly selective excitation within a short time with

selective excitation by either shaped low-amplitude radiofrey, easily implemented pulse sequence, a new excitation schet

quency pulses®) or DANTE pulse clusters7), the fate of 4t js not based on shaped low-power pulses but instead us
a combination of hard (nonselective)°98ulses, delays of free

1To whom correspondence should be addressed. Fax: 43 316 380—9§lfﬁcess_ioni_ an(_j pulsed field gradients to suppress off-resonar
E-mail: klaus.zangger@kfunigraz.ac.at. magnetization is presented here.
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THEORY

49

The next 90—x pulse flips thel, term back to the direction,

o ~ wheread, is unaffected:
The pulse sequences used are shown in Fig. 1. After excitation

by the first 90 x pulse, the magnetization is allowed to precess
freely during the delay, (Fig. 1a). The next 90pulse with

opposite phase flips the magnetization, which is aligned along

the y direction back along the axis. Magnetization along the
x axis is defocused by the subsequent pulsed field gradient
In terms of product operators the first°9% pulse creates,

magnetization, which evolves durirgunder the chemical shift tio

ly COS@i Ta) + Ix Sin(wi Ta)

90— .
=X 1,c0861 Ta) + Ix SiN() ).

(2]

The subsequently appliedgradient destroys all magnetiza-
n leftin thex, yplane. Therefore, the amount of off-resonance

w) 1o give

ly cos) ta) + Iy Sin(w; a).
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FIG. 1.

HSQC. Thin and thick bars represent’%hd 180 pulses, respectively. Only
the phases for the SELDOM scheme are shown; the others are as described
the original watergate and HSQC experimeniss the varying interpulse delay

magnetization destroyed by this pulse cluster is equal to th
X component created during the delay= sin(2rvty,)). This
gives a cosine-modulated excitation in the frequency domai
according to cos(@@vt,). Repeating the sequence several times
with varying delaysr, leads to an averaging of the side loops
of the excitation profile and therefore an increasing of the lev
els of off-resonance signal suppression. On the other hand, o
resonance magnetization is not affected by the gradient ar
therefore is aligned along the axis at the end of the selec-
tive excitation scheme. This method of selective excitation the
we termed SELDOMSgekctive excitation bylestruction obff-
resonancenagnetization) pulse cluster can be used for selectiv
excitation whenever the magnetization is alongzfrection.

In cases where transverse magnetization is present, it simg
must be converted tp magnetization before the application of
the presented excitation scheme.

This SELDOM cluster can be used at the beginning of a puls
sequence (Fig. 1b) or for example in the middle of an HSQC
experiment21) (Fig. 1c) if the two 90 pulses on the proton and
X nucleus, which transfer the magnetization from anti-phas
proton to anti-phase X-magnetization, are not executed simu
taneously but sequentially. TherebyS, magnetization is pro-
duced and both thé and S nuclei can be selectively excited.
By using regular selective pulses (shaped pulses or DANTE
type clusters) the excitation bandwidth must be large enough 1
excite the whole HXx doublet since scalar coupling is active dur-
ing the selective excitation. However, for the proposed selectiv
excitation scheme highly selective excitation is possible sinc
the simultaneous 9thard pulses on the H and nucleus pro-
duce a combination of double- and zero-quantum magnetizatic
(e.g.,1xS) and therefore scalar coupling is not active during the
delays of free precessian.

The magnetization retained durimgsuccessive steps of the
selective excitation cluster is given by

Pulse sequences of (a) the presented selective excitation pulse clus-
ter, (b) a selectively excited 1D watergate, and (c) an N-H double-selective

n
| = lgx Hcos(errd),

i=1

3]

for

of the SELDOM clusten; the incrementable delay in the HSQC experimentwherel is the observable signal intensityjs the signal intensity
andrg the delay needed for refocusing the chemical shifts during the applicatigt the start of the sequence, andis theith delayz,.

of G;. The relative strengths @, : G, are 10:1Gy, is the de- and refocusing
gradient for the watergate sequence &ydserves to defocus the magnetization,.
that evolved during,. The latter gradient needs to be changed ina noncorrelatg

The interpulse delay, can be either randomly or systema-
gally changed between each repetition. The higher the numb

way during successive steps of the SELDOM scheme to prevent refocusin®$fr€petitions, the better the destruction of off-resonance magn

unwanted off-resonance magnetization. ti

zation. However, to keep relaxation losses to a minimum, th
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FIG. 2. Excitation profiles calculated with Eq. [3] for (a) constaptx (= 5 ms) as a function ofmin, and (b) constanimin (= 0.1 ms) as a function anax.
Five equally spaced repetitions of the SELDOM pulse cluster were used and therglelag incremented in equidistant steps. (a) A variatiomgf mainly
influences the position and sign of excitation sidebands, whereas (b) a variatigg bBs more significant effects on the excitation bandwidth.

total duration of this excitation scheme should be as short @say of short pulses whose excitation sums up to oneae,
possible. During the application of the gradients the omvhereas the SELDOM cluster consists of an array 6fé@i-
resonance magnetization is along #heaxis and therefore n,  tations whose off-resonance artifacts are eliminated by the var
andT; relaxation losses occur. Some magnetization is lost duriagon of the interpulse delay. Therefore, it can be described as
the whole pulse cluster through cross-relaxation since the otlseries of 14 binomial sequences with varying interpulse delays
spins are defocused. However, cross-relaxation also leadsata gradients in between to defocus off-resonance magnetiz
sometimes significantly deteriorated excitation in other selectitien. A somehow similar way of reducing “excitation sidebands”
excitation schemedB). The excitation profile can be calculatedvas presented by Shaka and Freen2i 23, who used arrays
for systematic variations of the delayusing Eq. [3]. For a se- of “prepulses” of varying pulse angles and phases to suppre:
lective excitation using five repetitions and an equidistant increarmonic responses in spatially localizedvivo experiments,
mentation ofr, betweenrin, andtmax the calculated excitation which stem from signals excited in sample regions where th
profiles are shown in Figs. 2a and 2b for constank (= 5 ms) flip angle is around 270 450, etc.
andtmin (= 0.1 ms) as a function afi, andtmax, respectively. Pure phase-selective excitation has also been achieved by
The excitation bandwidth is mainly determined hy, since method termeexcitation sculpting24—-26, where a selective
the evolution of chemical shifts is most pronounced during théexcitation pulse is flanked by two gradients of the same strengt
interval. As can be seen in Fig. 2b, a shottgykleads to broader and duration and a subsequent repetition of this pulse sandwi
excitation profiles, whereas a shortg§, has negligible effects with a different gradient strength. This give$sa—-S-G1-G,—
on the excitation bandwidth. Excitation side bands like thos®-G,-type excitation cluster, whef@; andG, are two gradients
seeninFigs. 2aand 2b are produced ifthe delagincremented of varying field strengths anfican be any selective pulse. In this
in equal steps, as explained below and could be suppressechge the excitation bandwidth is still determined by the selectiv
7, IS incremented randomly. Excitation artifacts of up to aboyulse within the sequence aiid relaxation of all spins occurs
15% of maximum signal, which are created by nonoptimal oféluring the application of the pulsed field gradients. The nee
resonance signal suppression, can be reduced by using a hidtreapplying the selective pulse twice in this sequence furthe
number of repetitions. However, this would require longer duranhances transverse relaxation losses.
tions of this selective excitation scheme. Even more powerful for
the reduction of off-resonance signals is randomization of the RESULTS AND DISCUSSION
delayt, between individual transients or increments in multidi-
mensional experiments as will be shown in the experimental re-Experimental excitation profiles of the presented excitatior
sults. During the individual steps of the SELDOM scheme, zereeheme in comparison with several basic shaped-selective puls
guantum terms could be created for scalar coupled nuclei, white shown in Fig. 3 in phase-sensitive (Figs. 3a, 3c, 3e, 3g, 3
would not be defocused by the gradients. However, such colagd absolute value (Figs. 3b, 3d, 3f, 3h, 3j) representatior
rences can also be eliminated by random variation of ti®r all profiles the duration of the selective pulse was 3.5 ms
interpulse delays. Figure 3 clearly shows thatin addition to the narrowest excitatiol
It should be noted that the proposed selective excitatiandwidth, the SELDOM cluster (Figs. 3a, 3b) also produces n
scheme is not related to DANTE pulses, which consist of alispersive components (Fig. 3a), which are very prominent fo
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FIG. 3. Experimental excitation profiles (2 kHz wide) of the presented selective excitation scheme in comparison with various shaped-selective puls
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 SEWLB@&W pul
(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 nsttoaly g
narrowest excitation profile, it also shows superior phase behavior compared to all other selective pulses. These profiles were acou@#ahOn(a% 99%)
sample doped with Gdgl1 mg/ml) to enable faster relaxation.

rectangular (Fig. 3c), sinc (Fig. 3e), and Gaussian (Fig. 39) puksecitation profile of the same duration with sidebands at dis
shapes. It was verified experimentally (data not shown) that ttaaces corresponding to the reciprocal of the interpulse delay.
excitation profiles of DANTE pulse clusters consisting of equal Acommon parameter for quantifying the selectivity ofa selec
intensity low-power pulses are the same as a rectangular pulge pulse is the produatt AQ2 for a 3-dB decrease of maximum
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intensity in the excited signall§). For a SELDOM pulse with dMy My

four repetitions and amin = 0.5 ms andrmax = 2.0 ms this dt T, + MxAv + Mgy By cosg) [4]
ratio is 0.39 as calculated by Eq. [3]. A comparison with\ 2

ratios of several shaped pulses (rectangular, 112 Gaussiand M _ _Mo—M, Myy By sin@) — Myy By cosg),
1.32; EBURP2, 5.00114) clearly shows the superiority of SEL- dt Ty

DOM if highly selective excitation is needed within a relatively
short time. In addition to superior excitation characteristics, thg, o .o My, My, and M,

setup of the SELDOM cluster is straightforward since no ad%ex, y, andz directions,T; is the longitudinal and’, the trans-

tional pulse_ angle determination is necessary. Solely, a regylgfse relaxation timey is the gyromagnetic ration; is the
90" pulse is needed. The SELDOM scheme is also very raqency offset, ang is the pulse phase. Figure 4 shows ex-
bust to pulse angle and phase errors since the hard pulsesdtgion profiles calculated for (a) the SELDOM cluster, (b) a
alternatively applied from two opposite directions and errolSaNTE-Z cluster (c) an e-SNOB pulse, and (d) a SLURP-2
cancel each other out before the gradient is applied. POSSiBlﬁse. The pulse lengths were chosen to produce excitation t

phase coherence problems that are sometimes encountereg by 9o Hz. TheT, relaxation time was kept constaritlas and
using selective excitation units for the generation of shaped lo: \ 21,es of 100 50. 30. and 10 ms were used for each puls
power pulses are circumvented since all pulses are generatedfigho\wn by four excitation profiles for every pulse, where the

same way and no special hardware for the creation of ShaQﬁﬂltom one corresponds to the shorfestelaxation time. To re-
low-power pulses is necessary. _ _ duce the amount of excited off-resonance magnetization withot
Totheoretically compare the relaxation losses during the SELi, yomization of,, more steps of the SELDOM scheme were
DOM scheme compared to various other relaxation optimizgd essary for this simulation. Despite this fact the SELDOM
pulses for selective excitation, numerical simulations were Qi sier (Fig. 4a) shows less relaxation losses than each shap
ried out using the Bloch equations including relaxation, pulse (Figs. 4c and 4d) and less excitation of off-resonance ma
netization than the DANTE-z pulse cluster (Fig. 4b). The total
dMy M duration of the pulses were 4.8 ms for the SELDOM scheme

X .
=—— - M/A M.y B
dt T yAV + Mzy By sin@) 8 ms for the DANTE-Z pulse, 15 ms for the e-SNOB, and 30 ms

are the magnetization components in
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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 SLL
2 pulse (30 ms) calculated by solving Egs. [4] numerically. Ther@py= 1 s andT, was varied between 100, 50, 30, and 10 ms for each selective pulse
The topmost excitation profile corresponds to the longest and the bottom one to the shoredakation time. The frequency offset is given in hertz and
the signal intensity in relative units where 1 stands for maximum signal (excitation with a hapglB@ without relaxation). The pulse lengths were chosen
to give similar excitation bandwidths for all pulses. Six steps were used for the SELDOM pulse cluster with interpulse delays of 2, 1.4, 1.2, &5, 0.
0.01 ms. The DANTE-Z cluster consisted of 40 steps.
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for the SLURP-2 pulse. Scalar coupling, which was not in-a
cluded in this calculation, is likely to cause problems for longer
pulses.

An experimental comparison of the SELDOM pulse clus-
ter with other relaxation optimized selective pulses is shown in
Fig. 5. To selectively excite the signala0.15 ppm (indicated
in Fig. 5a) of a 3-mM sample of lysozym@y = 22 ms) with
the same excitation bandwidth, the durations of the selective
pulses used had to be varied: 3.9 ms for the SELDOM cluste
(Fig. 5b), 10 ms for the DANTE-Z cluster (Figure 6d), 19 ms for
the SNOB (Fig. 6¢), and 40 ms for the SLURP-2 (Fig. 6d). The
interpulse delay of the SELDOM cluster was varied randomly - 5 Y

+50% for the spectrum in Fig. 5b), which results in a shorterb 10 J

pulse length and still better artifact suppression.

Whenever transverse magnetization is present during the ag
plication of a selective pulsel, relaxation occurs. For the
SELDOM cluster this is the sum of interpulse delays, whereas
for shaped-selective pulses the projection of the magnetizatiol
trajectory onto the, y plane is rather small for the most time
(16, 18. However, to achieve sufficient selectivity for shaped
pulses, the total time the magnetization spends away from th
z axis is still significant and therefore the signal excited with the €
SELDOM pulse train is still the most intense thanks to the short
overall duration.

The relative signal intensities are 100:104:106:123 for
SLURP-2:e-SNOB:DANTE-Z:SELDOM. The larger signal in- J

tensity obtained by using the SELDOM cluster over the
DANTE-Z compared to the results from the theoretical cal- v TT
culation (Fig. 4) probably stems from the smaller numberg
of steps necessary for artifact suppressior,ifis random-
ized. Since the DANTE-Z pulse train relies on phase cy-
cling for achieving its selectivity, the receiver gain had to
be reduced during the acquisition of all spectra in Fig. 5
to allow for a fair comparison. This might prevent the use J w\)k
of DANTE-Z pulse clusters in systems with very large sig- —
nals (e.g., from the solvent) due to dynamic range prob-
lems. o
It is worth mentioning that multiple excitation could also
be achieved with the SELDOM pulse cluster. Incrementing
75 IN constant steps ofy,n produces excitation sidebands at
frequencies separated bythin-
The selective excitation by the SELDOM scheme can also be L
implemented into the direct or indirect dimensions of multidi- — -t
mensional NMR experiments (Fig. 1c). As an example of the
usage of the SELDOM pulse cluster within a pulse sequencefIG. 5. (a) One-dimensiondiH-NMR spectrum of lysozyme in £D and
Fig. 6 shows the selective excitation of a single amide protontﬁ? signal at-0.15 ppm (indicated by an arrow) selectively excited with selective

15N ) . . . . ulses of the same bandwidth, using (b) a 3.9-ms SELDOM cluster, (c) a 10-n
N-labeled 19-kD dimeric protein ParD thrOUgh Slml"lta‘nem%ANTE-Z pulse cluster, (d) a 19-ms SNOB pulse, and (e) a 40-ms SLURP-:

'H and N selective excitation of the cross peak indicated ifulse. The spectra (b—e) are drawn with the same vertical scale to allow a dire
Fig. 6a. As mentioned above, scalar coupling between the peomparison of signal intensities, whereas the intensity of the regular 1D spectru
ton and its directly attach€dN nucleus is not active during the (a) is reduced by a factor of 4 to enable an estimation of signal amplitudes in th
SELDOM scheme since only zero- and double-quantum m 10le spectrum. A total of 128 transients were accumulated for each spectru

tizati . t duri the del ff . d the FIDs were multiplied by an exponential window function with a line-
netizauon Is present during the delays of iree precession. gadening of 2 Hz prior to Fourier transformation. Five steps were used for th

selectively excited signal is only about 60 Hz separated frog pom pulse cluster and the interpulse delays of 1.5, 0.9, 0.7, 0.5, and 0.3 n
its closest neighbor in the nitrogen dimension. Due to the larggied randomly by-50%. The DANTE-Z cluster consisted of 40 steps.

-
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FIG.6. (a)A2DH-15N HSQC of!®N-labeled ParD, (b) a 1BH-1®N HSQC of the same sample, and (c) a double-selectiveHB°N 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 eckfer aamir
of the 128 increments for (a). After multiplying the FIDs with & Gfhase-shifted squared cosine window function in both dimensions the data were zero-fill
to a final matrix of 2Kx 1K points. For (b) and (c) 1024 transients were accumulated and multiplied with ph@8e-shifted squared cosine window function
prior to Fourier transformation. For (b) an exponential window function with 10-Hz line broadening was applied additionally. The interpulseedelagsed
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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