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NMR diffusion measurements have been shown to be a useful along thez-axis this phase can be completely reversed b
tool for investigating the conformation and oligomeric state of  applying a second gradient pulse with the same area as the fi
measurements of proteins in aqueous solution are identified and formation of an echo. Any attenuation of the signal will be
solutions proposed. The resulting experiment is demonstrated for solely due to relaxatic;n However, any random motion alon
an aqueous solution of hen egg white lysozyme. © 1998 Academic Press thez-axis. such as that d.ue 0 diffuéion will lead to incomplete
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rephasing of the signal and hence to further attenuation of tt
observed echo. If the time between the start of the two gradie

NMR diffusion measurements are potentially a valuable toBHIS€S 1S4, the signal attenuatioA(t) will be given by
for probing the conformation and oligomeric state of molecules
such as proteins in solution. Unfortunately, attempts to mea-  A(t) = A(0)exp(—R(t) — yY’G?D8%A — §/3)), [2]
sure diffusion, particularly of dilute species in aqueous solu-

tion, are often subject to large errors. Here we examine thegfere R(t) takes into account relaxation attenuation and de
problems and propose measures to overcome them. pends on the structure of the pulse sequence used. Typicall;
NMR self-diffusion measurements are sensitive t0 thg,mper of experiments are performed using different values
shape and size of the diffusing molecule, the viscosity of t¢ change the extent of diffusion attenuation of the observe
medium through which it is diffusing, and the size andigna). A value forD can then be obtained by fitting the data
geometry of any barriers to its random motioh).(While ,;ih Eq. [2] directly, or by rearranging it so th@ can be

many studies have concentrated on using the latter, whichiigracted as the gradient of a semilog plot. All delays are ke
known as restricted diffusion2], to determine quantities onstant to maintain a constant valueRyf).

such as cell size and permeability in biological systems andgq; proteins longitudinal relaxation usually occurs more
pore size in rlock,.anumbe.r.of recent studies have'soughtsqngy than transverse relaxation (i.€[, > T,) and it is
relate the diffusion coefficient to the conformation angga|ly the case, when measuring the diffusion of proteins, th
oligomeric state of proteins3¢8). _ & < A. This means thaR(t), and hence signal loss due to
Diffusion is usually measured by NMR with pulse sequenceg|axation, can be minimized by storing the magnetizatio
based upon either spin or stimulated echoes in which g)ng thez-axis whenever it is not evolving under the influence
magnetization is first dephased and subsequently rephased By & magnetic field gradient or being observed. Therefore, tt
linear magnetic field gradien®¢19. If a gradientG, is ap-  gimulatedecho pulsedgradientspin echo (SE-PGSE) experi-
plied along thez-axis, at a coordinatg the magnetization will ,ant (L0), Fig. 1A, forms the most suitable basis for an

precess during the application of the gradient at a frequengyseriment to measure the diffusion of proteins. For this e
given by perimentR(t) is given by

o= (1-0)y(z-G,+ By, (1] R(t) = 27/T, + 7,/T,. [3]

whereo is the shielding constan, is the magnetogyric ratio, Before diffusion measurements can be used to provide use
andBy is the strength of the static magnetic field. If the gradieata, it is important that these measurements be made in
is applied during the dephasing period for a tijyeeach spin reliable and reproducible manner. Many of the papers in tt
will accumulate a phased which, as can be seen from Eq. [1]Jiterature which report the use of diffusion measurements d
will be dependent upon itg-coordinate. If no motion occurs not address the problems that can arise when making them;
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90%1 90%2 shielded magnetic field gradients. Eddy currents may not [
: totally suppressed by some older shielded magnetic field gr
g < T, T Acq.(pp) dients; pulse sequences that take this into account by incorf
, rating delays into the pulse sequence to allow eddy currents
die away (1, 12, or use bipolar gradients to reduce the edd
currents produced by pairs of short closely spaced gradie
G, — |£, pulses 13), have been described. We discuss each of the fol
problems noted above and propose possible solutions for the
The actively shielded gradients provided by many manufac
turers do not provide a gradient with a constant value across t
full length of the sample within the receiver coil. This gives
R o o rise to a number of potential problems. The analysis convel
(B) 90x(k)  Ogk)  90pa(k) tionally applied to NMR diffusion data assumes that the gra
g . Acq.(pp) dientusedis linear. The data obtained withaadinear gradient
bl

would decay as the sum of a series of exponentials wit
different decay rates and fitting with Eq. [2] would yield an
erroneous value for the diffusion coefficient. Furthermore, i
G, the strength of the applie®,-field also varies across the

/\ /\ sample volume from which signal is detected then the appare
value of a diffusion coefficient may also appear to vary witt
the pulse sequence used. The analysis of diffusion data ¢

0 0
©, 90% Ngk) k) quired with some geometries of a nonlinear gradient have be:
H © Acq.(¢r) discussed in the literaturé4). Similarly, variations in sample
2 volume and height within the receiver coil may also result ir

variations in the apparent values of the diffusion coefficient.
The simplest way to overcome this nonlinearity of the ap
G, plied gradient might seem to be to use a height of liquid withir
[_lu/\ /\ the sample tube that is positioned so that it corresponds to

region over which the gradient has a uniform value. Unfortu
_ ~ nately this brings both the glass—water and the air—water i
FIG. 1. Stimulated echo-based PGSE pulse sequences for measurlngt@ﬁcaces at the ends of the sample into the receiver coil, causi

diffusion of proteins. (A) Basic pulse sequence. (B) Pulse sequence with water b f additi | problems. Th han in maanet
suppression. (C) Pulse sequence with water suppression and slice selecfloflUMDEr O adaitional problems. € change agne

For (B)—(C) the rectangular pulses denote presaturation and the selecBisceptibilities at the interface gives rise to intense intern
pulses labeled 90K) perturb only the regiok of the spectrum to be observed. magnetic field gradients which because of their symmetr

For (C) the first selective pulse is responsible for slice selection in the directigannot be effectively shimmed out, hence resulting in broa
of the gradient. Phase cycl:1=x, y, =X, =y; $2=X,¥, =X, =y, =X, and asymmetric lines in the spectrum. This makes water su
-Y, X, ¥; ¢R=X, =X, X, =X, =X, X, =X, X. . . . . .
pression in aqueous solutions particularly problematic. Effec
tive water suppression is important because even the relative
some cases the data presented may contain large errors. Addliall tail of a residual water peak can distort the intensity o
tionally, if an aqueous solution of a protein is also to be uséke protein resonances which it underlies.
for structural or dynamic studies, it is usually most convenient Since the diffusion coefficient of water is large compared t
to use HO as a solvent since the amide protons may lkat of proteins diffusion weighting can in principle be used tc
replaced with deuterium in JD. suppress the water signal. However, in practice using paral
Four main problems arise when one tries to implement théter values sufficient to suppress water may also result
sequence for measuring the diffusion of dilute species in aquatacceptable attenuation of the protein resonances. Furth
ous solution: spatially dependent variations in the gradiemtore, it will restrict the range of gradient values that can b
strength, water suppression, restricted diffusion if any intemsed by imposing as a minimum that value necessary to su
faces in the direction of the gradient are present within thgress water. We find that a more satisfactory alternative is
receiver coil, and thermal currents within the sample. The lattese presaturation of the water resonance and to replace
problem does not seem to be widely recognized but can res@ttangular nonselective radiofrequency pulses of the sequer
in large errors. In addition to the above problems, the switchimgven in Fig. 1A with shaped semiselective ones that excit
of magnetic field gradients generates eddy currents that mayy the region of the spectrum from which the measuremel
distort the data. While this has in the past been a majasrto be made, Fig. 1B. This latter approach reduces the amot
problem, it has now been largely overcome by the use of signal arising from any residual water magnetization. Tt
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avoid interference from water, peak intensities should be mesquisition to convert the spectrum into an image. If the
sured in regions of the spectrum that are distant from it. Whemagnitude of the gradient were uniform along the sample or
the diffusion of proteins is being studied the methyl region isould expect the two images to be identical except for
most suited to this purpose; its peaks are often relativedgaling factor. However, the weighted subtraction of one imac
intense and, unlike the amide protons, methyl protons do rfadm the other, Fig. 2B, shows that this is not the case; whe
undergo chemical exchange with those of water. This procscaled so that the central regions of the images cancel, the oL
dure is relatively satisfactory when the sample extends outsiégjions do not. Since the diffusion coefficient of water is
the receiver coil. However, when its ends are within the r@nown, these data can be used to calculate the gradient stren
ceiver coil, and the shimming problems noted above ag anyz-coordinate within the receiver coil. For the current
present, a combination of presaturation and selective pulgg&mple the gradient strength is found to vary across t
becomes ineffective and in practice diffusion measuremer{gmple by 10.4%. It can be seen from the difference image th
are found to be unreliable. The shimming and water supprege value ofG, is not even constant at the center of the receive
sion problem can be resolved by using a susceptibility matchggl|. This means that one of the traditional methods of cali
sample tube with a plunger so that there is no air-waltgfating gradient strength, from the width of an image obtaine
interface. However, one problem remains: restriction of diffuscross a known distance, may not be entirely reliable.
sion by the interfaces at either end of the sample in thepitfysion data for a small sample of hen egg white lysozym:
d!recuon of the applied gradient. .ThIS' phenomenon can a|§PH20 acquired with the pulse sequence given in Fig. 1B ar
distort the apparent value of the diffusion coefficient obtalneg-wen in Figs. 3A—3B. This pulse sequence suppresses water
An alternative method of localizing the region of the samplgjng 5 combination of presaturation and making all pulse
from which signal is observed, but does not suffer from thegg e cive for the region of the spectrum from which diffusion is
above problems, is slice selectiatb|. This entails applying a 1, he measured. A non-susceptibility matched sample tube w
selective pulse in the presence of a magnetic field gradleag.ed. While the data presented in Fig. 3A appear superficial

Erom Eq..[l] it can .be seen that ir! the presence ofa "?5‘9”%0 be free of water signal, a weighted subtraction of on
field gradient, and ignoring chemical shift, frequency is pro-

. . L2 L . ectrum from the other reveals an underlying hump that h:
portional to spatial location in the direction of the gradlenrp ying P

Thus. the band of frequencies excited by the selective pu he diffusion coefficient of water. This is a result of the inev-
’ q y P E%eole reduction of the efficiency of solvent suppression the

corresponds to a specific region of space in the direction of t L7 .
: . T . arises when spectral resolution is degraded by bringing tt

gradient. Slice selection is implemented for the first pulse 0 o . . .
ater—air interface of the sample into the receiver coil. Th

the pulse sequence given in Fig. 1B, as shown in Fig. 1C. Teﬁects of restriction can be assessed by examining the vari
negative gradient pulse applied immediately after slice selec-~""">" ~ =" : y 9 .
ns in diffusion attenuation across a pair of one-dimension:

tion serves to refocus any dephasing of the magnetizatis R . X e s .
brought about by the latter. Using this sequence reliable mé@_ageslwnh d|fferfant dlffu_S|on weightings, Figs. 3C_3[.)' By
paring the weighted difference between these two imag

surements can be made even from samples that do not ext‘é?,l@ hat ai in Fig. 2B i b hat the d btai
outside the receiver coil provided that they extend beyond with that given In Fig. 2B It can be seen that the data obtaine

the region excited by the slice selection procedure. Slice $4th the small height of liquid (approximately 6 mm) is iden-
lection has previously been used to limit the effectsByf tical .to that' obFalned with the sample extending outside th
inhomogeneity 16). receiver 90|I (.Flg. ZB? except fpr where the sample ends. Th
In principle a gradient pulse could be applied during tpeharp spikes in the dlfferencg image at these ppmts arise frc
periodr, to dephase any unwanted magnetization. Howevé\’?ter mo'lecules whose motion has been restricted by conte
in practice we have not found this to be necessary. Sca¥h the interfaces at the ends of the sample and therefo
coupling evolution may occur during the experiment. ThidPpear not to diffuse as quickly as the bulk of the solution. Thi
will distort the phase of peaks in the observed spectrufect has previously been observed in diffusion-weighted irr
though since it is a constant effect it will not affect théding studies of capillary tubed§). Since proteins diffuse
quality of the data. more slowly than water this effect will be correspondingly les:
Before any reliable measure of diffusion can be made it f8r proteins, typically by an order of magnitude. However, the
necessary to characterize the magnetic field gradient sincdafgest errors with this method are likely to arise due tc
practice it will vary from probe to probe. The easiest way twariations in sample height and position within the gradien
accomplish this is to use it to make a series of diffusioreoil; this will affect the measurement of all diffusing species
weighted images of a sample of watd7). One-dimensional equally.
diffusion-weightedz-images of an 5O sample extending be-  Slice selection results in loss of signal intensity. This reflect
yond the region defined by the receiver coil are presentedthe percentage of the sample within the receiver coil excited t
Fig. 2A. The images were acquired with two different diffusiothe slice selection procedure, 22% in the current example. Tl
weightings. These images were obtained with the pulse sese of selective pulses was found to result in a further 5¢
quence given in Fig. 1A with a-gradient applied during signal loss. Missetting the refocusing lobe of the slice selectic
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(A)
/15% G.
60% G, (x 31)
I T T " T T T T T " T T T T T " T T T i T T
100 80 60 40 20 0 -20 -40 -60 -80 ppm
(B) 58.2 G/cm
52.7 G/cm
T T T T T T T T T T T T
100 80 60 40 20 0 -20 -40 -60 -80 ppm

FIG. 2. One-dimensional images of a tube of water extending beyond the receiver coil acquired with the pulse sequence given in Fig,lapplitd
during acquisition. (A) Images acquired with two diffusion weightings; the size of the diffusion-encoding gradient used in each case is indicated as a pel
of the maximum. (B) Weighted difference image of the data given in (A). The lack of complete cancellation across the difference image in (B) indic
variation of G, along the sample. Data were acquired usig= 25.62 ms,8 = 5 ms,7 = 5.6 ms,7, = 20 ms, andG, = 8.4 and 33.6 G cm" (for
diffusion-encoding gradient pulses). For each experiment 64 transients were averaged.

gradient may lead to additional signal loss but was found notitnent and eliminates the problems with water suppressic
alter the measured value of the diffusion coefficient. associated with using very small sample volumes. The dat
A comparison between diffusion data acquired with angbtained at pH values of 8.1 and 1.8, yield diffusion coeffi
without slice selection is given in Fig. 4A; in all other respectsients of 1.116+ 0.007x 10 °and 1.184+ 0.008x 10 *°
the pulse sequences used were the same in each case. Whemttss 1, respectively. The errors reflect the signal-to-noise o
diffusion coefficient was measured from the non-slice-selectdte data which is poor for the larger gradient values used. Tt
data it was found to vary depending on the range of gradiatifference in the value of the diffusion coefficient at the two pH
values used; the first 10 points yielded a value of 2.307 values probably reflects minor conformational changes, as e
0.009x 10 °m? s~ %, while the last 10 points yielded a valueident from the spectra (data not shown), and changes in t
of 2.224+ 0.004x 10 ° m? s %, a difference of 3.6%. This hydration of the moleculel@).
reflects the nonlinear nature of the gradient and the resultingOne further potential source of error should be noted: whe
multiexponential decay of the data. Using the slice-selectad experiment is carried out above room temperature therrn
data the corresponding values calculated for the diffusion agradients may develop along the sample tube. These ari
efficients were 2.08% 0.005x 10 ° and 2.068+ 0.016 X when the tube is not heated uniformly. Thermal gradients me
10 °m? s~ %, respectively, a difference of 1%, which is withingive rise to convection currents within the sample which ma
the experimental error in this case. Clearly, the use of sligecrease the apparent value of the diffusion coefficient. We fin
selection results in greater accuracy since the apparent valughaet measurements performed using a tube with a plunger ga
the diffusion coefficient does not significantly depend on themaller apparent values for the diffusion coefficient than thos
range of gradient values used and experiments in a linedithout. This suggests that thermal gradients, and hence cc
gradient are much easier to quantify and hence reproduce tlvantion currents, across the region of the tube containing tt
those obtained in a nonlinear one. sample are smaller when a plunger is used. This procedure w
Data for hen egg white lysozyme in,B acquired with the used to acquire the data presented in Fig. 4. While a pul
pulse sequence given in Fig. 1C are presented in Fig. 4B. Theguence has recently been proposed to suppress convec
pulse sequence uses slice selection to restrict the excitatioradgffacts 0), its length may make it unsuitable for use with
the sample to a small region, 3 mm in the current example,@bteins.
the center of the receiver coil. This ensures that only a rela-In conclusion, we have identified the major sources of errc
tively narrow range of gradient strengths is used in the exp@ncountered when making diffusion measurements on a hig
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resolution NMR spectrometer. A pulse sequence and an expex)

imental procedure have been developed that enable these prob-i0.0
lems to be overcome and accurate measurements to be made, |
even for dilute species in aqueous solution. Furthermore, we ¢, L
have shown that the diffusion coefficient may be sensitive to \ + with slice sclection
the relatively subtle effects resulting from changes in confory, 3 © wiithout slice selection
mation and hydration. Work is currently under way to invessz
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100 5 0 % pp; FIG. 4. (A) Diffusion data of 6:4 HO:D,0 acquired with the pulse
sequences given in Figs. 1B and 1C (without presaturation). (B) Diffusion da
(D) ] for 2 mM lysozyme in HO obtained using the pulse sequence given in Fig. 1C
1o barrier with the sample contained in a sample tube with a plunger. Data were acquir
at pH values of 8.1 and 1.8. For (A) data points were acquired with 40 gradie
values in the range 22-100% of maximum usthg 3 ms,A = 26.6 ms,t =
5.6 ms, andr, = 15 ms; for each experiment 16 transients were averaged. F
(B) the data were acquired usidg= 162.6 ms§ = 4 ms,7 = 6.6 ms,r, =
™ T \ T \ 150 ms, and 20 values doB, between 2.65 and 53 G cmh For each
100 50 0 =50 ppm experiment 32 transients were averaged. All data were acquired at 300 K,

above room temperature on a Bruker DRX-400 NMR spectrometer operatir

FIG. 3. Diffusion data for samples terminating within the receiver CO|I.at 400 MHz for*H using a triple-resonance inverse probe equipped with ai

.(A) S_,pectra O.f 8mM Iygozyrne n bD angred using _the pulsg sequence glvel3ctively shieldedz-gradient. All diffusion-encoding magnetic field gradient
in Fig. 13 Wlth two dn‘fusmn' Welghtlngs. (B) Weighted dlfference'of '[he;)ulses were modulated with a sine function.

spectra given in (A). The residual signal arises from acetate impurity (sharp
line) and residual water (broad hump). These signals are negative because the

spectrum with the least diffusion attenuation has been subtracted from that

obtained with the most. (C)—~(D) Equivalent of the data given in Fig. 2 for ggate conformational changes in proteins using diffusion me:
6-mm-high HO sample terminating within the receiver coil. The size of the
diffusion-encoding gradient used in each case is indicated as a percentagg%emems'

the maximum. The weighted difference of two diffusion-weighted images (C)

is given in (D) with the difference image given in Fig. 2B for comparison. The

sharp spikes arise from liquid whose diffusion has been restricted by the ACKNOWLEDGMENTS
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