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1H-detected two-dimensional double-/zero-quantum experi-
ents are described for measurement of homonuclear 2JHH-cou-

lings of NH2 or CH2 groups in proteins. These experiments utilize
ultiple-quantum coherence for determination of the size and the

bsolute sign of the geminal scalar and dipolar couplings in the
resence of broad lines. Spectra are simplified by gradient selec-
ion and spin-state selective filters. © 1999 Academic Press

Key Words: couplings; HB-GAM; multiple-quantum coherence;
pin-state-selective filters; ubiquitin.

INTRODUCTION

Measurement of scalar coupling constants has been
erest for years. Several techniques have been develop
etermine, in particular, three-bond couplings which yield
edral angle restraints for structure determination of ma
olecules. For example, E.COSY (1–4) and quantitativeJ-

orrelation (5–7) methods are based on the evolution of sm
ouplings during a defined period of time, whereasJ-resolved
xperiments allow measurement of coupling constants, m

ated during an incremented delay, directly from the in
ntiphaseJ-splitting (8–10). E.COSY provides also relativ
igns of coupling constants. Post-acquisitional methods su
-deconvolution can be used to extract coupling constants
ime or frequency domain data. Recently, it was shown
ero- and double-quantum spectroscopy also provides me
etermine both signs and sizes of couplings (11) and more
ecently, the principle was refined for heteronuclear ex
ents (12–14).
Obviously, two-bond scalar couplings have not attra
uch attention because there are no associated conforma
egrees of freedom. However, introduction of residual dip
ouplings to high resolution NMR spectroscopy (15–17) calls
or means to measure also2J-couplings in macromolecule
ipolar coupling between geminal protons is comparabl
trength to that between proton and nitrogen (or carb

1 To whom correspondence should be addressed. Fax:1358-9-708 59541
-mail: Perttu.Permi@helsinki.fi.
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roton–proton dipolar couplings of NH2 (or CH2) groups pro
ide information on amino acid side chain orientation.
ossibility of measuring dipolar couplings of three nonred
ant internuclear vectors (H1–H2, H1–N, and H2–N) allows one

o determine the orientation and to assess the dynamics o2
or CH2) groups. The sign of the homonuclear scalar
ipolar couplings, which cannot be inferred simply from
onventional HSQC-J spectrum, is essential for the interp
ation of spatial information. In general, the sign of a coup
s either obtained relative to a known coupling, or dedu
rom strong coupling effects. In this communication we
cribe a method based on double- and zero-quantum (DQ
pectroscopy (11–14) for determining the sign and magnitu
f the coupling between geminal protons. The methods
ented are based on work originally presented by Jarve
llard (14). We have improved the basic pulse sequence
ensitivity and in addition have implemented spin-state s
ive filters (18–20) to the sequences to allow separation
ultiple components into two subspectra. Thea/b-half-filters
sed earlier in HSQC experiments (18) are modified for th
resent purpose to purge undesired components of trans
itrogen magnetization. Furthermore, double- and zero-q

um spectra are separated into two additional subspectra
ulsed field gradient selection. This double editing prov
seful spectral simplification for studies of biomolecules.

DESCRIPTION OF THE PULSE SEQUENCES

The pulse sequences designed for the DQ/ZQ- and spin
electivea/b-filtered DQ/ZQ correlation spectra are shown
igs. 1A and B, respectively. The initial 90° proton pu

ollowed by a delay (1/ 2JXH) and the nonselective 90° pu
or the heteronucleus generate a mixed double- and
uantum coherence (DQ/ZQ) between the proton and the
ronucleus. DQ evolves duringt 1 with the sum of proton an
eteronucleus chemical shifts while ZQ evolves with the

erence of the chemical shifts. More importantly, DQ evo
uring t 1 with the sum of the passiveJ-couplings, and ZQ
volves with the difference. Thus, NH(or CH ) cross peak
2 2

1090-7807/99 $30.00
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274 PERMI ET AL.
FIG. 1. Pulse sequences of the DQ/ZQ- (A) anda/b-half-filtered DQ/ZQ (B) experiments for determination of2JHH coupling constants. Hard 90° and 18
ulses are indicated by narrow and wide bars, respectively, and are applied with the phasex, unless otherwise indicated. Delay durations:D 5 1/4JXH. Phase
ycling for the DQ/ZQ experiment (A):f 1 5 8(x, 2x); f 2a 5 x, x, y, y, 2x, 2x, 2y, 2y; f 2b 5 x, x, y, y, 2x, 2x, 2y, 2y; f rec 5 4(2y, y, y, 2y).
wo data sets for eacht 1 increment are collected to achieve quadrature int 1. The 180° pulse on proton is applied simultaneously with the 90° pulse on nit
rior to thet 1 evolution period (f2a) for uneven multiples of eight transients (eight transients are needed to complete EXORCYCLE (26)) and simultaneous
ith the 90° pulse following thet 1 period (f2b) for even multiples of eight transients. From the first data set cosine modulated magnetization is extr
ddition of the FIDs. For the second data set, the FIDs are subtracted to give sine modulated magnetization (f rec 5 2(2y, y, y, 2y), 2(y, 2y, 2y, y)). Phase
ycling for thea/b-half-filtered DQ/ZQ experiment (B):f 1 5 4(x, 2x); f 2 5 2(x, x, 2x, 2x) for the in-phase spectrum,f 2 5 2(y, y, 2y, 2y) for the
ntiphase spectrum;f 3 5 4(y), 4(2y); f rec 5 2(2y, y, y, 2y). Two data sets for eacht 1 increment are collected to achieve quadrature int 1. From the firs
ata set, cosine modulated magnetization is extracted by addition of the FIDs. For the second data set, the FIDs are subtracted to give sin
agnetization. In the experiment (B), the 90° and 180°15N pulses denoted by (un)filled narrow and wide bars are applied for (in)- and antiphasea/b-half-filter
lements. Gradient pulses denoted by unfilled half-ellipses are applied only during the in-phasea/b-half-filter element. A phase-sensitive spectrum is obta
y combining the data for Fourier transformation in a manner similar to the sensitivity-enchanced method (21, 22). The absolute sign of geminalJ- or dipolar
oupling is obtained by relating2JHH to the sign of1JNH or 1JCH. All magnetization originating from heteronucleus (15N) is first dephased by the 90° pul
ollowed by the pulsed field gradient.
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275MEASUREMENT OF HOMONUCLEAR 2J-COUPLINGS
re modulated by both the large1JNH (or 1JCH) coupling and th
mall homonuclear coupling.
Spin-state selective filter elements in the experimen

Fig. 1B) provide spectral simplification. Ana/b-half-filter
lement subsequent to the evolution time, referred as anti
/b-half-filter, is used to rephase the sine modulated antip
Q/ZQ coherence with respect to the common passive

In this case15N 180° pulses, indicated with unfilled bars,
ot applied.) Anothera/b-half-filter, referred as in-phasea/b-
alf-filter, is applied to select the cosine modulated in-ph
agnetization component. (In this case 90° and 180° puls
itrogen, indicated as filled bars in the filter element, are
pplied.) During the antiphasea/b-half-filter element, bot
omo- and heteronuclear couplings to the common pa
pin are active, while heteronuclear coupling is effectiv
nactive during the in-phasea/b-half-filter element. Thus, th
H2 cross peaks are anti- or in-phase doublets in theF 1-
imension in the antiphase or in-phase filter experiments
pectively. Regarding transverse relaxation and cross co
ion between dipole–dipole coupling and chemical s
nisotropy (CSA), these two equally long filters are designe
uarantee the same sensitivity, which simplifies processi
After the t 1 evolution and the filtering period in thea/b-

ltered experiment, the antiphase single-quantum coheren
egenerated with the 90° pulse for the heteronucleus a

FIG. 2. Pulse sequence of the gradient selecteda/b-half-filtered DQ/ZQ
ulses are shown by narrow and wide bars, respectively, with phasex, unless
eld gradient including the field recovery delay. Phase cycling:f 1 5 2(x, 2
ntiphase spectrum;f 3 5 4(2y) for the echo selection;f 3 5 4(y) for the an

1 is altered according to the States–TPPI protocol (27). A phase-sensitive s
imilar to the sensitivity-enchanced method (21, 22). Zero- and double-qua
.908pG4 and G3 5 1.113pG4, respectively.
B
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llowed to rephase during the final delay (1/ 2JXH). In the
xperiment 1A two data sets for eacht 1 increment are collecte

o achieve quadrature int 1. For both data sets, a 180° pro
ulse is applied before and after thet 1 evolution period
marked with an arrow in Fig. 1A; see Fig. 1 legends
etails). In the case of thea/b-filtered experiment 1B this
chieved by applying two 90° proton pulses at the end o
ulse sequence with the same or opposite phase. This p
ure retains bothx- and y-components of magnetization a

mprovement in sensitivity by factor of 21/2 (14). The post
cquisitional addition and subtraction of the two data sets r

n quadrature detection int 1.
Furthermore, zero- and double-quantum coherences c

eparated into two subspectra for improved spectral resolu
his is conveniently accomplished by gradient selectio
onjunction with the spin-state selective filters (Fig. 2).
hase of the last 90° proton pulse is shifted by 0° relative t
revious proton 90° pulse to select echo and by 180° to s
nti-echo. The ratios of the selection (Gs) and refocusing (Gr)
radients for the heteronuclear double- and zero-quantum
erence selection areGs/Gr 5 6gH/(gH 1 gX) andGs/Gr 5
gH/(gH 2 gX), respectively, wheregH andgX denote proto
nd heteronuclear magnetogyric ratios (14). Thus, for the15N-
dited spectrum, the selection gradient is 1.113 times stro

han the refocusing gradient for the double-quantum cohe

eriment. The sequences generate in- and antiphase spectra. Hard 90°
erwise indicated. Delay durations:D 5 1/4JXH ande is the duration of a pulse
; f 2 5 2(x), 2(2x) for the in-phase spectrum,f 2 5 2(y), 2(2y) for the
cho selection;f rec 5 x, 2x, 2x, x. In addition to the echo/anti-echo selecti
ctrum is obtained by combining the data for Fourier transformation in a

coherences of1H and 15N are separated into two subspectra by settingG3 5
exp
oth

x)
ti-e
pe

ntum
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276 PERMI ET AL.
election, and for the zero-quantum coherence pathway
orresponding ratio is 0.908. Thea/b-half-filter element is
laced before thet 1 evolution in the gradient-selected versi
therwise the 90° purge pulse on nitrogen would mix
oherence levels duringt 1, leading to unsuccessful select
etween the double- and zero-quantum coherences. We

o apply the selection gradient at the beginning of tht 1

volution period. Obviously, the first few data points are
ecause the sum of the gradient duration and field reco
elay is longer than a few dwell times. However, the first
ata points can be recovered by linear prediction to a
aseline roll due to chemical shift evolution. Alternatively,
election gradient can be applied in ane/4–180(1H)–e/4–
80(15N)–e/4–180(1H)–e/4 element to prevent evolution of t
hemical shift and coupling between1H and15N. Data acquire
ith the gradient-selected version are processed identica

he data processed by established PEP sensitivity-enh
radient methods (21, 22) to achieve the same sensitivity

hat obtained with the phase-modulated, phase-cycled ve
n summary, the processing of the spin-state, DQ/ZQ sele
cquisition will result in four subspectra.
The water signal can be suppressed in both phase-cycle

radient-selected versions by selective pulses and pulsed
radients prior to the actual pulse sequences, e.g., by the
olvent suppression scheme (23).
The coherence transfer pathway ina/b-filtered experiment

or the H1H2N (or H1H2C) system (neglecting signs, cert
rigonometric factors, and homonuclearJ-modulation during
hree delays optimized for 1/ 2JNH) is:

H1zO¡

908x~
1H!–1/ 2J–908x~

15N!
H1xNy.

ixed DQ/ZQ coherence evolves duringt1 with passive cou
lings to H2. Only desired magnetization components are sh

.e., for one filter sine modulated and for the other cosine m
ated chemical shift andJ-coupling in thet1-dimension.

H1xNyO¡

t1

H1xNycos~~VH1 6 VN!t1!

3 cos~~ JH1–H2 6 JN–H2!pt1!

H1xNycos~~VH1 6 VN!t1!cos~~ JH1–H2 6 JN–H2!pt1!
1/8J–1

H1xNycos~~VH1 6 VN!t1!cos~~ JH1–H2 6 JN–H2!pt1!O
90
he

e

fer

t
ry

id

to
ced

n.
ve

nd
eld
ET

n,
u-

1 H1xH2zNysin~~VH1 6 VN!t1!

3 sin~~ JH1–H2 6 JN–H2!pt1!.

he sine modulated magnetization evolves from the antip
Q/ZQ coherence to the in-phase coherence during th

iphasea/b-half-filter element:

H1xH2zNysin~~VH1 6 VN!t1!sin~~ JH1–H2 6 JN–H2!pt1!

O¡
908y~

15N!–1/4J–1808x~
1H, 15N!–1/4J

H1xNxsin~~VH1 6 VN!t1!sin~~ JH1–H2 6 JN–H2!pt1!.

he 90° pulse on nitrogen serves to purge15N magnetization
erms with phasex. Therefore, a dispersive in-phase te
rising from 1JNH-mismatch will not convert into observab
agnetization. After the filter period, the desired sine mo

ated magnetization is converted back to detectable mag
ation by a 90° pulse on the heteronucleus. Then the antip
agnetization evolves back to an in-phasey-magnetization
hich is detected duringt 2 under heteronuclear broadba
ecoupling:

H1xNxsin~~VH1 6 VN!t1!

3 sin~~ JH1–H2 6 JN–H2!pt1!O¡
908y~

15N!–1/ 2J

H1ysin~~VH1 6 VN!t1!sin~~ JH1–H2 6 JN–H2!pt1!.

eteronuclearJ-coupling is inactive during the in-phasea/b-
alf-filter element. Thus, the cosine modulated magnetiz
oes not evolve and is converted back to proton single-q

um coherence by a 90° pulse on nitrogen. For the in-p
/b-half-filter experiment, the phase of the last 90° pulse
itrogen is incremented by 90° relative to the antiphasea/b-
alf-filtered experiment:

8x~
15N!–1/8J–1808x~

1H!–1/8J–1808x~
15N!–1/8J

¡

¡

5N!–1/ 2J
H1ycos~~VH1 6 VN!t1!cos~~ JH1–H2 6 JN–H2!pt1!.
80

8x~
1
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277MEASUREMENT OF HOMONUCLEAR 2J-COUPLINGS
his allows upfield and downfield doublet components to
eparated into two subspectra by adding or subtracting the
odulated absorptive antiphase and cosine modulated ab

ive in-phase magnetizations.
In all experiments, undesired dispersive antiphase mag

ation arising from homonuclearJ-modulation during t 1

volves and is converted into term H1xH2z after refocusing
sually this term cancels from the spectrum due to a relat
mall homonuclear coupling compared with broad linewi

FIG. 3. Representative ZQ region of the HB-GAM15N, 1H DQ/ZQ spe
dentifies the location of the cross section shown in (C). A correspondin
he original pulse sequence is shown in (B) (14). Experimental parameters: 1
ll spectra were recorded on a Varian Unity 500 spectrometer at 30°C.
.3 G/cm (1000ms). Spectral widths in theF 1-dimension (F 2-dimension): 3

ncrements, 400; acquisition time (t 2), 128 ms. The signal at2800 Hz origina
o 2K in theF 1-dimension. The FID was apodized in theF 2-dimension usin
indow function was applied to theF 1-dimension. Data were processed w
e
ine
rp-

ti-

ly
s

nd apodization in theF 2-dimension by the exponential wi
ow function (9). Effects of homonuclear13C–13C J-coupling
ust be considered for13C-labeled samples. Carbonyl dec
ling during t 1 for the CH2 group of glycines in13C-edited
xperiments will easily suffice to remove the13C–13C modula-

ion. For other amino acids, modulation of the homonuc
13C–13C coupling is not as easily removed duringt 1 and the

/b-half-filtering period. Furthermore, the active proton
oupled to these passive carbon spin(s) by2J . Therefore, a

m recorded with the pulse sequence shown in Fig. 1A (A). The dash
ross section through the ZQ region of a combined DQ/ZQ spectrum reh
m15N-enriched HB-GAM in 95/5% H2O/D2O, pH 4.7, in a Shigemi microce
lay durations:D 5 2.77 ms,e 5 0.952 ms. Gradient amplitude (duration):uG1u 5
(8000) Hz. The1H carrier on water resonance was at 4.7 ppm; numbert 1

in water, which was suppressed by the WET scheme (23). Data were zero-fille
n exponential window function with 10 Hz line broadening. A squared
the Felix97.0 software package (28).
ctru
g c
.1M
De

500
tes
g a
ith
CH



D ets
(
i

th
p ted
m -
u AM

w ative
e /ZQ
s in
F on of
t com-
p h the
p ,
a ll
s he
p

dition
a nce,
r %
H C. Delay
d :
3 d to 4K
i ial
w

278 PERMI ET AL.
Q- or ZQ-doublet is further split into a doublet of doubl
triplet) each of which is modulated by1JCC 6 2JCH, resulting
n a broad and complicated peak pattern.

RESULTS AND DISCUSSION

The pulse sequences presented were demonstrated wi
roteins: 15 kDa15N-enriched heparin-binding growth-associa
olecule (HB-GAM) (24) and 8.6 kDa15N-enriched human ubiq
itin. A combined DQ/ZQ spectrum was recorded for HB-G

FIG. 4. Representative DQ region of the ubiquitina/b-half-filtered15N, 1H
nd subtraction of the in- and antiphase components from two experime
egion from the DQ/ZQ spectrum (C) is shown, containing both spin sta

2O/D2O, pH 5.8, 50 mM sodium phosphate buffer, in a Wilmad NMR tu
urations:D 5 2.77 ms. Gradient amplitudes (durations):uG1,2u 5 5.3 G/cm (
500 (8000) Hz;number oft 1 increments, 600; acquisition time (t 2), 128 m

n theF 1- andF 2-dimensions, resulting in a digital resolution of 0.85 Hz/P
indow function with 15 Hz line broadening. A squared cosine window
two

ith the pulse sequence shown in Fig. 1A. A represent
xpansion of the ZQ spectral region of the combined DQ
pectrum containing cross peaks of NH2 resonances is shown
ig. 3A. The dashed line in the spectrum indicates the locati

he cross section shown in Fig. 3C. Figure 3B provides a
arison for the cross sections from a spectrum recorded wit
ulse sequence proposed by Jarvet and Allard (14). In our hands
fter careful adjustment of1H and 15N pulse widths, the overa
ignal-to-noise ratio (S/N) was improved by 10–15%, using t
ulse sequence presented in Fig. 1A. This small gain inS/N results

Q/ZQ spectrum recorded with the pulse sequence shown in Fig. 1B. Ad
result in up- (A) and downfield (B) components, respectively. For referethe DQ
in-phase. Sample conditions: 1.0 mM ubiquitin from VLI Research Inc. in 90/10
. All spectra were recorded on a Varian Unity 500 spectrometer at 30°
0ms), 30 G/cm (500ms). Spectral widths in theF 1-dimension (F 2-dimension)
he WET scheme was used for water suppression. Data were zero-fille
theF 1-dimension. The FID was apodized in theF 2-dimension using exponent
ction was applied in theF 1-dimension.
D
nts
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100
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fun
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rom fewer pulses. The actual improvement in performance
epend on RF field inhomogeneity and off-resonance effec
The spin-state selective, combined DQ/ZQ spectra wer

orded for ubiquitin with the pulse sequence shown in Fig.
ouble- and zero-quantum coherences were also separate

wo subspectra by recording the spectra with the pulse seq
hown in Fig. 2. Expansions of the ZQ spectral region of
ombined DQ/ZQ spectrum containing cross peaks of NH2 reso-
ances are shown in Fig. 4. Figures 4A and 4B show the
egion with up- (A) and downfield (B) components of doubl
espectively. These were obtained by adding and subtractin
n- and antiphase spectra. The ZQ cross peaks are split

FIG. 5. Representative ZQ region of the ubiquitina/b-half-filtered 15N, 1

ubtraction of the in- and antiphase components from two experiments
hown for reference, containing both of the spin states in-phase. Exper
he gradient strengths (durations)uG1,2,3,4u 5 5.3 G/cm (1000ms), 30 G/cm
dditionally, backward linear prediction was used to reconstruct the firs
ill

e-
.

into
nce
e

Q
,
the
the

1-dimension by the sum of the1JN–H2 and 2JH1–H2 couplings
igure 4C is used as reference and shows both upfield
ownfield in-phase doublet components, acquired with the
equence 1B, using the in-phasea/b-half-filter.
The corresponding DQ resonances from the gradien

ected DQ spectrum with the upfield (A) and downfield
omponents are shown in Fig. 5. Figure 5C is used for r
nce and shows both of the DQ doublet components, obt
y the pulse sequence using the in-phasea/b-half-filter. DQ
ross peaks are split by the difference of the couplings1JN–H2

nd 2JH1–H2. The geminal 2JH1–H2 coupling constant can b
etermined using the equation

Q spectrum recorded with the pulse sequence shown in Fig. 2. Additio
ult in up- (A) and downfield (B) components, respectively. The ZQ speis
ntal parameters were the same as those for the spectrum shown in Figpt for
00ms), 10.896 G/cm (500ms), 12 G/cm (500ms), and delaye 5 0.952 ms
ree data points to give a flat baseline.
H Z
res
ime

(5
t th



w ngs
i

T l
p b
d ng
k
c m
r

–d
p oto
s ion
r al
r con
k nifi
c s o
p me
t al
r l
t d i
n

do
b ow
c aris
i tha
t bo
c ol
e sy
a nifi

c truc-
t

n for
v my of
F

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

280 PERMI ET AL.
JDQ 2 JZQ

2
5 2JHH, [1]

hereJDQ andJZQ denote double- and zero-quantum splitti
n the F 1-dimension, respectively. Analogously,1JN–H1 and

1JN–H2 couplings can be determined using the equation

JDQ 1 JZQ

2
5 1JNH. [2]

he sign can be inferred by comparingJDQ with JZQ. Residua
roton–proton dipolar contributions to the coupling can
etermined in an analogous way once the scalar coupli
nown from a reference experiment. Geminal2JH1–H2 coupling
onstants determined for the eight asparagine and gluta
esidues of human ubiquitin are shown in Table 1.

The experiments presented are not sensitive to dipole
ole and CSA cross correlation, because inversion of pr
pin states in botha/b-half-filter elements averages relaxat
ates for DQ/ZQ doublet components. The current method
educes effects arising from scalar relaxation of the se
ind (25). Thus, the apparent coupling constant is not sig
antly affected by line broadening due to rapid spin flip
rotons, which in most cases reduce the value of experi

ally determined coupling constants. As the effect of the sc
elaxation of the second kind to2JHH is inversely proportiona
o the magnitude of DQ/ZQ splittings, the current metho
ot sensitive to this phenomenon (12).
In conclusion, we have introduced spin-state selective,

le- vs zero-quantum experiments. These methods all
onvenient extraction of geminal proton–proton couplings
ng from scalar or dipolar interactions. Our results imply
he methods are suitable also for measuring other two-
ouplings, in particular from isotopically enriched macrom
cules. The scalar and dipolar couplings which are ea
ssign provide dihedral and orientational restraints to sig

TABLE 1
Measured Geminal 2JHH Coupling Constants

from Human Ubiquitin

Residue

2JHH (Hz)

H21 H22

Gln2 3.0 3.1
Asn25 2.1 2.2
Gln31 2.6 2.5
Gln40 2.8 2.7
Gln41 3.6 3.7
Gln49 3.0 3.1
Asn60 2.9 3.1
Asn62 3.1 3.1
e
is

ine

i-
n

so
d

-
f
n-
ar

s

u-
a
-
t
nd
-
to
-

antly complement NOE-based distance restraints for the s
ure determination.
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Kilpeläinen, J. Magn. Reson. 137, 243 (1999).

1. L. Braunschweiler, G. Bodenhausen, and R. R. Ernst, Mol. Phys.
48, 535 (1983).

2. A. Rexroth, P. Schmidt, S. Szalma, T. Geppert, H. Schwalbe, and
C. Griesinger, J. Am. Chem. Soc. 117, 10389 (1995).

3. G. Otting, J. Magn. Reson. 124, 503 (1997).

4. J. Jarvet and P. Allard, J. Magn. Reson. B 112, 240 (1996).

5. A. Bax and N. Tjandra, J. Biomol. NMR 10, 289 (1997).

6. J. R. Tolman, J. M. Flanagan, M. A. Kennedy, and J. H. Prestegard,
Proc. Natl. Acad. Sci. U.S.A. 92, 9279 (1995).

7. N. Tjandra and A. Bax, J. Magn. Reson. 124, 512 (1997).

8. P. Andersson, J. Weigelt, and G. Otting, J. Biomol. NMR 12, 435
(1998).

9. A. Meissner, J. Ø. Duus, and O. W. Sørensen, J. Biomol. NMR 10,
89 (1997).

0. A. Meissner, J. Ø. Duus, and O. W. Sørensen, J. Magn. Reson. 128,
92 (1997).

1. A. G. Palmer III, J. Cavanagh, P. E. Wright, and M. Rance, J. Magn.
Reson. 93, 151 (1991).

2. L. E. Kay, P. Kiefer, and T. Saarinen, J. Am. Chem. Soc. 114, 10663
(1992).

3. S. H. Smallcombe, S. L. Patt, and P. A. Kiefer, J. Magn. Reson. A
117, 295 (1995).

4. H. Rauvala and P. Peng, Prog. Neurobiol. 52, 127 (1997).

5. A. Abragam, “Principles of Nuclear Magnetism,” Clarendon Press,
Oxford (1961).

6. G. Bodenhausen, R. Freeman, and D. L. Turner, J. Magn. Reson.
27, 511 (1977).

7. D. Marion, M. Ikura, R. Tschudin, and A. Bax, J. Magn. Reson. 85,
393 (1989).

8. FELIX 97.0, Biosym/MSI, San Diego, 1997.


	INTRODUCTION
	DESCRIPTION OF THE PULSE SEQUENCES
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4

	RESULTS AND DISCUSSION
	FIG. 5
	TABLE 1

	ACKNOWLEDGMENTS
	REFERENCES

