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Effect of pressure on dimyristoylphosphatidylcholine headgroup dynamics
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St. John’s, Newfoundland, Canada A1B 3X7
~Received 15 May 1997!

2H NMR has been used to examine the effect of applied hydrostatic pressure on the dynamics of headgroup-
deuterated dimyristoylphosphatidylcholine~DMPC-d4). Quadrupole splittings, spin-lattice relaxation time
(T1), and quadrupole echo decay times (T2

qe) have been measured at 65 °C for a series of pressures up to 2
kbar and for a series of temperatures at ambient pressure and at 1.5 kbar. Quadrupole Carr-Purcell-Meiboom-
Gill ~q-CPMG! decays have been studied under similar conditions. Within the liquid crystalline phase, appli-
cation of hydrostatic pressure is observed to alter quadrupole splittings of thea andb choline deuterons in a
way that is consistent with a tilt of the headgroup away from the bilayer surface. Pressure also increasesT2

qe in
the liquid crystalline phase. q-CPMG decays in the liquid crystalline phase are consistent with a distribution of
slow motions in the bilayer. The application of pressure appears to extend the range of this distribution to
longer correlation times. In the gel phase, the spin-lattice relaxation and quadrupole echo decay rate are both
found to be less sensitive to the application of pressure.@S1063-651X~98!10003-X#

PACS number~s!: 87.22.Bt, 77.84.Nh, 87.64.Hd
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I. INTRODUCTION

Physical properties of biological membranes can be m
eled by self-assembled bilayers that form upon hydration
phospholipids. Interactions in the polar headgroup region
such bilayers play an important role in determining su
properties.

Phospholipids having a phosphatidylcholine headgro
are important constituents of biological membranes and
widely utilized in model membranes. It has been shown t
the average orientation of the phosphatidylcholine headgr
dipole can be altered by changes in charge density at
bilayer surface@1–3#. This change in average orientatio
gives rise to characteristic shifts in the quadrupole splitt
of deuterons specifically substituted for hydrogen atoms
the choline group. In particular, deuterons attached to tha
and b methylene groups of the headgroup choline moi
display counterdirectional changes in quadrupole splitting
effective surface charge is varied by, for example, addit
of charged amphiphiles to the bilayer. Analogous shifts,
response to the application of hydrostatic pressure, have
interpreted as indicating a change in headgroup orientatio
response to pressure-induced reduction in bilayer area
lipid @4#.

While quadrupole splittings can give some informati
about the effects of pressure or surface charge on ave
headgroup orientation, information on how these factors
fluence time scales or amplitudes of headgroup reorienta
must be obtained from relaxation measurements. The
namics of headgroup motions have been examined thro
studies of spin-lattice relaxation of the2H-NMR signal in
labeled headgroups@5–7# and of the31P-NMR signal in un-
labeled samples@8,9#. A comprehensive analysis of hea
group dynamics was also carried out using a variety
31P-NMR relaxation measurements@10#. Peng and Jona
@11# used 31P-NMR spin-lattice relaxation measurements
obtain information regarding the effect of applied hydrosta
571063-651X/98/57~3!/3334~10!/$15.00
-
f
f

h

p
re
t
p

he

g
n

y
s

n
n
en
in
er

ge
-
n

y-
gh

f

c

pressure on headgroup dynamics.
Motions in a liquid crystalline phospholipid bilayer ca

span a range of characteristic times from shorter than 1028 s
for internal segment rotations@8,10# and long axis rotation
and reorientation@10# to times longer than 1024 s for col-
lective motions of the bilayer surface or reorientation due
diffusion of molecules through regions in which the directi
of the bilayer normal changes significantly@10,12#. Motions
with characteristic times close to the inverse of the Larm
frequency are effective in relaxing the spin system tow
thermal equilibrium. The characteristic time for this rela
ation is the spin-lattice relaxation time orT1. The deuteron
quadrupole Hamiltonian is orientation dependent and m
tions that alter orientation of the electric field gradient ten
principal axis system with characteristic times around 1024–
1023 s reduce the extent to which it is possible to refocus
nuclear magnetization into an echo using the deuteron qu
rupole echo pulse sequence. If an initialp/2 pulse att50 is
followed by a secondp/2 pulse, shifted in phase by 90°, a
time t5t, the quadrupole echo forms att52t for systems in
which the quadrupole interaction is the dominant pertur
tion to the Zeeman interaction. The characteristic time
decay of the quadrupole echo with increasing 2t is T2

qe.
Bloom and Sternin@12# demonstrated that there were m
tions whose correlation times were too long for them to co
tribute to motional narrowing but which still contributed t
decay of the quadrupole echo. They used quadrupole C
Purcell-Meiboom-Gill ~q-CPMG! multiple pulse experi-
ments to separate contributions to the echo decay rat
such adiabatic motions from those of motions that are eff
tive in motionally narrowing the deuteron spectrum. Effec
of slow motions on q-CPMG echo decay rates have b
discussed by Vega@13#, Blicharski @14#, and Müller et al.
@15#. Adiabatic bilayer motions may include diffusion o
molecules around curved vesicle surfaces@12# and collective
modes of the bilayer surface@16#. A better understanding o
the slow motions, in particular, would be useful since the
3334 © 1998 The American Physical Society
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57 3335EFFECT OF PRESSURE ON . . .
are sometimes the spectroscopically accessible aspects
layer behavior that are most sensitive to perturbation by b
logically relevant factors such as the presence of intrinsic
extrinsic proteins.

NMR has been used to examine the effect of pressure
a variety of bilayer properties@17–19# including headgroup
orientation@4,11#. The response of a bilayer system to a
plied pressure can provide insights into how bilayer prop
ties are determined by interactions within the bilayer at a
bient pressure. In particular, because of the anisotropy
bilayer elastic properties, application of pressure provides
isothermal way in which to vary area per lipid. The effect
pressure on deuteron relaxation times may thus provide s
insights into how different motions depend on the physi
state of the bilayer. Because pressure also shifts the m
bilayer transition temperature, it may also be useful to exa
ine the effect of pressure on the temperature dependenc
bilayer properties with respect to the transition temperatu

Peng and Jonas@11# measured the31P spin-lattice relax-
ation time (T1), for dipalmitoylphosphatidylcholine~DPPC!
as a function of pressure at a fixed temperature of 50 °C
the liquid crystalline phase,T1 was found to decrease wit
increasing pressure. It decreased discontinuously at the m
transition and then increased with decreasing pressure in
gel phases. This was interpreted in terms of an increas
motional correlation time at the pressure-induced transit
This group also measured the2H spin-lattice relaxation
times and transverse relaxation times for selectively ch
deuterated DPPC, again as a function of pressure at a fi
temperature of 50 °C@20#. For each of the chain position
examined at their2H spectrometer frequency of 27.6 MH
T1 decreased with increasing pressure in the liquid crys
line phase, increased discontinuously at the lowest press
induced transition, and then continued to decrease with
creasing pressure in the lowest pressure gel phase.
transverse relaxation times decreased with increasing p
sure in the liquid crystalline phase, decreased discont
ously at the lowest pressure-induced transition, and then
creased with increasing pressure in the lowest pressure
phase.

The complicated relaxation behavior reported by Jo
and co-workers@11,20# reflects the wide range of motion
present in the bilayer. Their measurements were all p
formed isothermally. The information available from su
measurements can be complemented by isobaric mea
ments, in which correlation times can be presumed to v
monotonically with temperature, and by echo-train dec
measurements, which can separate the effects, on quadr
echo decay, of adiabatic and faster motions. In the pre
work, 2H NMR has been used to examine the effect of a
plied hydrostatic pressure on the dynamics of headgro
deuterated dimyristoylphosphatidylcholine~DMPC-d4).
Quadrupole splittings, spin-lattice relaxation time (T1), and
quadrupole echo decay times (T2

qe) have been measured
65 °C for a series of pressures up to 2 kbar and for a serie
temperatures at ambient pressure and at 1.5 kbar. Qua
pole Carr-Purcell-Meiboom-Gill~q-CPMG! decays have
been studied under similar conditions.

II. MATERIALS AND METHODS

1,2-dimyristoyl-sn-glycero-3-~1,18,2,28-d!-phosphocho-
line was purchased from Avanti Polar Lipids~Birmingham,
bi-
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AL ! and used without further purification. Samples in t
form of multilamellar vesicles~MLV ! were prepared by stir-
ring thoroughly with a fine glass rod in excess 0.1M phos-
phate buffer (pH 7.2! at a temperature above the main tra
sition. The resulting MLV suspensions were transferred i
flexible polyethylene tubes, which were then heat sealed

Deuterium NMR was carried out in a 3.5 T supercondu
ing magnet~Nalorac Cryogenics, Martinez, CA! using a lo-
cally built probe capable of operating at applied hydrosta
pressures up to 2.7 kbar over a temperature range fro
220 °C to 80 °C @21#. The coil and tube containing th
MLV suspension were enclosed within a beryllium-copp
cell, which was pressurized with hydraulic oil~AW ISO
grade 32!. A Bourdon tube gauge calibrated against a de
weight gauge was used to measure pressure in the cell.

The pressure cell within the NMR probe was connected
an external vessel containing approximately twice the v
ume. By controlling the temperature of the external vesse
was possible to compensate for changes in probe cell t
perature and thus to maintain isobaric conditions over
course of an experiment in which sample temperature
varied.

Spectra were acquired using a phase-cycled quadru
echo sequence@22#. Thep/2 pulse was between 2.5 and 2
ms long. The separation betweenp/2 pulses in the quadru
pole echo sequence ranged from 40ms to 1 ms. Oversam-
pling @23,24# by a factor of 4 was used to obtain effectiv
dwell times of 20ms for transients, which were collecte
with a digitizer dwell time of 5ms. Between 4000 and 600
transients were normally averaged to obtain quadrup
echos used in the determination ofT2

qe. The equilibration
time between applications of the pulse sequence was 0.4

The quadrupole Carr-Purcell-Meiboom-Gill~q-CPMG!
pulse sequence,

@p/2x2t2~p/2y22t!n#,

was first applied to lipid bilayer systems by Bloom and St
nin @12#. Echoes are recorded at multiples of 2t. In the
present work, the number of echoes collected and the ra
of pulse separations employed depended on the state o
sample. For liquid crystalline phase samples, measurem
ranged from the collection of 40 echoes witht575 ms to 8
echoes witht5500ms. In the gel phase, the range was fro
40 echoes witht530 ms to 16 echoes witht5105 ms. In
both cases, 8000 transients were averaged for each ex
ment.

Spin-lattice relaxation times were measured by applyin
p pulse to invert the deuteron magnetization and then, a
an intervalt1, sampling the recovered magnetization using
quadrupole echo pulse sequence. In the liquid crystal
phase,t1 was varied between 0.01 and 50 ms. In the
phase,t1 was varied between 0.01 and 20 ms. For bo
phases, 12 000 transients were averaged for each experim

III. RESULTS AND DISCUSSION

A. Quadrupole splittings

Figure 1 shows the effect of pressure on the quadrup
splittings of thea andb choline deuterons of DMPC-d4 at
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3336 57FIECH, BONEV, AND MORROW
65 °C. Using the dePaking algorithm developed by Bloo
and co-workers@25,26#, powder pattern spectra can be tran
formed to yield the spectra~not shown! that would be ex-
pected for an oriented bilayer sample. The doublets with
larger and smaller splittings are assigned to thea and b
choline deuterons, respectively. The spectra shown in Fi
indicate that applied pressure decreases thea splitting and
increases theb splitting. This is consistent with earlier re
sults @4# and has been interpreted as being indicative o
pressure-induced tilt of the headgroup away from the bila
as might be expected for a reduction of area per lipid w
increasing pressure.

B. Spin-lattice relaxation

Figure 2 shows the temperature dependence of the s
lattice relaxation time,T1, obtained by inversion recover
measurements at ambient pressure and at 1.5 kbar. Th
layer main phase transitions are at roughly 23 °C and 53
respectively. Pressure increases the magnitude of the st
T1 at the transition. The increase ofT1 with temperature
indicates that the motions responsible for spin-lattice rel
ation are in the short correlation time regime for both phas
Increasing temperature shortens the correlation times
these motions and reduces the resulting spectral densi
the Larmor frequency. The magnitudes and temperature
pendence ofT1 observed in the liquid crystalline phase a
comparable to those reported for choline deuterons in DP
@5,6# and DOPC@7#.

Increased pressure extends the temperature range
which the gel phase is stable. Comparison of the amb
pressure and 1.5 kbarT1 values in the respective gel phas
suggests that pressure may not directly influence the spe
density of motions that are responsible for spin-lattice rel
ation in the gel phase. In contrast, the liquid crystalT1 values

FIG. 1. 2H-NMR spectra of DMPC-d4 at 65 °C for~a! ambient
pressure,~b! 0.5 kbar,~c! 1.0 kbar,~d! 1.5 kbar, and~e! 2.0 kbar.
The doublet with the larger~smaller! splitting is assigned to thea
(b) choline deuteron. The observed counterdirectional chang
splitting with applied pressure is consistent with a pressure indu
tilt of the headgroup away from the bilayer surface.
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do display a marked isothermal pressure dependence. Fi
3 shows the pressure dependence ofT1 at 65 °C.

The spin-lattice relaxation timeT1 is sensitive to motions
that modulate the quadrupole interaction with correlat
times close to the inverse of the Larmor frequency, 23.2
MHz in these experiments. At room temperature and abo
these motions, which are typically fast conformation
changes or rotational diffusion, have correlation times t
are shorter than the inverse of the Larmor frequency so
T1 is expected to increase with increasing temperature.
bilayer main transition at ambient pressure has only a sm
effect on the correlation times for these motions in the he
group.

Based on the use of a comprehensive dynamical mode
analyze31P-NMR relaxation results, Dufourcet al. @10# re-

in
d

FIG. 2. The temperature dependence of the spin-lattice re
ation time (T1) for DMPC-d4 at ambient pressure~solid diamonds!
and at 1.5 kbar~solid circles!.

FIG. 3. The pressure dependence of the spin-lattice relaxa
time (T1) for DMPC-d4 at 65 °C.
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57 3337EFFECT OF PRESSURE ON . . .
ported that fast headgroup motions present in theLa phase of
DMPC include free rotation of the phosphate group, with
correlation time between 4310210 and 7310210 s, and ro-
tational diffusion and fluctuation of the long molecular ax
with correlation times between 10211 and 1028 s.

In liquid crystalline DPPC bilayers,T1 decreases with in-
creasing pressure for both the31P site @11# and selectively
deuterated chain sites@20#. The present results indicate th
T1 values for DMPC headgroup deuteron in the liquid cry
talline phase also decrease with increasing pressure at
temperature. The isobaric results reported here confirm
relevant liquid crystalline headgroup motions are in the sh
correlation time limit. The observation thatT1 decreases
with increasing pressure at fixed temperature in this ph
thus suggests that pressure increases the correlation tim
fast headgroup motions, thereby shiftingT1 toward its value
at theT1 minimum. The application of hydrostatic pressu
also raises the bilayer main transition and reduces area
lipid, particularly in the liquid crystalline phase. One way
which applied pressure might increase correlation time
such motions would be if the resulting reduction in area
lipid gave rise to an increased coupling of headgroup con
mational states between neighboring lipid molecules.

For DPPC at 50 °C,31P spin lattice relaxation times ar
reported to increase with pressure in the lowest pressure
phase@11# whereas the spin-lattice relaxation times for cha
deuterons decrease with increasing pressure in the s
phase@20#. Both observations imply DPPC gel phase m
tions for which the correlation times are sensitive to press
For DMPC-d4, as noted above, the motions responsible
spin-lattice relaxation appear to remain in the short corre
tion time limit for both phases over the range of pressu
covered here and the present results suggest, albeit
rectly, that pressure has less effect onT1 in the gel phase
than in the liquid crystalline phase. This raises the interes
possibility that chain length might influence the extent
which gel phase correlation times respond to pressure.

C. Quadrupole echo decays

Figure 4 shows quadrupole echo decays for a serie
temperatures at ambient pressure and at 1.5 kbar and
series of pressures at 65 °C. Figure 5 shows correspon
T2

qe values as a function of temperature for ambient press
and 1.5 kbar and as a function of pressure at 65 °C.
nonexponential decays observed in the liquid crystall
phase for short values oft suggest that slow motions con
tribute significantly to the echo decays@14,15#. This obser-
vation is consistent with the results of quadrupole Ca
Purcell-Meiboom-Gill ~q-CPMG! experiments describe
below. The departure from exponential decay increases
increasing pressure for fixed temperature but does not ch
significantly with temperature for fixed pressure. The valu
for T2

qe shown in Fig. 5 for the liquid crystalline phase we
calculated from data for largert values for which the decay
are observed to be effectively exponential.

A motion that modulates the quadrupole Hamiltonian c
be characterized by the second moment,DM2, of that modu-
lation. For motions that give rise to motional narrowing,

DM25M22M2r , ~1!
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whereM2 is the full second moment of the interaction an
M2r is the residual second moment of the motionally n
rowed spectrum@27#. A given motion i with a correlation
time tci shorter that (DM2i)

21 makes a contribution to the
echo decay rate of

S 1

T2
qeD

i

5DM2itci . ~2!

Because correlation times generally decrease with increa
temperature, the observation thatT2

qe decreases with increas
ing temperature suggests that motions that are too slow
satisfy tci!(DM2i)

21 may contribute significantly to echo
decay in the liquid crystalline phase. If transverse relaxat
in the liquid crystalline phase is dominated by such sl
motions, the observed increase inT2

qe with pressure in the
liquid crystalline phase could reflect either an increase
correlation timetci or a reduction inDM2i for such motions.

In the liquid crystalline phase, slow motions that contri
ute to decay of the echo may include lateral diffusion arou
curved vesicle surfaces or collective bilayer modes. Wh

FIG. 4. ~a! DMPC-d4 quadrupole echo decays at ambient pre
sure for 35 °C~open circle!, 30 °C ~open square!, 25 °C ~open
diamond!, 20 °C ~solid circle!, 15 °C ~solid square!, and 10 °C
~solid diamond!. ~b! DMPC-d4 quadrupole echo decays at 1.5 kb
for 65 °C ~open circle!, 60 °C ~open square!, 55 °C ~open dia-
mond!, 50 °C ~solid circle!, 45 °C ~solid square!, and 40 °C~solid
diamond!. ~c! DMPC-d4 quadrupole echo decays at 65 °C for 2
kbar ~solid circle!, 1.5 kbar~open circle!, 1.0 kbar~solid square!,
0.5 kbar~open square!, and ambient pressure~solid diamond!. Echo
amplitudes are normalized to the maximum observed value.

FIG. 5. ~a! The temperature dependence of the quadrupole e
decay time (T2

qe) for DMPC-d4 at ambient pressure~solid dia-
monds! and 1.5 kbar~solid circles!. ~b! The pressure dependence
the quadrupole echo decay time (T2

qe) at 65 °C for DMPC-d4.
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3338 57FIECH, BONEV, AND MORROW
these motions are expected to freeze out in the gel ph
more localized motions are slowed into the range where t
contribute significantly to echo decay so that the echo de
rate increases sharply at the liquid crystal to gel transiti
Within the gel phase, the motions that contribute to ec
decay generally have correlation times that are long eno
that the contribution to the echo decay rate decreases a
correlation times increase. The result is thatT2

qe increases
with decreasing temperature in the gel phase. Figure 5 sh
that T2

qe just below the transition is roughly the same at a
bient pressure and 1.5 kbar. This suggests that the increa
temperature required to maintain a given separation from
transition temperature partially offsets the effect of press
on motions contributing to echo decay in the gel phase.

Dufourc et al. @10# found that the31P Hahn echo decay
time (T2E) in the liquid crystalline phase of DMPC wa
sensitive to slow motions, that they identified as collect
modes, and to rotation and fluctuations which they identifi
as intermolecular motions. The31P echo decay times re
ported by Dufourcet al. displayed a minimum about 45 °C
below the main transition temperature and a discontinuity
the pretransition temperature. A minimum was also obser
in the Pb8 phase just below the main transition temperatu
Above the transition,T2E was observed to decrease with i
creasing temperature. This was interpreted as indicating
presence of very slow motions in the liquid crystalline pha

The ambient pressure values ofT2
qe reported here do no

display a noticeable discontinuity at the pretransition. L
the 31P echo decay times, though, they do decrease w
increasing temperature in the liquid crystalline phase. Thi
taken to indicate that headgroup deuteron transverse re
ation in the liquid crystalline phase is dominated by slo
motions.

It is interesting to note that for the DPPC chain deutero
examined by Penget al. @20#, the transverse relaxation time
decrease with increasing pressure in the liquid crystal
phase and increase with increasing pressure in the lo
pressure gel phase. This suggests that the relative sensi
of transverse relaxation to adiabatic and faster motions
DMPC headgroup deuterons and DPPC chain deuteron
different. Because the relevant slow motions are not yet fu
characterized, it is not clear whether this is due to the diff
ence between chain and headgroup dynamics or whe
chain-length effects might also contribute. Evidence t
chain length can significantly affect slow motions has be
reported by Fenske and Jarrell@28# whose 31P two-
dimensional solid-state exchange experiments indicate
the lateral diffusion rate for DPPC is greater than that
DMPC at comparable reduced temperatures.

In order to obtain some insight into the distribution
motions contributing to quadrupole echo decay, particula
in the liquid crystalline phase, and the possible effect of pr
sure on such a distribution, q-CPMG decays were exami
under various conditions of temperature and pressure.

D. Quadrupole Carr-Purcell-Meiboom-Gill decays

Quadrupole echo decay is sensitive to motions coverin
wide range of time scales. Bloom and Sternin@12# used the
q-CPMG multiple pulse sequence@90x2t2(90y22t)n# to
demonstrate the sensitivity of transverse relaxation to m
se,
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tions that were too slow to cause motional narrowing~adia-
batic motions!. For a given motion that is modulating a po
tion of the quadrupole Hamiltonian with a second mome
DM2i and a correlation timetci , the contribution to the de-
cay of the echo at 2nt is @14#

S 1

T2
q-CPMGD

i

5DM2itciF12
tci

t
tanhS t

tci
D G . ~3!

Motions for whichtci!(DM2i)
21/2 is satisfied can contrib-

ute to motional narrowing. Such motions will generally al
satisfytci!t, so that their contribution to the q-CPMG ech
decay rate will be (T2

q-CPMG) i
21'DM2itci independent of the

pulse separation. Motions for whichtci@(DM2i)
21/2 is sat-

isfied do not contribute to motional narrowing and are
beled adiabatic. For these motions, it may be possible
select q-CPMG pulse separations such thattci@t, so that the
q-CPMG decay rate is given by (T2

q-CPMG) i
21

'DM2it
2/(3tci), which depends on pulse separation. T

first echo in each q-CPMG decay is equivalent to the qu
rupole echo corresponding to that pulse separationt.

Quadrupole-CPMG experiments were done on DMPCd4
for a series of temperatures at ambient pressure and a
kbar and for a series of pressures at 65 °C. Figure 6 sh
typical q-CPMG decays in the liquid crystal phase at 30
for ambient pressure and at 60 °C for 1.5 kbar. In both ca
the temperature is about 7 °C above the main transition.
decays are clearly dependent on the pulse spacingt, which
indicates that adiabatic motions contribute significantly
decay of the quadrupole echo in the liquid crystalline pha
The decays for largert values are nonexponential but a
proach a common decay rate for large values of 2nt. This
suggests that each molecule is subject to one common
tion, for which tci is short on the experimental time scal
and at least one slow~adiabatic! motion and that there is a
distribution of slow motions.

FIG. 6. ~a! Quadrupole Carr-Purcell-Meiboom-Gill decays fo
DMPC-d4 at ambient pressure and 30 °C for pulse separationst)
of 75 ms ~open circle!, 100ms ~solid circle!, 150ms ~open square!,
200 ms ~solid square!, 300 ms ~open diamond!, 400 ms ~solid dia-
mond!, and 500ms ~open triangle!. ~b! Quadrupole Carr-Purcell-
Meiboom-Gill decays for DMPC-d4 at 1.5 kbar and 60 °C for pulse
separations (t) of 75 ms ~open circle!, 100ms ~solid circle!, 150ms
~open square!, 200ms ~solid square!, 300ms ~open diamond!, 400
ms ~solid diamond!, and 500ms ~open triangle!. Echo amplitudes
are normalized to the maximum observed value.
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57 3339EFFECT OF PRESSURE ON . . .
The limiting decay at large 2nt for small pulse separation
is presumed to reflect a fast motion that is common to
lipids in the sample. If all lipids also shared a common sl
motion, the expected q-CPMG decays would be exponen
with a rate given by (T2

q-CPMG)21}t2. The observed decay
are nonexponential. The initial slopes do not display a cl
t2 dependence. The separations between nearly expone
limiting decay curves obtained for different pulse sepa
tions, t, suggests a broad distribution of slow motions.

For a molecule undergoing a particular set of motions,
observed q-CPMG decay rate is a sum of contributions fr
each motion. The contributions to the q-CPMG decay r
from motions with correlation times that are long compar
to t are proportional to (tci)

21. For a given pulse separation
the signal from those molecules whose slow motions h
the shortest correlation times decay most quickly. For m
ecules having slow motions with longer correlation time
the contribution to the echo decay rate from the common
motion is relatively more important. It is the signal fro
these molecules that persists for large values of 2nt and
gives rise to the roughly exponential limiting decay. The w
in which the q-CPMG echo decays vary witht should, in
principle, contain information about the distribution of slo
motions.

For the shortestt values, the contribution to the q-CPMG
echo decay rate from the slowest adiabatic motions is sm
and the observed decay is determined largely by the com
fast internal motion. Fort50.075 ms,T2

q-CPMG is about 13
ms for 1.5 kbar at 60 °C and 9 ms for ambient pressure
30 °C. For larger values oft, the limiting decay rates a
large 2nt for high and low pressure are separated by sim
differences. As suggested below, this difference in the lim
ing decay rates may reflect the fact that temperature
increased in order to maintain a constant separation from
transition as pressure was raised.

Figure 7 shows q-CPMG decays for ambient pressur
kbar, and 2 kbar at 65 °C. While the quadrupole echo de
times do change with pressure at this temperature, the li
ing slopes of the q-CPMG decays for large 2nt are not very
sensitive to pressure. The result is that the spread witht of
the limiting decays for large values of 2nt decreases with
increasing pressure. Since these limiting decays are do

FIG. 7. Quadrupole Carr-Purcell-Meiboom-Gill decays f
DMPC-d4 for ~a! ambient pressure,~b! 1.0 kbar, and~c! 2.0 kbar at
65 °C using pulse separations,t, of 75 ms ~open circle!, 100 ms
~solid circle!, 150ms ~open square!, 200ms ~solid square!, 300ms
~open diamond!, 400 ms ~solid diamond!, and 500ms ~open tri-
angle!. Echo amplitudes are normalized to the maximum obser
value.
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nated by the contribution to the relaxation rate from comm
fast motions, this suggests that the correlation times for s
motions at fixed temperature are only weakly dependent
applied hydrostatic pressure. Observation that the applica
of pressure reduces the effect oft on q-CPMG echo decay
at large 2nt suggests that pressure either reduces theDM2i
values for the adiabatic motions or increases the corresp
ing correlation timestci .

Figure 8 shows typical q-CPMG decays in the gel pha
for ambient pressure at 20 °C and for 1.5 kbar at 50 °C.
each case, the temperature is about 3 °C below the m
transition. Even for very shortt values, T2

q-CPMG is only
about twiceT2

qe at these temperatures. This suggests t
adiabatic motions account for only about half of the quad
pole echo decay rate just below the transition. While
quadrupole echo decay rates are similar for the two exp
ments shown in Fig. 8, the limiting q-CPMG echo dec
rates for large 2nt are lower at 1.5 kbar and 50 °C than
ambient pressure and 20 °C. The behavior of the limit
decays reflects the effect of temperature on the correla
time of faster motions whose contribution to the echo de
is not entirely removed by the q-CPMG sequence. The
servation that the quadrupole echo decay time is similar
the two experiments may indicate that the contribution to
decay rate from the slower motions in the gel phase increa
on going from ambient pressure at 20 °C to 1.5 kbar
50 °C.

The q-CPMG sequence refocuses decay due to mot
with correlation times much longer than the pulse separat
The observation oft-dependent decays indicates the pre
ence of such slow motions and is consistent with the ob
vation thatT2

qe in the liquid crystalline phase decreases w
increasing temperature. It has been suggested that diffu
around the vesicle surface@12# or collective motions@16#
might be responsible for the slow modulation of th
orientation-dependent quadrupole interaction. For ves
samples, both mechanisms may contribute.

The observation of nonexponential q-CPMG decays
plies that different portions of the sample are affected

d

FIG. 8. ~a! Quadrupole Carr-Purcell-Meiboom-Gill decays fo
DMPC-d4 at ambient pressure and 20 °C for pulse separationst)
of 30 ms ~open circle!, 45ms ~solid circle!, 60ms ~open square!, 75
ms ~solid square!, 90 ms ~open diamond!, and 105ms ~solid dia-
mond!. ~b! Quadrupole Carr-Purcell-Meiboom-Gill decays fo
DMPC-d4 at 1.5 kbar and 50 °C for pulse separations (t) of 30 ms
~open circle!, 45ms ~solid circle!, 60ms ~open square!, 75ms ~solid
square!, 90 ms ~open diamond!, and 105ms ~solid diamond!. Echo
amplitudes are normalized to the maximum observed value.
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different slow motions. One possible explanation for the
istence of different slow motions is the distribution of vesic
radii expected for a typical dispersion of multilamell
vesicles. The distribution of vesicle radii in a dispersion h
recently been characterized using excitation transfer31P
NMR by Heatonet al. @29#. Effects due to the distribution o
vesicle radii have also been reported for2H NMR two-
dimensional exchange spectroscopy studies of specific
deuterated phospholipid@30#.

E. Simulation of quadrupole and q-CPMG echo decays

For molecules affected by a dominant motion, which m
be a slow motion specific to a given population, and by fas
motions that have a common effect on all molecules,
CPMG echo amplitudes are obtained by summing sign
that decay according to Eq.~3! to give

A~2nt!5(
i 51

N

AiexpS 22ntH DM2itciF12
tci

t

3tanhS t

tci
D G1

1

T28
J D , ~4!

whereAi is amplitude of the signal from a given populatio
DM2i andtci are characteristic of the motion specific to th
population, and (T28)

21 is the contribution to the relaxatio
rate from fast motions common to all lipids in the samp
This expression, evaluated forn51, also describes thet
dependence of the quadrupole echo amplitudes.

In order to obtain some insight into the motions reflec
by the observed decays, q-CPMG and quadrupole echo
cays were simulated using a simple discrete distribution
slow motions. Resulting simulations were compared to
served decays at 30 °C for ambient pressure and 60 °C
1.5 kbar.

The simplest distributions for which general features
the observed decays could be reproduced consisted of
populations having different correlation times for slower m
tions and a common relaxation rate, 1/T28 , due to fast mo-
tions. If the dominant slow motion is diffusion of molecule
around a curved vesicle surface,DM2i should correspond to
the residual second moment,M2r , and the correlation times
should depend on the diffusion constantD and vesicle radius
R through@12#

tc5
R2

6D
. ~5!

In order to consider whether such motion might plausi
account for the observed decays, the simulations were
formed withDM2 set to theM2r values obtained from cor
responding spectra. At 30 °C for ambient pressure and
60 °C for 1.5 kbar, the observedM2r values were 263
3106 and 1673106 s22, respectively.

The value of 1/T28 was chosen to yield the q-CPMG deca
observed at largen in echo trains collected using small va
ues of the pulse separationt. With M2r and 1/T28 held con-
stant, the correlation times and relative sizes of the th
-
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populations were adjusted until the agreement of the sim
tion with the observed decays, as judged by inspection,
satisfactory. As is discussed below, it was possible to ob
similar simulations for different sets of parameters. In effe
the different sets of parameters corresponded to choo
different ways in which to approximate the actual distrib
tion of slow motions by two discrete populations. Figure
compares observations at ambient pressure and 30 °C
q-CPMG and quadrupole echo decays simulated using
particular set of parameters shown in Table I. Figure 10 co
pares observations at 1.5 kbar and 60 °C with decays si
lated using the parameters shown in Table II.

In the sets of simulation parameters shown in Table I a
in Table II, the two longest correlation times of each set
long compared both tot for all of the experiments performe
and to (M2r)

21/2. These motions are thus adiabatic and

FIG. 9. Comparison of~a! q-Carr-Purcell-Meiboom-Gill echo
and~b! quadrupole echo decays for DMPC-d4 observed at ambien
pressure and 30 °C with decays simulated using the param
listed in Table I. In panel~a!, observed q-CPMG decays are show
for as symbols fort values of 0.075 ms~open square!, 0.1 ms~open
circle!, 0.2 ms~open diamond!, 0.3 ms~solid square!, 0.4 ms~solid
circle!, and 0.5 ms~solid diamond!. Corresponding simulated de
cays are shown as solid lines. Panel~b! shows thet dependence of
the first echo of each q-CPMG experiment~solid square! along with
an extended set of echoes obtained from a separate quadrupole
experiment~open circle!. Thet dependence of the simulated qua
rupole echo amplitudes is shown as a solid line.

TABLE I. Parameters for the simulation of q-CPMG echo d
cays at ambient pressure and 30 °C shown in Fig. 9.

Ai tci ~ms! DM2i (106 s22) (T28)
21 ~s21)

0.27 0.01 263 100
0.46 20 263 100
0.27 300 263 100
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the regime where their contributions to the echo decay
are inversely proportional totci and dependent on the puls
separationt. The shortest correlation time in each set
simulation parameters is less than (M2r)

21/2 but of the same
order of magnitude. The corresponding motion is in t
range between adiabatic motions and those contributin
motional narrowing. The shortest correlation times in Tab
I and II are, however, much smaller than the pulse sep
tions used in the experiment and the contributions of th
motions to the echo decay rates are proportional totci and
independent of pulse separation.

Specific aspects of the simulated decays are affected
particular simulation parameters. The limiting behavior
the simulated q-CPMG decays for large 2nt is sensitive to
(T28)

21. For simulated echo trains corresponding to a sm
pulse separation, the nonexponential q-CPMG decay
small values of 2nt reflect the presence of a population ha
ing a short correlation time and a fast echo decay. The p
ence of such a population is also necessary to reproduce
small t behavior of the quadrupole echo decay. At lar
values of 2nt, the separation between adjacent q-CPMG
cay curves does not vary monotonically witht but reflects
details of the slow motion correlation time distribution. F
the two populations with larger values oftci , the simulated
decays are sensitive the ratioDM2i /tci so that separation o
DM2i andtci must be based on other considerations. Wh

FIG. 10. Comparison of~a! q-Carr-Purcell-Meiboom-Gill echo
and~b! quadrupole echo decays for DMPC-d4 observed at 1.5 kba
and 60 °C with decays simulated using the parameters liste
Table II. In panel~a!, observed q-CPMG decays are shown as sy
bols for t values of 0.075 ms~open square!, 0.1 ms~open circle!,
0.2 ms~open diamond!, 0.3 ms~solid square!, 0.4 ms~solid circle!,
and 0.5 ms~solid diamond!. Corresponding simulated decays a
shown as solid lines. Panel~b! shows thet dependence of the firs
echo of each q-CPMG experiment~solid square! along with an
extended set of echoes obtained from a separate quadrupole
experiment~open circle!. Thet dependence of the simulated qua
rupole echo amplitudes is shown as a solid line.
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a distribution consisting of three populations is too coarse
fully account for the observed decays at intermediate val
of t, it does reproduce the decays observed for higher
lower values oft.

It was possible to generate similar simulations by rais
~lowering! the two longest correlation times while reducin
~increasing! the fraction of molecules having the largest co
relation time. This reflects the fact that when the continuo
distribution of slow motions is approximated by two discre
populations, the result is not sensitive to the precise way
which the distribution is divided. Better definition of the di
tribution would presumably require comparison with deca
obtained using a larger number of more closely spacet
values.

The two longest correlation times listed in Table I a
long enough that the corresponding motions can be con
ered adiabatic. If adiabatic motions dominating echo de
are related to diffusion of lipids around curved vesicle s
faces, then the identification ofM2r with DM2i is appropri-
ate and the correlation times should depend on vesicle r
through Eq. ~5!. For a diffusion constantD'4310212

m2 s21 @12,27#, the two longest correlation times in Table
20 and 300 ms, would correspond to radii of curvature of
and 2.7mm. These fall within the range obtained by Heat
et al. @29# using excitation transfer31P NMR to directly
measure molecular rotation due to translational diffusion
vesicles. They found that approximately 20% of the m
ecules exist in vesicles with radii greater than 2mm.

The shortest of the correlation times falls into the fa
motion regime where its contribution to the echo decay r
is (1/T2

q-CPMG) i'DM2itci independent of the pulse separ
tion t. The signal from this population displays the large
echo decay rate in the sample. This correlation time also f
into the intermediate range between being adiabatic and
tributing to motional narrowing. The identification ofDM2i
with M2r is thus not fully justified. The simulation is only
slightly altered, however, if this population is assignedtci
50.05 ms andDM2i5603106 s22. For correlation times
longer than this, the simulation can no longer reproduce b
the quadrupole echo decay and the shortt q-CPMG decays
simultaneously. This provides, at least, an indication of
order of magnitude for the correlation time associated w
this motion. If this motion involves diffusion over a curve
region of the bilayer surface, the corresponding radius
curvature would be less than about 30 nm. This is clearly
small to associate with the radius of curvature of a vesic

Two-dimensional exchange spectroscopy, which m
sures the distribution of angles through which molecules
orient during the mixing time in the pulse sequence of
two-dimensional experiment@31#, has been used to obtai
information about slow reorientation. Fenske and Jar
@28#, using 31P two-dimensional exchange spectroscopy,

TABLE II. Parameters for the simulation of q-CPMG echo d
cays at 1.5 kbar and 60 °C shown in Fig. 10.

Ai tci ~ms! DM2i (106 s22) (T28)
21 ~s21)

0.21 0.01 167 70
0.37 20 167 70
0.42 300 167 70
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3342 57FIECH, BONEV, AND MORROW
ported correlation times for orientational exchange due
lateral diffusion of 44 ms in liquid crystalline DMPC bilay
ers and 8 ms in liquid crystalline DPPC bilayers. Augeret al.
@32# found a similar correlation time for DPPC using2H
two-dimensional exchange spectroscopy on selectiv
chain-deuterated DPPC. Macquaire and Bloom@30# included
the possible effects of a distribution of vesicle radii on slo
motion correlation times in their analysis of2H NMR two-
dimensional exchange spectroscopy on DPPC deuterate
thea position of choline. They interpreted their observatio
in terms of diffusion over vesicles with radii of curvatu
falling predominantly in the 1–2mm range. In addition,
about 15% of the molecules were associated with radi
curvature much greater than 1mm. In order to account for
their observations, however, it was also necessary to cons
small angle reorientation due to surface roughness on sc
much less than 1mm.

If surface roughness also accounts for the results at
uted here to the population with the short correlation time
is important to recognize that the molecules in this popu
tion could simultaneously be experiencing other slow m
tions. The contribution to the echo decay rate from the m
tion with the shortest correlation time is much larger than
contributions from the adiabatic motions. The echo decay
a molecule experiencing both motions would be domina
by the effects of the short correlation time motion and wo
thus be associated with that population.

When hydrostatic pressure is applied and the tempera
is raised to maintain a particular separation from the tra
tion temperature, the quadrupole echo decay rate and
separations between q-CPMG decay curves for different
ues oft are reduced. The simulation shown in Fig. 10 w
carried out withDM2i fixed at the value ofM2r observed for
60 °C and 1.5 kbar. The other differences from the para
eters used for the simulation shown in Fig. 9 are a reduc
in (T28)

21 and an increase in the fraction of the signal as
ciated with the longest correlation time. The difference
(T28)

21 between the two simulations presumably reflect
reduction with increasing temperature of the correlat
times for common fast motions contributing to echo dec
As shown in Fig. 7, isothermal application of pressure h
little effect on the q-CPMG decay for small values of t
pulse separationt where the decay is dominated by (T28)

21.
The primary change in the slow motions between the t
simulations is the apparent extension of the distribution
longer correlation times. Similar simulations~not shown! of
the q-CPMG decays displayed in Fig. 7 for ambient press
and 2.0 kbar at 65 °C confirmed that the effect of pressure
the q-CPMG decay at fixed temperature could be larg
accounted for by increasing the largest correlation time
the fraction of the population corresponding to that corre
tion time. Limited pressure cycling did not suggest sign
cant changes in echo decay behavior that might be expe
for irreversible changes in vesicle radius. The change in
slow motion distribution with pressure may thus indicate
decrease in the translational diffusion constant with
creased pressure.

The possibility that the translational diffusion consta
might decrease on going from ambient pressure at 30 ° C
1.5 kbar at 60 °C is of some interest. The2H NMR first
spectral moments for perdeuterated DMPC show that
o

ly

at
s

f

er
les

b-
it
-
-
-
e
r
d

re
i-
he
l-

s

-
n
-

a
n
.
s

o
o

re
n

ly
d
-

-
ed
e

-

t
to

e

chain orientational order decreases slightly with increa
pressure if the separation between the sample tempera
and the transition temperature is held constant@33#. If hydro-
static pressure is applied isothermally, the same st
showed that the effect of pressure on the first spectral
ment in the liquid crystalline phase decreases with increas
temperature. The first spectral moment is proportional to
mean orientational order of the chain. For the current stu
this implies that raising the pressure and temperature f
30 °C and ambient pressure to 60 °C and 1.5 kbar sho
involve a slight decrease in chain order but also a decreas
lateral compressibility of the bilayer. Any reduction in th
translational diffusion constant under these circumstan
presumably reflects the latter effect rather than the forme

IV. CONCLUDING REMARKS

This study provides some general insights into how
layer motions sensed by a phospholipid headgroup deut
label are affected by the application of hydrostatic pressu
The isothermal application of pressure in the liquid cryst
line phase reduced the spin-lattice relaxation timeT1. This
was taken to indicate a pressure induced increase of the
relation times for fast motions contributing to spin-lattic
relaxation.

Simulation of the quadrupole and q-CPMG decays w
used to obtain an approximation of the distribution of r
evant slow motions. The results suggest that diffusion
lipid molecules around curved vesicle surfaces with a dis
bution of radii is a plausible identification of some slow m
tions contributing to the observed decays but does not
out other possible adiabatic motions. Because other slow
tions, such as local bilayer undulations, are also expecte
contribute to echo decay, any distribution of vesicle ra
extracted from such observations should be approached
caution. The simulation does, however, provide some ins
into the breadth of the distribution required to account for
observed decays and into how the general distribution
slow motions is affected by the application of pressure.

Simulation of the quadrupole and q-CPMG decay obs
vations also suggested that the application of pressure af
the distribution of slow motions contributing to these pr
cesses. If diffusion of lipid molecules around curved vesi
surfaces is an important adiabatic motion, the effect of pr
sure on the distribution of slow motions might reflect
pressure-induced reduction in the translational diffusion c
stant.

In general, the effect of pressure on relaxation and e
decay rates in the gel phase was found to be somew
weaker.
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