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The need for simple and robust schemes for the analysis of ligand-
protein binding has resulted in the development of diffusion-based
NMR techniques that can be used to assay binding in protein solu-
tions containing a mixture of several ligands. As a means of gain-
ing spectral selectivity in NMR diffusion measurements, a simple
experiment, the gradient modified spin-echo (GOSE), has been de-
veloped to reject the resonances of coupled spins and detect only
the singlets in the 'H NMR spectrum. This is accomplished by first
using a spin echo to null the resonances of the coupled spins. Fol-
lowing the spin echo, the singlet magnetization is flipped out of
the transverse plane and a dephasing gradient is applied to reduce
the spectral artifacts resulting from incomplete cancellation of the
J-coupled resonances. The resulting modular sequence is combined
here with the BPPSTE pulse sequence; however, it could be eas-
ily incorporated into any pulse sequence where additional spec-
tral selectivity is desired. Results obtained with the GOSE-BPPSTE
pulse sequence are compared with those obtained with the BPPSTE
and CPMG-BPPSTE experiments for a mixture containing the
ligands resorcinol and tryptophan in a solution of human serum

albumin. © 2001 Elsevier Science
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INTRODUCTION

A number of innovative approaches that utilize NMR for the
study of ligand-protein binding have been reported, including

methods that rely on changes in protein chemical shi#g)

relaxation @), transferred NOES5( 6), saturation 7), and dif-

fusion coefficients§—12. The use of diffusion coefficients to
distinguish binding from nonbinding ligands offers several a
vantages in that the approach is rapid, simple, and allows t

simultaneous examination of many ligandg)(

Several strategies that provide enhanced specificity in N
diffusion measurements have been presented, facilitating t
application to the analysis of complex mixtures. One approag
has been to use a ligand labeled wiftN or 3C and em-
ploy HSQC- or HMQC-edited diffusion experiments to examin
ligand-protein binding13, 14. However, this method has lim-

g

ited utility, as a labeled compound is required. Additional
information about a mixture of molecules can be gained by
combining the diffusion measurement with a 2D pulse sequence
such as TOCSY or COSY, to provide enhanced selectivity base
on spin—spin couplingl®, 1. Selectivity for the ligand reso-
nances can be enhanced relative to the spectral background
the protein through subtraction of protein spectra acquired fo
each gradient amplitude used in the diffusion experim&mng (
Although effective in elimination of the protein background,
this method requires additional experiment time and reduces tr
signal-to-noise ratio of the subtracted spectra. Relaxation-edite
diffusion experiments combining inversion recovery or spin-
echo editing with a diffusion pulse sequence have also been us¢
to enhance the selectivity of measurements for complex systen
such as protein-ligand mixtures and humic substant@s2(.
Although spin-echo editing has been demonstrated as an effe
tive method for selecting singlet (resonances without discernabl
homonuclear spin—spin coupling) magnetization for diffusion
measurements, in complex mixtures the residual magnetizatic
from coupled spins can lead to distortions of the integrals of the
desired singlet resonancesg).

RESULTS AND DISCUSSION

In this communication, a simple strategy is presented for the
elimination of residual magnetization arising from coupled spins
by modification of the standard spin-echo experiment to product

Fig. 1a. The delay in the spin-echo portion of the pulse se

ence is set to/14J) to null the magnetization of the coupled

ins. Following the spin echo, a9pulse is applied to tip the
efocused singlet magnetization to thaxis. Application of a

ﬁ;gradient-nmdiﬁed spin-echo (GOSE) pulse sequence shown

Srphasing gradient eliminates the residual magnetization of th
upled resonances and the singlet magnetization is returned
the transverse plane for detection. We have coupled this simpl
fhethod with the stimulated ech®l) incorporating bipolar gra-
dient pulse pairs (BPPSTE) to minimize eddy-current effects an
spectral artifacts caused by the gradie®).(This sequence,

1 To whom correspondence should be addressed. E-mail: clarive@ku.edlGOSE-BPPSTE, shown in Fig. 1b, is quite effective in selecting
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intensity of singlet resonances due to spectral overlap. These
tifacts are substantially reduced in the GOSE spectrum, show
in Fig. 2c, as a result of dephasing of the residual magnetizatio
of the coupled spins by the GOSE gradient pulse. Naturally
the effectiveness of this sequence in eliminating the signal
from coupled spins depends on the similarity of the homonu
clear spin—spin coupling constants of the undesired couple
resonances.

The spectral background produced by the protein can als
complicate the analysis of ligand-protein binding with NMR dif-
fusion measurement$?). The HSA spectral background makes
a noticeable contribution to the BPPSTE spectrum shown il
Fig. 3a. However, the protein resonances have been largely elir
inated in the GOSE-BPPSTE spectrum of this sample (Fig. 3b’
In addition, the artifacts in the GOSE-BPPSTE spectrum hav
been further reduced from what is observed in Fig. 2b throug|

AN additional dephasing effects of the BPPSTE sequence. The pr
V tein resonances could be attenuated by a combination of the r
jection of coupled spins by the GOSE filter and/or by transvers
C relaxation during the spin-echo period of the pulse sequence.
0°  180° 180°90° 90° 180° differentiate between these two p.ossibilitie.s, spectra obtaine
with the CPMG (Carr—Purcell-Meiboom-Gill)-BPPSTE pulse
( ) sequence, shown in Fig. 1c, were also measu2&d 24. A
T~V similar strategy for coupling a CPMG pulse train to the end
lA /\\/
T, 1 A
A A
FIG.1. The GOSE (A), the GOSE-BPPSTE (B), and the CPMG-BPPSTE
(C) pulse sequences. A diffusion delay tinte,of 0.2 s, a delay following each
gradient pulse of 0.01 ms, and a relaxation delay of 1.5 s were used for all
experiments. Gradient amplitudes were varied from 2.67 to 24.01 G amd l\_,\_
a value of 31 ms was used as théelay in the spin-echo portion of the GOSE
pulse sequences. The CPMG spectra were acquired using 31 repetitions of the B
spin-echo pulse train usingmadelay of 1 ms for a total transverse relaxation
time of 62 ms. M
singlet magnetization in complex spectra, thereby enhancing the
spectral selectivity of diffusion measurements.
The effectiveness of the GOSE sequence in eliminating the
resonances of the coupled spins can be determined by com- C
parison of the spectra shown in Fig. 2. The one-dimensional
spectrum in Fig. 2a was measured for a mixture of the small
molecule ligands tryptophan and resorcinol in a solution con-
taining human serum albumin (HSA). The Hahn spin-echo spec- W
trum in Fig. 2b demonstrates that it is possible to use this pulse 8.0 75 70 6.5 6.0
sequence to select for singlet magnetization using an optimized 'H ppm

spin-echo delay timer{ of 62 ms (8). However, substantial

artifacts remain due to incomplete elimination of the magnetiza-
. . . . [o]
tion of the coupled resonances. These artifacts will be espeuﬂ&1

FIG. 2. Spectra of the aromatic region for a HSAryptophan, and resor-
| mixture using (A) the standard one-dimensional pulse sequence, (B) th
n spin-echo, (C) the GOSE pulse sequence. The expected phase distort

problematic as the complexity of the mixture is increased d@gthe coupled resonances in (B) is reduced as a result of the 2.67°& cm
to the increased likelihood that they will affect the integrategkphasing gradient in (C).
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FIG. 3. Spectra of the aromatic region of a HSAfryptophan, and resor-
cinol mixture using the (A) BPPSTE pulse sequence, (B) the GOSE-BPPSTE

sequence, (C) the CPMG-BPPSTE pulse sequence. Spectra were measured with

2.67 G cn! amplitude gradient pulses in the BPPSTE portion of the pulse
sequence.

of the longitudinal eddy current delay diffusion pulse sequence
was recently reported for the NOESY analysis of molecules
bound to solid-phase synthesis resi@i§)( The spectrum ob-

tained using a 62-ms CPMG pulse train in the CPMG-BPPSTE
pulse sequence is shown in Fig. 3c. The reduction of the protein
background signal in the CPMG-BPPSTE spectrum compared
with the spectrum shown in Fig. 3a indicates that transverse re-
laxation is the predominate mechanism for attenuation of the
protein signals in the GOSE-BPPSTE spectra under the condi-

tions employed here. In cases where the ligand resonances are

severely broadened as a result of their interaction with the pro-
tein, the GOSE-BPPSTE pulse sequence may also significantly
attenuate the desired singlet ligand resonances as a redult of
relaxation during the spin-echo delay.

The results obtained for the aromatic tryptophan and re-
sorcinol singlet resonances using the standard and modified
BPPSTE pulse sequences are shown in Fig. 4. In this figure
the logarithm of resonance intensity is plotted versus gradient

amplitude squared for the ligand singlet resonances selected by
the GOSE filter, shown in Fig. 3b. Deviations from linearity can giG. 4. Results of diffusion experiments utilizing the (A) BPPSTE pulse
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slowly diffusing HSA. In contrast the data from both the GOSE-
A (Fig. 4b) and CPMG- (Fig. 4c) filtered BPPSTE spectra produce
high-quality straight-line fits due to the reduction of the HSA
spectral background. The effect of the HSA magnetization on th

diffusion coefficients extracted from the data shown in Fig. 4 car

be discerned by comparison of the results. The diffusion coeffi
cients measured with the BPPSTE sequence for both resorcin
and tryptophan are artificially lowered due to overlap with the
protein resonances, skewing the diffusion coefficients toward:
those of the protein. The larger relative deviation observed fo
the tryptophan resonance at 7.35 ppm is due to the greater HS
intensity in this region of the BPPSTE spectrum. In contrast
the results produced by both the GOSE- and CPMG-maodifiec
pulse sequences are in good agreement with each other and w
the value expected for tryptophan binding at the concentration

employed (7).

result both from spectral overlap between the resonances of difquence resorcinol @4 0.1 x 10719, tryptophan (D + 0.1 x 10-19);
ferent ligands in a complex mixture and from contributions b{p) the GOSE-BPPSTE pulse sequence, resorcin8:®.3 x 10-19), trypto-

; . —10y. _ '
the protein background to the resonance integrals. The data Pl (44 0.2 x 107; and (C) CPMG-BPPSTE pulse sequence, resorcinol
5 7+0.3x 107*"), tryptophan (4+0.2 x 10*°); plotted as the natural log of

. . . . . gsinglet aromatic resonance intensities for the resorc#®ob(42 ppm) and
shown in Fig. 4a, deviate from a linear fit as a result of spectrajyptophanm, 7.35 ppm) versus the gradients amplitude squared. All diffusion

tained from spectra acquired with the BPPSTE pulse sequeq(ﬁ

overlap of the ligand resonances with those of the much maxefficients are reported in units ofra 2.
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