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In-Phase Selective Excitation of Overlapping Multiplets
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An editing experiment is presented that selects for a peak on  a pulse sequence that enables overlapping multiplets to
the basis of its chemical shift and that of one of its scalar edited for cleanly and that produces a pure in-phase sign
coupling partners. The selected multiplet is pure in-phase. The  Thjs sequence is applicable to molecules of molecular weig
editing procedure can be used in conjunction with 1D TOCSY/ up to about 1000 daltons. The technique is applied to 1
HOHAHA and NOE measurements. The pulse sequence de-  +5cgy/HOHAHA and NOE measurements. It is also suitabl
scribed is particularly suitable for small molecules; data is -

for quantitative NOE measurements.

resented for Gramicidin S and dehydrotestosterone.  © 2000 . .
P Y The problem of selecting a band of frequencies cleanly ce
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Key Words: excitation sculpting; selective excitation; in-phase P& Overcome by using excitation sculptiriy(18. The basic
editing; spectral analysis. excitation sequence, which is applied to transverse magneti:

tion, consists of: g1-S-g1-g2-S-g2—, wheregl andg2 are
magnetic field gradient pulses with unrelated amplitudesnd
The use of selective excitation to reduce the dimensionalitya selective 180° pulse, typically modulated with a Gaussie
of NMR experiments is well establishedl{10. When a lim- waveform. Any magnetization that is not refocused by the tw
ited amount of information is required the use of selectivgelective pulses is dephased by the magnetic field gradie
excitation can result in a considerable saving in time. Fpulses. The use of a train of two soft spin echos has tw
example, the COSY, TOCSY/HOHAHA, or NOE spectra of émportant beneficial effects: any phase errors that might rest
pair of overlapping peaks may be resolved either by resort to iam the use of a single selective pulse are removed, and if
experiment of higher dimensionality or by editing the spectrugiven fraction of the magnetization is refocused by the so
for one of the two peaks. The latter approach often implies tpelse at a given frequency, the use of two soft pulses results
use of selective excitatiori{, 12. In addition to the perennial the square of that fraction being refocussed in the sequence
problem of sensitivity, existing spectral editing techniques ter@whole. The latter results in much cleaner excitation overal
to suffer from two major drawbacks that can limit the extent d?roviding that the scalar coupling partners of the spin c
their application: the cleanness of the selection procedure antérest are not perturbed by the soft pulse, any scalar coupli
the phase with which the selected multiplet is prepared. Editiegolution during the pulse sequence will be reversed.
procedures that utilize selective pulses make the assumptiofn editing sequence that utilizes excitation sculpting tc
that they excite a particular range of frequencies. Howeveelect a spim coupled to a spilk on the basis of their chemical
even modern pulse shapes tend to perturb some signal outsididis is given in Fig. 1A, where the selected coherence transf
their nominal excitation bands. While the spurious signals thpathway is
this can result in may be relatively small compared to that of

the chosen multiplet, they can be significant when small effects 90, S+ 7T

such as long range NOEs are being measured. Most editing I« —liy

procedures incorporate scalar coupling evolution tind&s. A

consequence of this is that the selected multiplet will typically og S+ 7T

consist of a mixture of in-phase and antiphase components. If 2l ——— 2 dy————1y  [1]

TOCSY/HOHAHA (14-16 or NOE (5, 7) measurements are
to be made it is desirable that the selected multiplet be pye . . o
) . ach half of the experiment incorporates an excitation sculp
in-phase. In the case of NOE measurements, antiphase MY sequence. To ensure that only the desired coherence tra
netization may be converted into zero-quantum coherence t q ' y

gives rise to signals in the final spectrum that can be difﬁCL{ﬁr pathway survives, one of the soft pulses in the first excit
1on sculpting sequence selects ondy and one of the soft

to separate from the NOEs. In this communication we presen . o )
pulses in the second excitation sculpting sequence selects o
1 To whom correspondence should be addressed. w,. However, since coherence is transferred between the tv

? Deceased, 13th November 1999. spins via antiphase magnetization scalar coupling evolutic
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ol1k) kD kD 020 first excitation sculpting sequence do not perturb other scal

A«
I [\ f\ﬂr\ M\n /’\ iAcqﬂPR coupling partners ok and that those in the second excitatior
! 44— 1 sculpting sequence do not excite other scalar.coupllng partn
! UV ; i ; 3 of I, the amplitude of the observed signal will be a functior
G gl gliga g2ig3 gt gd only of J,. If = = 1/2J,, then pure in-phase magnetization
: :H H HH H H H will be generated. However, d,, is not known, a series of
s ot S T calibration experiments performed with different valuesrof

may be required. This is also the case for the pulse sequer
proposed by Bourg and Nuzillar®) for the simultaneous
B x ol (k) kD 92D 3 (O 04D selection of the in-phase multiplets of a pair of coupled spin:

I [\ nn I nn /\ | /\ [\ iACq‘(PR Bygppend?ng afilter onto the end ofth(_a pulse.sgquence, F
‘ i g U’\v 4 fo : 1B, it is possible to produce a spectrum in whidls in-phase

UV regardless of the value of, thus removing the need for

G el g1§g2 g2§ £ gl g4§g5 g586 g6§ calibration experiments. For brevity we dub this sequenc
1 ” H i Il [ IPECS {n-phaseediting of coupledspins). The filter consists
5 T R N T § of a 90° pulse followed by the excitation sculpting sequenct

To function properly the soft pulses in the excitation sequenc
must refocud-spin magnetization, but not that of its scalar
coupling partners. This sequence has no effect on in-pha

l MLEV IAcq.(PR magnetization of the chosen spin. However, the 90° puls
. transfers antiphase magnetization either into antiphase mag
IPECS tization of other spins or into multiple-quantum coherence. i
G, gl g7 either case the coherence is removed by the subsequent e
i ﬂ_ﬂ tation sculpting sequence. Omitting relaxation effects and a
suming scalar coupling evolution continues unaffected durin
the application of soft pulses, the observed signal intensity wi

D x be sirf(7J,7). We note that Gradwett al. (6) have resolved
I I I IAcq'(pR the in-phase spectra of overlappingl multiplets by sandwichin
- ‘ ] a TOCSY/HOHAHA or ROESY period between two conven-

IPECS } § tional excitation sculpting sequences.

G g8 g9 glo 1D NOE (7) and TOCSY/HOHAHA (0) sequences are
] H H H | appended onto the in-phase filtered editing experiment in Fi
; T § 1D and C, respectively. Non-selective 180° pulses are inco

porated into the mixing period of the NOE experiment tc
FIG_. 1. Pulse sequences _for res_olving ovgrlapping multiplet_s. (A) Bas'tgrevent the recovery of unselected magnetizatR)n (
experiment. (B) IPECS experiment incorporating an in-phase filter. (C) 1D The sequences are demonstrated on gramicidin sSin Fig.

TOCSY/HOHAHA experiment incorporating the IPECS editing sequence. (D)]_E id f vali | ith th .
NOE experiment incorporating the IPECS editing sequence. Narrow and wi Qe amide proton of valine overlaps with the aromatic proton

rectangles denote nonselective 90° and 180° pulses, respectively; the default v@lu@henylalanine in the conventional 1D spectrum, Fig. 2A
for pulse phases ig All other shapes denote selective pulses which perturb thEhe editing sequences are demonstrated for this amide prot

spins indicated andl). 7 is a scalar coupling evolution period with an optimalj Fig. 2B and C wheré is the a-proton and is the amide
value ofyJ, andd and§’ are set to the minimum value consistent with the length
of the events (soft pulses and gradient pulses) that they comprise. Phase cyc@rqo,ton' Both sequences select the chosen peak Cleanly' Hc

where applicabledl = X, y, — %, — v; &2 = 4(X), 4(y), 4(—x), 4(y); ¢3 = e'vqer, the spectrum given in Fig. 2B, acquired using the puls
16(y), 16(—y): ¢4 = 32(X), 32(y), 32(—X), 32(-y). For (A) $R = x, —x, x, —x, Sequence in Fig. 1A, clearly contains a mixture of in-phase ar
=X, X, —X, X. For B)-(D):dR = 4(x, =X, X, =X, =%, X, =X, X,), 4—x, x, =%, X, anti-phase components. The corresponding spectrum obtair
X XX X), AR X X X XX X X), A% % =X % X =X % —X)- N with IPECS editing sequence given in Fig. 1B, which incor:
many instances using the first 4 or 16 steps of the phase cycle will prOdLﬁSrates an in—phase filter, is pure in-phase. All parameters tr
acceptable results. .

are common to the two experiments have the same values

each case. 1D NOE spectra for the amide proton of valir
must be allowed to occur between them and consequently ti#ained using both editing sequences are presented in Fig.
remaining two soft pulses are cosinusoidally modulated #md E. The spectrum obtained using the basic editing sequer
select at bothw, and w, simultaneously19). This is achieved contains an antiphase signal at the valirproton frequency.
by cosinusoidally modulating the chosen waveform with &his originated from antiphase magnetization generated by tl
frequency of , — )/ 2 and applying the soft pulse midwayediting sequence which was converted into zero-quantum c
between the two multiplets. Provided that the soft pulses in therence during the NOE mixing period and into antiphas
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Val HN obtained with the IPECS editing sequence, Fig. 3C, is clear
in-phase; all parameters common to the two experiments h
Val Ho the same value in each case. It should be noted that both edi
spectra are free of any artefacts above noise level which is
prerequisite if an editing procedure is to be incorporated int
experiments designed to observe relatively small perturbatio

of the magnetization such as long range NOEs.
Since two coupled spinsaband 63, are selected by pulses
denoted as perturbingin Fig. 1, some components of multi-
T . , . plet-quantum coherence suchlgd ¢l 7. may be present at the
_ 725 720 715 pem end of the basic editing sequence. While these cannot
directly observed, they may result in observable signals if th
editing sequence is used in conjunction with other techniqu
such as 1D NOE measurements. The IPECS editing expe
ment removes these multiple-quantum coherences, so tl

T T T T 1

L 725 720 7.5 ppm problem does not arise. The 1D TOCSY/HOHAHA version of

B
C
LJ the experiment, Fig. 1C, is demonstrated farii Fig. 3D and
E
I
8

produces a largely in-phase spectrum, as expected.

The number of soft pulses and scalar coupling evolutio
periods incorporated into the two editing sequences dicta
their minimum effective lengths. Typically this will be in the
region of 150-200 ms. While for molecules in the fast tum

T T T T \ T \
7 6 5 4 3 2 ppm

FIG. 2. 400 MHz 'H spectra of 20 mM gramicidin S in DMSOsd(A)
Conventional spectrum. (B) Spectrum edited for valinedftained using the
pulse sequence given in Fig. 1A. (C) Spectrum edited for valin@btained 6B 6a
using the pulse sequence given in Fig. 1B. (D) 1D NOE spectrum of valine H
obtained using the pulse sequence in Fig. 1A to select valindEj 1D NOE

w
spectrum of valine K obtained using the pulse sequence in Fig. 1D. In all
casexk = valine Hx andl = valine H. In all cases all soft pulses were 20 ms B
gaussian waveforms) = &' = 22.4 ms,t = 32.4 ms,t, = 97.2 ms. The
modulated soft pulses were cosinusoidally modulated at 562 Hz. Magnetic
field gradient pulses were applied for 1 ms. Gradient amplitudes (1086
JMz
T T T T

G cm ) where applicable: g 61%, g2= 26%, g3= 33%, g4= 71%, g5=
45%, g6= 86%, g8= 5%, g9= 13%, g10= 17%.

magnetization of both amide andprotons at the end of the

experiment. The corresponding spectrum obtained using the

in-phase filtered editing sequence as a basis, Fig. 2E, does not D

suffer from this problem. ¢
A further demonstration using dehydrotestosterone is given in

Fig. 3 wherek corresponds todand @ andl, the spin edited for,

is 7a. Both 6 multiplets were selected because their close prox- ' 54 25 20 18 16 14 12 10

imity in the spectrum made it impractical to select just one of them

at the field strength used in this study. Omitting relaxation effects G- 3: 400 MHz H spectra of 0.1 M dehydrotestosterone in CDGA)

. . . . . . . Conventional spectrum. (B) Spectrum edited far Gbtained using the pulse
this will modify the observed signal intensity to: {§(m‘]6a7a7) + sequence given in Fig. 1A. (C) Spectrum edited farobtained using the pulse

2
sIn (77\]557,17)}.(:05(77\]6&5/37)- _ _ . sequence given in Fig. 1B. (D) 1D TOCSY spectrum obtained using the pul:
The multiplet of & while unresolved in the conventionalsequence given in Fig. 1C. In all cases 6« and 6, andl = 7a. In all cases all

proton spectrum, Fig. 3A, is clearly resolved in the editegft pulses were 20 ms gaussian wavefordns, 8’ = 22.4 msr = 28.4 ms, the

spectra, Fig. 3B-3C. Itis apparent from the appearance of MIEEV-l?_ mixing sequence was applied for 20 ms and was sandwiched betwe
2.5 ms trim pulses. The modulated soft pulses were cosinusoidally modulatec

7o multiplet in Fig. 3B obtained with the basic editing $€592 Hz. Gradient values were the same as for Fig. 3 except §%, which was

quence, Fig. 1A, that the observed signal contains a mixtureggfiied for the length of the trim pulses (2.5 ms). All experiments were performe
in-phase and anti-phase components. However the spectina Bruker DRX-400 operating at 400 MHz fti.

60 7B

ppm
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bling regime relaxation attenuation during this period may no¢. L. D. Hall and T. J. Norwood, An alternative design strategy for
be expected to be too severe, for molecules in the slow tum- one-dimensional correlation experiments, J. Magn. Reson. 87,
bling regime signal attenuation due to relaxation is likely to 331-345 (1990).
preclude its use. Fora7of dehydrotestosterone signal intensity> - Stott, J. Stonehouse, J. Keeler, T.-L. Hwang, and A. J. Shaka,

. . ) Excitation sculpting in high-resolution nuclear magnetic resonance
of the edited spectrum is low at approximately 10% of the spectroscopy: Applications to selective NOE experiments, J. Am.
normal 1D spectrum. However, it should be taken into account chem. Soc. 117, 4199-4200 (1995).
that coherence was transferred ta@ ffom both Gx and @8, 6. M. J. Gradwell, H. Kogelberg, and T. A Frenkiel, Applying excitation
resulting in a dependence of the observed signal intensity upon sculpting to construct singly and doubly selective 1D NMR exper-
three scalar couplings, as noted above, instead of the moreiments, J. Magn. Reson. 124, 267-270 (1997).
usual one. Consequently much of the signal lost will be due té K. Stott, J. Keeler, Q. N. Van, and A. J. Shaka, One-dimensional
the inability to simultaneously optimise all three terms in the ’I'Z%E ;gzrafsflzrzta(ztgsg;x)3|ng pulsed field gradients, J. Magn. Reson.
intensity expression. A more normal case involving transfer " ) , _ _

. S . 8. D. Uhrin and P. N. Barlow, Gradient-enhanced one-dimensional

from H17 to H16 (results not given), which is resolved in the

. o proton chemical-shift correlation with full sensitivity, J. Magn. Re-
conventional 1D spectrum, gave an efficiency of 49% for the son. 126, 248-255 (1997).

optimum -value indicating that apprOXimately half of the 9. S. Bourge and J.-M. Nuzillard, In-phase double selective excitation
signal has decayed due to relaxation. Gramicidin S is in the of coupled spin systems using excitation sculpting, J. Magn. Re-
slow tumbling regime and is probably towards the upper limit, son. 133, 173-176 (1998).
in terms of correlation time, of molecules that can usefully b®. K. E. Kover, D. Uhrin, and V. J. Hruby, Gradient- and sensitivity-
edited with this technique; after passing through the IPECS enhanced TOCSY experiments, J. Magn. Reson. 130, 162-168
editing experiment signal intensity was reduced to approxi- (1998). ,
mately 10% of its initial value. 11. C. J. Bauer, R. Freeman, T. A. Frenkiel, J. Keeler, and A. J. Shaka,
. . . Gaussian pulses, J. Magn. Reson. 58, 442-457 (1984).
In conclusion, the pulse sequence presented in Fig. 1B _ T ,
enables the pure in-phase muItipIets of Overlapping peaks tolk%e R. Freeman, Selective excitation in high-resolution NMR, Chem.
: ¢ ~ > Rev. 91, 1397-1412 (1991).
resolved. The technique has been successfully combined V\iléh X. Miao and R. Freeman, A spin—echo technique for separation of
1D NOESY and TOCSY measurements. The length of the overlapping multiplets, J. Magn. Reson. A 116, 273-276 (1995).

editing sequence is likely to restrict its use to molecules in the | graunschweiler and R. R. Emst, Coherence transfer by isotropic

fast tumbling regime. mixing: Application to proton correlation spectroscopy, J. Magn.
Reson. 53, 521-528 (1983).
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