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Measurement of nuclear Overhauser enhancement is one of the
ainstays of structural studies of molecules in solution. Measure-
ents, particularly over long distances, are often compromised by

pin diffusion. A robust and accurate method for measuring nu-
lear Overhauser enhancements that are largely free of spin dif-
usion effects is presented. The effects of using imperfect radio-
requency pulses are considered and experimental data are pre-
ented for Amphotericin B. © 1999 Academic Press

Key Words: NOE; spin diffusion; excitation sculpting; Ampho-
ericin B.

The measurement of nuclear Overhauser enhance
NOE) is one of the mainstays of structural studies of m
ules in solution (1, 2). NOEs arise when longitudinal magn
ization is transferred between nuclear spins as a result of
utual dipolar relaxation. Since the magnitude of dipolar

axation between a pair of nuclei is inversely proportiona
he sixth power of their internuclear distance, the NOE
reases rapidly with increasing internuclear distance an
enerally only observed up to 4.5–5.0 Å. When several n
re in close proximity, magnetization can be transferred
irectly from one spin to another and indirectly by way of
r more additional nuclei. This effect, which may distort
ize of the measured NOE, is known as spin diffusion.
iffusion is often particularly severe between pairs of s
hich are closer to other spins than they are to each o
hile present in NOE studies of all molecules, spin diffus

ffects are often most severe for molecules in the slow
ling regime, whenvtc . 1. Here we describe a robust NM
xperiment that combines excitation sculpting with an effec
pin diffusion suppression procedure to enable NOE buil
urves to be measured largely free of spin diffusion.
ffects of the nonideal behavior of radiofrequency pulse
onsidered and experimental data are presented for Amp
cin B.

Methods for suppressing or taking into account spin d
ion in NOE measurements have been described in the
ure (3–10). There are two general approaches to addres
he problem. In the context of full structure determination,
iffusion effects can be removed iteratively to first order du
tructure determination (3). It is also possible to remove t
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ffects of spin diffusion on the NOE build-up curve exp
entally (4–10); this approach has the advantage of not
uiring a full structure determination. The most gener
pplicable approach to the latter, which we adopt as the
f the method presented here, can usually only be us
easure one NOE at a time and is most commonly im
ented in transient NOE measurements (6, 7). In experiment
f this type, the nuclear spin which the NOE is to be meas

rom (the parent) is selectively perturbed from equilibriu
alfway through the subsequent mixing period, this nuc
pin and the spin to which the NOE is to be measured
imultaneously inverted. While this simultaneous double
ersion has no effect on the build-up of the NOE (other th
hange in sign), it causes spin diffusion effects during the
alves of the mixing period to undergo mutual cancellat
oth the initial perturbation of the chosen spin from equ

ium and the subsequent double inversion during the m
eriod are usually implemented using semiselective “s
ulses. Three issues must be addressed if this experimen
e implemented reliably: the selectivity of the soft puls
sed to select the parent; the intrinsic effectiveness of the
iffusion suppression procedure, and the consequences
onideal behavior of the semiselective pulses used to ac
uppression.
A long range NOE is usually relatively small compared to

arent peak, typically,1%, and consequently it is importa
hat the initial perturbation of the parent peak from equilibr
ot also perturb any other multiplets, since these may give

o NOEs of their own. Furthermore, if the peak an NOE
eing measured to is itself perturbed its value will be disto
his is frequently a problem when the parent peak is pertu
ith a single semiselective pulse since all pulse shapes d
ped to date perturb the magnetization away from the nom
hosen excitation band to some extent. This problem ca
argely overcome using excitation sculpting (11–14). This
echnique comprises the preparation period of the puls
uence given in Fig. 1. Excitation sculpting works by exci
ll of the nuclear magnetization into thexy-plane and the
sing magnetic field gradient pulses to dephase all that w

s not refocused by the two semiselective Gaussian sh
ulses. Since two semiselective pulses are used, the fract
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he magnetization refocused at a given offset will be the sq
f that refocused with a single pulse, thus resulting in m
leaner selection. The selected magnetization is subseq
eturned to thez-axis. While the parent peak must be resol
n the 1D spectrum, this need not be true of the NOE peak
pin diffusion to be effectively suppressed, it is only neces
hat the semiselective 180° pulse(s) used to invert the NOE
ts parent peak in the mixing period not substantially invert
ther peaks present in the transient NOE spectrum. Follo
eeler (14) we also introduce nonselective 180° pulses into
ixing period as indicated in Fig. 1 to prevent the magne

ion dephased during the preparation period from recove
he cross-relaxation rates IS responsible for the NOE betwe

wo nucleiI andS can be extracted by fitting the data with
tandard transient NOE equation (2),

S~t! 5 2~s IS/D!~e2~R91D!t 2 e2~R92D!t!, [1]

hereD 5 [( 1
4)(RI 2 RS)

2 1 s IS
2 ] 1/ 2, R9 5 (1

2)(RI 1 RS), and
I and RS are the longitudinal relaxation rates of the t
uclei. The spin diffusion suppression procedure utilised

FIG. 1. Pulse sequence for transient NOE spectroscopy. Solid narro
ide rectangles represent nonselective 90° and 180° pulses, respectiv
ther pulses are semiselective. The two semiselective pulses in the prep
eriod are calibrated to select the multiplet NOEs are to be measured from
racketed mixing scheme designated A is used to measure NOE bu
ithout spin diffusion suppression; schemes B and C utilize one and
emiselective pulses, respectively, to suppress the contribution of spin
ion to the NOE build-up curve. The suppression pulses are cosinuso
odulated at half the difference in frequencies of the two multiplets bet
hich the NOE is to be measured between (18, 19). Gaussian modulate
elective pulses are used in the preparation period (11–14) and pulse shape
esigned to give a “top hat” inversion profile such as theq3 gaussian cascad
19, 20) are most effective in the mixing period. Cross-relaxation is consid
o occcur 47% of the timeq3 pulses are applied (21). While only one magneti
eld gradient pulse is required between two rf pulses, for the sake of simp
single scheme is given here that works for all three mixing periods. P

ycling: f1 5 x, y, 2x, 2y; f2 5 y; f3 5 4*( x), 4*(2x); fR 5 x, 2x,
, 2x, 2x, x, 2x, x.
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elies on the selective inversion of the parent and chosen
eaks half way through the mixing period. The techni
akes the assumption that the effects of spin diffusion du

he two periods are roughly the same, except for their s
nd can consequently be made to cancel out. The less

udinal relaxation that has occurred during this period,
etter this approximation will be. The effect of spin diffus
n the calculated NOE rate are explored in the results
imulation study presented in Fig. 2A. The error in the c
elaxation rate calculated from the NOE build-up curve
een determined for a pair of nuclei at a fixed distance
ach other but experiencing differing amounts of spin d
ion. The amount of spin diffusion they experience has
aried by varying the coordinates of a third spin that is e
istant from the first two. As might be expected, introducin
ingle inversion pulse into the mixing period decreases
rror in the calculated cross relaxation rate relative to
orresponding experiment with no suppression. Howeve
he amount of spin diffusion (and the longitudinal relaxa
ates) increase, the effectiveness of suppression decrease
ffectiveness of suppression can be improved by introdu
n additional semiselective inversion pulse into the mi
eriod (10) as indicated in Fig. 1. The improvement in s
ression is reflected in a corresponding reduction in err
ig. 2A. In principle it is possible to further improve suppr
ion of the effects of spin diffusion by using more invers
ulses; in practice the time constraints that this imposes o
inimum mixing time that can be used (the sum of the p

engths) and the consequences of nonideal behavior o
ulses may make this impractical.
In reality, the semiselective pulses within the mixing pe

ften do not achieve complete inversion of the target nu
ith modern pulse shapes, which are designed to invert a

f frequencies efficiently and exhibit a “top hat” excitat
unction, this is largely due to relaxation effects. While m
etization that is unaffected by a given selective inver
ulse will decay due to longitudinal relaxation during
ulse, magnetization that is perturbed will be attenuated d

ransverse relaxation as well since it will spend part of its
n the xy-plane. For molecules in the slow tumbling regi

1 . T2, and consequently the inverted magnetization is li
o suffer greater relaxation losses. The minimum length o
elective inversion pulse is dictated by the necessity of
nverting the two spins involved in the NOE of interest in
ransient NOE spectrum. The effects of incomplete inver
n the effectiveness of spin diffusion suppression are inv
ated in Fig. 2B. The conditions used for the simulations w

he same as for Fig. 2A except that 20% of the magnetiz
as “lost” upon inversion. While a comparison of Figs. 2A
B shows that incomplete inversion does reduce the effici
f spin diffusion suppression, it is also clear that the proce

s still effective, and as with ideal pulses that two invers
ulses are better than one.
Variations in relaxation rates between spins may also
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ise to variations in inversion efficiency. The effects of va
ions in inversion efficiency between parent and NOE peak
he single and double inversion sequences are investiga
igs. 2C and 2D respectively. In each case the parent pe
ssumed to be inverted with an efficiency of 80% while

nversion efficiency of the NOE is varied between 70%, 8
nd 90%. Any difference in inversion efficiency between

wo spins has two consequences: the efficiency of spin d
ion suppression will be affected and the NOE build-up c
ill be scaled by the ratio of the NOE to parent peak inver
fficiencies (assuming that the NOE is determined from
atio of the integrals of the NOE at a given time to the pa
eak at zero mixing time). The latter has been corrected f

he figure. While the effectiveness of spin diffusion supp
ion clearly varies with the inversion efficiency of the N

FIG. 2. Simulations of the effects of spin diffusion on the accuracy o
ixing schemes given in Fig. 1, (A) assuming perfect inversion pulses
ifferent inversion efficiencies for the parent and NOE peaks are inves

nversion efficiencies are as indicated. The bands given in each case c
Hz for an NOE between two nuclei 4 Å apart using a correlation time of 1

pin diffusion. The data were fitted out to twice the time taken for the N
he cross-relaxation rate between either of the first two and the third sp
-
or

in
is

e
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e
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n
e
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in
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eak for both mixing schemes the double inversion sequ
ontinues to produce better results.
Magnetic field gradient pulses (15, 16) applied during th
ixing period serve to eliminate any unwanted componen

ransverse magnetization that may result from nonideal be
or of the pulses.

The pulse sequence given in Fig. 1 is demonstrated u
mphotericin B (17) in Figs. 3 and 4. The effectiveness of s
iffusion suppression can be assessed by comparing s
btained with the three versions of the experiment at a g
ixing time, Fig. 3. The data in Fig. 3A shows the uns
ressed transient NOE spectrum for H35. While incorporti
ingle selective inversion pulse into the mixing period cle
educes the intensity of NOEs to peaks other than H37,
B, the fact that most are still clearly present with signific

oss-relaxation rates measured from NOE build-up curves for the three
(B) assuming that 20% of the magnetization is lost upon inversion. Ths of
ted in (C) for the single and (D) for the double inversion mixing schemere
spond to the 95% confidence limits. Numerical simulations were carriet 400
nd using a third spin at a variable but equal distance from the first two to
to reach its maximum intensity. The spin diffusion to NOE rate ratio iss
ivided by the cross-relaxation rate between the first two spins.
f cr
and
tiga
orre
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ntensity indicates the limited efficiency of the procedu
ntroducing the second selective inversion pulse, Fig.
learly substantially improves the effectiveness of suppres

FIG. 3. 400 MHz 1H NMR spectrum for 20 mM amphotericin B in DM
OE spectra obtained using the pulse sequence given in Fig. 1 for a m
aussians, and those used in the mixing period were 30 msq3 Gaussian casc
z. Gradient valuesg1–g6 were 25, 35, 42.5, 6.5, 5, and 4 G cm21, respectiv
RX-400 spectrometer.
.
,
n.

The build-up curve for the NOE from H35 to H37 measu
ithout spin diffusion suppression and with suppression u
ne and two inversion pulses during the mixing period is g

. (A) Unsuppressed, (B) singly suppressed, and (C) doubly suppressed
g time of 190 ms. Semiselective pulses used in the preparation period
s. The spin diffusion suppression pulses were cosinusoidally modulated

; all gradient pulses were applied for 1 ms. All data were acquired on a
SO
ixin
ade
ely
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n Fig. 4. The inversion pulses were found to have an efficie
f 85% for both H35 and H37, within experimental error (i
5% of the magnetization was lost upon inversion). The
reasing effectiveness of spin diffusion suppression as
umber of inversion pulses is increased is reflected in
uild-up curves. The inadequacy of using a single inver
ulse is clearly indicated by the apparent change in sign o
OE at 0.5 s; the cross-relaxation rate obtained by fitting t
ata with Eq.[1] also varies with the time over which they
tted. Fitting all of the data yields cross relaxation rate
.0356 0.002 s21 for no suppression, 0.0376 0.026 s21 for
uppression with a single inversion pulse, and 0.0256 0.005
21 for suppression with two inversion pulses. The rate for
ingle inversion suppression changes to 0.0296 0.008 s21 if
nly the first 0.36 s of the data are fitted. Spin diffus
uppression with two inversion pulses is clearly to be prefe
ince it yields a cross relaxation rate which is independe
he mixing times used and, since the data can be fitted to lo
ixing times, more precise.
We note that sensitivity will be lost in these experiment
result of both the efficiency of the inversion pulses used i
ixing period and the length of the preparation sequence
oted above, the inversion pulse used to suppress spin
ion were found to have an efficiency of 85%, and the
iency of the mixing period was found to be 57%. In both c
he key determining factor is the length of the selective pu
sed which depends on the resolution required and will
equently vary from case to case.
In conclusion, the pulse sequence presented in Fig. 1

ining excitation sculpting with the use of two semiselec
nversion pulses to suppress spin diffusion enables reliable

FIG. 4. 400 MHz 1H NMR data for 20 mM amphotericin B in DMSO
ig. 3. The build-up curves presented are for the NOE from H37 to H35

o the best fit for all of the date using Eq. [1] except for the single inver
y
,
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e
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s
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o be acquired for long range transient NOEs. The procedu
ffective even if the semiselective inversion pulses do
ehave ideally.
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