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Abstract: We have used high-resolution field-cycling 3'P NMR spectroscopy to measure spin—lattice
relaxation rates (R, = 1/T1) of multicomponent phospholipid vesicle and micelle samples over a large field
range, from 0.1 to 11.7 T. The shape of the curve for R, as a function of field and a model-free analysis
were used to extract 7, a correlation time for each type of phospholipid molecule in the bilayer that is likely
to reflect rotation of the molecule about the axis perpendicular to the membrane surface; S¢2, a chemical
shift anisotropy (CSA) order parameter; and 7, a time constant reflecting faster internal motion. This 3P
technique was also used to monitor association of a peripheral membrane protein, Bacillus thuringiensis
phosphatidylinositol-specific phospholipase C, with both phosphatidylcholine and phosphatidylmethanol
bilayers. Differences in phospholipid dynamics induced by the protein shed light on how zwitterionic
phosphatidylcholine, and not the anionic phosphatidylmethanol, activates the enzyme toward its substrate.

31P NMR spectroscopy was an early tool for characterization In principle, these measurements should provide a detailed
of phospholipid bilayer structure. For large multilamellar description of phospholipid dynamics. However, interpretation
structures, the line shape reflected the particle morphology of these relaxation rates is difficult in the case of vesicles (and
(lamellar, hexagonal, isotropic; for reviews, see ref8}), and in general any!P that has no attachétfl) at the moderate to
changes in the powder-pattern line width served as a way of high fields needed to distinguish multiple phospholipid com-
monitoring phase transitions (e.g., from gel to liquid-crystalline ponents, since both chemical shift anisotropy as well as dipolar
phase). For small vesicles, chemical shift differences!Bf interactions can contribute to the relaxation rate. Typically, re-
resonances for two populations of a phospholipid in slow searchers have looked for minima in the temperature dependence
exchange (most often induced with the addition of paramagneticof T, for comparative purposés.For phospholipid small
ions) have been used to determine the distribution of phospho-unilamellar vesicles (SUVs), measured relaxation rates do not
lipid components on each leaflet of the vesitlBetectable reflect vesicle tumbling, but rather provide information on faster
{*H-31P} NOEs for these particles at low field were used to local motions (e.g., rotation about the long molecular axis of a
show qualitatively the dynamic nature of molecélesd, in phospholipid molecule, segmental motions of the phospholipid
particular, to suggest interactions between the methyl tails of headgroup, lateral diffusion, collective motions in the plane of
the acyl chains and the phosphorus group of phosphatidylcho-the bilayer), although the contribution of these motion$tes
line® Furthermore, changes in line width (or chemical shift) a matter of some dispute. Proton field-cycling stutfie’® over
have been used to indicate interactions of phospholipids with a very broad frequency range are consistent with diffusional
other components (cholesterol, other lipids, peptides, proteins;processes (but not individual segment dynamics) dominating
for examples, see refs 2, 7, and 8) added to the membrane. relaxation in the MHz range. The large size of the vesicles

31p T, values as well as line width changes have been causes spin diffusion among proton spins and complicates
measured for phospholipid molecules in different aggregéites. interpretation offH—3P NOE experiment$.31P relaxation is
likely to be dominated by chemical shift anisotropy (CSA) and
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range, from nearly zero to 11.7 T, in our case using a
commercial high-resolution instrument for preparation and
readout:®14 The method is particularly useful for nuclei such
as 3P without directly attached protons, e.g., in biological

phosphate esters, where the relatively large CSA complicates

extracting correlation times from relaxation rates using fixed-
field NMR. Our shuttling system, designed for simple construc-
tion and easy installation in a Varian INOVS instrument,
carries the sample pneumatically from the probe to a point in
the fringe field in about 0.20.3 s, and then back into the probe,

PI—-PLC. Overexpression and purification of recombin8atcillus
thuringiensisPI-specific phospholipase C (PPLC) was carried out
as described previously.Protein solutions were concentrated using
Millipore Centriplus 10 filters (Billerica, MA); concentrations were
estimated by Ago using the extinction coefficient calculated from the
protein sequence. For vesicle samples (0.3 mL in 5-mm NMR tubes),
the enzyme was mixed with an aliquot of an SUV stock solution to
yield 6 mg/mL PHPLC and 15 mM phospholipids, either POPC or
DOPMe in the MES buffer.

NMR Methods. 3P and'H T; and T, measurements were made at
11.74 T on a Varian INOVA 500 using standard inversioacovery

for analysis of the response of individual resonances to the lowerand Carr-Purcell-Meiboom-Gill sequences. The nonselective field-

field environment. We have previously used it for accurate
measurement 0H R; up to~20 s1 (T; ~ 50 ms) and®'P R,

up to~5 s 1 for a DNA octamer duple}? This report, like the
study of the DNA, is intended to show the applicability of these
techniques for the study of phospholipid membranes. It differs
from the previous report on the DNA octamer in that we study

cycling 3P R; experiments (for details on pulse sequence, see ref 14)
were run at 22 or 30C on the same Varian Unitys spectrometer
using a standard 10-mm Varian probe and modified slightly for high-
resolution field cycling, as described previousiy Vesicle samples
were sealed as descriBédn 5-mm tubes, or in a few cases 8-mm
NMR tubes, with bulk phospholipid concentrations of3 mM of

each phospholipid depending on vesicle and sample tube size. The larger

a large variety of phospholipid samples, and that, because theg i, NMR tubes would have been desirable, but components for them

membrane systems are more cpmplicated, we are not able tQyere not always available, and expediency led us to use the smaller
present such a complete theoretical explanation of our observas-mm tubes. Initially, samples were purged with helium gas before

tions. However, the results presented clearly indicate that high- sealing in the NMR tubes. However, this was later found to be

resolution®P field-cycling is a novel and information-rich way
to monitor vesicle dynamics. The reader may wish to look at
the previous article on the DNA octaméwmwhile reading this

unnecessary for the vesicle samples. Relaxation experiments at a given
field strength were typically 15 h (depending on sample concentration
and field), each with 68 programmed delay times. Protét rates

one, since we use some of the same language and interpretatioﬁNere measured (with fewer transients) in a nonselective manner using
' th

Materials and Methods

Vesicle Preparation.Lipid (1-palmitoyl-2-oleoyl-phosphatidylcho-
line (POPC), dioleoylphosphatidylmethanol (DOPMe),1-palmitoyl-2-
oleoyl-phosphatidic acid (POPA), phosphatidylinositol (PI), and di-
heptanoylphosphatidylcholine (diEC)) stock solutions in chloroform
were obtained from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. After removal of the chloroform with a
stream of N, the lipid film was lyophilized and then rehydrated with
buffer containing 2595% D,O (99.9%, Sigma-Aldrich, Saint Louis,
MO), depending on the particular sample and whethidield-cycling
experiments were to be carried out. E§?-only work, the buffer used
was 50 mM MES, £5 mM EDTA (with the higher concentration used
with anionic phospholipids), pH 7.5; whéhl cycling was also to be
examined, the phospholipids were rehydrated in 20 mM borate buffer,
pH 7.5, or imidazole (pH 7.0) made with 99.9%@ A polymerizable
phosphatidylcholine, 2,3-bis[12-(lipoyloxy)dodecanosfitglycero-1-
phosphocholine (BLPC), obtained from Dr. Wonhwa Cho, University
of lllinois Chicago Circle, was also used to form small vesiék3UVs
were prepared from these different suspensions by sonication using
Branson sonifier cell disrupter until maximum clarity was achieved
(typically 5—10 min). The typical preparation had an average vesicle
diameter of 256-300 A (as estimated by light scattering). In the case
of the polymerizable PC, the vesicle solution was agitated vigorously
after a small amount of dithiothreitol (Bio-Rad, Hercules, CA) was
added to initiate cross-linking of the protected terminal thidlsarge
unilamellar vesicles (LUVs) were prepared by multiple passages of

the unsonicated aqueous lipid solutions through polycarbonate mem-

branes (100-nm pore diameter) using a Lipofast extruder from Avestin

(Ontario, Canada). Bicelles were prepared by mixing a suspension of PP and 0.57, respectively,

dipalmitoyolphosphatidylcholine (DPPC) multilamellar vesicles with
micellar diGPC, then heating the sample above the gel to liquid
crystalline phase transition of the long-chain component, and then

cooling to room temperature. Under these conditions, it has previously

been shown that a relatively uniform population of 2@%0 A diameter
particles is formed at room temperatdfe.

(13) Redfield, A. G.Magn. Reson. Chen2003 41, 753-768.

(14) Roberts, M. F.; Cui, Q.; Turner, C. J.; Case, D. A.; Redfield, A. G.
Biochemistry2004 43, 3637-3650.

(15) Wu, S.-K.; Cho, WBiochemistry1993 32, 13902-13908.
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e same nonselective field-cycling methods as’fBr

Data Analysis and Relaxation Theory3*P. We present here simply
the mathematical expressions used (suggested by the model-free
approack19 to fit the datd* and discuss their physical interpretation
in the next section. The field dependenceRpfrom field cycling was
analyzed in terms of three field-dependent contributionR;to

R, = [R(0)/2cJ[0.1)(wy; — wp) + 0.3)(w,) + 0.8)(wy + wp)] +
C wp ) (wp) + CH? (1)

Here,R(0) is the dipolar relaxation rate associated wiflt zero field;

wp andwy are the angular frequencies of the phosphorus and proton,
equal to their gyromagnetic ratios multiplied by the fieltv) equals
21/(1 + w?t?); andH is the field in Tesla. The last two terms in eq

1 reflect low-frequency and high-frequency contributions of the CSA
interaction to relaxatioftt Along with the raw fitting parameter€,

and Cy, we extract an order paramet&? and a high-frequency
correlation timern. These are defined in terms of the raw fitting
parameter<, andCy by

C, = (1/15)(1+ #%3)0°S? )

and

Ciy = (215 (L + 713)0°(L — &)ty 3)
Here yp is the gyromagnetic ratio, and and n define the CSA
interaction size and asymmetry. We assumed values for them of 160
as previously determined for DPPC in 50
wt % water at 163 KO

The parameteR(0), which is the relaxation time in the apparent
zero field limit, is extracted directly from the data and often used directly
in our discussion. It is a useful parameter because it varies strongly

) Gabriel, N. E.; Roberts, M. Biochemistryl986 25, 2812-2821.

) Feng, J.; Webhi, H.; Roberts, M. B. Biol. Chem 2002 277, 19867

19875.

) Szabo, AAnn. N.Y. Acad. Scil986 482, 44—50.

) Lipari G.; Szabo, AJ. Am. Chem. S0d 982 104, 4546-4559.

) Herzfeld, J.; Griffin, R. G.; Haberkorn, R. Biochemistryl978 17, 2711~
2718.
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between different samples. However, in placeR@) it is sometimes
of interest to use instead another parametgr,which may represent

the minimum and maximum values of the predicted rates for any
orientation of the CSA tensor. However, since we do not know the

the effective distance between the phosphorus and proton(s) responsiblerientation of the CSA axis with respect to the director, we did not

for the dipolar relaxation. The parametef is defined in terms of the
correlation timer; and the zero-field relaxation raR0) by the equation

R(0) = t(ud4m) (W 27)y oy oy ° (4)
whereh is Planck’s constanjy, is the permittivity of free space, and
ye and yy are the phosphorus and proton gyromagnetic ratios,
respectively.

Thus, in sum, we ultimately fit the field-dependent data with four
parameters., S2, i, and eitheiR(0) orrex. This analysis is convenient,
even though it does not properly account for the highly anisotropic
diffusion of the phospholipids. It provides a simple phenomenological

attempt to calculate a more exact expression for the high-field CSA
relaxation contribution (last term of egs 1 and 3).

Data Analysis, Protons.The field dependence dH resonances
could not be fit by simple dipolar relaxation, but could be well fit with
a field-dependent term approximating dipolar relaxation with a single
correlation time scaley? and a field-independent term c, which is
probably the contribution of spin-diffusion-mediated homonuclear
dipolar relaxation by fast internal motion:

R, = RO)/(1+ y,H*1%) + ¢ (5)

This simplistic expression will allow us to compamg(which will vary

description of the behavior of the different samples and conditions that sjgnificantly depending on the proton in the molecule and the extent

we used.

Relaxation Theory for Strongly Anisotropic Diffusion. The theory
for this problem is described below without great detail, since we did
not attempt to fit the data to this theory. Such a fit is problematic

of segmental motion) to the extracted from thé'P field-cycling data.
Results and Discussion
31p Relaxation in VesiclesWe first present the data for a

because some parameters that are needed are unknown and becauggell-behaved binary vesicle system of 1-pamitoyl-2-oleoyl-
the fitting procedure described above provides an adequate characterizaphosphatidylcholine and dioleoylphosphatidylmethanol (POPC/
tion of our data. However, the brief description here is intended to DOPMe) and the values of the phenomenological parameters

support our later discussion about interpretation of the parameters that

we tabulated.

We predicted dipolar relaxation from the theory provided by
Woessnei??for a disk-shaped molecule, taking his internal correlation
time to be the inverse of the rotational diffusion constant about the
director in our case, and taking the other molecular diffusion rates to
be zero. As indicated below, it is likely that this motion is the major
relaxation mechanism fofP in these membranes above 0.1 T, other
than the high-frequency motion that is fit by the last term of eq 1. The
resulting prediction has six terms and depends on the afighsstween
the phosphorusproton vectors and the membrane director. If on
averageA is between about 30 and 9Q0as is likely, the theory is
dominated by terms identical in form to the first three terms in brackets
in eq 1. The parameter. is the inverse of the angular rotational
diffusion constant of the phospholipids about the director. Equation 4
above is modified, being multiplied by a factor of 3(sif)2/4, provided
30° < A < 90°.

Expressions for the CSA contribution to relaxation for anisotropic
rotational diffusion have been given by Kowalewski and Werbefow.

mentioned in the Experimental Section that are used to fit and
describe these data. Then after a brief review of the “model-
free” formalisni®1°applied to the case of spherical macromol-
ecules, we discuss the likely interpretation of its parameters in
terms of dynamic and structural properties of phospholipids in
membranes. We then provide a brief interpretation of the POPC/
DOPMe data. Following this, we will provide three sections
describing experiments on different but related phospholipid
aggregates that were designed to test and clarify our conjectures.
The end of this section has a discussion of possible corrections
to these parameters that would result if a complete theory could
be applied with more information. We also consider what
guantitative conclusions we can make about phospholipid
structure and dynamics from these results.

POPC/DOPMe SUVs. DataSUVs, with a diameter in the
range of 256-300 A, were formed with a 1:1 mixture of
zwitterionic POPC and anionic DOPMe. At 2ZC, both

To apply these results to our problem we made the same assumptioncomponents in membrane vesicles are well above the melting

about the rotational diffusion coefficients described in the last paragraph.

transition for each pure lipid and should be well-mixed in the

The relaxation rate is predicted to be highly dependent on the orientation bilayer. As shown in Figure 18P spectra clearly show well-

of the CSA tensor with respect to the membrane director. For the special

cases where one of the three CSA principal axes is along the director,
eq 10 from Kowalewski and Werbel&happlies and predicts that the
rate is proportional to the square of the difference between the CS

separated resonances for the two species of moderate line width
(~60—75 Hz). The field dependence of tR¥ relaxation rate

A (Ry) for each phospholipid in this two-component system is

tensor principal values along the two axes other than the one that is STOWn in Figure 2A. There are three distinct regions in the curve,

along the director. Of the three CSA orientations of this special type,

superficially similar to what we have seen in DNA(i) Below

the rate is thus predicted to be smallest when the director is along thel T, the relaxation rate increases as the field decreases; (ii)
direction of the largest CSA tensor element, and largest when it is along around 2 T, Ry reaches a minimum and begins to increase;
the direction of the tensor element having the smallest absolute value.and then (iii) above 4 TR; increases with a square law

The CSA tensor principal values deduced from the repé&ttealues
of ¢ andn, 160 ppm and 0.57, ar¢106, —18, and—78 ppm. The

dependence. It is the intermediate- to high-field region that has
been sampled in previous fixed fi€ldnd limited variable fielé#

smallest and largest rates predicted from these values are, respectively31P studies of vesicles in attempts to characterize phospholipid

0.34 and 4.1, times the value predicted by the next-to-last term of eq

1 with the same rotational correlation time and order paran®&ter
1, which is appropriate for isotropic rotational diffusion with no internal

motion. These rates do not take into account any possible asymmetry

of the CSA tensor, which is likely to be sméatland are likely to be

(21) Woessner, D. El. Chem. Physl962 37, 647—654.

(22) Woessner, D. E. liEncyclopedia of NMRGrant, D. M., Ed.; Wiley &
Sons: New York, 1995; pp 1068L083.

(23) Kowalewski, J.; Werbelow, LJ. Magn. Reson1997, 128 141-148.

dynamics in bilayers. With eq 1, the curves can be decomposed
phenomenologically (as done previously for DMAinto the
three relaxation components: dipolar, CSA, and high-field CSA
(see Figure 2B for this deconvolution in the case of DOPMe).
Both POPC and DOPMe motions are characterized by the same
correlation timez; ~ 5 ns, and afR(0) around 1 s!; however,

(24) Milburn, M. P.; Jeffrey, K. RBiophys. J1987 52, 791-799.
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Field (T)
sp {ppm) Figure 2. (A) 3P R; as function of magnetic field for SUVs composed of
Figure 1. (A) 3'P spectra from a field-cycling, experiment at 0.14 T for 30 MM POPC M) and 30 mM DOPMe @). (B) Deconvolution of the

POPC(30 mM)/DOPMe (30 mM) SUVs sealed in a 5-mm NMR tube in POPMe®P Ri dependence into dipolar-), CSA (——-), and high-field

50 mM MES, pH 7.5 (the relaxation delay time in seconds spent at 0.14 T CSA (+*) components.

is indicated beneath each spectrum). $8) spectrum (11.74 T) of cross-

linked BLPC SUVs (10 mM) in the same buffer. most cases, including the present one, this parameter, as deduced

from the observed value d®(0), would be decreased by the

the CSA terms are different for the two phospholipids. The sixth root of adipolar order paramete&s?, which we omitted
parameters extracted from this analysis are given in Table 1.as a multiplier on the right side of eq 5 above. We avoid use of

Interpretation of Correlation Times. Our gross interpreta-  this order parameter because we have no way to determine it
tion of these data is that the rise R below abot2 T is due ~ separately fronfe Using our data. This means that the values
to magnetic dipolar interaction between the phosphorus spinsof rert that we deduce for POPC and DOPMe (2.80 and 2.83 A,
and nearby protons, while relaxation at higher field is due to respectively) may not provide a true value for the phospholipid
the chemical shift anisotropy. Both of these interactions could geometry if the relevant dipolar order parameggrdiffers very
be treated by the model-free formalidfi® which is widely much from one. IfS? < 1, then the trueres sum will be
applied to macromolecules free in solution. For a nearly somewhat less than what we extract from this analysis.
spherical molecule, such as the small DNA duplex we worked  As to the interpretation of the time-scale parametgrand
on previously* equations such as those in the last sections 7y in the present case, the longest time scale expected to be
would apply, withz. being the overall rotational correlation time  felt by the phospholipid is from the change in orientation of its
of the molecule S? being an order parameter for the partial major axis parallel to the membrane director. This time scale is
averaging of the CSA interaction by internal high-frequency the inverse of the sum of the rates for overall rotation of the
dynamics, andys being the time scale of these internal mosion  vesicle, plus the rate for lateral diffusion of an individual
The parametersy is a measure of the distance of nearby protons. phospholipid molecule from one side of the vesicle to the other,
For a rigid macromoleculegs would be the inverse sixth root  plus the rate for flip-flop of the phospholipids from the inner
of the sum=(r—®) for all protons surrounding the phosphorus, to the outer leaflet of the vesicle. The last rate is expected to be
wherer is the distance from each proton to the phosphorus. In negligible. The first two rates for these small vesicles should

13768 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004
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Table 1. Relaxation Parameters, R(0), 7¢, C., Cu, Sc?, and re, for Phospholipid Components of SUVs Extracted from 3P Field-Cycling
Experiments?

sample R(O) (s7) i (B) 7 (ns) CLx 108 S2¢ Cy Tt (pS)?

DOPMe/POPC:

DOPMe 0.92+ 0.03 2.83 5.1 0.5 0.16+ 0.02 0.42 0.003& 0.0003 140

POPC 0.96+ 0.07 2.80 5.0-1.4 0.18+ 0.06 0.46 0.0055% 0.0007 220
+ cholesterol:

DOPMe 1.304 0.40 3.00 9.3:t1.5 0.364 0.10 0.93 0.004% 0.0010 —

POPC 1.50t 0.60 2.80 11.6-1.4 0.57+0.11 1 0.0046t+ 0.0008 -
BLPC (30°C): 2.58 75+£2.3 0.35+0.21 0.89 0.005% 0.0019 -
POPA/POPC
(22°C):

POPA 1.144+0.29 2.81 6.4 3.8 0.23+0.17 0.60 0.0023 0.0005 130

POPC 1.63:0.14 2.87 9.4 3.2 0.554+ 0.21 1 0.0036+ 0.0011 —
(30°C):

POPA— out 1.27+0.12 2.93 8.4 1.9 0.29+ 0.08 0.76 0.0028 0.0004 250

POPA—in 1.754+0.50 2.88 11575 0.384+ 0.09 0.97 0.0044- 0.0008 —

POPC 0.99+ 0.10 2.86 5.8:1.7 0.25+ 0.08 0.64 0.0063 0.0006 380

LUVs 1.41 2.84 7.9 0.26 0.67 0.0045 300
PI/PC 1.72+0.13 2.59 5.6t 1.5 0.25+ 0.10 0.65 0.0044- 0.0012 270
diC;PC/DPPC

(1:4) 1.524+0.20 3.37 16.3: 4.3 0.57+0.15 —e 0.0057+ 0.0002 —

1:2) 1.03+ 0.09 291 9.9+ 3.8 0.424+0.24 —€ 0.0038+ 0.0014 —

aField cycling carried out at 22C unless otherwise indicatetlUncertainties irrer are <0.05 A becausee is proportional toR(0)~6. ¢ Uncertainties
in §2 values within the model we used to extract these f@mare <40% (and usually under 30%) except for the cross-linked SUVs and POPA°&.22
d Since evaluation of,s depends o1&2, there is likely to be considerable uncertainty in this parameter, and therefore only two significant figures are shown.
€ The &2 extrapolated fronC, is greater than one, making it impossible to interytgt

be in the range of 105! estimated for a 206300 A diameter of the two different alkyl chains of a PC molecule in a bilayer,
spherical vesicle. was found to have a time scale similar to ay?®

Clearly, the motional time scate reported by the low-field Other motions, possibly of the glycerol backbone, could also
dipolar part of the relaxation curve is not the time scale of lateral contribute to the 5-ns. we measure for both phosphates of
diffusion or overall vesicle tumbling, since our experimental POPC/DOPMe SUVs. In considering these possibilities, the
values forz. are in the nanosecond range, rather than the amplitudes of potentially important motions should be consid-
microsecond range expected. The relaxation observed at thes@red carefully. Motions that are hindered by covalent or other
low fields must be due to th&P-to-proton dipolar interaction, ~ features of the structure to allow less than 3@6tation are
since CSA relaxation should become negligible at low field and likely to be less efficient than those that result in complete
there are no other reasonable mechanisms. This time scale igotation, such as the rotational diffusion of the phospholipids
almost certainly due to rotational diffusion (averaged over the about the director.
subnanosecond time scale of any internal motion) of the vectors ~ The shorter time scales described by the tabulated valges
connecting the phosphorus nucleus to the nearest glycarol ( are not as well-determined because they are inferred very
3) protons, since this motion produces a large modulation of indirectly and are based, to a greater extent, on theory rather
the phosphorusproton dipolar interaction unless these vectors than being deduced, like;, largely from the inverse of the
happen to be pointing along or nearly along the membrane angular frequency of a feature of the plotRf. We assume
director. Vesicles made in 95%,D as well as in 25% BD that 7 reflects the rate for motion among several relatively
showed no appreciable difference in Reversus field profile  Stable positions of the headgroup that are allowed by the
consistent with little relaxation by water in this system. For a orientation of the time-averaged glycerol backbone orientation.
variety of reasons (distance, polar side-chain flexibility), we However, a problem with this speculation is that there may not
assume that other nearby protons would not be likely to be wgll-sepa_lrat(_ed groups of correlation times as is assumed for
contribute much to this relaxation in most cases (vide infra). Protein applications of the model-free theory.
The R, that we measure experimentally would, of course, be ~ Therefore, in contrast to our previous field-cycling study of
the sum of the rates due to each of these two glycerol protons,PNA, our tabulated values afy are useful only as rough and
which we assume to be similar in magnitude. tentative indicators because the parame@r cannot be
estimated experimentally well enough to give an order parameter
S?that is statistically different from one, and, more importantly,
the relaxation time predicted by the more exact theory described
in the Methods section depends strongly on the orientation of
the CSA tensor relative to the membrane director.

Interpretation of POPC/DOPMe SUV Parameters. The
S? andzys parameters estimated fro@ andCy for this sample
(Table 1) suggest that the phosphates of each of the two

Thus, our working hypothesis is that the correlation time
which we use to fit the low-frequency relaxation, is the next-
slowest time scale after lateral diffusion and vesicle tumbling
that we can imagine for the phospholipids. Thuys;ould report
relative diffusion time of the alkyl chains around each other,
about the molecular axis (the membrane director). Such a time
scale forP’P-group motion does not seem to have been explicitly
considered in recently published presentations of computer
siml_JIations of phospholipic_i motion. However, t_he reIaFive (25) Moore, P. B.: Lopez, C. F.: Klein, M. (Biophys. J.2001 81, 2484
motion of the vector connecting two carbons, each in the middle 2494,
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Field (T Figure 4. Effect of 33 mol % cholesterol (20 mM) on the field dependence
ield (T) of 31P R, for SUVs containing 20 mM DOPMe, 00) and 20 mM POPC
Figure 3. Field dependence d®; for SUVs composed of cross-linked (®, O). The open symbols refled®, for each lipid in the presence of

BLPG (10 mM) at 30°C. cholesterol. Lines (solid for without and dotted with cholesterol) are the
best fits to eq 1. The semilog plot emphasizes the increaR0Onin the
components exhibit similar CSA ordering as well@sn this presence of cholesterol.

fluid bilayer. However, internal motion for the POPC phosphate
appears slowerrfs = 220 ps) than that of DOPMe; = 140 although it is possible that our observation reflects the wide
ps). This difference iy for the two phospholipids is based range of degree of polymerization of the phospholipids with,
on a statistically significant difference i€y for the two perhaps, dimers and trimers dominating the observation. The
phospholipids. Interestingly, the values fgf are similar tor latter could more or less dominate the spectrum and relaxation.
values for the phosphorus nuclei in a DNA octamer obtained However, it has been found in simulations that torsional motions
by field cycling* The similarity inR(0) also indicates nearly ~ of the headgroup, and notably those involving glycerol back-
identicalreg for both phospholipid components in these SUVs. bones, are very slow and in the nanosecond rahigeese types
Motions Reflected in z; Cross-Linked PC SUVs and of isomerizations (as well as glycerol crankshaft-type mot®ns
Effects of Cholesterol. As mentioned,z. could represent coupled to acyl chain reorientations could also contributg.to
rotation of the entire phospholipid molecule around its long axis For the cross-linked PC, these motions rather than molecular
perpendicular to the membrane surface, and/or it could reflect rotation, could provide the major relaxation pathways.
glycerol torsional motions that alter the position of the phos-  In fact, we do not understand the spectrum (Figure 1B) of
phate. It was pointed out above thatis a definite time scale  this cross-linked molecule very well. The rotational correlation
extracted almost directly from the width of the low-field rise time for a 300 A diameter vesicle should be about:H) if

in the relaxation rate, whereas the values extractedyfoely transverse diffusion is assumed to be prevented by the cross-
on the model-free analysis. links. But the spectrum of Figure 1B has features that appear

To test the hypothesis thatreflects molecular rotation about  broadened by about 1000 Hz. If this is simple lifetime
the director, polymerized vesicles composed of BEP@ere broadening, the deduced lifetime is about 330 much longer

examined by'P field cycling. BLPC molecules are cross-linked than the expected correlation time. It is possible that heterogene-
at the ends of the acyl chains and likely to range in size from ity of the sample produces only superficial resemblance to a
dimers to~8—10 cross-linked molecules. Although the vesicles classic powder pattern.
were small 300 A average diameter since the sample was  Cholesterol added to the bilayer should also dramatically slow
nearly optically clear), thé’P spectrum obtained at 3@C such isomerizations, and, indeed, POPC/DOPMe SUVs with
appeared to be a standard powder pattern for axial CSA with 30% cholesterol exhibited dramatically alterdversus field
slow rotation (Figure 1B). profiles (Figure 4). Simply examining the data plottedRys
The field dependence of the cross-linked BLPC vesicles versus log(field), we see that tH0) value has increased,
(Figure 3) exhibited a relaxation pattern similar to that for consistent with an increasesg R; in the mid-field region (27
uncross-linked SUVs with & of 7.5+ 2.3 ns if the intensity  T) s clearly also shifted to higher values. If the only change
of the high-field sharp edge of the spectrum was monitoreld(  were an increased, R, should decrease in the mid-field region
ns if the area under the curve is monitored). Complete rotation since the limit forRy(CSA) is proportional to % An upward
of an individual phospholipid molecule should be dramatically shift in the curve indicates tha®? has increased for both
hindered by cross-linking the tails of several molecules together. phospholipids along with the longerindicated by the increased
The rotation rate, X, while high, was still in the range seen
for other SUV systems (Table 1). Thus, rotation of an individual (26) Pastor, R. W.; Venable, R. M.; Feller, S. &cc. Chem. Re2002, 35,
molecule around an axis perpendicular to the vesicle surface,., 438 446.

N Lo . (27) Strenk, L. M.; Westerman, P. W.; Doane, J.Bibphys. J1985 48, 765—
may not be the only contributor to this time scale motion, 773.
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R(0). The extracted averaged distarggis 2.9+ 0.1 A for
the two phospholipids with cholesterol, a value within error of
reff in the absence of cholesterol. Sir&é has increased and is
near 1, the errors in estimating from Cy are large. However,
the model-free formalism would suggest that this motion is
significantly dampenedzfs = 0.5 ns) by the inclusion of
cholesterol in the vesicle. Clearly, the field dependencémf
relaxation for both phospholipids in the SUVs is sensitive to

-1

motions of the phospholipid chains as well as local ordering, R )

by either chemically cross-linking the tails or adding cholesterol.

Corrections Arising from the Use of Theory of Relaxation
with Anisotropic Motion. The nanosecond-range parameter
obtained from our fitting surely measures some real dynamic
process in the molecule, because it was determined from
frequencies of spectral features alone, in the variation of
relaxation rate versus frequency. The theory that is applicable
to the present problem is discussed at the end of the Methods
section. Unless the angle between the phosphorus and the
relevant (probably glyceroén-3) protons and the membrane
director is less than 2®r between 80 and 90the theory shows
that the value ot that we report is close to the inverse of the
angular rotational diffusion constant (in fég) for rotation of
the phospholipids about the director axis. Errors introduced by
the fact that our fitting procedure is more appropriate for
isotropic rotational diffusion and by the more complicated
frequency dependence of the anisotropic theory are likely to (
produce only a small error in.

The true value of the geometric parametgrthat we infer
and list in Table 1 could be smaller than the values tabulated,
as a result of our omission of a dipolar order parameter multi-
plying the right side of eq 4. This could result from a large-mag-
nitude high-frequency motion. Dipolar order parameters in the
range of 0.5 to 0.8 are often inferred for isolated amide NH
groups in proteins.

An error in the same direction is indicated by the exact dipolar
relaxation theory. The expression #&(0) is also theoretically

1

s

N o

1.2

0.8

04
Field (T)

Field (T)

decreased by a factor that depends on the angle between the PRigure 5. Field dependence 6#P R; for POPC/POPA SUVs (A) at 22
to proton vector and the director.We have recently been able to°C and (B) 30°C: O, POPC;O, POPA(out);®, POPA (in); x, POPC/

estimate this angle by observations at fields below 0.05 T (to
be reported when complete and analyzed) and expect that this

POPA LUVs prepared with an average diameter of 1000 A. The inset in
(B) shows the low-field part of the same data expanded for clarity.

correction is about 0.25 foR(0) in those cases that we have  that in mind, we prepared an SUV sample containing both POPA

studied.

and POPC (5 mM each lipid). The field dependence of

The time-scale parametey was estimated rather indirectly  relaxation times for this sample is shown in Figure 5, at 22 and

from eqs 2 and 3. Because the estimaterpfis based on a

30 °C, which are below and above the phase transition of 28

difference between estimates from experiments at an intermedi-°C for pure POPA. At 22C, below theTy, for pure POPA, the

ate field and a theoretical value that differs from the value used acyl chains of the POPA molecules may be more ordered than
in eq 1 by a factor of as much as 3, the tabulated values of thisthe POPC chains, particularly if there is any partial phase
time scale and o&? are useful mainly as rough indicators of  separation in these vesicles. At 3D, both components should

the true time scale. The wide range of thg values and the
fact that the inferred values &2 in Table 1 are often very

have very fluid, disordered acyl chains. At 22, the3!P line
width for POPA was 260 Hz; this narrowed t0120 Hz for

close to 1 suggest that the tabulated order parameterssand the sample at 36C. In contrast, the line width for POPC was
values are for the most part too high compared to their true essentially unchanged (120 Hz) at the two temperatures. Thus,
values. The data do indicate the existence of high-frequency POPA does exhibit gel-like behavior in these mixed vesicles at
motion, but the time scale may be several times faster than 22 °C. As reported previouslyat the higher temperature the

indicated by the fitted values.

POPAZ3IP resonance is split into two, from molecules on the

POPA/POPC Vesicles. Protons Responsible for Phospho- inside and the outside monolayer of the vesicle.
Deconvolution of the field-dependence curves at 22

to the phosphate (it has no side chain), and field cycling of (Figure 5A) yields ar; ~6 ns for POPA and-10 ns for the
vesicles with this phospholipid will allow us to test the POPC species; uncertainty in the deconvolution suggests there

rus Relaxation. Phosphatidic acid lacks any alcohol esterified

importance of the polar group for bothandzy; motions. With

is no statistical difference in these two values. For comparison,
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Figure 6. Comparison of field dependence for POPC in POPC/POPA SUVs
at 22°C (@) and 30°C (O). All lines are best fits of the data to eq 1.

a value of 5 ns was observed for fluid phase DOPMe/POPC
SUVs. Thus, the slower motions of the more gel-like chains of
POPA do not appear to have a significant effect ondhor
the phosphorus group in these SUVs. More interestingly, the
rerr extracted fromR(0) is the same for POPC (2.87 A) and
POPA (2.81 A). This indicates that the POPC choline protons
and their associated motions contribute much less to the dipolar
relaxation of the?'P than the glyceraén3 CH, group.

Does this interaction change when both phospholipids are
above theilT, values? For POPC in these SUVsdecreased
at the higher temperature (Figure 6) and was now comparable
to the value observed for POPC in POPC/DOPMe SUVs at 22
°C. As can be seen in Table ki was still essentially the same
for POPA and POPC at 3{C (2.894 0.02 A). This strongly
indicates that the glyceran3 protons are the key players in
dipolar relaxation of the phospholipid phosphorus nuclei.

Motions Reflected inzn:. Whether or not the high-field CSA
contribution from internal motions reflects specific motions
(rotation and isomerization), polar headgroups esterified to the
phosphat# can be tested with the POPC/POPA SUVs. At both
temperatures, the high-field rise in relaxation is smaller for
POPA than it is for POPC in the same vesicle. Unfortunately,
the CSA order parameter was too inaccurate or too close to
one to make very useful comparisons betwegn values.
However, in the one case where a comparison can be made

between POPC and the outer monolayer POPA resonance at

30 °C (Table 1),y is shorter for POPA. This is consistent
(although not definitively so) with the proposed association of
Tht With motion of the polar headgroup. Unfortunately, conclu-
sions of this type must be viewed with caution. For example,
the negatively charged PA phosphate could form a transient
complex with the choline nitrogen of a neighboring molecule
to slow the dynamics.

Effect of Vesicle Curvature. The chemical shift difference
for POPA in each monolayer at 3@ allows us to treat the
field dependence of the two environments for POPA molecules

separately. The motional parameters extracted for POPA on the,

inner monolayer of these vesicles had moderately large errors
and indeed, onl{Cy was statistically different in comparing the
two resolved POPA resonances at ¥ However,R(0), 7,

C., andCy all were increased for POPA on the inner monolayer

motion for POPA packed in the inner monolayer. Previous work
has shown that the ionization state of the POPA on the inner
monolayer is—1, more or less regardless of external phe
tighter packing of POPA molecules in the inner monolayer
dramatically raises thel; it also appears to slow the motions
responsible for relaxation of the phosphate group.

These SUVs are highly curved, and the curvature per se could
be responsible for the motional difference of POPA on each
side of the bilayer. For further insight into the motion reflected
in 7, we examinedz; at 30°C and several field strengths for
a preparation of LUVs prepared by extrusion from the same
POPC/POPA mixture. The significantly broader line width
(~2000 Hz) for this size vesicle (average diametdi000 A)
made it difficult to resolve POPA and POPC resonances, and
thus an averageR; was calculated from each experiment. The
LUV R; values, plotted along with the SUV data in Figure 5B,
are consistent withr; of 8 ns (and from that an&(0), rest =
2.84 A) andS? of 0.26, comparable to averaged and S;2
values for POPA (in the outer leaflet) and POPC in SUVs at
this temperature. Therefore, vesicle curvature has little signifi-
cant effect on the,, R(0), andS? that characterize dipolar and
CSA relaxation of the phospholipid phosphate groups. Such
behavior is consistent with our hypothesis of individual phos-
pholipid glycerol or acyl chain reorientations and/or molecular
rotation contributing ta.

Structural and Dynamic Inferences from re¢. The observa-
tion thatres is the same (2:82.9 A) for POPA, POPC, and
DOPMe (Table 1) indicates that it is tls&-3 glycerol protons
that must dominate relaxation of the phosphorus nucleus. The
extractedrer can be compared to estimated for these two
protons with different dihedral angles for®—C—H. To
estimate these distances, the 3-phosphoglycerol crystal structure
with hydrogens attached was imported into the program “O”,
and various torsional angles varied to generate the desired
P—O—C(3)—H dihedral angles. For different dihedral angles
(¢ =0°, 60, 120, 180°), the P-H bond distance was estimated
(2.49, 2.76, 3.21, 3.41 A, respectively). The effective distance
for dipolar relaxation of the phosphorus by these two protons a
and b would be estimated hyy® = ry® + r, 6. The only
relationship of the protons that agrees with the value derived
from field cycling is for the hydrogens to hawel20® P—O—

C—H dihedral angles. For that orientatiogs = 2.86 A; for
other orientations, staggered and eclipsed, at least one proton
is much closer to the phosphorus andis <2.65 A.

However, in structures of phospholipiéfsthe P-O—C—H
bonds are oriented such that the twe®—C—H hydrogens

will have roughly 60 dihedral angles. For this orientation
should be 2.42.5 A, less than our estimates in Table 1. In
fact, eq 4 requires two corrections, as already mentioned, namely
a factor that we estimate to be roughly 0.7 to take account of
the highly anisotropic motion of the lipid and an unknown
dipolar order paramete2. For a trueg of 2.5 A, appropriate

for the 60 dihedral angle of the protons that relax the
phosphorus, and a value fog of 2.8 A extracted from the
analysis of field-cycling data, the product of the two corrections
must be roughly 0.50, which is the sixth power of the ratio of
the proposed true value and the value extracted from fitting.
The dipolar order parameter would then have to be roughly 0.7
to multiply the correction for anisotropic diffusion, 0.7, and give

of the vesicle (Table 1). Together these trends indicate restricted(28) Pascher, ICurr. Opin. Struct. Bial 1996 6, 439-448.
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a total correction of 0.5. This estimate is not implausible even 2T 7T T T 7
though the amplitude of the high-frequency motion is then I
predicted to be in the range of 3@om its average. The acyl
side chain is not held in place covalently or by strong hydrogen
bonds, and it might diffuse randomly and rapidly by this much
relative to the short-term average position of the anchoring acyl
side chains. If this conjecture is valid, it suggests a similar value
for the order parameter of the CSA interacti@?. R,
PI/PC Vesicles Binary vesicles of Pl and POPC (1:1) were (s
also examined at 22C. Although PI has &y, reported to be
around room temperature (soybean PI, the material used here,
has aT, reported as 1932 °C2930with the actual value very
dependent on buffer, salt, and pH), #@ line width (resonances

for PI and PC overlap under these conditions) in these two- : e S ¢
component vesicles was50 Hz, suggesting a fluid bilayer. [ %, - x - . "
An averager; (and other parameters) could be evaluated (Table b e L s
1). The extracted value fdR(0) of 1.7 s was significantly 12

larger than that seen for POPC in the fluid POPC/DOPMe
vesicles, while all the other parameters were within the same

error as that for POPC in the POPC/DOPMe vesicles. This sug- 10
gests that the inositol headgroup contains one or more inositol
protons that are close enough and held sufficiently rigidly to
contribute to relaxation of the phosphate. FrR(0) andz, ref 8
was estimated as 2.6 A for P, considerably smaller than
for POPC, DOPMe, or POPA components in SUVs (Table 1; !
an average ofer from those three headgroups in bilayers is (s
2.86 4+ 0.02 A). Previous work with short-chain soluble PI
molecules has shown that the inositol C(2)H displays an NOE 4
with the glycerolsn3 CH, group and that the inositol C(6)H is

close to the phosphate grodéhp.The field-cycling analysis

suggests that the motion of the inositol group is likely to be 2
restricted and that it does indeed contribute to relaxation of the

3P nucleus in vesicles as well as monomer and micelle

B

structures. 0 : : : ! ;
Proton Relaxation of SUVs: Segmental Motion versus 0 2 4 6 8 10 12
Molecular Rotation. *H field cycling can also be carried out for Field (T)

the phospholipid proton resonances, although, in the absencerigure 7, H R, field dependence for (A) POPC/DOPMe atZ2and (B)
of specific deuteration, chains from several species contribute POPC/POPA SUVs at 38C: O, —N(CHa)s; x, —OCHs; +, a-CHy; @,

to the observed proton resonances. The glycerol backbone(CHZ)ni B, —CHas. The lines are the best fits to eq 5; the dashed lines are
the fit to the alkyl chain terminal CHrelaxation. The inset shows an

protons, which might be expected t(_) have prqperties related tOexpanded vertical scale for the POPC (O) and DOPMe (X) methyl protons.
those of the’lP, were not resolved in the vesicle spectra and

could not be analyzed. An example of tRefield dependence ~ Table 2. Relaxation Parameters for POPC/POPA and POPC/
for diff t t is sh in Fi 7A for POPC/ DOPMe SUVs at 22 °C Extracted from Fitting the H Field
or different proton resonances is shown in Figure 7A for Dependence of R, o Eq 5

DOPMe SUVs at 22C. Different parts of the molecule were

characterized by differenty values (see Methods). Of the sample group i) RO ‘ RO+
resonances monitored, acyl chain protons exhibited the highest POPC/DOPMe _'\(')(gﬁg 8'2 8'2 8'2 8'2
74 (3.1 ns for thea-CHy), but this value was roughly half the 0-CH, 31 8.7 23 11.0
7. for the 3P nuclei in the same vesicle 8 ns). Polar (CHo)n 25 5.3 1.8 7.1
headgroup protons exhibited the shortaswith 7y ~ 0.4 ns OPCIPOPA C"\l*(%b) I?z i-i 12-‘(‘) 56-31
for the methyl group in DOPMe and 0.8 ns for the POPC choline (CHo)n $ 5o 6.5 17 8.2
N—CHs. The lowerty deduced from!H relaxation reflects CHs 1.6 4.2 1.4 5.6

significant segmental motions of the chains and headgroups.—, y . - )
- . The field dependence of the terminal metRylis not well-fit by eq 5.
The POPC/POPA SUVs at 3¢ ShO\_Ned similar values (_Flgure However,R(0) can be well-estimated. Errors in were typically <25%,
7B); these data are summarized in Table 2. There is a largewith R(0) errors<20% except for the.-CH; group where the uncertainly
.. . N . i 0,
variation in the constant term used to fit the data, which presum- " the extracted.; was closer to 35%.

ably reflects differences in proteiproton cross-relaxation.
y proforp Dilute Bicelles. A different type of phospholipid aggregate

(29) Somerharju, P.; Virtanen, J.; Eklund, K.; Vainio, P.; Kinnunen, P. j ixi . i ini i -
Brochemictry1085 24, 3773-3781. is fc_)rmed by mixing sh0|_rt _chaln pho§phollp|ds with a Ipng

(30) Egberts, J.; Sloot, H.; Mazure, Biochim. Biophys. Acta989 1002 109~ chain saturated phospholipid belowTts; for example, a mix-
113 ture of 20 mM DPPC and 5 mM di®C at room tempera-

ture3233The same type of mixture forms magnetically alignable

(31) Zhdu. C.; Garigapati, V.; Roberts, M. Biochemistry1997, 36, 15925~
15931.
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Field (T)
Figure 8. 3P R; field dependence for bicelles at 2¢: DPPC/diGPC=
4:1 (O) and 2:1 @); the lines are the fits to eq 1. The inset depicts a bicelle
with the short-chain component denoted@®ynd the long-chain gel-state
component a®.

“picelles” that have been studied in considerable d&ét#ilat
high concentrations>(15 wt %) and temperatures above the
long-chain phosphatidylcholing,. At high temperature but
lower total lipid concentrations vesicles can also féfmhich
we did not study. The DPPC/di#2C mixture at room tempera-
ature will form a nearly optically clear solution of predominantly
bilayer disks (although some vesicles can ékisith an average
diameter of~200 A33 Either cooling the solution to 4C or
increasing the temperature well above Thag(41 °C for DPPC)

ginally significant. However, the decreaseR(0) with increas-

ing diC;PC was statistically significant. Sin¢¥0) includes in

it 7, this strongly indicates that does indeed drop as dieC
concentration in the particles increased (from 20 to 33 mol %).
The decrease in., as more digPC is added to the system, is
consistent with the short-chain component clustering together
(preferentially in the edge of the particles) and achieving higher
mobility in these patches (see the drawing in Figure 8). If the
diC;PC were merely at the edges of the bilayer, the changes in
7. as a function of increasing the fraction of this short-chain
component might be expected to be much less than this.

PI-Specific Phospholipase-C Binds and Perturbs the
Motion in POPC Bilayers. The effect of molecules that bind
to specific components of the SUVs can also be explored with
high-resolution field cycling. The PI-specific phospholipase C
(PI-PLC) from B. thuringiensisis a peripheral membrane
protein that catalyzes the hydrolysis of Pl to produce diacylg-
lycerol and inositol-1-phosphate. The bacterial enzyme is highly
activated by binding to surfaces composed of the nonsubstrate
PC moleculed®4! Phospholipids with other headgroups (e.g.,
PMe) do not enhance enzyme activity#2 Although theKp, for
partitioning of the enzyme to anionic vesicles (under low ionic
strength conditions) indicates tighter binditighe interaction
with the anionic vesicles is primarily electrostatic while binding
to PC surfaces has a major hydrophobic chardéter.

We have examined the effect of the enzyme on single-
component POPC SUVs at pH 7.5 and, likewise, single-
component DOPMe SUVs as a control. The ratio of PC in the
outer leaflet of these small vesicles to enzyme is in the range

causes a reversible fusion of the small dilute particles to large ¢ 6466 to0 1. This is enough of an excess POPC that all the

multilamellar structured’ Below theT, it is thought that the
short-chain PC component surrounds edges of the gel-like DPP
disks in these small particlé&.The fused structure with the
long-chain phospholipid above it§,, may form a heavily

perforated, highly dynamic lamellar bilayer phase, rims of holes lipid molecules'®

enriched in the short-chain phospholigfd.

C

PI1—PLC should be bound to the PC SUVs (the vesicle binding
studies suggested that the enzyme interacted strongly with and
covered 5-10 phospholipid molecules); PPLC binding to
DOPMe SUVs required a bigger domain of-5025 phospho-
Filtration and centrifugation of the NMR
sample after field cycling indicated that90% of the P+PLC

We have examined two of these solutions, 20 mM DPPC \yas partitioned with the POPC SUVs and 50% partitioned on

with either 5 or 10 mM di@PC (4:1 or 2:1 DPPC/diPC) at

the DOPMe SUVs. As shown in Figure 9A, the addition of

22 °C (Figure 8). A single broad phosphorus resonance was p|—pLC shifted the curve to high&®(0) and changed the field

observed in both cases. The 4:1 DPPC/®C aggregates ex-
hibited ar. 3-fold longer than that for most phospholipids above
their Tm. The largerr. for the bicelles suggests that the short-
chain diGPC is interacting intimately with some of the gel-
like long-chain DPPC and that the relaxation behavior of both
is more akin to gel-like phospholipids. The increaggdterm

for the minimumR,. Deconvolution required only a singte,
indicating that the motional parameters represent an averaged
value (fast exchange) of phospholipids free in the bilayer and
those bound to PtPLC. Inclusion of PLC increased the POPC

7. ~ 2-fold, not as pronounced as the effect of cholesterol but
quite substantial (Table 3%? was also increased, from 0.46

for bicelles also suggested a significantly increased CSA ordertg 0.9. Although theCy term was not statistically different in

parameter (in this case the fitt&f was greater than 1) com-
pared to the fluid SUVs examined. As more ¢fRC was added

the presence of enzyme, the value extrapolatedrfpmwas
increased since (& S?) decreased. In contrast to the interaction

to the particles. decreased, although the change was only mar- of p|—pPLC with POPC molecules in the vesicle, motional

(32) Gabriel, N. E.; Roberts, M. Biochemistryl987, 26, 2432-2440.

(33) Lin, T.-L.; Lui, C.-C.; Roberts, M. F.; Chen, S.-d. Phys. Chem1991
95, 6020-6027.

(34) Glover, K. J.; Whiles, J. A.; Wu, G.; Yu, N.; Deems, R.; Struppe, J. O.;
Stark, R. E.; Komives, E. A.; Vold, R. BBiophys. J 2001, 81, 2163-
2171.

(35) Arnold, A.; Labrot, T.; Oda, R.; Duforc, BBiophys. J.2002 83, 2667
2680

(36) Nieh, M. P.; Harroun, T. A.; Raghunathan, V. A.; Glinka, C. J.; Katsaras,
J. Phys. Re. Lett 2003 91, 158105.

(37) Eum, K. M.; Riedy, G.; Langley, K.; Roberts, M. Biochemistry1989
28, 8206-8213.

(38) Luchette, P. A.; Vetman, T. N.; Prosser, R. S.; Hancock, R. E.; Nieh, M.
P.; Glinka, C. J.; Krueger, S.; Katsaras Biochim. Biophys. Act2001
1513 83-94.

(39) Gaemers, S.; Bax, Al. Am. Chem. So2001, 123 12343-12352.
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parameters for DOPMe SUVs (extracted from Figure 9B) were
not significantly affected by the presence of the enzyme even
though half of the protein was tightly associated with the vesicles
under the field-cycling conditions (measured by centrifugation
and filtration of the mixture after cyclirg).

The effect of the enzyme on the vesicles containing the
activating phospholipid PC is consistent with the enzyme

(40) Zhou, C.; Wu, Y.; Roberts, M. Biochemistry1997, 36, 347—355.

(41) Zhou, C.; Qian, X.; Roberts, M. Biochemistry1l997, 36, 10089-10097.

(42) Zhou, C.; Roberts, M. Biochemistry1998 37, 16430-16439.

(43) Wehbi, H.; Feng, J.; Kolbeck, J.; Ananthanarayanan, B.; Cho, W.; Roberts,
M. F. Biochemistry2003 42, 9374-9382.
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2.5 e e system. The fixed field experiment clearly shows that the Pl
PLC interacts more strongly with POPC than DOPMe mol-
ecules, but it cannot quantify this interaction.

Conclusions

High-resolution31P field cycling is a new addition to the
NMR techniques useful in characterizing phospholipids ag-
gregates. To show the breadth of the technique, we have applied
it to a range of systems, including multicomponent SUVs,
bicelles, and protein/SUV complexes. Of the several parameters
that can be extracted, the fitted parametessand re are
probably reasonably close to the actual correlation time and the
true inverse sixth roots of the sum of inverse sixth powers of
distances from the phosphorus to the protons. However, our
0 N T S S estimates of the CSA order parame®grand the high-frequency
— T T T T T T T T T T motion time-scaler,s are not satisfactory because of our
ignorance of the orientation of the CSA principal axes in the
> L B i membrane. Further experiments may provide sufficient informa-
tion to improve these estimates without assuming a specific
geometry forre¢. These include, for example, studies of samples
deuterated at the glycerol CBosition to evaluate the contribu-
tion of these protons to dipolar relaxation and measurement of
1 the motionally averaged CS&.Nonetheless, for comparative
s purposes, the present analysis provides many insights into
phospholipid structure and dynamics in vesicles and bicelles.

In the field range in which these vesicles were studied-0.1
11.7 T), there was no observed variation3#® relaxation to
indicate a time scale for overall vesicle tumbling. However, time
constants for two types of motion were detected:of 5—10
ns andry; of 100—-300 ps for phospholipids in fluid bilayers in
the absence of additives. PhospholigiP R; values have
) previously been found to increase with field strength, and these

field (T) observations have been used to extract a correlation time for
Figure 9. Effect of PEPLC (6 mg/mL) on®!P Ry of 15 mM (A) POPC  fat motion29 The wider-range field dependence shown herein

or (B) DOPMe SUVs: phospholipids in the absen€® &nd presence) . . .
of PI-PLC. Solid lines are the fit to eq 1 with enzyme added; dashed lines indicates that the square-law dependence at high fields results

0.5

are the fit in the absence of enzyme. from an increasing CSA contribution due to fast motion (time
. ) . L . . scale tn). This contribution is on top of a constant CSA
inserting side chains, in this case tryptophan residt&Snto contribution from rotational diffusion about the membrane

the bilayer. S“CQ binding would be expected to increase the gjrector with correlation timer, that contributes significantly
POPC 7. and & (and presumablyry) since the enzyme {4 the total relaxation. This interpretation, and the fact that the
interaction is very specific for the phosphocholine headgroup. dipolar component 6P relaxation is nearly nonexistent above

On the other hand, the effect of the enzyme on the nonactivating 4 T, could not be deduced convincingly without a study of the
vesicle DOPMe is negligible, consistent with electrostatic ) field dependence.

binding of the protein and DOPMe vesi¢fe.Electrostatic
interactions between protein and negatively charged interface
should not dramatically affect the rotation of individual phos-
pholipids molecules in the bilayer unless the protein is inserted
into the DOPMe bilayer.

The information on P+PLC interactions with POPC versus
DOPMe SUVs that we obtained from field cycling can be
contrasted to the relatively little that is learned from a fixed
field analysis carried out at 11.7 T and 22. When P+PLC
was added, the POPR; increased from 1.1 to 1.3'% with T
decreasing from 0.016 to 0.007 s. For DOPMe vesidReslid
not change (1.10 to 1.05%, and neither did’ (0.012 to 0.013
s). AlthoughR; and T, measured at high field are dominated
by CSA relaxation, thel, component also has an exchange
component that cannot be easily estimated with the vesicle

Measurements dH and!3C R; at low field in nematic liquid
crystals have suggested long-range collective motions (splay
and twist of the bilayerj®47” Such motions have been further
examined by means of proton field cycligand investigated
by means of molecular dynamic simulatigi&Ve do not believe
that such collective motions are expected in our SUV samples.
While low-frequency surface oscillations of the SUV membrane
may exist, they seem unlikely to couple to relative phospherus
proton motion with the required amplitude. In any case, we do
not need to invoke such modes of motion to explain our results.

Correlation times for phospholipid motion in bilayers based
on a variety of experimental and computational studies are
summarized, in part, in Table 4. The from the analysis of

(45) Kishore, A. I.; Prestegard, J. Biophys. J.2003 85, 3848-3857.

(46) Nevzoroz, A. A.; Brown, M. FJ. Chem. Phys1997 107, 10288-10310.

(44) Feng, J.; Bradley, W.; Roberts, M. ¥. Biol. Chem 2003 278 24651 (47) Nevzorov, A. A.; Trouard, T. P.; Brown, M. Rhys. Re. E 1997, 55,
24657. 3276-3282.
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Table 3. Effect of Phosphatidylinositol-Specific Phospholipase C (6 mg/mL) on Relaxation Parameters (Extracted from 3P Field
Dependence of R;) for POPC or DOPMe SUVs

POPC(15 mM)? + phospholipase C DOPMe(15 mM)? + phospholipase C
7¢ (NS) 50+ 1.4 9.3+1.2 5.2+ 0.6 3.4+ 0.6
R(0) (s} 0.96+ 0.07 2.2+05 0.92+0.03 0.92+ 0.07
Teif (B) 2.80 2.71 2.83 2.65
CLx 10° 0.18+ 0.06 0.35+0.13 0.164+ 0.02 0.124+ 0.03
2 0.46 0.90 0.42 0.31
Ch 0.0055+ 0.0007 0.0044t 0.0014 0.0038t 0.0003 0.0029t 0.0006
Tht (PS) 220 970 140 90

aThe parameters for POPC and DOPMe in the absence of enzyme are those for each phospholipid in the 1:1 POPC/DOPMe covedicles at 22

Table 4. Comparison of 7. Values Extracted from 3P High-Resolution Field Cycling to Values for Phospholipids Aggregates Determined by
Other Techniques

probe system Tgow (NS) Trast (PS) interpretation reference

s1p POPC/DOPMe SUVs 5.1 160 Tcrepresents molecular rotation in the bilayer and this work
Thi WObbling within a cone

31P NOE PC SUVs 1.4 internal motion 6
fluor. probe fluid bilayer 25 48
2H, 13C DMPC SUVs 6.7 460 wobbling and restricted wobbling of PC 47
13C 1.8 740 Trastfepresents segmental motion of chains 18
15C DPPC ¢ Tn) 1.3 10-60 chain motions; wobbling in a cone for nanosecond 26

time scale; fast internal motions arrange individual
lipids into relatively cylindrical shapes

31p field-cycling experiments is similar to so-callegs; values The 7. value for a given phospholipid (Table 1) is expected

measured by fluorescerféeand extracted fronfH and 3C to be a good estimate of the inverse of the rotational diffusion
analyses of dimyristoylphosphatidylcholine (DMPC) SUVs, constant of the phospholipid molecule about the membrane
and it is slower than agow Of 1.8 ns extracted front3C director axis. The magnitudes of our measurements are highly

relaxation times of acyl chairi§ Analysis of'H field-dependent reasonable when compared to the two-dimensional transverse
relaxation data for DMPE fit data to two correlation times  diffusion coefficients estimated experimentally for similar
with a ratio of 10:1 assumed; o8P field-cycling data indicate ~ systems. The two rates must be closely related, and the
a similar ratio for the two observed relaxation times with a range relationship could be modeled theoretically. For example, in
in 7J/th of 15—-50 and a mean of 2 4 for phospholipids in POPC at 30°C, the latter coefficient is about 4 1078 cn?

fluid bilayer vesicles. Although there can be argument on the S %°° whereas in POPC at 22C we deduce a rotational
motions that are responsible for @ of 5—-10 ns, various diffusion constant of 2« 10° s™* from our tabulated of 5 ns
Brownian dynamics and molecular dynamics simulations sug- for this molecule. The ratio of these rates (translation/angular)
gest that for phospholipids in vesicles this nanosecond scaleiS 2 x 107 cn?. This number could be compared with a
mostly reflects fluctuations in local orientation of the molecule random walk model for a two-legged object. Assuming a mean
(this could include molecular rotation about the long axis of Sduare step length dilicn? per step and a mean square
the molecule and/or glycerol torsional motions that move the fotation size of one radidrper step, a naive model predicts

phosphate moiety) rather than much faster highly local seg- that the above ratio should be abagf72. These numbers are

mental motions (see refs 26, 49 for recent reviews of advancesthus consistent with a root-mean-square jump length of about
2 A for lateral diffusion, which is not entirely unreasonable.

in simulations and details on molecular motions observed during o ) :
different time-scale trajectories). Moore et 2alexamined ~ Perhaps one of the most intriguing uses of high-resolution
simulations of DMPC bilayers and examined the rotational field cycling and the’’P R, field dependence is in monitoring
diffusion of the phosphorus to choline nitrogen—(R) vector. motional changes in the'phosphate'group when soluble prqtelns
The diffusion of this vector was consistent with a “crank-shaft- (Or other molecules) bind to vesicle components. Previous
type motion of the headgroup such that the overall rotation of the Studies at moderate to high magnetic fields of proteins binding
lipid is slightly slower than the headgroup rotation and occurs to phospholipid vesicles showed only small effects of the protein

3 i
on a nanosecond time scale, comparable to what we obtained®"” the P R.. For example, (?yt_ochromg bound to vesicles
from field-cycling analysis. This could suggest that # NMR (predominantly by electrostatic interactions) caused no change

experiments are detecting wobble and theNPvector motion. in Rl with increasing con_centratio_n of _protéin_Anotr_]er
However, similar motional parameters are observed for PA peripheral membra_ne_protelr_l, annexm_v, interacting with PC/
which has no alcohol esterified to the phosphate, and PC,PQiL;YSVS?E Stfg T)Ii?lr(]:ili]lcagf‘ 'Sgﬁgsgﬁizgg:t;ﬁl lgsteh(;aof
suggesting that it is more likely that molecular rotation and P ’ bincing - P

glycerol motions dominate phosphorus relaxation a nonsubstrate activating phospholipid (POPC) had a large effect

(50) Berg, HRandom Walks in Biologyrinceton University Press: Princeton,

(48) Davenport, L.; TargowskBiophys. J.1996 71, 1837-1852. NJ, 1983; pp 56 and 83.
(49) Dolainsky, C.; Unger, M.; Bloom, M.; Bayerl, Phys. Re. E 1995 51, (51) Swairjo, M. A.; Roberts, M. F.; Campos, M. B.; Dedman, J. R.; Seaton, B.
4743-4750. A. Biochemistryl994 33, 10944-10950.
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