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Diffusion measurements in oriented phospholipid bilayers by*H-NMR
in a static fringe field gradient
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For the first time, to our knowledge, self-diffusion of lipids and water in lipid bilayers is studied by proton
NMR measurements in the fringe field of a superconducting magnet. Highly oriented multilayer stacks of
dipalmitoyl phosphatidylcholine were used, and the lateral diffusion coefficient of theDipidras measured
at different temperatures and water contents of the sample. Additionally, the lateral diffusion codifigiefnt
the water between the lipid bilayers was determined. The results demonstrate that our technique is extremely
well suited for a precise determination of diffusion coefficients in oriented membranes, and that it allows the
simultaneous measurement of both lipid and water diffusion. The valu€¥_cdnd D,y obtained by this
technique agree well with published data obtained by other NMR techniques and by fluorescence methods. A
comparison of our data with those obtained in a previous study by quasielastic neutron scattering provides
information about the contribution of short- and long-range diffusion to the measured diffusion coefficient due
to the intrinsic length and time scale of the experimef$4.063-651X96)00508-9

PACS numbgs): 87.22.Bt, 07.57.Pt, 66.10.Cb, 76.6(&

I. INTRODUCTION requires a specially equipped spectrometer. The experimental
error (particularly for measuring diffusion in highly viscous
The best established dynamical phenomenon in modetnvironments like membranets largely determined by the
membranes is the lateral diffusion of the lipid constituentsswitching time of the gradients.
along the membrane plane. It has been studied by fluores- Some of these drawbacks can be overcome by the re-
cence recovery after photobleachifRAP) [1-3], excimer  cently introduced technique of measuring diffusion by NMR
techniqued4,5], electron spin resonangé], various NMR in the fringe of superconducting magnets. This technique
techniques [7-11], and quasielastic neutron scattering will be referred to in the following as the supercon fringe
(QENS [12,13. The lateral diffusion coefficient®, of lip- field (SFP technique. SFF provides strong and extremely
ids determined by these methods differ by up to two orderstable magnetic field gradients, and elegantly bypasses the
of magnitude. Besides the different experimental errors, th@roblem of switching gradients on and off. Therefore a pre-
origin of these differences is most likely that some methodyiously unreachable experimental accuracy can be expected
are sensitive only to long-range diffusiém.g., FRAB, while  in the study of membrane system dynamics despite short
others(QENS pick up contributions from extremely short- transverse relaxation times and low diffusion constants.
range diffusion process¢44]. Similar considerations apply So far, the SFF technique has not been applied to the
to the measurement of water diffusion in membranes. study of diffusion in membranes. It requires well-oriented
A severe shortcoming of some of the above techniques istacks of membranes and an optimum of sample space filling
their reliance on labels; i.e., the diffusion coefficient mea-in order to exploit its potential advantages in accuracy. Here
sured is that of the labeled molecule and not that of the bullkve present data on lateral diffusion of lipid and water ob-
molecules in the bilayer. Taking into account that the labelgained by this technique on highly oriented stacks of DPPC
are often rather bulky group&.g., spin labels or fluores- multilayers. Finally, these very accurate measurements pro-
cence dyes which can be expected to modulate the interacvide support for the validity of the free volume model of
tion of the lipid with the surrounding molecules, a discrep-lateral diffusion in membranes, and demonstrate that a de-
ancy between the measur&®| values and the bulk lipid tailed NMR study of lateral diffusion in such systems is pos-
diffusion is quite likely. This problem is even more serious sible without a dedicated pulsed field gradient spectrometer.
for techniques involving bimolecular reactiofesg., excimer

method$ where phase separations due to the presence of Il. MATERIALS AND METHODS
pyrene labeled probes in the membrane cannot be excluded. A Material
QENS and NMR are the only methods, which—in - vateriais

general—do not require any particular labeling. However, 1,2-dipalmitoyld62-sn-glycero-3-phosphocholitBPPC-
the application of QENS is restricted due to large substancdg,) and 1,2-dipalmitoyld62-sn-glycero-3-phosphocholine-
requirementstypically 0.5—1 g of lipid per sampJeand lim-  1,1,2,2d4-N,N,N-trimethyl-d9 (DPPCd,5;) were obtained
ited neutron beamtime. Thus NMR remains as the only pofrom Avanti Polar Lipids Inc.(Alabaster, AL, U.S.A. All
tentially label free method to study lateral diffusion in lipid organic solvents were HPLC quality from Fluk8uchs,
bilayers. The classical NMR method for measuring lateralSwitzerland. Purified 2H,0 was obtained from Deuchem
diffusion is the pulsed field gradient meth@BFG which ~ GmbH (Leipzig, Germany, the H,O was from a laboratory
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FIG. 1. Schematic depiction of the cross section of a lipid
sample in a glass tube with 10-mm outer diameter. 70 stacked glass b
plates were used as substrates, each of them carrying about 1500
bilayers. The positions of thtH and *°F resonances, which have
about 100axm thickness, are indicated by dashed lines. \L

water ultrapurification systertMillipore GmbH, Eschborn, ! ! ! ' ! ! !
: ; 30 -20 -10 0 10 20 30
Germany. Thin glass plates of 6@m thickness were pur- f (kHz)
chased from Paul Marienfeld GmbH & Co. K®ad Mer-
getsheim, Germany
FIG. 2. (8 H-NMR spectrum of a DPP@;, lipid sample,

B. Methods hydrated with?H,O (n,,=6), in the fluid L, phase at#=90°. (b)
The same sample &a), but at the magic anglé=54.7°. The width
1. Sample preparation of the remaining peak is 4.6 kHz, which gives a mosaic spread of

Oriented phospholipid bilayers were prepared as de® -
scribed in[13], using 60um thin glass plates as substrate.
Figure 1 shows schematically the sample geometry. Aions and collective director fluctuations.

Samp|e consists of about 70 stacked g|aSS p|at&§’2$ The nonoriented fraction of the Sample shows up in a
mm? each, with a total amount of 30-mg lipid. broad signal, hardly visible to the eye, in the frequency range
All samples were dried in a vacuum overnight at roomof & DPPCdg, powder spectrum in the , phase. By com-
temperature and then rehydra‘[ed V\ﬂH}ZO Orleo7 depend- paring the integrals of nonoriented and oriented fractions, the
ing on whether water or ||p|d diffusion was to be measured_former can be estimated. If not indicated OtherWise, our
Finally the stack of glass plates was placed in a 10-mm glass@mples had less than 7% nonoriented fraction.

tube and sealed with Teflon caps and Viton o-rings.
3. NMR hardware

All NMR experiments were performed at a 400-MHz
All samples were characterized with respect to hydratiorNMR spectrometefVARIAN VXR 400), equipped with a

and orientation byH broadline NMR measurements in the VARIAN wide-line high-power probe and a 10-mm six turn-

homogeneous field of the magnet. TiO/lipid molar ratio  coil. The 90° pulse length for thiH resonance in the fringe

of the sample was determined by integrating the spectrum dield was about 2.5us.

the #=90° orientation, i.e., the membrane normal perpen- For diffusion measurements the probe was placed in the

dicular to the magnetic fiel, [see Fig. 2a)]. The bound fringe field, 22 cm below its usual position in the homoge-

2H,0 and the deuterated DPRIg, terminal methyl groups neous field, corresponding to %l resonance frequency of

give sharp, well separated peaks, allowing a precise determ214 MHz and a magnetic field gradient G=58 T/m+2%

nation of their integrals. The hydration of,&/DPPCd-5- at the sample site. The gradient was calibrated with self-

samples was determined gravimetrically. The relative errofliffusion measurements of putel,O (see Fig. 3, using the

in the determination of the hydration was less than 10%. tabulated values dD, ¢ in [15]. The error is mainly due to
The quality of orientation was examined by acquiring athe temperature stability of the prolgz0.5 K).

spectrum in theL, phase at the magic ang[€&ig. 2b)], Great care was taken to adjust the sample position prop-

where all quadrupole splittings vanish in the case of perfecerly to avoid any signal arising from th&F resonance,

orientation. The width of the remaining central peak gives awhich is situated just 4 mm above tfe resonance for our

mosaic spread of typically better then 5°. This includes ori-setup. Signals from tube sealings were avoided by using suf-

entation errors both on a macroscopic scale, such as distdiiciently long sample tubes. Note that not the whole sample,

tions in the orientation of the glass plates and in the accuraclut only a thin slice of about 10pm thickness, is excited in

of the goniometer, and on a microscopic scale, like undulathe SFF experiment owing to the strong magnetic field gra-

2. Sample characterization
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A major advantage of the stimulated echo in the case of
T,<T, is that it allows diffusion encoding during the

4.0 - interval, while the magnetization is stored along thaxis
and relaxation is solely determined By processe$18]. In
order to consideil, and T, relaxation explicitly, diffusion
measurements were performed as follows.

First, , was kept fixed and an array ef's was chosen.
Fitting the resulting decay of the echo amplitudes with a
single exponential gives the decay constsit;). Then the
3.0 procedure was repeated for differentvalues. Finally s(r;)
was plotted against?. The resulting slope of this plot is
¥>G?D.

The 7, values were in the range of 20—3@8. Appropriate
7, values were chosen to give a reasonable echo desesgsy
Figs. 4 and . 300 transients were acquired for each echo
amplitude, with a repetition time of 2 s. A multislicing tech-
nique as proposed i”20] was used, and allowed an improve-
ment of the signal to noise ratio by a factor of about 2.

3.5

In (echo amplitide)

2.5

| | | [
0 1 2 3 4 5x10°
© [us®]

5. Error estimation

FIG. 3. Gradient calibration with a pure water Samp|e at 35 °C. POSSibIe errors in the detel‘mination Of difoSion Coeffi'
A Hahn spin-echo sequence was used with pulse delays Varyin@ients with the SFF method may arise from the gradient cali-
from 7=33 to 170us. Error bars are smaller than the symbols in bration(2%), the statistical noisénere about 3% and from
this plot. The slope of the plot is $42G?D, giving a magnetic field the nonoriented fractiop of the sample. To estimate the
gradient ofG=58 T/m+2%. latter, we assumed the defects to be of spherical geometry

and diameter larger than the typical length scale of the ex-

dients and the limited rf bandwidth. However, it is important periment. In the limit of smalk values one can evaluate the
that this slice is large compared to the characteristic lengtimultiexponential decay and obtain an averageg,=2/3D,
scaleq '=yGr, (see Sec. Iy, which is on the order of 1 for the spheres. So the measufds reduced systematically
um, to maintain the validity of Eq92) and (4). With this  to D=Dy(1—1/3p) for the 90° position, and increased to
setup and using a typical lipid sample, the signal to nois€/3pD, for the 0° position.

ratio is aboutS/N=3 per transient. Thus the absolute value & can be determined with an
accuracy better than 10%, while relative changeB af the
4. NMR methods same sample, caused, e.g., by temperature changes, can be

All diffusion measurements were performed by-NMR ~ OPserved with only a 3% standard deviation.
at a fixed position in the fringe field. Diffusion of putel,O
was measured with a Hahn spin-echo sequence ll. EXPERIMENTAL RESULTS

90°, — 7— 180°y— 7— (echo. (1) A. Lipid diffusion in oriented membranes

Lipid diffusion of oriented DPPQs,-°H,O multilayers in
The amplitudeA, of the spin echo in the case of normal the fluid L, phase was measured at two different hydrations,
diffusion and in the presence of a constant field grad&mt  and as a function of temperature and orientation of the mem-
[16] brane normal to the magnetic field gradient. Figure 4 shows
2 3 typical raw data and analysis of this system for a temperature

Ag=Age 27 Teg™ 2Ry CDT (20 of 57 °C and &H,O/lipid molar ration,,=6. All data are in

excellent agreement with the theoretical prediceédlfg de-
pendence of the stimulated echo amplitude, which is charac-
teristic for diffusional processes. The error bars shown in
Fig. 4 represent the single standard deviation of the baseline

. N noise or of the respective fits. The linear fit of slopes¥&
However, for shortT, and T,<T; (longitudinal relax- Fig. 4b) gves a lipid diffusion coefficient of

ation), v_vhlch is t_yp_|cal_ for_dlpolar relaxation in the slow D, =1.02¢x10 ** m?s with a standard deviation of 3%.
correlation time limit, diffusion measurements are no longer

feasible with the Hahn echo sequence. Therefore diffusion in
lipid samples was measured with a stimulated echo sequence

D is the diffusion coefficient of the sample, ands the
gyromagnetic ratio of the nucleus. The first exponential term
describing the transverse relaxatifhn,), is negligible for a
pure water sample.

1. Temperature and hydration dependence

Figure 5 shows the temperature dependenc® dbr a
90°,— 7, —90°,— 7,—90°— 7, — (echo. 3 fully hydrated lipid samplen,,=15). The Arrhenius repre-
sentation was chosen for the determination of an apparent
The amplitudeA; of the stimulated echo iEl7-22 activation energyE, that allows comparison with previous
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FIG. 4. Lipid diffusion in oriented DPP@g,/?H,0, atny,=6
and T=57 °C. (a) Echo amplitudes of the stimulated echo experi-
ment as a function of the mixing time, for different values of
71=20, 40, 50, 60, 70, and 8@s starting with the lowest slope. The
solid lines represent linear fits to the dath) Plot of the slope of
the fits from(a) vs 7. The slope of this linear fitsolid line) is
¥?G?D, giving D, =1.02x10"** m¥s, with a standard deviation of
+3%.

measurements dD, by other methods. We obtaiB,=35
kJ/mol+10% for this plot. Humidity was kept constant over
the measurement by inserting a sponge soaked 3B in
the sample tube.

Besides the fully hydrated samplB, was also deter-
mined for a sample witm,=6. We obtained a value of
D, =1.02x10 ** m%s, i.e., half the value we measured at
full hydration.

2. Orientation dependence

The SFF method combined with the use of oriented mem-
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FIG. 5. Arrhenius plot of the lipid diffusion coefficiem of a
DPPCéd¢,’H,0 sample at high hydratiofn,,=15). The tempera-
ture range was 45-60 °@ll fluid phase.

in Fig. 6. Note that the error increases with decreasing angle
due to the corresponding reduction of the amount of lipid in
the excited sample slice. For the 0° orientation a sample with
different geometry had to be used, consisting of four stacked
glass plates, 128 mn? in size, each coated with about 1500
bilayers. The nonoriented fraction of this sample was 20%.
The data in Fig. 6 demonstrate clearly the anisotropy of
the lipid diffusion in membranes. Geometrical considerations
lead to aD, ~sir’d dependence, which is indicated by the
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2 e
E
° +
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O_
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brane samples offers a unique opportunity to test the theo-

retical expectation for diffusion in such a system. Therefore FIG. 6. Orientation dependenceBf for the same sample as in
D, was measured at four different angles of the membraneig. 4. ¢ is the angle between membrane-normal and magnetic field
normal to the magnetic field gradient. The results are showgradients.
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5.0+ of long 7,. This separation of the decay times, caused by the
faster T, relaxation and diffusion of the water component
compared to the lipids, is sufficiently large for all the
values to perform a reliable biexponential fit.

As can be seen from the insert in Figa), both the initial
and the final decays can be approximated very well by a
4.0 2.5 single exponential. This allows a simultaneous determination
of water Dy,) and lipid (D,) diffusion constants from a
single experiment.

At a temperature of 53 °C we obtainéx|,=66.8<10 !
m?/s+6% andD,=1.22<10" ! m%s+6%. A second mea-
surement was performed at 30 °C where DRECIs in the
gel phase state. Under this conditions, lipid long-range lat-
eral diffusion becomes unmeasurably smab <0.06

it
o

In (amplitude)
w
o

In (echo amplitude)
w
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1

@
o
1

R e \ X117 m%s) for the SFF method, while water diffusion
0 ;) [uslao 120x10 remains rather undisturbe®,,=44.0<10™ m?%/s+6%).
7007 30 IV. DISCUSSION
600+ The above results demonstrate that the SFF technique can
—_ -25 e e ;
<, (b) — be used for an accurate determination of diffusion coeffi-
:500“ & cients in phospholipid bilayers at different hydrations and
%400_ 20 i} temperatures. Moreover, it allows us to measréor both
2 = the phospholipid and the surrounding water simultaneously
2 300+ 15 & in one experiment. This is a clear advantage over techniques
2 % like FRAP, which rely on the use of dye labeled lipid mol-
('D 200 Lo m ecules. In order to compare th2 values obtained by SFF
with those determined by other techniques, a consideration
100+ about the characteristic length scigy, i.e., the character-
5 istic distance over which root-mean-square molecular dis-
0, . . I placements are sampled, is required.
0 1000 2000 3000 4000 As one can see frorf23,17], the echo amplitude of the
12 [1s?] stimulated echo experimeAi(q,,), with the momentung

defined agy= yG 74, is in complete analogy with the inco-
herent, intermediate scattering functiop.(qg,t) in quasi-

1 - N, elastic neutron scattering. In our set of parameteraas
ented DPPQig/ H;0 sample any,=10 andT=53 °C. The echo ;e from (3.2 um)~* to (0.8 um)~L. The 7, decays of
amp"tu.des of the stimulated echo experiment for-50 us are lower q values are dominated by, relaxation, these with
shown in(a). The fast decay for short, values is due to the bound higherq values are dominated byldiffusion S,O that the sen-

water, and the slow decay arises from the remaining lipid protons. . = . . e
The inset in(a) shows the amplitudes of the water signal after sitive length scale for diffusion measurements is in the order

subtraction of the lipid-background sign#h) Plot of the slope of of 1 um. Hencel s is roughly one order of magnitude be-
the fits from(a) vs 2 for the lipid decay(solid squaresand water 10W that of FRAP[1] measurements, but three orders of

decay(open circles Linear fits to these data giR,,=66.8<10711  magnitude larger than that of the QENIS3,24 technique.
m?/s+6% andD, =1.22x10 ! m?/s+6%. Among other NMR methods, the length scale of the two-

dimensionaPH-NMR as well as the PFG techniq{i,9] are

both in the region of 200—500 nm, while the length scale of
full line in Fig. 6. Our experimentaD, values deviate from the Carr-Purcell-Meiboom-GilCPMG) technique for mea-
this line mainly for low#. This behavior can be explained by SuringD, on spherically curved bilayefd.0] is in the range
the increasing influence of the nonoriented lipid fraction atof 100 nm.

low 6, and by the high statistical error in this region. Using QENS, we previously obtained a value of
D =0.97<x10""" ms for DPPC oriented multilayers at

60 °C and full hydrationf13]. This value was obtained by
considering separately both long-range diffusiower dis-
Measurement of the water diffusion was achieved by subtances=1 nm) and short-range back and forth jumps of the
stituting °H,O with *H,0O and DPPQig, by the nearly full molecules(local diffusion in a simultaneous fitting model,
deuterated DPP@,5. The hydration of this sample was as both contribute to the QENS line broadening. Without any
n,=10x1. distinction between local and long-range diffusion, QENS
Figure 7 shows the stimulated echo amplitude vs the mixgives a higher value of db, by nearly two orders of mag-
ing time 7, for 7,=50 us. This decay is clearly biexponential nitude.
with the water dominating the steep initial part, while the At a length scale closer to the SFF method, FRAP mea-
glycerol protons of the DPP@,5 account for the flat decay surements gav®, =1.7x10 ! m¥s[1], and PFG measure-

FIG. 7. Simultaneous measurement®f and D, on an ori-

B. Simultaneous measurements of lipid and water diffusion
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ments are reported in the literature with=1.9x10"*m?%s  ever, in considering extraordinarily high values there, it
[9] (at both 60 °C and full hydrationThese values compare should be noted that the excimer value was determined for
favorably with our SFF method, giving, =2.3x10 ' m%s  monolayers, and that the PFG result might be affected by
at 57°, and similar hydration. No data are availableDgrof ~ sample morphology and differences in hydration.
DPPC measured with the CPMG technique. For POPC, we The measurement db, at two hydrations gives us the
determinedD, with this technique under hydration similar to OPpOrtunity to check the consistency of our data with the
DL:0-7_0-8<10711 m?/s at 50 °C, which seems rather simi- predlctlons of the_ free volume mode;l of lateral Q|ffu5|on
lar to the DPPC values, taking into account the 10° lower1:4l, which describe®, by the following exponential de-
temperature for the POPC data. pendence:

Similar differences between QENS and SFF also remain IN(D)=In(kT/f ) = yA*/ (Ao~ Acagd- (5)
for water diffusion measurements. At 30 °C amg=10, we
obtainedD,,=44x10"!* m?%s, while QENS gave roughly a Heref is the frictional coefficient characterizing the vis-
2.5 times higher value db,,=110x10 ** m%s[24] interms  cous drag of adjacent bilayers on the diffusing lipid. Both
of a jump diffusion model with a mean residence time of 2_5|nt_ernal fr|c_t|on within th_e bilayer and the frlcthn exerted by
ps. To appreciate this discrepancy, one has to consider thafjacent bilayers contribute th. (Acage=Amo) is the free
the length scale of QENS is less than 10 A, while the diam&réa per moleculel .4 is the area of the total solvent cage
eter of the water molecule is 3-4 A. Thus the jump of athe I|p_|d can diffuse in, an_(A\f is the critical free area. The
water molecule from a DPPC headgroup binding site to thdatter is defined as the minimum value of the free area re-
bulk and backe.g., as caused by the breaking and recreatiouired for diffusional jumps of the test moleculgis a geo-
of hydrogen bondswill contribute significantly to the QENS metrical factor that can vary between 0.5 and 1,_ and accounts
result forDy, but certainly not to the SFF result. Moreover, for the overlap between free volumes. Connecting our values
rotational diffusion of the choline headgroup, which persistsfor D at two hydrations in a double logarithmic representa-
in the gel phase, will contribute to the local diffusion of the tion of IN(D) vs 1AAcage~Amo), Using the hydration depen-
water fraction that is hydrogen bonded to this group overdent values of (AcageAnmy) [26,13 gives yA*=15 A
distances<10 A for QENS only. The apparent activation andkT/f=4.2x10"1* m%s. From the latter, a friction coef-
energy of the lipid diffusiorE,=35 KJ/mol determined by ficient f=1.1x10"" erg s/cnd is obtained. Assuming thdt
SFF at full hydration is very similar to the value we mea-is dominated by the lipid headgroup—water interaction, the
sured previously for the fast uniaxial rotation of the waterwater viscosity can be estimated accordind 1 as n=f/
molecules as well as for the slow reorientation of this axis(47R), whereR is the radius of the headgroup. WiR~4
which both gaveE ;=32 KJ/mol atn,,=4 [24]. This suggests A, we obtain 7~20 cp, which is more than one order of
that reorientation of water bound to lipid headgroups and thenagnitude higher than the value for free water. It is now
diffusional jump of a lipid molecule are tightly coupled pro- interesting to note that our previous QENS measurements
cesses. The SFF value f&r, of DPPC is similar to those [13] gavekT/f=4.1x10"° m%s, and thusy~2 cp, while
determined by FRAP(29+5 KJ/mo) [1] and by two- the value ofyA*=17.57 & compares well with our result.
dimensional®H-NMR (28+7 KJ/mo) [25], while excimer This indicates that the values bfind 7 depend on the length
(E;=59 KJ/mo) [3] and early PFG studid&,=69 KJ/mo) scale of the diffusion process under consideration, while the
[9] providedE, values almost twice as high for lipids. How- critical free areayA* is largely independent of it.
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