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Measurement of nuclear Overhauser enhancement is one of the  effects of spin diffusion on the NOE build-up curve experi-
mainstays of structural studies of molecules in solution. Measure-  mentally @—10); this approach has the advantage of not re
ments, particularly over long distances, are often compromised by quiring a full structure determination. The most generally
spin diffusion. A robust and accurate method for measuring nu- applicable approach to the latter, which we adopt as the ba
clea_ir Overhau_ser enhancements that are Iargely _free of spin d'lf- of the method presented here, can usually only be used
fusion effects is presented. The effects of using imperfect radio- . - -
frequency pulses are considered and experimental data are pre- measurg one N.OE at a time and is most commohly Imple
sented for Amphotericin B.  © 1999 Academic Press men_ted in transient NOE r_neasqremer&s?lj. In experiments

Key Words: NOE:; spin diffusion; excitation sculpting; Ampho-  Of this type, the nuclear spin which the NOE is to be measure
tericin B. from (the parent) is selectively perturbed from equilibrium.
Halfway through the subsequent mixing period, this nuclee
spin and the spin to which the NOE is to be measured al

The measurement of nuclear Overhauser enhancemg&multaneously inverted. While this simultaneous double in
(NOE) is one of the mainstays of structural studies of mol&ersion has no effect on the build-up of the NOE (other than
cules in solution L, 2). NOEs arise when longitudinal magne-change in sign), it causes spin diffusion effects during the tw
tization is transferred between nuclear spins as a result of the@ves of the mixing period to undergo mutual cancellatior
mutual dipolar relaxation. Since the magnitude of dipolar r&oth the initial perturbation of the chosen spin from equilib-
laxation between a pair of nuclei is inversely proportional toum and the subsequent double inversion during the mixin
the sixth power of their internuclear distance, the NOE deeriod are usually implemented using semiselective “soft
creases rapidly with increasing internuclear distance andpislses. Three issues must be addressed if this experiment is
generally only observed up to 4.5-5.0 A. When several nucleé implemented reliably: the selectivity of the soft pulse(s
are in close proximity, magnetization can be transferred batlsed to select the parent; the intrinsic effectiveness of the si
directly from one spin to another and indirectly by way of ondiffusion suppression procedure, and the consequences of
or more additional nuclei. This effect, which may distort theonideal behavior of the semiselective pulses used to achie
size of the measured NOE, is known as spin diffusion. Spauppression.
diffusion is often particularly severe between pairs of spins A long range NOE is usually relatively small compared to its
which are closer to other spins than they are to each othparent peak, typically<1%, and consequently it is important
While present in NOE studies of all molecules, spin diffusiothat the initial perturbation of the parent peak from equilibriun
effects are often most severe for molecules in the slow tumet also perturb any other multiplets, since these may give ric
bling regime, whenwt, > 1. Here we describe a robust NMRto NOEs of their own. Furthermore, if the peak an NOE is
experiment that combines excitation sculpting with an effectil@eing measured to is itself perturbed its value will be distortec
spin diffusion suppression procedure to enable NOE build-Uphis is frequently a problem when the parent peak is perturbe
curves to be measured largely free of spin diffusion. Theith a single semiselective pulse since all pulse shapes dev
effects of the nonideal behavior of radiofrequency pulses aped to date perturb the magnetization away from the nomin
considered and experimental data are presented for Amphotdresen excitation band to some extent. This problem can |
icin B. largely overcome using excitation sculptind1¢14. This

Methods for suppressing or taking into account spin difftechnique comprises the preparation period of the pulse s
sion in NOE measurements have been described in the litegaence given in Fig. 1. Excitation sculpting works by exciting
ture 3—10. There are two general approaches to addressiall of the nuclear magnetization into the-plane and then
the problem. In the context of full structure determination, spimsing magnetic field gradient pulses to dephase all that whi
diffusion effects can be removed iteratively to first order durinig not refocused by the two semiselective Gaussian shap
structure determination3]. It is also possible to remove thepulses. Since two semiselective pulses are used, the fraction
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Alternate mixing schemes relies on the selective inversion of the parent and chosen NC
® 1 - peaks half way through the mixing period. The techniqu
makes the assumption that the effects of spin diffusion durir
the two periods are roughly the same, except for their sign

a
~
[\

ol @2 ® E I @3 and can consequently be made to cancel out. The less lon

' ! tudinal relaxation that has occurred during this period, th

|5/\25/\5|T/4 : I’mA/\[\,\ﬁw4 I 51/4 |Acq' = better this approximation will be. The effect of spin diffusion
o ! VV\/ | on the calculated NOE rate are explored in the results of

' | simulation study presented in Fig. 2A. The error in the cros

! M\/’\m I 1/4/\“’\ | relaxation rate calculated from the NOE build-up curve ha

LAYUV A =] been determined for a pair of nuclei at a fixed distance fror

gl glg2 g2 g3 g4 g5 " g6 each other but experiencing differing amounts of spin diffu
G, H HH H ” H H H sion. The amount of spin diffusion they experience has bee
varied by varying the coordinates of a third spin that is equi

ILreparation perio A Mixing period IDetectiorl distant from the first two. As might be expected, introducing :

single inversion pulse into the mixing period decreases tt

FIG. 1. Pulse sequence for transient NOE spectroscopy. Solid narrow a@tror in the calculated cross relaxation rate relative to th
wide rectangles represent nonselective 90° and 180° pulses, respectivelycglfresponding experiment with no suppression. However,
other pulses are semiselective. The two semiselective pulses in the preparqﬁ@ amount of spin diffusion (and the Iongitudinal relaxatior
period are calibrated to select the multiplet NOEs are to be measured from. T . . .
bracketed mixing scheme designated A is used to measure NOE buil?\ﬁes)_ increase, the effectlyeness of Sgppress'o” de_creases_.
without spin diffusion suppression; schemes B and C utilize one and ectiveness of suppression can be improved by introducir
semiselective pulses, respectively, to suppress the contribution of spin difan additional semiselective inversion pulse into the mixin
sion to the NOE build-up curve. The suppression pulses are cosinusoideplgriod (LO) as indicated in Fig. 1. The improvement in sup-
modulated at half the difference in frequencies of the two multiplets betweﬁ?ession is reflected in a corresponding reduction in error i

which the NOE is to be measured betweds,(19. Gaussian modulated Fia. 2A. | inciole it i ible to further i
selective pulses are used in the preparation perldd-14 and pulse shapes 9. - In principie 1t1s possible 10 Turtheér iImprove suppres-

designed to give a “top hat” inversion profile such asqBegaussian cascades SION Of the effects of spin diffusion by using more inversior
(19, 20 are most effective in the mixing period. Cross-relaxation is considergaulses; in practice the time constraints that this imposes on t

to occcur 47% of the timg3 pulses are applie@(). While only one magnetic mjinimum mixing time that can be used (the sum of the puls

field gradient pulse is required between two rf pulses, for the sake ofsimplicité!ngths) and the consequences of nonideal behavior of t
a single scheme is given here that works for all three mixing periods. PhaseIses may make this impractical

cycling: ¢1 = X, y, =X, —V; ¢2 = y; $3 = 4*(X), 4*(—X); dR = X, —X, pu . . . L .. .
X, =X, =X, X, —X, X. In reality, the semiselective pulses within the mixing perioc

often do not achieve complete inversion of the target nucle

With modern pulse shapes, which are designed to invert a ba
the magnetization refocused at a given offset will be the squagefrequencies efficiently and exhibit a “top hat” excitation
of that refocused with a single pulse, thus resulting in mugQinction, this is largely due to relaxation effects. While mag
cleaner selection. The selected magnetization is subsequeRtyzation that is unaffected by a given selective inversio
returned to the-axis. While the parent peak must be resolvegyise will decay due to longitudinal relaxation during the
in the 1D spectrum, this need not be true of the NOE peak. Fililse, magnetization that is perturbed will be attenuated due
spin diffusion to be effectively suppressed, it is only necessagansverse relaxation as well since it will spend part of its tim
that the semiselective 180° pulse(s) used to invert the NOE gRdthe xy-plane. For molecules in the slow tumbling regime
its parent peak in the mixing period not substantially invertany, > T, and consequently the inverted magnetization is likel
other peaks present in the transient NOE spectrum. Followifigsuffer greater relaxation losses. The minimum length of th
Keeler (14) we also introduce nonselective 180° pulses into thgslective inversion pulse is dictated by the necessity of onl
mixing period as indicated in Fig. 1 to prevent the magnetizamerting the two spins involved in the NOE of interest in the
tion dephased during the preparation period from recoveringansient NOE spectrum. The effects of incomplete inversio
The cross-relaxation rates responsible for the NOE betweengn the effectiveness of spin diffusion suppression are inves
two nucleil andS can be extracted by fitting the data with theyated in Fig. 2B. The conditions used for the simulations wer

standard transient NOE equatia2),( the same as for Fig. 2A except that 20% of the magnetizatic
was “lost” upon inversion. While a comparison of Figs. 2A anc
S(1) = —(og/D) (e F P — e R7D)), [1] 2B shows that incomplete inversion does reduce the efficien

of spin diffusion suppression, it is also clear that the procedul
whereD = [()(R, — Ry)* + ] ", R" = 3)(R, + Ry), and is still effective, and as with ideal pulses that two inversior
R, and Rs are the longitudinal relaxation rates of the twg@ulses are better than one.
nuclei. The spin diffusion suppression procedure utilised hereVariations in relaxation rates between spins may also giv
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FIG. 2. Simulations of the effects of spin diffusion on the accuracy of cross-relaxation rates measured from NOE build-up curves for the three alte
mixing schemes given in Fig. 1, (A) assuming perfect inversion pulses and (B) assuming that 20% of the magnetization is lost upon inversions ©he e
different inversion efficiencies for the parent and NOE peaks are investigated in (C) for the single and (D) for the double inversion mixing schemes
inversion efficiencies are as indicated. The bands given in each case correspond to the 95% confidence limits. Numerical simulations were tcd@@ed o
MHz for an NOE between two nudlé A apart using a correlation time of 1 ns and using a third spin at a variable but equal distance from the first two to gen
spin diffusion. The data were fitted out to twice the time taken for the NOE to reach its maximum intensity. The spin diffusion to NOE rate ratio issdefir
the cross-relaxation rate between either of the first two and the third spin divided by the cross-relaxation rate between the first two spins.

rise to variations in inversion efficiency. The effects of varigeeak for both mixing schemes the double inversion sequen
tions in inversion efficiency between parent and NOE peaks foontinues to produce better results.

the single and double inversion sequences are investigated iMagnetic field gradient pulsed§, 16 applied during the
Figs. 2C and 2D respectively. In each case the parent peakniging period serve to eliminate any unwanted components
assumed to be inverted with an efficiency of 80% while thieansverse magnetization that may result from nonideal beha
inversion efficiency of the NOE is varied between 70%, 80%gr of the pulses.

and 90%. Any difference in inversion efficiency between the The pulse sequence given in Fig. 1 is demonstrated usit
two spins has two consequences: the efficiency of spin diffamphotericin B {7) in Figs. 3 and 4. The effectiveness of spin
sion suppression will be affected and the NOE build-up cungiffusion suppression can be assessed by comparing spec
will be scaled by the ratio of the NOE to parent peak inversiasbtained with the three versions of the experiment at a give
efficiencies (assuming that the NOE is determined from timeixing time, Fig. 3. The data in Fig. 3A shows the unsup
ratio of the integrals of the NOE at a given time to the pareptressed transient NOE spectrum for H35. While incorporting
peak at zero mixing time). The latter has been corrected forsingle selective inversion pulse into the mixing period clearl
the figure. While the effectiveness of spin diffusion suppreseduces the intensity of NOEs to peaks other than H37, Fi
sion clearly varies with the inversion efficiency of the NOBB, the fact that most are still clearly present with significan
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FIG. 3. 400 MHz'H NMR spectrum for 20 mM amphotericin B in DMSO. (A) Unsuppressed, (B) singly suppressed, and (C) doubly suppressed tra
NOE spectra obtained using the pulse sequence given in Fig. 1 for a mixing time of 190 ms. Semiselective pulses used in the preparation period we
Gaussians, and those used in the mixing period were 3§Bn@Baussian cascades. The spin diffusion suppression pulses were cosinusoidally modulated at
Hz. Gradient valueg1-g6 were 25, 35, 42.5, 6.5, 5, @d G cni*, respectively; all gradient pulses were applied for 1 ms. All data were acquired on a Brul
DRX-400 spectrometer.

intensity indicates the limited efficiency of the procedure. The build-up curve for the NOE from H35 to H37 measurec
Introducing the second selective inversion pulse, Fig. 3@jthout spin diffusion suppression and with suppression usin
clearly substantially improves the effectiveness of suppressiame and two inversion pulses during the mixing period is give
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FIG. 4. 400 MHz'H NMR data for 20 mM amphotericin B in DMSO obtained using the pulse sequence given in Fig. 1 with the same parameters
Fig. 3. The build-up curves presented are for the NOE from H37 to H35. All data are phased to be positive for ease of comparison. The solid lines cor
to the best fit for all of the date using Eq. [1] except for the single inversion data which were fitted up to 0.36 s.

in Fig. 4. The inversion pulses were found to have an efficienty be acquired for long range transient NOEs. The procedure

of 85% for both H35 and H37, within experimental error (i.egffective even if the semiselective inversion pulses do nc

15% of the magnetization was lost upon inversion). The iflehave ideally.

creasing effectiveness of spin diffusion suppression as the

number of inversion pulses is increased is reflected in the

build-up curves. The inadequacy of using a single inversion

pulse is clearly indicated by the apparent change in sign of th%\/e thank Gerry Griffith for assistance and the EPSRC for financial suppor

NOE at 0.5 s; the cross-relaxation rate obtained by fitting these

data with Eq.[1] also varies with the time over which they are

fitted. Fitting all of the data yields cross relaxation rates of

-1 . 1

0.035 O.'002 _S for_no su_ppres_smn, 0.03 0.026 s for 1. J. H. Noggle and R. E Schirmer, “The Nuclear Overhauser Effect,”

suppression with a single inversion pulse, and 0.626.005 Academic Press, New York (1971).

Sjl for _suppr(_assion with tV\_IO inversion pulses. The rate f_or th%. D. Neuhaus and M. P. Williamson, “The Nuclear Overhauser Effect

single inversion suppression changes to 0.829.008 s if in Structural and Conformational Analysis,” Verlag Chemie, Wein-

only the first 0.36 s of the data are fitted. Spin diffusion heim (1989).

suppression with two inversion pulses is clearly to be preferregl x. Lai, C. Chien, and N. Andersen, The DISCON algorithm, an

since it yields a cross relaxation rate which is independent of accurate and robust alternative to an eigenvalue solution for ex-

the mixing times used and, since the data can be fitted to |Ongertracting experimental distances from NOESY data, J. Magn. Reson.

mixing times, more precise. A 101, 271-288 (1993). ) ) )
We note that sensitivity will be lost in these experiments a&" - J- Peng and G. Wagner, Mapping of spectral density functions

. . . . using heteronuclear NMR relaxation measurements, J. Magn. Re-
aresult of both the efficiency of the inversion pulses used in the g, 98, 308-332 (1992).

mixing period and_the Ie_ngth of the preparation sequeqce._ﬁss A. G. Palmer, N. J. Skelton, W. J. Chazin, P. E. Wright, and M.
noted above, the inversion pulse used to suppress spin diffu- Rance, Suppression of the effects of cross-correlation between
sion were found to have an efficiency of 85%, and the effi- dipolar and anisotropic chemical-shift relaxation mechanisms in
ciency of the mixing period was found to be 57%. In both cases the measurement of spin-spin relaxation rates, Mol. Phys. 75,
the key determining factor is the length of the selective pulses 699-711 (1992).

used which depends on the resolution required and will corf: ¢ Zwahlen, S. J. F. Vincent, L. Di Bari, M. H. Levitt, and G.
sequently vary from case to case Bodenhausen, Quenching spin diffusion in selective measurements

3 . . of transient Overhauser effects in nuclear magnetic resonance.
In conclusion, the pulse sequence presented in Fig. 1 com- applications to oligonucleartides, J. Am. Chem. Soc. 116, 362-368

bining excitation sculpting with the use of two semiselective (1994).
inversion pulses to suppress spin diffusion enables reliable datam. Schwager and G. Bodenhausen, Quantitative determination of
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