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2H NMR has been used to examine the effect of applied hydrostatic pressure on the dynamics of headgroup-
deuterated dimyristoylphosphatidylcholit®MPC-d,). Quadrupole splittings, spin-lattice relaxation time
(T1), and quadrupole echo decay timégl{) 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 (g-CPMQ decays have been studied under similar conditions. Within the liquid crystalline phase, appli-
cation of hydrostatic pressure is observed to alter quadrupole splittings af éimel 3 choline deuterons in a
way that is consistent with a tilt of the headgroup away from the bilayer surface. Pressure also intjeiases
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 presqB&063-651X98)10003-X]

PACS numbeis): 87.22.Bt, 77.84.Nh, 87.64.Hd

[. INTRODUCTION pressure on headgroup dynamics.
Motions in a liquid crystalline phospholipid bilayer can

Physical properties of biological membranes can be modspan a range of characteristic times from shorter thar? 19
eled by self-assembled bilayers that form upon hydration ofor internal segment rotatiori$,10] and long axis rotation
phospholipids. Interactions in the polar headgroup region ofind reorientatio10] to times longer than 10" s for col-
such bilayers play an important role in determining suchlective motions of the bilayer surface or reorientation due to
properties. diffusion of molecules through regions in which the direction

Phospholipids having a phosphatidylcholine headgroupf the bilayer normal changes significanfy0,12. Motions
are important constituents of biological membranes and ar@ith characteristic times close to the inverse of the Larmor
widely utilized in model membranes. It has been shown thafrequency are effective in relaxing the spin system toward
the average orientation of the phosphatidylcholine headgrougiiermal equilibrium. The characteristic time for this relax-
dipole can be altered by changes in charge density at thation is the spin-lattice relaxation time @. The deuteron
bilayer surface[1-3]. This change in average orientation quadrupole Hamiltonian is orientation dependent and mo-
gives rise to characteristic shifts in the quadrupole splittingtions that alter orientation of the electric field gradient tensor
of deuterons specifically substituted for hydrogen atoms omrincipal axis system with characteristic times around“t0
the choline group. In particular, deuterons attached toathe 10 3 s reduce the extent to which it is possible to refocus the
and 8 methylene groups of the headgroup choline moietynuclear magnetization into an echo using the deuteron quad-
display counterdirectional changes in quadrupole splitting asupole echo pulse sequence. If an initiaR pulse at=0 is
effective surface charge is varied by, for example, additiorfollowed by a secondr/2 pulse, shifted in phase by 90°, at
of charged amphiphiles to the bilayer. Analogous shifts, intimet= 7, the quadrupole echo formstat 27 for systems in
response to the application of hydrostatic pressure, have beavhich the quadrupole interaction is the dominant perturba-
interpreted as indicating a change in headgroup orientation ition to the Zeeman interaction. The characteristic time for
response to pressure-induced reduction in bilayer area pelecay of the quadrupole echo with increasing i2 T4
lipid [4]. Bloom and Sternif12] demonstrated that there were mo-

While quadrupole splittings can give some informationtions whose correlation times were too long for them to con-
about the effects of pressure or surface charge on averaggbute to motional narrowing but which still contributed to
headgroup orientation, information on how these factors indecay of the quadrupole echo. They used quadrupole Carr-
fluence time scales or amplitudes of headgroup reorientatioRurcell-Meiboom-Gill (q-CPMG multiple pulse experi-
must be obtained from relaxation measurements. The dyments to separate contributions to the echo decay rate of
namics of headgroup motions have been examined througbuch adiabatic motions from those of motions that are effec-
studies of spin-lattice relaxation of th&H-NMR signal in  tive in motionally narrowing the deuteron spectrum. Effects
labeled headgroud®—7] and of the®'P-NMR signal in un-  of slow motions on g-CPMG echo decay rates have been
labeled sample$8,9]. A comprehensive analysis of head- discussed by Veg#l3], Blicharski[14], and Muler et al.
group dynamics was also carried out using a variety of15]. Adiabatic bilayer motions may include diffusion of
31p_.NMR relaxation measuremenf40]. Peng and Jonas molecules around curved vesicle surfafE2] and collective
[11] used3'P-NMR spin-lattice relaxation measurements tomodes of the bilayer surfa¢d6]. A better understanding of
obtain information regarding the effect of applied hydrostaticthe slow motions, in particular, would be useful since these

1063-651X/98/5{3)/333410)/$15.00 57 3334 © 1998 The American Physical Society



57 EFFECT OF PRESSURE ON ... 3335

are sometimes the spectroscopically accessible aspects of Bit.) and used without further purification. Samples in the
layer behavior that are most sensitive to perturbation by bioform of multilamellar vesicle$MLV ) were prepared by stir-
logically relevant factors such as the presence of intrinsic ofring thoroughly with a fine glass rod in excess M.Pphos-
extrinsic proteins. phate buffer pH 7.2) at a temperature above the main tran-
NMR has been used to examine the effect of pressure osjtion. The resulting MLV suspensions were transferred into
a variety of bilayer propertiefl 7—19 including headgroup fiexible polyethylene tubes, which were then heat sealed.
orientation[4,11]. The response of a bilayer system to ap-  peyterium NMR was carried out in a 3.5 T superconduct-

plied pressure can provide insights into how bilayer properi,o maanet(Nalorac Crvogenics. Martinez. GAising a lo-
ties are determined by interactions within the bilayer at am- g gnet Yoy ’ o~ d

bient | tcular. b £ th ot ally built probe capable of operating at applied hydrostatic
ient pressure. In particufar, because ol theé anisotropy OEressures up to 2.7 kbar over a temperature range from
bilayer elastic properties, application of pressure provides a

: . : o —20°C to 80°CJ[21]. The coil and tube containing the
isothermal way in which to vary area per lipid. The effect of . o i
pressure on deuteron relaxation times may thus provide sorrMLV suspension were gncloseq within a _berylhum—copper
insights into how different motions depend on the physicact!l: Which was pressurized with hydraulic dihW 1SO
state of the bilayer. Because pressure also shifts the maff@de 32 A Bourdon tube gauge calibrated against a dead
bilayer transition temperature, it may also be useful to exam¥eight gauge was used to measure pressure in the cell.
ine the effect of pressure on the temperature dependence of The pressure cell within the NMR probe was connected to
bilayer properties with respect to the transition temperature@n external vessel containing approximately twice the vol-
Peng and Jongd1] measured thé'P spin-lattice relax- Ume. By controlling the temperature of the external vessel, it
ation time (T,), for dipalmitoylphosphatidylcholinéDPPQ was possible to compensate for changes in probe cell tem-
as a function of pressure at a fixed temperature of 50 °C. Ifperature and thus to maintain isobaric conditions over the
the liquid crystalline phasel; was found to decrease with course of an experiment in which sample temperature was
increasing pressure. It decreased discontinuously at the maiaried.
transition and then increased with decreasing pressure in the Spectra were acquired using a phase-cycled quadrupole
gel phases. This was interpreted in terms of an increase iacho sequendg?2]. The #/2 pulse was between 2.5 and 2.9
motional correlation time at the pressure-induced transitionys long. The separation betweeri2 pulses in the quadru-
This group also measured th#H spin-lattice relaxation pole echo sequence ranged from 46 to 1 ms. Oversam-
times and transverse relaxation times for selectively chainpling [23,24] by a factor of 4 was used to obtain effective
deuterated DPPC, again as a function of pressure at a fixgflvell times of 20us for transients, which were collected
temperature of 50 °¢20]. For each of the chain positions it 4 digitizer dwell time of 5us. Between 4000 and 6000
examined at theifH spectrometer frequency of 27.6 MHZ, yransients were normally averaged to obtain quadrupole
Ty decreased with increasing pressure in the liquid crystalachos ysed in the determination B§¢. The equilibration
line phase, increased discontinuously at the lowest pressurgie petween applications of the pulse sequence was 0.45 s.

induced transition, and then continued to decrease with in- 114 quadrupole Carr-Purcell-Meiboom-Gilg-CPMG
creasing pressure in the lowest pressure gel phase. These sequence

transverse relaxation times decreased with increasing pres-
sure in the liquid crystalline phase, decreased discontinu-

ously at the lowest pressure-induced transition, and then in- [7/2— 17— (72— 27),],
creased with increasing pressure in the lowest pressure gel
phase. was first applied to lipid bilayer systems by Bloom and Ster-

The complicated relaxation behavior reported by Jonasin [12]. Echoes are recorded at multiples of.2In the
and co-workerd11,2Q reflects the wide range of motions present work, the number of echoes collected and the range
present in the bilayer. Their measurements were all peref pulse separations employed depended on the state of the
formed isothermally. The information available from suchsample. For liquid crystalline phase samples, measurements
measurements can be complemented by isobaric measungnged from the collection of 40 echoes witk 75 us to 8
ments, in which correlation times can be presumed to vargchoes withr=500 us. In the gel phase, the range was from
monotonically with temperature, and by echo-train decayi0 echoes withr=30 us to 16 echoes withr=105 us. In
measurements, which can separate the effects, on quadrup®eth cases, 8000 transients were averaged for each experi-
echo decay, of adiabatic and faster motions. In the presembent.
work, 2H NMR has been used to examine the effect of ap-  Spin-lattice relaxation times were measured by applying a
plied hydrostatic pressure on the dynamics of headgroups pulse to invert the deuteron magnetization and then, after
deuterated  dimyristoylphosphatidylcholine DMPC-d,).  an intervalr;, sampling the recovered magnetization using a
Quadrupole splittings, spin-lattice relaxation tinik ), and  quadrupole echo pulse sequence. In the liquid crystalline
quadrupole echo decay time$%) have been measured at phase,r; was varied between 0.01 and 50 ms. In the gel
65 °C for a series of pressures up to 2 kbar and for a series ghase,r; was varied between 0.01 and 20 ms. For both
temperatures at ambient pressure and at 1.5 kbar. Quadrphases, 12 000 transients were averaged for each experiment.
pole Carr-Purcell-Meiboom-Gill(g-CPMG decays have
been studied under similar conditions.

Ill. RESULTS AND DISCUSSION
Il. MATERIALS AND METHODS A. Quadrupole splittings

1,2-dimyristoylsnglycero-3¢1,1',2,2’-d)-phosphocho- Figure 1 shows the effect of pressure on the quadrupole
line was purchased from Avanti Polar Lipi@Birmingham, splittings of thea and 8 choline deuterons of DMP@, at
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FIG. 1. 2H-NMR spectra of DMPQi, at 65 °C for(a) ambient FIG. 2. The temperature dependence of the spin-lattice relax-

pressure(b) 0.5 kbar,(c) 1.0 kbar,(d) 1.5 kbar, ande) 2.0 kbar.  ation time (T;) for DMPC-d, at ambient pressur@olid diamonds
The doublet with the largefsmallep splitting is assigned to the ~ and at 1.5 kbactsolid circles.
(B) choline deuteron. The observed counterdirectional change in
splitting with applied pressure is consistent with a pressure inducedo display a marked isothermal pressure dependence. Figure
tilt of the headgroup away from the bilayer surface. 3 shows the pressure dependencd pfat 65 °C.

The spin-lattice relaxation tim€, is sensitive to motions
65 °C. Using the dePaking algorithm developed by Bloomthat modulate the quadrupole interaction with correlation
and co-worker$25,26|, powder pattern spectra can be trans-times close to the inverse of the Larmor frequency, 23.215
formed to yield the spectrénot shown that would be ex- MHz in these experiments. At room temperature and above,
pected for an oriented bilayer sample. The doublets with théhese motions, which are typically fast conformational
larger and smaller splittings are assigned to thend 8 changes or rotational diffusion, have correlation times that
choline deuterons, respectively. The spectra shown in Fig. &re shorter than the inverse of the Larmor frequency so that
indicate that applied pressure decreasesatheplitting and T, is expected to increase with increasing temperature. The
increases thes splitting. This is consistent with earlier re- bilayer main transition at ambient pressure has only a small
sults[4] and has been interpreted as being indicative of affect on the correlation times for these motions in the head-
pressure-induced tilt of the headgroup away from the bilayegroup.
as might be expected for a reduction of area per lipid with Based on the use of a comprehensive dynamical model to
increasing pressure. analyze3'P-NMR relaxation results, Dufouret al. [10] re-

60

B. Spin-lattice relaxation

Figure 2 shows the temperature dependence of the spin-
lattice relaxation time,T;, obtained by inversion recovery
measurements at ambient pressure and at 1.5 kbar. The bi-
layer main phase transitions are at roughly 23 °C and 53 °C
respectively. Pressure increases the magnitude of the step in
T, at the transition. The increase 0f with temperature
indicates that the motions responsible for spin-lattice relax-
ation are in the short correlation time regime for both phases.
Increasing temperature shortens the correlation times for
these motions and reduces the resulting spectral density at
the Larmor frequency. The magnitudes and temperature de-
pendence off; observed in the liquid crystalline phase are al
comparable to those reported for choline deuterons in DPPC
[5,6] and DOPC7].

Increased pressure extends the temperature range over
which the gel phase is stable. Comparison of the ambient

. . 20 : . . : :
pressure and 1.5 kbdr; values in the respective gel phases 0.0 05 Pressu:;O[kbar] 15 20
suggests that pressure may not directly influence the spectral
density of motions that are responsible for spin-lattice relax- FIG. 3. The pressure dependence of the spin-lattice relaxation
ation in the gel phase. In contrast, the liquid cry3talvalues time (T,) for DMPC-d, at 65 °C.
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ported that fast headgroup motions present irLth@hase of
DMPC include free rotation of the phosphate group, with a
correlation time betweenx10 % and 710 °s, and ro-
tational diffusion and fluctuation of the long molecular axis
with correlation times between 18! and 108 s.

In liquid crystalline DPPC bilayers; decreases with in-
creasing pressure for both théP site[11] and selectively
deuterated chain sitg20]. The present results indicate that
T, values for DMPC headgroup deuteron in the liquid crys-
talline phase also decrease with increasing pressure at fixe -39, e 1515 o0 o 15 18 s he i e o
temperature. The isobaric results reported here confirm tha. 2t[ms] 2u[ms] 2¢[ms]
relevant liquid crystalline headgroup motions are in the short .
correlation time limit. The observation that, decreases _ G4 (& DMPC-d; quadrupole echo decays at ambient pres-

L . . . - : sure for 35 °C(open circlg, 30 °C (open square 25 °C (open
with increasing pressure at fixed temperature in this phasgi mond, 20 °C (solid circld, 15 °C (solid squark and 10 °C
thus suggests that pressure increas.e?’ the correl_ation times(g lid dia,mond. (b) DMPC-d, ,quadrupole echo decays at 1.5 kbar
fast headgr_ogp motions, ther.eby. shiftimg toward .|ts value ¢, g5 °c (open circlg, 60 °C (open squane 55 °C (open dia-
at theT, minimum. The application of hydrostatic pressure yong, 50 °C (solid circle, 45 °C (solid square and 40 °C(solid
also raises the bilayer main transition and reduces area p@famond. (c) DMPC-d, quadrupole echo decays at 65 °C for 2.0
lipid, particularly in the liquid crystalline phase. One way in kpar (solid circle, 1.5 kbar(open circlg, 1.0 kbar(solid squarg
which applied pressure might increase correlation time fop 5 kbar(open squarg and ambient pressutsolid diamond. Echo
such motions would be if the resulting reduction in area peamplitudes are normalized to the maximum observed value.
lipid gave rise to an increased coupling of headgroup confor-
mational states between neighboring lipid molecules. whereM, is the full second moment of the interaction and

For DPPC at 50 °C3'P spin lattice relaxation times are M,, is the residual second moment of the motionally nar-
reported to increase with pressure in the lowest pressure gedwed spectruni27]. A given motioni with a correlation
phasd 11] whereas the spin-lattice relaxation times for chaintjme 7.; shorter that AM,;) ~! makes a contribution to the
deuterons decrease with increasing pressure in the samagho decay rate of
phase[20]. Both observations imply DPPC gel phase mo-
tions for which the correlation times are sensitive to pressure.

For DMPC4d,, as noted above, the motions responsible for (i) =AMy 7g; . 2
|

In[A@27) /A, ]

spin-lattice relaxation appear to remain in the short correla- LEN

tion time limit for both phases over the range of pressures

covered here and the present results suggest, albeit indBecause correlation times generally decrease with increasing

rectly, that pressure has less effect Bnin the gel phase temperature, the observation tAgf decreases with increas-

than in the ||qU|d Crystalline phase. This raises the interestingqg temperature Suggests that motions that are too slow to

pOSSlblllty that chain Iength mlght influence the extent tOSatisfy Tci<(AM2i)71 may contribute Significanﬂy to echo

which gel phase correlation times respond to pressure.  decay in the liquid crystalline phase. If transverse relaxation

in the liquid crystalline phase is dominated by such slow

C. Quadrupole echo decays motions, the observed increase T§° with pressure in the

Figure 4 shows quadrupole echo decays for a series dfquid crystalline phase could reflect either an increase in
temperatures at ambient pressure and at 1.5 kbar and forc@rrelation timer; or a reduction inAM,; for such motions.
series of pressures at 65 °C. Figure 5 shows correspondingt In the liquid crystalline phase, slow motions that contrib-
T4 values as a function of temperature for ambient pressurlté to decay of the echo may include lateral diffusion around
and 1.5 kbar and as a function of pressure at 65 °C. Th&urved vesicle surfaces or collective bilayer modes. While
nonexponential decays observed in the liquid crystalline
phase for short values af suggest that slow motions con-
tribute significantly to the echo decay$4,15. This obser-
vation is consistent with the results of quadrupole Carr-
Purcell-Meiboom-Gill (q-CPMG experiments described
below. The departure from exponential decay increases with &
increasing pressure for fixed temperature but does not changé-
significantly with temperature for fixed pressure. The values
for T3¢ shown in Fig. 5 for the liquid crystalline phase were
calculated from data for largervalues for which the decays
are observed to be effectively exponential. 00 020 30 40 80 60 70 08 30 o5 10 15 20

A motion that modulates the quadrupole Hamiltonian can Temperature [*C] Pressure [ kbar ]
be characterized by the second momer] ,, of that modu-
lation. For motions that give rise to motional narrowing,

1.4

T, [ms]

05 1 1.0

FIG. 5. (a) The temperature dependence of the quadrupole echo
decay time T3% for DMPC-d, at ambient pressurésolid dia-
monds and 1.5 kbagsolid circles. (b) The pressure dependence of
AM,y,=M,—My,,, (1) the quadrupole echo decay tim€&Jf) at 65 °C for DMPCél,.
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these motions are expected to freeze out in the gel phase,
more localized motions are slowed into the range where they
contribute significantly to echo decay so that the echo decay
rate increases sharply at the liquid crystal to gel transition.
Within the gel phase, the motions that contribute to echo
decay generally have correlation times that are long enough
that the contribution to the echo decay rate decreases as th
correlation times increase. The result is tAgf increases
with decreasing temperature in the gel phase. Figure 5 shows -ss}
that T3° just below the transition is roughly the same at am- Y ) S N —— R S

. . . . 0 1 2 3 4 6 6 7 8 0 1 2 3 4 5 6 7 8 9
bient pressure and 1.5 kbar. This suggests that the increase ir 2n [me] 20t [me]
temperature required to maintain a given separation from the ] _
transition temperature partially offsets the effect of pressure FIG. 6. (&) Quadrupole Carr-Purcell-Meiboom-Gill decays for

on motions contributing to echo decay in the gel phase. PMPC-d, at ambient pressure and 30 °C for pulse separatiops (
Dufourc et al. [10] found that the3'P Hahn echo decay ©Ff 734 (open circlg, 100 s (solid circlg, 150 us (open squarg

time (T,g) in the liquid crystalline phase of DMPC was 200 s (solid squark; 300 s (open diamonj] 400 s (solid dia-

sensitive to slow motions, that they identified as coIIectivemO.nd’ and S00us (open trianglg: (b) Quadrupole Coa rr-Purcell-
. : . . e eiboom-Gill decays for DMP@}, at 1.5 kbar and 60 °C for pulse
modes, and to rotation and fluctuations which they identifie

- . ’ eparations®) of 75 us (open circlg, 100 us (solid circle, 150 us
as intermolecular motions. Thé&'P echo decay times re- P Y us (op 3 M 0 ”

. o .~ (open squane 200 us (solid squarg 300 us (open diamony 400
ported by Dufourcet al. displayed a minimum about 45°C 5 (solid diamong, and 5004 (open triangle Echo amplitudes
below the main transition temperature and a discontinuity ake normalized to the maximum observed value.

the pretransition temperature. A minimum was also observed

(2nt)/ ALl

inTA

1
q-CPMG
T3

()

) =AMy i
i

in the P4, phase just below the main transition temperature. . .
Above the transitionT,z was observed to decrease with in- tions that_ were too SI(_)W to cause motl_onal narroyvljagla-
creasing temperature. This was interpreted as indicating tI"FéatIC motions. For a given m.°“°‘.‘ that_ls modulating a por-
presence of very slow motions in the liquid crystalline phasef[Ion of the quadrupqle Hamﬂtoman W'th. a ;econd moment

The ambient pressure values B reported here do not AM,; and a correlatlon time;, the contribution to the de-
display a noticeable discontinuity at the pretransition. Like®® of the echo ati2r is [14]
the 3P echo decay times, though, they do decrease with
increasing temperature in the liquid crystalline phase. This is Tei T
taken to indicate that headgroup deuteron transverse relax- 1- Tta”’(7> :
ation in the liquid crystalline phase is dominated by slow ¢
motions.

It is interesting to note that for the DPPC chain deuterons i Py L ,
examined by Pengt al.[20], the transverse relaxation times Motions for whichr;<(AMy;)~*“is satisfied can contrib-
decrease with increasing pressure in the liquid crystallind!t€ t0 motional narrowing. Such motions will generally also
phase and increase with increasing pressure in the loweSRUSY7ci<7, SO thaFéQﬁ”f‘l)m”b”“O” to the g-CPMG echo
pressure gel phase. This suggests that the relative sensitivifgcay rate will be T3 "9t~ AM;r; independent of the
of transverse relaxation to adiabatic and faster motions fopulse separation. Motions for which;>(AMy) ™ is sat-
DMPC headgroup deuterons and DPPC chain deuterons igfied do not contribute to motional narrowing and are la-
different. Because the relevant slow motions are not yet fullyPeled adiabatic. For these motions, it may be possible to
characterized, it is not clear whether this is due to the differselect g-CPMG pulse separations such that 7, so that the
ence between chain and headgroup dynamics or wheth@CPMG  decay rate is given by TEPM™
chain-length effects might also contribute. Evidence that~AMy7%/(37.), which depends on pulse separation. The
chain length can significantly affect slow motions has beerfirst echo in each g-CPMG decay is equivalent to the quad-
reported by Fenske and JarrelR8] whose 3P two-  rupole echo corresponding to that pulse separation
dimensional solid-state exchange experiments indicate that Quadrupole-CPMG experiments were done on DMRC-
the lateral diffusion rate for DPPC is greater than that forfor a series of temperatures at ambient pressure and at 1.5
DMPC at comparable reduced temperatures. kbar and for a series of pressures at 65 °C. Figure 6 shows

In order to obtain some insight into the distribution of typical q-CPMG decays in the liquid crystal phase at 30 °C
motions contributing to quadrupole echo decay, particularlyfor ambient pressure and at 60 °C for 1.5 kbar. In both cases,
in the liquid crystalline phase, and the possible effect of presthe temperature is about 7 °C above the main transition. The
sure on such a distribution, g-CPMG decays were examinedecays are clearly dependent on the pulse spaginghich
under various conditions of temperature and pressure. indicates that adiabatic motions contribute significantly to

decay of the quadrupole echo in the liquid crystalline phase.
The decays for larget values are nonexponential but ap-
proach a common decay rate for large values f.2This

Quadrupole echo decay is sensitive to motions covering auggests that each molecule is subject to one common mo-
wide range of time scales. Bloom and Sterfi2] used the tion, for which 7; is short on the experimental time scale,
g-CPMG multiple pulse sequen¢80,—7—(90,—27),] to  and at least one sloadiabati¢ motion and that there is a
demonstrate the sensitivity of transverse relaxation to modlistribution of slow motions.

D. Quadrupole Carr-Purcell-Meiboom-Gill decays
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FIG. 7. Quadrupole Carr-Purcell-Meiboom-Gill decays for  FIG. 8. (a) Quadrupole Carr-Purcell-Meiboom-Gill decays for
DMPC-d, for (a) ambient pressurgh) 1.0 kbar, andc) 2.0 kbar at  DMPC-d, at ambient pressure and 20 °C for pulse separatighs (
65 °C using pulse separations, of 75 us (open circlg, 100 us  of 30 us (open circle, 45 us (solid circle), 60 us (open squang 75
(solid circlg, 150 us (open squane 200 s (solid squarg 300us  us (solid squarg 90 us (open diamony and 105us (solid dia-
(open diamony 400 us (solid diamond, and 500us (open tri-  mond. (b) Quadrupole Carr-Purcell-Meiboom-Gill decays for
anglg. Echo amplitudes are normalized to the maximum observedMPC-d, at 1.5 kbar and 50 °C for pulse separatiom} ¢f 30 s
value. (open circle, 45 s (solid circle), 60 us (open square 75 us (solid
square, 90 us (open diamony and 105us (solid diamong. Echo

The limiting decay at larger2r for small pulse separation Iamplitudes are normalized to the maximum observed value.

is presumed to reflect a fast motion that is common to al
lipids in the sample. If all lipids also shared a common slow
motion, the expected q-CPMG decays would be exponentidtated by the contribution to the relaxation rate from common
with a rate given by T3°"M% ~1« 72, The observed decays fast motions, this suggests that the correlation times for such
are nonexponential. The initial slopes do not display a cleafotions at fixed temperature are only weakly dependent on
2 dependence. The separations between nearly exponentpplied hydrostatic pressure. Observation that the application
limiting decay curves obtained for different pulse separa0f pressure reduces the effectobn g-CPMG echo decays
tions, 7, suggests a broad distribution of slow motions. at large 7 suggests that pressure either reducesAtg;

For a molecule undergoing a particular set of motions, thevalues for the adiabatic motions or increases the correspond-
observed g-CPMG decay rate is a sum of contributions froning correlation timesr; .
each motion. The contributions to the g-CPMG decay rate Figure 8 shows typical g-CPMG decays in the gel phase
from motions with correlation times that are long comparedfor ambient pressure at 20 °C and for 1.5 kbar at 50 °C. In
to 7 are proportional to'(ci)_l_ For a given pulse separation, each case, the temperature is about 3 °C below the main
the signal from those molecules whose slow motions havéransition. Even for very short values, TI“"M® is only
the shortest correlation times decay most quickly. For molabout twice TJ® at these temperatures. This suggests that
ecules having slow motions with longer correlation times,adiabatic motions account for only about half of the quadru-
the contribution to the echo decay rate from the common fagbole echo decay rate just below the transition. While the
motion is relatively more important. It is the signal from quadrupole echo decay rates are similar for the two experi-
these molecules that persists for large values o 2nd  ments shown in Fig. 8, the limiting g-CPMG echo decay
gives rise to the roughly exponential limiting decay. The wayrates for large 8+ are lower at 1.5 kbar and 50 °C than at
in which the g-CPMG echo decays vary withshould, in  ambient pressure and 20 °C. The behavior of the limiting
principle, contain information about the distribution of slow decays reflects the effect of temperature on the correlation
motions. time of faster motions whose contribution to the echo decay

For the shortest values, the contribution to the g-CPMG is not entirely removed by the g-CPMG sequence. The ob-
echo decay rate from the slowest adiabatic motions is sma#lervation that the quadrupole echo decay time is similar for
and the observed decay is determined largely by the commaihe two experiments may indicate that the contribution to the
fast internal motion. For=0.075 ms,TT“"MC s about 13  decay rate from the slower motions in the gel phase increases
ms for 1.5 kbar at 60 °C and 9 ms for ambient pressure adn going from ambient pressure at 20 °C to 1.5 kbar at
30 °C. For larger values of, the limiting decay rates at 50 °C.
large 7 for high and low pressure are separated by similar The g-CPMG sequence refocuses decay due to motions
differences. As suggested below, this difference in the limit-with correlation times much longer than the pulse separation.
ing decay rates may reflect the fact that temperature waghe observation ofr-dependent decays indicates the pres-
increased in order to maintain a constant separation from thence of such slow motions and is consistent with the obser-
transition as pressure was raised. vation thatT$® in the liquid crystalline phase decreases with

Figure 7 shows g-CPMG decays for ambient pressure, increasing temperature. It has been suggested that diffusion
kbar, and 2 kbar at 65 °C. While the quadrupole echo decaground the vesicle surfadd2] or collective motiong 16]
times do change with pressure at this temperature, the limitmight be responsible for the slow modulation of the
ing slopes of the g-CPMG decays for large72are not very  orientation-dependent quadrupole interaction. For vesicle
sensitive to pressure. The result is that the spread with ~ samples, both mechanisms may contribute.
the limiting decays for large values o2 decreases with The observation of nonexponential g-CPMG decays im-
increasing pressure. Since these limiting decays are domplies that different portions of the sample are affected by
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different slow motions. One possible explanation for the ex-
istence of different slow motions is the distribution of vesicle
radii expected for a typical dispersion of multilamellar
vesicles. The distribution of vesicle radii in a dispersion has
recently been characterized using excitation transfét
NMR by Heatonet al.[29]. Effects due to the distribution of
vesicle radii have also been reported féid NMR two-
dimensional exchange spectroscopy studies of specifically
deuterated phospholipi®0].

IN[A(20t)/ Al

E. Simulation of quadrupole and g-CPMG echo decays

For molecules affected by a dominant motion, which may
be a slow motion specific to a given population, and by faster
motions that have a common effect on all molecules, g-
CPMG echo amplitudes are obtained by summing signals
that decay according to E¢B) to give

2nt[ms]

I [ ARY) /Ay ]
1
5

Tei

1-—
T

0.0 0.5 1.0 15 2.0
2t [ms]

1
=
T2

N
A(2n7)= >, Aiexp< —2nT:AM2i Tei
i=1
r
Xtan T_m ' (4) FIG. 9. Comparison ofa) g-Carr-Purcell-Meiboom-Gill echo
and(b) quadrupole echo decays for DMRiz-observed at ambient

whereA, is amplitude of the signal from a given population, Pressure and 30 °C with decays simulated using the parameters
AM,; andr; are characteristic of the motion specific to that listed in Table 1. In panefa), observed g-CPMG decays are shown
population, and T3) ! is the contribution to the relaxation OF S symbols forr values of 0.075 méopen squarg 0.1 ms(open

rate from fast motions common to all lipids in the sample.c'rde)’ 0.2 ms(open diamonyl 0.3 ms(solid squarg 0.4 ms(solid

This expression evaluated for=1. also describes the circle), and 0.5 mg(solid diamong. Corresponding simulated de-
: xp lon, evaiu T . ! cays are shown as solid lines. Pafi®l shows ther dependence of
dependence of the quadrupole echo amplitudes.

the first echo of each q-CPMG experimésolid squargalong with

In order to obtain some insight into the motions reflectedan extended set of echoes obtained from a separate quadrupole echo

by the observed decays, g-CPMG and quadrupole echo dgsperimentopen circle. The » dependence of the simulated quad-
cays were simulated using a simple discrete distribution ofpole echo amplitudes is shown as a solid line.

slow motions. Resulting simulations were compared to ob-

served decays at 30 °C for ambient pressure and 60 °C for _ . . .
1.5 kbar. populations were adjusted until the agreement of the simula-

The simplest distributions for which general features oftion With the observed decays, as judged by inspection, was

the observed decays could be reproduced consisted of thré@tisfactory. As is discussed below, it was possible to obtain

populations having different correlation times for slower mo_smilqr simulations for different sets of parameters. In effec_t,
tions and a common relaxation rateT4/ due to fast mo- the different sets of parameters corresponded to choosing

tions. If the dominant slow motion is diffusion of molecules Sgl;eroefn;l(\;vvily;(;govr\@%h ngp dﬁ;%)r(g?eateothuelazgt#sal Iglilsbrrll;ué
around a curved vesicle surfaceM,; should correspond to compares observationz at ambient rpes‘;ure and- SOg°C with
the residual second momemd,,, , and the correlation times b P

should depend on the diffusion const@&ntand vesicle radius q-CI_:’MIG and ?uadrupole eCEO de_caystlmule_\ted using the
R through[12] particular set of parameters shown in Table I. Figure 10 com-

pares observations at 1.5 kbar and 60 °C with decays simu-
lated using the parameters shown in Table II.

R2 In the sets of simulation parameters shown in Table | and
=—. (5) in Table Il, the two longest correlation times of each set are
6D long compared both te for all of the experiments performed

and to (M,,) *"2 These motions are thus adiabatic and in

Tc

In order to consider whether such motion might plausibly
account for the observed decays, the simulations were per-

formed W|thAM2 set to theM o values obtained from cor- TABLE |. Parameters for the simulation of q-CPMG echo de-
responding spectra. At 30 °C for ambient pressure and 2ys at ambient pressure and 30 °C shown in Fig. 9.

60 °C for 1.5 kbar, the observeM,, values were 263

x 10 and 16 10° s~2, respectively. Ai i (M9 AMy (10°s79) (T 179
The value of 1T was chosen to yield the g-CPMG decay .27 0.01 263 100

observed at larga in echo trains collected using small val- g 46 20 263 100

ues of the pulse separation With M,, and 17, held con- 0.27 300 263 100

stant, the correlation times and relative sizes of the three
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TABLE Il. Parameters for the simulation of g-CPMG echo de-
cays at 1.5 kbar and 60 °C shown in Fig. 10.

A i (M9 AMy; (10° s72) (T * (™

0.21 0.01 167 70
0.37 20 167 70
0.42 300 167 70

IN[A(20t)/ Al

25| ] a distribution consisting of three populations is too coarse to
fully account for the observed decays at intermediate values
o ) of 7, it does reproduce the decays observed for higher and
2ne[ms] lower values ofr.
It was possible to generate similar simulations by raising
00 F ' ' ' iE (lowering the two longest correlation times while reducing
o5t b | (increasing the fraction of molecules having the largest cor-
relation time. This reflects the fact that when the continuous
distribution of slow motions is approximated by two discrete
populations, the result is not sensitive to the precise way in
which the distribution is divided. Better definition of the dis-
0 o5 " s 20 tribution would presumably require comparison with decays
2t [ms] obtained using a larger number of more closely spaced
values.
The two longest correlation times listed in Table | are
and(b) quadrupole echo decays for DMR-observed at 1.5 kbar II1ong enough that the corresponding motions can be consid-

and 60 °C with decays simulated using the parameters listed i . . . . . S
Table II. In paneka), observed g-CPMG decays are shown as Sym_ered adiabatic. If adiabatic motions dominating echo decay

bols for = values of 0.075 mgopen squane 0.1 ms(open circle, are related to d?ffusipp of_ lipids aro.und curvgd vesicle.sur-
0.2 ms(open diamony 0.3 ms(solid squarg 0.4 ms(solid circle, ~ faces, then the identification &, with AMy; is appropri-
and 0.5 ms(solid diamond. Corresponding simulated decays are ate and the correlation times should depend on vesicle radii
shown as solid lines. Pan@) shows ther dependence of the first through Eg. (5). For a diffusion constanD~4x10"*
echo of each g-CPMG experimeftolid squarg along with an ~ M* s~ * [12,27], the two longest correlation times in Table I,
extended set of echoes obtained from a separate quadrupole ecR® and 300 ms, would correspond to radii of curvature of 0.7
experiment(open circlg. The 7 dependence of the simulated quad- and 2.7um. These fall within the range obtained by Heaton
rupole echo amplitudes is shown as a solid line. et al. [29] using excitation transfe?’P NMR to directly
measure molecular rotation due to translational diffusion in
the regime where their contributions to the echo decay ratgesicles. They found that approximately 20% of the mol-
are inversely proportional te.; and dependent on the pulse ecules exist in vesicles with radii greater thapgh.
separationr. The shortest correlation time in each set of The shortest of the correlation times falls into the fast
simulation parameters is less thavl {) ~ "2 but of the same motion regime where its contribution to the echo decay rate
order of magnitude. The corresponding motion is in theis (1/T3°PM9,~AM, r.; independent of the pulse separa-
range between adiabatic motions and those contributing tgon 7. The signal from this population displays the largest
motional narrowing. The shortest correlation times in Tablescho decay rate in the sample. This correlation time also falls
| and Il are, however, much smaller than the pulse separgnto the intermediate range between being adiabatic and con-
tions used in the experiment and the contributions of thesgibuting to motional narrowing. The identification afM,;
motions to the echo decay rates are proportionatfeand  with M, is thus not fully justified. The simulation is only
independent of pulse separation. slightly altered, however, if this population is assigned
Specific aspects of the simulated decays are affected by 0.05 ms andAM,;=60x 10° s~2. For correlation times
particular simulation parameters. The limiting behavior of|onger than this, the simulation can no longer reproduce both
the simulated g-CPMG decays for larga2is sensitive to  the quadrupole echo decay and the shogtCPMG decays
(T2)~*. For simulated echo trains corresponding to a smalkimultaneously. This provides, at least, an indication of the
pulse separation, the nonexponential q-CPMG decays @rder of magnitude for the correlation time associated with
small values of B reflect the presence of a population hav- this motion. If this motion involves diffusion over a curved
ing a short correlation time and a fast echo decay. The presegion of the bilayer surface, the corresponding radius of
ence of such a population is also necessary to reproduce th@rvature would be less than about 30 nm. This is clearly too
small r behavior of the quadrupole echo decay. At largesmall to associate with the radius of curvature of a vesicle.
values of 47, the separation between adjacent g-CPMG de- Two-dimensional exchange spectroscopy, which mea-
cay curves does not vary monotonically withbut reflects  sures the distribution of angles through which molecules re-
details of the slow motion correlation time distribution. For orient during the mixing time in the pulse sequence of the
the two populations with larger values of;, the simulated two-dimensional experimeri81], has been used to obtain
decays are sensitive the rathdM ,; / 7; so that separation of information about slow reorientation. Fenske and Jarrell
AM,; and 7.; must be based on other considerations. Whilg 28], using 3'P two-dimensional exchange spectroscopy, re-

I [ ARY) /Ay ]
1
5

FIG. 10. Comparison ofa) g-Carr-Purcell-Meiboom-Gill echo
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ported correlation times for orientational exchange due tahain orientational order decreases slightly with increased
lateral diffusion of 44 ms in liquid crystalline DMPC bilay- pressure if the separation between the sample temperature
ers and 8 ms in liquid crystalline DPPC bilayers. Augeal.  and the transition temperature is held consfa8t. If hydro-

[32] found a similar correlation time for DPPC usir static pressure is applied isothermally, the same study
two-dimensional exchange spectroscopy on selectivelghowed that the effect of pressure on the first spectral mo-
chain-deuterated DPPC. Macquaire and BId&@] included  ment in the liquid crystalline phase decreases with increasing
the possible effects of a distribution of vesicle radii on slowtemperature. The first spectral moment is proportional to the
motion correlation times in their analysis 84 NMR two-  mean orientational order of the chain. For the current study,
dimensional exchange spectroscopy on DPPC deuterated this implies that raising the pressure and temperature from
the a position of choline. They interpreted their observations30 °C and ambient pressure to 60 °C and 1.5 kbar should
in terms of diffusion over vesicles with radii of curvature involve a slight decrease in chain order but also a decrease in
falling predominantly in the 1-2um range. In addition, lateral compressibility of the bilayer. Any reduction in the
about 15% of the molecules were associated with radii ofranslational diffusion constant under these circumstances
curvature much greater thangm. In order to account for presumably reflects the latter effect rather than the former.
their observations, however, it was also necessary to consider
small angle reorientation due to surface roughness on scales
much less than Lm.

If surface roughness also accounts for the results attrib- This study provides some general insights into how bi-
uted here to the population with the short correlation time, iayer motions sensed by a phospholipid headgroup deuteron
is important to recognize that the molecules in this populajabel are affected by the application of hydrostatic pressure.
tion could simultaneously be experiencing other slow mo-The isothermal application of pressure in the liquid crystal-
tions. The contribution to the echo decay rate from the motine phase reduced the spin-lattice relaxation tife This
tion with the shortest correlation time is much larger than theyas taken to indicate a pressure induced increase of the cor-
contributions from the adiabatic motions. The echo decay forelation times for fast motions contributing to spin-lattice
a molecule experiencing both motions would be dominatede|axation.
by the effects of the short correlation time motion and would ~ Simulation of the quadrupole and q-CPMG decays was
thus be associated with that population. used to obtain an approximation of the distribution of rel-

When hydrostatic pressure is applied and the temperatuigvant slow motions. The results suggest that diffusion of
is raised to maintain a particular separation from the transitipid molecules around curved vesicle surfaces with a distri-
tion temperature, the quadrupole echo decay rate and thgution of radii is a plausible identification of some slow mo-
separations between q-CPMG decay curves for different valions contributing to the observed decays but does not rule
ues ofr are reduced. The simulation shown in Fig. 10 wasout other possible adiabatic motions. Because other slow mo-
carried out withAM; fixed at the value oM, observed for  tions, such as local bilayer undulations, are also expected to
60 °C and 1.5 kbar. The other differences from the parameontribute to echo decay, any distribution of vesicle radii
eters used for the simulation shown in Fig. 9 are a reductioextracted from such observations should be approached with
in (T,) ! and an increase in the fraction of the signal assocaution. The simulation does, however, provide some insight
ciated with the longest correlation time. The difference ininto the breadth of the distribution required to account for the
(T5) ! between the two simulations presumably reflects epbserved decays and into how the general distribution of
reduction with increasing temperature of the correlationslow motions is affected by the application of pressure.
times for common fast motions contributing to echo decay. Simulation of the quadrupole and g-CPMG decay obser-
As shown in Fig. 7, isothermal application of pressure hagations also suggested that the application of pressure affects
little effect on the g-CPMG decay for small values of thethe distribution of slow motions contributing to these pro-
pulse separatiom where the decay is dominated by4) .  cesses. If diffusion of lipid molecules around curved vesicle
The primary change in the slow motions between the twgsurfaces is an important adiabatic motion, the effect of pres-
simulations is the apparent extension of the distribution tesure on the distribution of slow motions might reflect a
longer correlation times. Similar simulatiofsot shown of pressure-induced reduction in the translational diffusion con-
the g-CPMG decays displayed in Fig. 7 for ambient pressurétant.
and 2.0 kbar at 65 °C confirmed that the effect of pressure on In general, the effect of pressure on relaxation and echo
the g-CPMG decay at fixed temperature could be largelyiecay rates in the gel phase was found to be somewhat
accounted for by increasing the largest correlation time aniveaker.
the fraction of the population corresponding to that correla-
tion time. Limited pressure cycling did not suggest signifi-
cant changes in echo decay behavior that might be expected
for irreversible changes in vesicle radius. The change in the The authors thank William Kieley for his contributions to
slow motion distribution with pressure may thus indicate athe construction of the high pressure NMR probe. This work
decrease in the translational diffusion constant with in-was supported by the Natural Sciences and Engineering Re-
creased pressure. search Council of Canada. The authors are grateful to Pro-

The possibility that the translational diffusion constantfessors M. Bloom and E. Sternin for supplying the dePakeing
might decrease on going from ambient pressure at 30 ° C teoftware used in this work and to Professor Franz Fujara for
1.5 kbar at 60 °C is of some interest. TRel NMR first  helpful comments. D.F. was a visiting graduate student from
spectral moments for perdeuterated DMPC show that théhe University of Dortmund, Germany.
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