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Abstract

The effect of Iy

drostatic pressure on saturated diaey] phospholipids was studicd

using deuterium NMR. A probe for denterivm NMR studies of soft ma

constructed Lo operate at pressures up to 2.7 Kbar. The response of the bilayer to

v thickness

Dydrostatic pressure was found to be lighly anisotropic in that the bilay
was observed Lo increase s the pressure was mised. From the temperatire and

pressure dependence of the first spectral moments in-perdenterated DI

Ll wa

concluded that the effect of temperature on aren per lipid decreased with pressire.

The main transition in DMPC-dsy was analyzed in terms of a Land

Lype Tree
energy model. In another series of experiments lipid headgronps were found to till

toward the bilayer normal, in respouse to a pressure-induced reduction in the area

per lipid molecule in the bilayer. Experimes

s wh nre was varied at high

tempera

and low pressure led to the conclusion that the hezdgronp response to temperat

consists of two clfects - a head

tilt and a induced methyl
I 1y

order. In a study of perdeuterated DLPC high prossure was found o remove e

overlap between the main and the subtran:

ition and to result in the appearance of

a true gel phase helow the liguid crystalline phase,

The low temperature end of
the liquid crystalline phase was found to be dominated by an intermolecular order-

ing process which substantially slowed the motions. T porde

i

d DPPC, high

pressure was seen Lo promote the formation of a number of low temperat

When temperature was lowered, Lthe system was observed Lo

s throngh the figuid



erystalline phase, o possibly interdigitated phase, a phase that might reflect domi-

nation by intermolecular correlations, rather than chain order. and a highly ordered
erystalline phase. Cholesterol in a DPPC ipembrane was found to reduce the effects
of hydrostatic pressure on the membrane in the sense that aside from the pressure-

retained even

induced temperature shift the ambient pressure phase behaviour w
at 2.2 kbar. No evidence was fonnd Lo suggest that the positioning of the cholesterol

moleenle in the bilayer might be alfected by pressure.

iii
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Chapter 1

Phospholipids

Lipids constitute one of the major classes of biologically important organic

molecules. They form the central architectural feature of biological meml

o8

the lipid bilayer [1<1]. The membrane lipids ingeneral have an amphiphilic stre

ture. The hydrophilic part is normally a polar group (charged or zwitterionic) and

the hydrophobic part. is aliphatic.

Among all lipid familics, phospholipids have heen subject to the most intonse
seruting and are prosently best. understood. The roleof the phospholipids as esential

membrane components is attributed to Uheir Ivotropic belavior, i.c., (o (1

to spontancously form bilayer mesophases when dispersed in water [1. 137,
behaviour s driven by the so called hydrophobic inferactions, Ceometrie Tactors,

reflecting the relative size of the polar region (headgronp) and the hydrophobic

region (tails), as well as the degree of hydration. determine the Ly pe of liguid

aggregates formed (1].

1.1 Description and classification

Phospholipids display a rich div

arsity of phases as fempe:

e (Lhermotropic meso
worphism) or hydration (yotropic mesomorphism) is varied. A number of lamellar
(L, P). hexagonal (1), cubic(Q) and crystalline: (¢) phases have been identifid. A
popular and comprehensive description of these phases has been proposed by Lz,

zati [8], although a complete and wnified nomenclature is corrently not. available.
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The va lipid mesophases in Luzzati’s notation are described by a Latin letter

on the basis of heir general topology and geometry, with a subseript, specifying the

state: of the hydrocarbon chains. The meaning of the varions symbols is summarized

in table L1 (from [5]).

Phase: struclure Hydrocarbon chain slae
L lamellar o -fluid (disordered)
P -rippled f# -normal (partially ordered gel)
I -two-dimensional hexagonal A" -tilted (partially ordered gel)
I -hexagonal & -helical
Ny -inverted hexagonal ¢ -crystalline
It -rhombohedral
Q  -cubic
o -erystalline

‘Table 1.1: Luzzati’s nomenclature.

Stable phases for phospholipids with two hydrocarbon chains are usually lamellar
[8-11] or, for lipids with a smaller headgroup [12], hexagonal.
Phospholipids have a phosphate group as part of their polar headgroup. A

major family of membrane lipids is the glycerophospholipids. The focus of the

present work is largely on glycerophospholipids. Their general structure includes
two nonpolar hydrocarbon chains, esterified (or etherified) to a glycerol (often called
the backbone), to which a phosphate group is also esterified, usually at position 37
The phosphate, in turn, is esterified to an alcohol. A very common membrane lipid
class, the phosphatidylcholines, has a choline group attached to the phosphate.
"T'he phospholipid hydrocarbon chains are resiclues of esterified fatty acids. These
fatty acid residues may be saturated or unsaturated. Saturated (alkyl) chains con-

tain no double honds.

holipid: bi in lung surf: s

with oneor t | chains are

and in cell membranes. Table 1.2 lists saturated falty acids associated with the
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diacylphospholipids discussed in this work together with an example of a mone-

unsaturated acid.

Structure Systematic name Common namy M-syslom
Cll3(CHy),COOI n-Dodecanvic §
CllI3(CH,),,COO0Il n-Tetradecanoic 1
Cli3(CHg),COOI n-lexadecanoic 1
Clly(CHy),COOII w-Octadecanoic  Stearie 18:

Clly(CL,);CHT=CI(CI1,):001 Oleie 18:1ed"

Table 1.2: Fatty acids nomenelature,

The complete names of the phospholipids are formed by preceding the hack-

bone name with the names of the chains and appending the headgronp name

at the end. One example of a diacy id is 1,2-dlipal

wlsn-glycoro
3-phosphatidylcholine (DPPC). This lipid. abundant in membranes and sufac
tants, has a glycerol backbone, two palmitic chains and a phosphoryleholine

headgroup. The structure of the 12 carbon homolog, 1,2-dilauroyl-si-glycera-

phosphatidylcholine (DLPC), is shown in Figure 1.1. Figure 1.2 illustrates the ap-

proximate orientation of the varions parts of an isolated DLPC molecule (produced

by Cerius-2).
Phospholipids are the major s of cell meml ey play e

role in cell division and [usion, endo- and exocytosis, transport, ete. Phospholipids

i and serve as a stroctured solvent

the passive behavionr of the
for enzymes, channels and other functional membrane components.

Another lipid discussed in this work, is cholesterol, ‘T'he dolesterol moleele
consists of a rigid slerol care, composed of four fused hyelrocarhon rings, with &

liydrocarbon chain at position 17 and a polar (liydroxyl) headgroup at position
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Cholesteral
® Chains (Tails)

..(/ \U/\/\/\/\

..L/ Y\/\/\/\

llL

o ,, nLIC

Headgroup
Figure L1 Structure of DLPC and cholesterol.

3 (ligure L1). “The molecule is amphiphilic. but. cholesterol forms liquid crystal

mesophases more readily in combination with phospholipids than o its own. Clioles-
terol plays a very important role in cukaryotic cell growth and is also a precursor
1o a number of hormones and bile salts. 1t is found in the phospholipid array of
plasma membrancs of most mammalian cells. where it participates in regulating

Vilayer fluidity, permeability and other propertics.

1.2 Lipid bilayers

"I'he diacylphosphatidyleholines (diacyl PCs) in water form a number of mesophases.
A common feature of these is the phospholipid bilayer, formed spontancously by the

dispersion in water of diacyl PCs with more than 10 carbons in their hydrocarhon
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: Model of an isolaled moleenle of DEPC.L (Produced by Cerin

chains. Dry phospholipids are erystalline [13], but multibilayers form even at very
low levels of ydration. The molecules in a bilayer are organized such that the
hydrocarbon chiins of each monolayer are parallelandl form the hydrophobic region
of the monalayer, while the polar headgronps lie in a difforent plane. forming the

hydrophili

surface of the monolayer. Two monolagers orient with their hydiophobic
faces towards each other to form the phospholipid bilayer. Bilagers are separated
by the water subphase. At higher lovels of hydration the multibilayers organize

in larger closed structures called liposomes.  The latter are vesicnlar aggregates

which may contain one or many hilayers and havea water subphase enclosed in the

vesicle. Thie single bilayer liposomes are called mnilamnellar vesicles (ULV) anel are

usually produced by sonication of the lipid/water suspeension, while the multibilayer
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ones are called maltilanellar vesicles (MLV) and are obtained by gentle stining or

vortesing. Thesizes of MLV are generally larger than those of ULV, The thickness

e bilayer, though, is small compared to the size of either.

‘I'he thermolropic hehaviour of diacyl PC's is dominated by the state of their

phospholipie chains. At low temperatures, the hydrocarbon chains are in the all-

Irans (1) conformation, that, is, all carbon atoms on one chain lie inone plane. This
is the ground state of the chain [14, 15], It corresponds 1o a C-C-C-C: dihedral angle

ol 0°. Anothe

able: conformation of the

eyl chainsis the ganehe (g) conformation,

where the diliedral angleis £120°. A gauche conformation changes the direction

of the chain. This disrupts the order in the bilager and is sterically unfavourable,

Combinations of two ganche and one or more trans bonds (kinks and jogs) on the

other hand, although less energetically favourable, disrupt the bilayer much less and
are common in the exciled state of the chains [1, 15]. AL high temperature the
phospholipid chains are in a disordered state. dominated by gauche conformations.

They hehave inthat. stale much like melled paraflins.

the liguid crystalline,
or L, phase. Cantion must be exercised in using the expression liguid crysal - here

it is used in-a more restricted sense to describes the fluid state of the chains, rather

than in its more common meaning referring largely to the mesomorphic states of
matter (cf. [16]). At lower temperatures the lipid chains are predominantly straight
(fewer gauche conformations) and tilted (Lye) or not. tilted (Lg) with respect. to
the bilayer normal. In addition, a bilayer modulation may occur in some cases to

ace late some of the mi; h between the headgroup and the chain volume,

resulting in so clled rippled ( 2) phases. In the ordered phase there is also evidence
of melecular ordering within: the plane of the bilayer.
Phase transitions and headgroups.

The phase conversion between the disordered (liquid erystalline phase) and the
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more ordered phases in pure phospholipids is observed as a discor

ty ina number

of experimental parameters. From the dilferential scas e calorimetry perspecetive,
a sharp discontinuity in the enthalpy marks the transition. This is seen as a peak

in the heat capacity of the system [17. 18], X-ra

¢ erystallography |

G 1L 18] and

small angle neutron scattering (SANS) me

surements [6. 19] report a discontinn
ity in the bilayer thickness. The onset of lateral molecular order helow the phase
transition can he observed by wide angle X-ray diffraction [5]. NMR moments and

lineshape analysis indlicate a discontinuons change it the orientational order of the

acyl chains and the area per lipid molecule across the transition [20 These

and other experiments provide abundant evidence that: the main bilayer transition,

abserved between the L, and the Py phases [11, 23], is of first order. 1t has hoen

suggested, thougl, that the main transition in diacyl PCs ocenrs elose Lo a eritical

ity in Lhe

point (22, 24-30]. On the basis of a i study of the dis

per Tipid molecule across the main transition, Morrow and coworkers [22

2] coneld

that the main transition in shorter chain diacyl PCs oceurs closer Lo a eritical point.

than in longer chain homologs. The results of that study also imply that this dis

continuity may disappear in lipids with less than Il carbons in the acyl chains. The

shortest chain diacyl PC, which forms stable bilayer aggregates, is DLPC whicl has

12 carbons on its chains. The observation of the L, — Py tra ion in this lipid is

obstructed by the intervention of a transition into the L, phase [22, 3

At lower temperature the diacyl PCs undergo a phase conversion hetween the
Py and the Ly phases. This is the pretmnsition. The shorter chain diacyl PO
lhomologs (12 and 11 carbons) entera crystalline (L) phase across the sublransition.
This phase is also observable in longer chain diacyl PCs after ineubation at subzero
temperatures over a long period of time (31, 37]. [Lis important to remember that

these transitions occur hetween phases which are characterized by different. order
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in the chain region. The topology of the sample (MLY in

and motional propertics

this ¢ does not change.

In membranes, the phosphatidyldioline headgroup is oriented almost parallel to
the bilayer surface (38, 39]. This arientation can he affected by various perturbing
agents. In the presence of membrane surface charge, for example. the headgroup

wndergoes a Lilt towards, or away from the membrane surface [39-19]. Headgroup

orientation is also affected by changes in hydration [50. 51].

1.3 Membranes at high pressure

e effeets of hydrostatic pressure on phospholipid membranes have hecome the

foens of substantial scientific interest in relation to issues like deep sea diving,

physiology of ocean floor life forms and lipid systems in oil wells. OF particular

interest are conditions like the high pressure nervons syndrome and pressure ex-

citability in peripheral nerves. The experimental approaches used include electron

53). dilatometry . differential scanning calorimetry

spin resonance (ESR) [52

156, 59, 60], Raman, UV and IR spectroscopy [61-79], magnetic resonance [S0-88],

neutron scattering {19, 89-91). X-ray diffraction [92-05], light transmission [96. 97)

and fluorescence [98, 99]. Theoretical models have heen developed to discuss the

elfects of pressure on the main transition in phospholipids (Whitmore.
rvesults) and the mechanisms of incorporation of a local anaesthetic into the mem-
Drane [100, 101).

Rescarch on membranes at high pressures has developed in a number of direc-
tions, among which are the study of the properties and phase behaviour of pure
Tipids at elevated pressure [19, 54, 56, 80, 31, 83, 85-88, 90, 91. 97. 102, 103]. lipid-
cholesterol interactions [72. 89] lipid-protein interactions [77, 78] and the effects of

Tocal anesthetics on lipid bilayers [52. 53, 55. 59, 72, 71, 81, 96, 104]. Liveand intact
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cells, as well as native cellular and organclle membranes, have also heen investigated
at clevated pressure [75, 105-111].

The main transition temperature in phospholipids has heen observed to inerease

at clevated pressure by

about 22°C per khar [19, 51, 55,83, 90, 112). A mmber of
high pressure phases have been reported. ineluding an interdigitated phise [19, 56,
60, 61, 62, 65, 70, 82, 83, 85, 87, 88, 90, 97, 102, 103). NMR spectra. prosumably
cortesponding to six of these phases. have beon identified [S3]. These phases e

identified as the liquid o 1

Lalline and five gl phases, deseribed by Wong [102]. *

NMR experiments on lipids denterated at specific places aloug the ehaius, show

the distribution of methylene order along the ehains. In particular, a substantial

increase in the order is observed towards the cuds of the chains i the interdigitated

phase [86]. All phascs can be observed in DPPC at pressures below 2 kly

lydrostatic pressure produces lateral compression of the bilaer, the degree of

which can be estimated from changes in the bilayer thickne Pressure has been

found to increase the thickness of the hilayer [90] and at the same ime to deerease
the bilayer volume [56,57). "The volume compressibility of the bilager, though, is one
or two ordlers of magnitude smaller than the compressibility in the lateral and axial

directions [113) and can often be neglected. Therefore, il is reasonable o assume

that a lateral bilayer compression ocenrs at. a rate proportional fo the inverse of

the change in bilayer thickness (see chapter 4). Deuterinm NMR provides a way of

estimating the change in membrane thickne:

Pressure is found to have an ordering effect on the acyl chains (83, 8], Addition

of a membrane-soluble local anesthetic is shown to disorder the bilayo

+ Subsequent,
application of high pressure has been observed 1o re-establish moleenlar order and,

therefore, o act in its capacity of an anesthetic antagonist [84].
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periments at. clevated pressure provide information on the properties of phos-
pholipids from the perspective of another thermodynamic dimension. The response

of the bilayer o volume ion is very anisotropic and can be useful in gaining

new insights into the mechanicaland structural propertics of the bilayer. The cffects

of volume compression on the phase belavions of the phospholipids can lead (o a

derstanding of their ambient pressure phases.

1.4 This work

This iva study of the effects of hydrostatic compression on the molecular and phase

properies of diacyl phospholipids. The design foatures of o new denterium NMR

probe for high pressure with soft fals are p L The

effects of pressure on the fiest order character of the phospholipid mait transition

on in the mean orientational

are studied in ferms of the discontinuity at the tran

order in DMP

I'he proximity of the transition to a critical point is discr

A phenomenological model is used to analyse the ambient and the high pressure
hehaviour of the system. A systematic study of the phase behaviour of DLPC: at
different pressures is presented. It is shown that pressure can be used to decouple
the main transition and subtransition. which overlap at ambient pressure. The effect
of pressure on the recently reported L phase is investigated, as well as the relative
stability of the L, and the gel phases with respect to the crystalline phase. It is
suggested that DLPC undergoes a transition into the gel phase beyond a critical
point. The response of the phosphocholine headgronp to a change in the area per
lipicd molecule is investigated in both DMPC and DPPC, [ligh pressure is used as
a tool for changing the orientation of the polar headgroup in a continuous way.
A new mechanism governing the ambient pressure response of the headgroup to

temperature is proposed. The phase hehaviour of DPPC is studied at constant
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pressure and at constant temperature. The boundaries of some

liggh pressure phases

are determined more accurately. The stabi of the ore

ered erystalline amd X

phases is discussed. The olfects of pressure on the phase e

onr and dynamical

properties of a cholesterol-containing hilayer are st



Chapter 2

NMR Background

Nuclear magnetic rsonance (NMR) is based on the principle of 10sonant, energy

transfer in a nuclear system in a magnetic field. This effect can only be observed in

cems with mielear spin 1 £ 0.
“The experiment includes a source of a coustant external magnetic field Ho. a

spin system and a coil. with axis transverse to the e

ernal magnetic field. The coil

plays the role of a coupling element between an excitation source of transverse time-

dependent magnetic field and at the same time it provides the front end interface

of the detector.

1 intera

“tion hetween an isolated spin and the maguetic field can be described

by the Zeeman Hamiltonian

7Ho I 1)

Here 9 is the gyromagnetic ratio of the nuclear spin 1. The preferred orientation

in the spin system is along the external magnetic field. This results in a nonzero

el macrascopic pol

ation. Let My be the magneti

ation of the spin system

at equilibrinm. A semi- picture can be used to deseribe the dynamics of
the spin systen following a perturbation from equilibrium. The z-component of the
magnetization. AL, along Ho. relaxes towards Mo. while the transve
M,

{11-116]

components,

Wl My velas o zoro. The interaction can be described by the Bloch equations

AN My— M.
G o M),
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dM, ! A,
= M xH)L -5
day

- A
= (M xH), — T

The time constants for the relaxation ave 7y for the longitudinal component and 1y

for both transverse components of the maguetization.
This chapter presents a brief description of deuterium NAR theory and its rele

vance 1o membrane biophysics.

2.1 Deuterium NMR - theoretical remarks

Membranes fall in the category of partially ordered systems. More specilically,
they are liquid crystals. The molecules in the lipid bilayer display some dogroe
of orientational and positional order while complete crystal-like order is absent.

Model membranes, discus

od in this text, are generally in the form of MLV, The
molecular motions in these systems are more restricted than in isotropic solutions,
yet they have much more freedom than in the ordered systems. Denterinm NMIR is
a method for studying these motions which provide information on their magnitude,
time scale and symmetry. The lipid motions in the membrane are anisotropic. As
a result, the orientation dependent second order (fensor) spin interactions are not
completely averaged out. These inclide the quadripole and dipolar interactions
and the chemical shifts.

Deuterium NMR (211 NMR) utiliz

s some of the unique properties of this iso

tope. Hydrogen can be relatively casily substituted by denterinm in a number of

organic molecules without altering the chemical and biochemical properties of the

compounds. In addition, a site-specific substitntion is possible. allowing informa-
tion about a given part of the molecule to be obtained without interference from the

rest of the systen. Deuterium, a spin one nuclens, has a quadrupole moment siall
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enough that pulse techniques can be applied (typical line width is less than 250 klz)
and that the quadrupole interaction can be regarded as a first order perturbation
to the Zeeman Hamiltonian (about 23 M1z in a 3.7 T magnetic ficld).

I'he complete Hamiltonian of the system consists of Zeeman, quadrupole, dipolar

and chemical shift parts:

=My + lg + 1y + e (2.3)
For a carhon-denterinm boud in a methylene group the last two make contributions
of the order of 10 kIl and 1 kllz, respectively. and can be neglected [117]. Tn this
case the system can be reated as an isolated spin problem with the quadrupole
interaction as a first order perturbation,

Figure 2.1 shows the splitting of the ground state of a system of spin [ = | in

external magnetic field Ho. The ground lovel is split into three levels (left) with

energies By = —mhwy. Here m =0, £1 and wy is the Larmor frequency.
o  mm— W+ /6
o T‘—
, W+ /2
0 -
= —x -, /3
w, W,— wq/2
55 i I —i——~mo+m°/6

Figure 2.1: Zeeman and quadrupole splitting of the ground level in a spin one
nucleus,

In a carbon deuterium chemical bond, the eloctron density has a highly
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anisotropic distribution which creates an cleetrie field gradient at the site of the

nucleus. The quadrupole moment of the deuteron inter:

with this

wlient, pro-

ducing a shift in the Zeeman levels. This shift can be evaluated by expanding the

electric potential V(r) in a Taylor’s s

es. 1L can he shown, then, that the first non
vanishing term in the resulting series for the quadeupole cnergy contains the second
spatial derivatives of V(r). These derivatives form a symetric traceless second

order tensor, called the elec

¢ field gradient (1PG) tesor. The quadrupole Hamil-

tonian can be expressed, by means of the Wigner-Eckart theorem, in the prineipal

axes system of this tensor. Since the clectr

field gradient has a prefersed direction,

it is appropriate to introduce an asymmetry parameter

(2.0)
reflecting the relative contribution of the diagonal eloments Ve, Vi, Vi of the
EFG tensor. Then the quadrupole Thamiltonian is [111. 116, 115-120]

Q)

e = 11

(312 = 1)+ (1 = 15)]. (2.5)

Hete ¢2qQ/h & 167 kil is the quadrupole coupling constant for deuterinn in a
carhon deuterium bond.
The quadrupole shift of the Zeeman lines can be determined by expressing the

quadrupole Hamil

in spherical li in the laboratory frame and then
taking llg as a first order perturbation to the Zeeman Hamiltonian, The resulting
Hamiltonian depends on I< alone. Then the m = %1 Zecman levels are shifted

upwards by an amount

”
A = 1915 cos? 1) 4 psin eos 20] (2.6)

8

while the m = 0 level is lowered by 2A. 'The two Euler angles o and 8 deseribe

the orientation of the EFG principal axes in the laboratory frame. The resulting
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auadrapole splitting for a localized denteron is

80
BT

52§ = 1) 4 1 sin? f cos 2a].

In this way the quadrupole interaction removes the degeneracy and the single Zeo-

man line of frequency wo splits into two lin

o at wo + 3A/h and wy = 3A/h. the

on also shows th

shifted levels are shown in Figure 2.1 (right). The above

XPress

the quadrupole splitting depends on the spatial orientation of the BIG with respect

o the external magnetic field,

Almost all sitnations of practical interest involve deuterons which are not station-

cnee

ary but are, rather, part of molecules undergoing various motions. [n the pres
of molecular motions, it is more appropriate to discuss the average orientation of
the BIC principal axes systom, rather than its instantancous one. This is usually
L 119,

Instead of expressing the orientation of the Il

doue in terms of an order parameter

principal ases with respect, to

the laboratory frame of reference, it is suitable to introduce a molecular coordinate

em and to describe the EFG orientation with respect to this system. This

appropriate in the case of carbon-denterium honds, since the essential part of the

IFG s produced by the molecular electron distribution and the gradient appea
stationary in such a molecular frame of reference. In this case. a, g and ¥ can be
chosen to specify the Enler angles of the BFG system with respect to the molecular
frame of reference and o, g and ' can be used to describe the orientation of the

molecular axes of motion with respect to the laboratory coordinate system. The

symmetry of the molecular motion and that of the laboratory frame leave 7, o and
4" atbitrary and they can be sel. to zero. Then the average quadrupole splitting in

the presence of molecular motion can be expressed in terms of the diagonal elements
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of the order parameter tensor {117, 118, 119] as

3e2qQ

(we) = (Beos? ' — 1)([(Beos? 3 = 1) + psin? Feos 2a])

dh 2

The order parameter elements are obtained by taking the average over the molecular

motions. If the molecular reorientations are sucli that S, =

< the quadrpole

splitting,

o 324Q
fug) = 212

(Beos?

(2.9)

no longer depends on 4. In a different situation, an

1 ean
result in an asymmetric deaterium line if the motions of the moleeule are of lower
symmetry.

A phospholipid dispersion in water is usually in the form of NIV, The moleenlar
axes in such vesicles are approximately normial Lo, or slightly tilted with respect to

the surface of the vesicle, thus a

suming all possible orientations with respect Lo
the external magnetic field. The different, quadrupole splittings from molecules of
different orientation with respect (o the magnetic field result in a powder (or Pake)

spectral line shape (117, 119] given by

Je) =

I) = (2.10)

where a s the scaled frequency. This is an exprossion for the dewterinm lineshape
for 7 = 0 and in the absence of relaxation, which wonld broaden the lines. A plot of
the above equation is shown in Figure 2.2, When i # 0 the spectra are mueh more
complex and analysis may requite numerical caleulations,

For symmetric lineshapes, like the one shown in Figure 2.2, the spectral moments
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-1 0 1

Pigure 2.2: $pectral function f(x) for an axially symmetric motion.

can be defined as [117-119, 121]

J{w)w"dw

TR T (2.11)

“I'he integral in the denominator is half the arca under the spectrum and [f(w) is the

spe

[119)

ral lineshape function. It can be shown that for an axially symmetric lineshape

My =

(2.12)

Here the second equality was obtained by expressing (wg) in terms of Sepy for
a molecular axis, oriented along the magnetic field, using Equation 2.9, When

perdeuterated hydrocarbon chains are studied the order parameter averaged over
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all segments in the chain and Sy must be used in Bquation 2

Equation 2,12 ill

rates the importance of the first spectral moments to mem-

brane studies. It shows Ay as a uselul indicator of mean orientational order in

the hydrocarbon region. A1y is Uhus ex

cmely

itive to phase tr;

tions which

affect this order [22, 119]. First spectral moments in the liquid crystalline phase

are also used to estimate the acyl chain

I extension per methylene gronp in the

hydrocarbon region of the metnbrane (cf. Fquation 4.1 [22)).
2.2 NMR techniques

The NMR pulse sequence used in all experiments deseribed  herealter is the

quadrupole ccho sequence [122). 1t consis

s of two radio frequency (r.f) pulses,
separated by a time 7 and shifted in phase by /2. Fach pulse tips the magneli-

zation 90° away from equilibrinm (r/2 puls

A precossion of tie magnetization,

called the free induction decay (IF1DD), is initiated by the first, pulse.

ollowing the

second pulse, a relocusing of the nuclear magnetiz

ion ocenrs al a time 27 after the

fivst pulse. The time 27

bee chosen Tong enongh that the echio will aceur after the

probe ringdown and beyond the dead time of the receiver. A necessary condition for

implementation of the quadrupole echo sequence is that the longitudinal relaxation

has to be slow 7y > 7. llere Ty is the longitudinal relaxation time. ‘The evolution

of an isolated spin system following the two pulses can be de

ibed rigoronsly in
terms of the density matrix formalism [117].
When the pulse separation is incre

d, the echo ocenrs at a later time with a

concomitant decrease in amplitude. This loss of magnetization is a resnlt. of slow

reorientation and is characterized by the t

ansverse relaxation time Ty, A series of

7's with the cor sing echo amplitudes provides a means

of ing this ¢ ter. I a single exponential decay mechanisnt is assumed,
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the t rate can he | from

A(27) = A(0)e~ ¥/, (2.13)

“The subscript. ¢ here stands for ‘echo’, describing the method used for measuring

the transverse relaxation.

A connection can be established between the ion rate and the

correlation Limes of the system by meauns of the density matrix formalism. The
carrelation linction characteristic time (the correlation time) provides information
on the timescale of the moleeular motions. By means of an expansion of the density
operator in terms of a complete sel of orthonormal operators [119-121, 123-125],
Ty can be related to the spectral density fanctions of the system (the Fourier

transformations of the correlation function) [121].

2.3 Quadrupole echo

“The quantum mechanical treatment of the quadrupole echo is conveniently done

in torms of the evolution of the density matris [119, 117) following the two pulscs.
An operator space can be introduced which contains, for spin / = 1. a set of ninc

orthonormal operators. Owe particnlar choice. in the rotating frame, is [117. 126]

(2.14)

Following the notation of Davis [117), the quadrupole ITamiltonian can be ex-
pressed as

o= \/ghwq(h. (2.15)
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and the Hamiltonian during a pulse of strength wy is
= ~V2he Q. (2.16)

Here wy is the frequency of precession about the trans

magnetic field in the

rotating frawe. The total Hamiltonian in the abscnee of the r.f, pulse is
o = I+
f2
= —vEhals+ \/Whu,)q,.. (2.17)
The density matrix can he expressed in terms of these as
o) =X ey(NQ,e (2.18)
7

As discussed earficr, the quadrupole interaction can be treated as a small perturba-

tion to the Zeeman Hamiltonian, and at equilibrium, the density matrix is
p(0) = 3 e,(0)Q, = es(0)Qu, (2.19)
0

where

(2.20)

and all other cocflicients are zero.

During the fiest pulse of duration £y and strength w;, along th

axis, the coolli-
cient ¢z is also nonzero. The time evolution of cach is deseribed by the corresponding

Liouville equations. A pair of solutions for ¢, and s,

Vihw,y

cflm) = sin(wilu )

W
es(lur) ‘/.,Z;"f" cos(wilun), (2.21)
describes a precession of the vector magnetization abont. the componient, of the radio

frequency (r.1.) field in the rotating frame. IF e pulse is of magnitude and direction
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such that wl,, = 7/2, the z-component of the magnetization at the end of the r.f.
pulse is rotated into the y-axis.
Following the 7 /2 pulse the only nonzero cocfficient is

exlur) = % (2.22)

and all other coefficients are zero. The system evolves for a time 7 under the influence
of the quadrupole Hamiltonian, Equation 2.15. The nonzero cocflicients during this
time period are ¢z and e5. The solution of the corresponding Liouville equations for

ey and e ab time 7 takes the form of a precession in the (Qa, Qs) planc:

alr) = iih:ﬁ cos(wgr)

es(r) = —‘ﬂ’,}f“siu(ww (2.23)

‘The coil in a NMR experiment is perpendicular to the magnetic field Ho and
can detect the transverse magnetization M, and A,. Thus, after the first #/2 pulse
the signal (in the rotating frame) is (M,), which is proportional to (/,):

s
‘/ﬁ‘l" cos(wqr). (2.24)

(1,(1)) = V22 =

“This is the signal at the heginning of the free induction decay, (FID), following the
pulse.

A sccond x/2 pulse, of strength wp and duration L, along the y-axis, results
in the formation of quadrupole echo. In this case, again. wp is the frequency of
precession about. the transverse magnetic field in the rotating frame. During the
pulse, ez is unallected by the transverse field, because the r.f. Hamiltonian commutes
with Q. 1 wq < wy, the evolution under Ho can be neglected. The effect of 1l

on ¢s, at the end of the pulse, is given by

V2hao
3T

cs(tua) = sin(wqr)
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3 VBedtua) = cstrual} =

After the pulse the system evolves under the quadrupole Hamiltonian 2.

solutions for ¢; and es, respectively, are

VZhy

o) = —'Wms(wal - '.!r])
2h
all) = — ‘ﬁ;“' sin(wall - 27]).

The quadrupole echio signal can be obtained from the expression for ex:

VZhwy
I

(1(1) = V2ey =

coswoll - 2r]). (2.27)

The signal is symmetric about ¢ = 2r and has a maximum at th

time, 10 relax-
ation is neglected, the amplitude is equal 1o the amplitude of the I immediately
following the first pulse. Quadrupole echo, in this way, recovers the FID completely
a time 2r after the first pulsc, well beyound the reeovery time of the meviver and
after the ringing of the transmitter has ended.

Another interesting axpect. of this technique is that. if the sign of the first pulse

is changed, the quadrupole echo occurs with opposite sign. On the other hawd a

change in sign of the second pulse has no effect on the echo. "These features prove very
useful in eliminating various artifacts resulting from pulse imperfection and receiver
recovery transients. A phase delay of 7/2 in hoth pulses results in magnetization

refocusing in the z-direction, which can be used for averaging of asymmetry in the

quadrature section.

2.4 Relaxation

Molecular motions which contribute to the time-d part of the Hamil

result in phase accumulation in Uhe rotating frame which, in turn, gives
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deeay in the quadrupole echo. If the decay is assumed to be exponential, the average

the

axation rate, 1/, , may be obtained. This can be related to the redne

e
apparent second moment, Az, due to the motion.

‘T'he limiting cases of fast and slow motion are defined in terms of the refationship

between Adl, and the correlation time for the motions, 7.. The resulting relaxation

idual relaxation mechanisms.

rate is a sum of the contributions from the indi

For fast motion, AAly - 72 < 1, the general theory of motional averaging gives

AMy 7. (2.28)

This is essentially independent of the details of motion [127].
In the ease of slow motion, Ay -72 3> 1. the result depends on the character of
motion and on the way relaxation is measured. When a two pulse sequence is used,

in which the separation 7 hetween the pulses is large enough that AA,72 > 1. then.

for large rotational jumps of the molecule (1

T

20)

Pt

where p > 1. This means that during the time 27 characteristic of the echo exper-

iment, some deuterium nuclei acquire random phase from molecular jumps, which

changes the frequency by an amount > 3. As a result. the second pulse
al time 7 does not refocus all of the magnetization at time 2r. Only a fraction
exp [=27/(pr.)] of the spins, which do not undergo large jumps. contribute to the

echo. In the case of a symmetric two site jump. p = 2 [127]. For rotational dilfusion

the situation is more comples. Nonetheles:

still increases with increasing 7. for
long correlation times,

For fast motions Ty ~ 77" while for slow motions 75, ~ 7.. Thercfore, in the

intermediate motion situation, Adfy-72 & 1, T, must go tirough a minimum. Pauls

and coworkers [127] propose. for the region of intermediate 7.. an expression of the
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form

(2.30)

which is reduced to expr

i

9 for long 7, At the minimum

Tylmin) =2t and  nx

»
Adly

Deviations from the exponential character of the decay may resnlt from a dependence

of the decay rate on the orientation of the molecular

ud for correlation times

far from the fast motion regime.
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Equipment Details and Sample Preparation.

3.0 The spectrometer

Denterinm NMR was performed in a 3.5 T superconducting magnet (Nalorac

nies, Martinez, CA), using a locally constructed solid state spectrometer [128].

The spectrometer consists of a slave compnter for data storage and initial pulso se-

quence ing, a 1 kW radiotransmitter and a quadrature detection section
1 5.

with a 12 bit digitizing oscilloscope. A denterium NMR probe was designed for
mensurenients hetween =20 and 80°C at pressures up to 2.7 kbar.

The

A quadnipole echo pulse sequence (7/2, - 7 - #/2, - 7) was used [1
parameters of the sequence were adjusted hefore cach series of experiments and are

presented in the corresponding chapters. The total number of scans. collected per

point, is also shown there, together with the effective dwell Lime after two or four

times oversampling [129].

3.2 The high pressure probe

poriments. An assembly drawing is

probe was designed for these o

A liigh pres

shown in Figure 3.1, The pressure chamber (1) is made of anncaled beryllium copper.

kbar with a safely

res of up to 3.

The chamber is calenlated to operate at press

[

in the pressure transmitting medium, hydraulic oil (AW 180 grade 32). The pressure

ctor of 3. "The sealed sample (2) is placed in the NMR coil and both are immersed

chamber is suspended by means of three thin wall stainless steel tubes (3), which
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also serve as thermal insulators, from a suspension plate (1), Three solid brass
rads (5) provide the hackbone for the wlhole internal structure of the probe. The

brass rods are attached to the top plate (6). The top plate, hosting commectors for

the excitation pulse aud signal

ables. is attached by three bolts (7) to a connter-

ving (8). An aluminum tube (9) houses all elements of the probe. Upper (10) and
Tower (12) adjustment rings, separated by three brass studs, provide an adjustable
support for the probe. Long threads on rods (8), studs (1) and tube (9) allow for
an casy adjustment of the sample position in the volime of highest magnetic field
homogeneity. The whole probe is rested, through ring 12 and a PTFE separator
(not shown in the illustration), on top of the magnet (13).

The excitation pulse cable and signal cable. as well the heater and the thermo-

couple wires, enter through the top plate (6) (not shown in Figure 3.1). A diode

array, separating the transmitter from the detection section, is situated atop the

upper insulator plate (18). Conpling (16) and tuning (17) capacitors are placed

between the top (18) and bottom insulator plates. Both capacitors are eylindri

with moving inner conductors and quartz insulators. Tuning is doue by adjusting
the inside conductors by turning insulated rods (20). A thin wire (11), connecting
the tuning circuil to the NMR coil, enters the pressure chamber throngh the feed-

through (12

. The NMR coil is grounded through the chanber and the supporting
frames Lo the onter conductors of the pulse and signal cables.

The pressure chamber is surrounded with Styrofoam insulation (21). Cold nitro-

gen gas is used as a coolant. It is carried down tube C and hack up fube 18 (Figure

3.1). Pressure is applied to the sample via line A.
Figure 3.2 shows an exploded view of the chamber. The body (1) is made of
brush alloy BERYLCO25 (ASA Alloys Inc.Coneord, ON). Celazole U-60 (Horehst

Celanese Corp., Houston, TX) is used for the electrical feed-throngh (2). A pin (3)
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Figure 3.1: High pressure probe.
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connects the high voltage wire (1) to the NMR coil. An insulator cap (5) is used

provent, arcing around the top of the chamber. Coolan

supplied throngh inlet .,

circulated down channels (7) and released up tube B. The heater (8) is wound on
the outer surface of the chamber. It is powered down wire I Thermocouple ¥ is
attached to the top of the chamber. A dedicated computer controls the temperatuse
with an accuracy of 0.1°C.

Pressure in the chamber is applied through inlet 1. A Bridgman seal eloses the
compression volume and. at the same time, allows for easy access to the prossure

compartment. A modular coil-holder, contai

ng the samiple (6), s easily inserted

once the seal is removed. The seal consists of a beryllium copper plug (9), two
quienched copper gaskets (10), PIFE gasket washer (1), spacer (12) and a beryllum
copper support. nut (13). A connter-nt (15) allows for initial compression of the
seal through a washer (14).

The enlarged coil holder is shown in Figure 3.3, It consists of PIFE hody (1),
DELRIN fock screw (3), NMR coil (1), coil compression phig (7). connter-har (9)

and a coil compression screw (10). The NMR coil (1) is con

cted to the electrical

feed-through pin (Figure 3.2, part 3) via pin

iround is established between the

coil terminal (8) and the wall of the chamber. The finid

ledd in

ample (5) s |

a flexible polyethylene container (6) and placed in the coil. AnS mun 12 turn tightly

wonnd coil is used (wire gauge 28). A thin bra

coil from the

shim separates
chamber walls (nol shown).
A schematic diagram of the pressure setup is shown in Figare 3.4, ydrantic oil

(AW IS0 grade 32) is

as a pressure transmitter, The oil reservoir (7) is con-

ck (6). Valve 10

nected to the supply/bypass line at the entran

of the hyraulic ji

allows for the pressurized system to be deconpled from Uie compressor and valve §

is the release pressure/bypass valve, The pressure

e 4 is permanently conpected
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Figure 3.2: ligh pressure chamber.
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tc the high pressure line. It is of Bourdon type, covers a range of 2758 khar with

precision of £11 bar and was calibrated against a dead weight guge 1o better than

1% accuracy. Gauge 5is for low pressure meas < ILix norwally di |
from the pressure line by valves. It isalso of Hourdon type with an operating range

of 207 kbar with precision of £0.8 bar. Valve 11 is used for closing the pressure line

when disconnecting the probe 1. All high pressure tubing and valves are rated for

pressures not exceeditg 1. 137 kbar.

A pressure stabilizer (2) with a temperature regt

or (3) is designed for main-
taining conslant pressure in the system when the temperature of the sanmiple is

changed. This is necessitated by the fact that all experiments are

o ont at

fixed volume of the pressurizing medivm. The operation of the deviee is v

ple. As the temperature is decreased (inere

) i the satnple chamber (1), the

temperature of the stabilizer chamber (2) is

increased (decreased). Chamber 2 has

twice the volume of chamber | and the necessary temperature corrections in regla

tor 3 arc half of the temperature changes in the sample chamber 1. Ultimately the

gauge pressure is monitored and other adjnstiments are made

required. Therel
the pressure is stabilized within the accuracy of the pressure gange.
3.3 Sample preparation

Both DMPC [11] and DPPC [23] are in the form of MLV suspensions al 0%

wt. hydration. Some properties of DLPC are a fmetion of waler concentration wp

to 50% wt. [32] and Uiese sample:

W

e studied at higher Tevels of hydration (see
below).

Perdeuterated lipids (DLPC, DMPCaned DPPC) were synthesized by acylation

of with the

fatty acid anbydride, using the

method of Gupta et al. [130). Perdenterated acids were prepared by the method
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Figure 3.3: Coil and sample holder.
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of lsiao ct al. [131]. Specific a-labeling of lauric acid was obtained by exchange

with KOD at 200°C in ey

35 11DO. The final products were purilied ou o 15 w
Sephades L1120 (Pharmacia Biotech, Baie d*Urfé, PQ) liquid chromatography col-
wmnn and eluted with 100% ethanol redistilled hefore use. The purity of the lipids
was checked with thin-layer chiromatography. Al were fonnd o migrate as single
spots. leadgroup deuterated DMPCdy and DPPC-dy were purchased from Avanti
Polar Lipids (Alabaster, AL). Colesterol was obtained from Sigma Chemical Co.

(St. Louis. MO).

Phosphatidylcholine-cholesterol mixtures were obtained by dissolving hoth lipids
in chloroform. The solvent. was subsequently removed under a stream of dry nitvo

gen. followed by 6-8

Figure 3.4: Schematic diagram of the high pressure equipment.

Before hydration all lipids were Iried for 58 hours. ydration was

done in excess 0.1 M phosphate buffer (pI1 7.2) for DMPC and DEPPC and 10
approimately 110 waer molecules per DLPC molecule, To obtain multilamellar
vesicles (MLV) the samples were stirred thoronghly with a fine glass rod above the

inain transition. After preparation the MLV suspensions were transferred into a
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flexible polyethylene tube and heat-sealed,



Chapter 4

Pressure Effects on the Main Transition - DMPC.

The work described in this chapter was initially motivated by a

sematic study of
the chain length dependence of the discontinuity of properties like bilayer thickness

and atea per lipid at the main transi

L OF all saturated dineyl PCs with an
even number of chain carbons, DMPC is the shortest chain length lipid that still
displays a phase change from liquid erystal 1o gel under ambient conditions. The

discontinuity in the area per lipid in DMPC! is also the smallest in the homologons

sor

The question initially addressed in this work was: In what, way docs pressure
affect the discontinuity in the mean orientational order parameter across the tran
sition?

For the study of pressure effects on the main transition, DMIC is an appropriate
choice for other reasons. This lipid displays all essential features of the longer chain
homologs and the temperature ranges of the phases of interest are casily accenible
both at low and high pressure. The phase behaviour of DMPC at high pressure
is also much simpler than, for example, that of DPPC (chapter T offers a dotailed

description of the phase behaviour of DPPC).

The main transition in diacylphospholipids is generally considered Lo be of first

order [1, 20, 21, 132], althongh some properties inherent to a sccond order lransi-

tion, have also been reported. Some of the first order features include a linite change

in the transition enthalpy with an associated sharp peak in the heat capacity and

36
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discontinnons changes in bilayer volume, bilayer area per lipid molecule, ete. Char-

s, typical of a second order transition include, for example. rather broad

aks or depressions, on the order of 10-20°C wide, in some fluorescence constants

[138) and ultrasonic velocities [134). The bilayer main transition has heen Uonght

of as ocenrring close o a i

cal point and the broad temperature features ob-

served have heen attribited to the presence of thermodynamic fluctuations. The

magnitude of these letations inereases as the transition is approached [22. 21-26,
185138, For a thermiody namic system undergoing a first orcler transition close to a
eritical point, the two minimain the free energy, corresponding to the stable states

or close Lo the transition, are rather hroad and the transition can he referred to

Ieing “weakly first order™, A large change in the order parameter corresponds to

arelatively small energy change. This permits the magnitude of the fuctuatio

s
suel states Lo grow exponentially and essentially 10 reach macroscopic dimensions
[1:39-142].

In this chapter, the main transition in DMPC is studied it is taken from the

liquid erystal to gel phase by lowering the temperature at constant. pressure. and
when it is taken from the gel to liquid erystalline phase by reducing pressure at

constant. temperature, The first specteal moments of chain-perdeuterated DMPC

are recorded as the relevant thermodynamic quantity is varied. Relating My to the
chain extension allows the bilayer area per lipid molecule to e approximated in the
vietnity of the transition. “The data in the variable temperature case are also ana-

Iyzed in terms of a phenomenological model, developed by Morrow and coworkers

[22]. "The variations of A7y ate lollowed along paths in My /tempy

ature/pressure

space and a sketeh of the behaviour of DMPC in this space is proposed. In terms

of acyl chain order, the first order nature of the main transition is viewed as being
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enhanced by both clevated temperature and pressure. In other words, high pres-

sure and temperature

ippress thermodynamic luetuations and the main transition

1= than at elevated

in DMPC ocenrs closer to a critical point at ambient conditi
pressure and temperature,
DMPC-dsy samples were prepared in the form of MLV, as described in Chapter

4. In the 2IT NMR e;

periments a standard qu

drupole echo tec

que was s,

The /2 pulse duration was 2.85 s at 16 kbar and 2.9 px at ambient. pressure,

The quadrupole echo pulse sepatation was 40 s Bach spectrnmn was oblain

Iy

averaging hetween 41000 and GO0 teansients in the liquid crystalline and the pel
phase respectively, The ffective dwell tine used for data acquisition was | s in

the liquid erystalline and 2 pis in the gel phase,

4.1 Constant pressure results (isobaric thermal expan:

At ambient pressure, a liposome s

%)

spension of DMPC in excess w

in the L, phase above 2220C and in Py below this temperature {1} A

lower transiti of approximately 19.5°( is observed in perdente
DMPC in excellent ag with previons - The depression in
has heen attributed Lo isotope substitution [20, 22).

Figure d.1(a) shows DMPC-ddg, spectra as temperature is varied at ambient pres
sure and at 1.6 kbar. The corresponding valies of My are shown in Figire 4.2, The

main transition is scen by denterium NMR as o chinge in the speetral Tineshapes

from a superposition of powder lines in the liquid crystalline phase to a broader
line profile in the gel, where the contributions from the individual dewterons are
indistinguishable. It is also observed as a discontinnons inerease in the first. spectral
moments from liguid crystal to gel. When DMPC is compressed 1o 1.6 khar, the

is elevated Lo approxi ly 49.5°C. The pressure cocflicient.
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of the main transition temperature, determined this way, is about 20°C per kbar
and is in accord with previons measurements [6, 52,51, ST, 90].

Figure 4.2 shows the first spectral moments for DMPC-dsy as a function of lem-

perature at ambient pressure and at 1.6 kbar. As discussed carlier. the discontinui

in My, seen at the main transition, oceurs at higher temperature when pressure is

raised. In addition to shilting the transition temperature, hydrostatic pressure pro-

1 il in the discontinuity of the first moment across the transition. At

duce

high pressure the gel phase is seen to persist to lower values of A7y, which suggests
that. pressure has a stabilizing cffect on this phase. The My values in the liquid
crystalline phase, just. above the main transition, are lower at clevated pressire.
Therefore, at. clevated  pressure, the liquid crystalline phase of DMPC accommo-
dates less chain order than at ambient pressure. An indication of the decreased
elfect. of temperature on the liquid crystalline bilayer at high pressure is the lower
rate of change in Al with temperature at thesame relative temperature T, = 7'-T,,,
where: 7T, is the main transition temperature.

Application of hydrostatic pressure reduces the order parameter at the midpoint
of the transition, suggesting that pressure favours the formation of gel phase over
the liquid crystal at the same degree of chain order.

A lincar relationship exists between the mean orientational order parameter in
the liquid erystalline phase and the average extension of the acyl chains (f) along
the molecular long axis. lollowing Scelig and Seelig (15] and Schindler and Seclig
[143], Morrow. Whitehead and Lu [22] express the average methylenc segment axial
extension as

(1) =1.254 (% + Wﬁkni‘”‘) (1.1)
where 167 kl1z is the deuterium coupling constant. The averageacyl chain length per

segment, calculated in this way, is shown as a function of temperature for DMPC at
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Figure 4.1: DMPC-ds; spectra around the main transition (a) and around the sub
transition (b) at ambicnt pressure (left) and at L6 kbar (right ).
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‘Femperature ['C]

Fignre 4.2: DMPC-dag fivst moments vs. temperature at ambient pressure (cireles)
and at 16 kbar (diamonds). The inverted triangles show a second experiment at
ambient pressure,

ambient press

we and at 16 kbar in Figure -3, The above

expression has also been

estonded to the first moment results in the gel phase al*hough a tigorous theorctical

justilication is presently lacking. 1t should he noted. though. that Morrow and

coworkers [22] showed that the behaviour of (/). as scen by 211 NMR.

s consistent

with the X

ay diffraction results 11, 144] for the change in bilayer thickness at. the

ansition and in the gel ph

As the temperature is lowered in the liquid erystalline phase, the average chain

order, and thus the chain extension. iner

s both at ambient and elevated pres-

sire, “The strong anisotropy of the bilayer is manifested he

in the isobaric increase

in hilayer thickness with decreasing tomperature, This is consistent with carlier
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Pigure 1.3: DMPC-dsy average chain extension per methylene vs. temperature
ambient pressure (circles) and at 1.6 kbar (diamonds).

neutron seattering measurements [90]. The response of average chain length to tem-

ure Ty is weakes

perature at the same relative tempe t high pressure, reflecting

the decreased ability of the bilayer order to respond to changes in temperature, ‘The

transition occurs at low pressure when the acyl chiains extend to over 0.87 A per

segment in the liquid

alline phase. ure the trans

At hiigh pres

tion on couling
occurs when the liquid crystal chain extension is abont 0.81 A per niethylenc, This

de

e in the maximum chain order in the liquid erystalline phase possibly reflects
the reduced effect of fluctuations on the liquid er

pstalline phase at bigh pressure,

U spectral moments can also he wsed to obtain information on the changes
in bilayer arca per lipid molecule. Sine the response of the valume of the biliyer to

temperature is abont two orders of magnitnde weaker than that. of the area per lipid



s on the Main 'Transition - DMPC. 43

Chapter 4. Pressure Effe

molecule in the bilayer [1, 113], the change in the bilayer volume with temperature

isition can be neglected as far as its effect on arca per lipid is

away from the

concerned (the volume change across the main transition s about 4% [145]). 1f the

hilayer volume can thus be considered constant away from the transition, the inverse
of the mean methylene extension (1)~ is proportional to the average area per lipid

moleenle, The temperature dependence of ()= is shown in Figure 4.1,

PSS

L0

09

08

20 40 60 80
‘Temperature ['C]

Figure DMPC-dsy inverse methylene extension vs. temperature at ambient
pressure (cireles) and at 1.6 kbar (diamonds). The solid line is the model equation
of state for 4=0.03030 and T} = 19.25°C at ambicnt pressure (sce scction 4.4).
The dashed line is the model equation of state for s4=0.05065 and 7 = 48.27°C at
1.6 kbar.

Pressure and temperature have different effects on the phospholipid bilayer. In

st above the Lransition can be compared at

Figure 1.1(a), the acyl chain order |

ambient pressure and at 1.6 kbar. The NMR spectrum at ambient pressure and



Chapter 4. Pressure Effects on the Main Transition - DMPC, 1

20°C, which is right above the main transition. has a pronounced unresolved group
of lines at approximately the maxinum splitting. This suggests that elose to the

main transition, the DMPC' methylene orientational order is relatively constant

along the acyl chains for

bons close to the glyeerol backbone. When the pressure

is increased to 1.6 kbar, DMPC enters the liquid erystalline phase at 50°C and

the spectral lines corresponding to various methylen

groups along the acyl chaing
appear well resolved. This reflects a relatively wniform variation of the methylene

arder with chain position.

At ambient pressure, DMPC undergoes another transition at about 7°C, to the

Le phase. This transition (the subtransition) is scen

a change in the methyl line

shapes (the spectral features narrower than 10 k12 in Figire 4.1(1)). a decroase in
the intensity around 20 kllz and by a small stepwise inercase in My with deereasing
temperature (Figure 4.2).

Application of 1.6 kbar clevates the subtransition temperature to about 20°(!

implying a subtransition press

ure coofficient for this temperature of approximately
8°C per kbar. This value is smaller than that, Tor the main transition lemperature,
probably duc to the higher eliain order and henee lower compressibility of the bilayer

at low temperatures.

4.2 Constant temperature results (isothermal compression)

When heated above the ambient pressure main transition temperature and then

compressed isothermally, DMPC undergoes a transition from the fiquid erystalline

into a more ordered pha Figure 4.5 shows ted denterium NMI spee

around the pressurc-induced main transition for 25, 35 and 45°C% From the den-

terium NMR perspective, this higher order phase (Figure 4.5, Lop spe

ura) is identi-

cal with the low temperature gel phase observed at ambicnt pressure (Figure 4.1 (a),
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top speetr). Some spectra at the transition appear to be a superposition of liquid
crystalline and gel spectra, which most probably reflects the fact that the stud-

pally an ensemble of smaller systems, namely the individual lipo-

fations in vesicle size, lipid composition and hydration may result

somes. Minor va

in slightly different transition pressures for the individual liposomes. In this scuse,

s an average over a very large number of sub-

the measured transition pressure
systems (typically abont 10"). The fact. that these mixed spectra ave not seen in

(he temperature experiment is partly due to the temperature width of the main

transition being slightly smaller than the one degree steps used, while the effec-

ure steps are probably comparable to the main transition width

tively smaller pr

in pressure,

-100 -50 0 S0 100 -5 0 50 100 -50 0 50 100
kiiz kiiz kHz

Figure 1.5: DMPC-dgy spectra at. constant temperature for 25°C
e in kbar is shown next to cach spectrum,
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Figure 4.6 shows DMPC-

1y as a function of pressure at 245, 35 and 15°C. For

cach temperature the main transition is scen

s a discontinous change in My, As
the temperature is increased. the size of this change increases. My is proportional
10 the mean acyl chain order in the liquid crystalline phase and, to a certain extent,
reflects the mean niolecular order in the gel phase. As the temperature i inereased
from 25 to 45°C. the order parameter at the center of the transition is observed to

decrease slightly. This indicates hat. at higher temperature, the formation of gl

phase is favoured over the liguid erystalline phase at. the same dogree of orientational
order.

120

100 |-

Pressure [kbar]

Figure 4.6: DMPC-dgy first spect
35°C (circlos) and 45°C (inverted

al moments vs,
fangles).

sire al 25°C (diamonds),

AL25°C, ALy below the transition appears to he changing faster with presare

than at 45°C. The increase in the My dis on with

ntinnity across the main transi
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Bighor temperature.

In the liquid erystalline phase, the results for the My enrvature can be inter-

ial chain extension per methylene group.  Figure

preted in terms of the mes
1.7 shows mican extension per segment calelated by applying Equation .1 10 hoth

the Tiquid erystal and gel Al values of Figure 4.6, The apparent thickness of the

hydrophobic region of the bilayer. caleulated this way, increases with pressure for

v thickness has been

all the temp induced inere

ures. A p

experimentally observed by small angle neutron scattering [90. 19] and has heen

theoretically described (M1, Whitmore. private communication). The inerease in

(1) and Ay with pressure is smaller at 45°C than at lower temperature indicating a

deerease in the axial compressibility of the DMPC bilayer with temperature.

“The inverse of the axial chain length per methylene (1)=1 is shown in Figure

L8 as a function of applied pressure for three different temperatures. Since the
isothermal volume compressibility of the bilayer is much smaller than the isothermal
avea compressibility [I, 113]. the volume changes can be neglected in comparison
with the changes in arca and (1)~ can be considered 1o be proportional to the arca
per lipid molecule,

A closer look at the spectral changes in the liquid crystalline phase provides

some useful information about the order of the acyl chains. In the liquid erystalline

ling to pressures immediately below the

phase. for esample, the spect

main transition for the three temperatures studied (Figure 15) can be compared.
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Figure 4.7: DNPC-d age chain extension per methylene vs. pressure at 25("
(diamonds), 35°C! (circles) and 45°C (inverted trianglos).

The spectrum at 25°C and 0.22 kbar reveals an unresolved gronp of lines at appros-

imately maximum splitting. Such a grouping suggests that the order parameter of

the methylene groups close to the glycerol bhackbone depends little on the earbon

position along the acyl chains. In comparison the spectrum at 45°C and 121 kbar

has a relatively uniform distribution of methylene denteron splittings over the whole

plateau region.

4.3 DMPC Al in the pressure and temperature space

The results from both isothermal and isobaric measurements of My are shown Lo-

gether in Figure 4.9 as a function of pressure and temperature. The discontinity in
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Figure 4.8: DMPC-dsq inverse chain extension per methylene vs. pressure at. 25°C
(diamonds), 35°C (circles) and 45°C (inverted triangles).

M, across Lhe main transition is scen to increase with both pressure and tempera-

ences hetween the liquid crystalline and the gel phases are enhanced

ture, The dif

and the main transition becomes better pronounced, or “more first order”, at both

or isothermal ex-

re for isobaric experiments and higher temperatu

higher pr

suggests that the differences between the liquid crystal

periments. Figure 1.9 als
and the gel should vanish at low temperature and some hypothetical negative pres-

sure. Thercfore the first order character of the phase transition between Lo and

Ly phases in hydrated DMPC cantiot be removed by hydrostatic compression. The

em appears to approach a critical point from “above” in hydrostatic pressure

and temperature space,

It is interesf

£ to note that, in some ways, hydrostatic pressure affects the bilayer
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Figure 1.9: DMPC-dsy My vs. pressure and temperature, Ay is shown in =" x 107
diamonds represent experimental points at ambient pressure and 1.6 kbar, and at
25°C, 35°C and 45°C. Solid lines are an extrapolation at the main transition and at
the borders of the experimental region. The dash-dotted line shows the subtransi-
tion.

in a way similar to an effective chain length increase. For example, the application

of pressure clevates the transition of the DMPC ion Lo a value

which matches the tr:

tion temperature for the homologons lipid with cliains Lwo

methylenes longer (DPPC). The change in the orientational order parameter across

the main transition in DPPC

s larger than that in DMPC [22], Pressure is observed
to increase the M, discontinuity at DMPC transition as well. Also, the curvature in
My versus temperature in the immediate vicinity of the main transition is smaller
in DPPC than in DMPC and is lowered by pressuse in DMPC. Briefly, as Morrow

and coworkers point out [22] for ambient pressure, DMPC undergoes  phase chinge
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closer to a eritical point than does DPPC. Ilydrostatic pressure produces changes

in DMPC whicl

correspond 1o an increase in separation hetween the transition and

ical point. In this sense, compressed DMPC approaches the state of ambient,

we DPPC,

the

Pr

Fignre 4.9 also gives an indication of the trend in the pressure behaviour of the
subtransition temperature. ‘The dash-dotted line indicates the appearance of some
L. phase as the pressure is elevated from 0 to 1.6 kbar. The subtransition tem-
perature is determined by the little step, observed in M, temperature dependence
and by the spectral changes occurring at the same temperatures. The pressure co-
efficient of the subtransition is obviously different from that of the main transition.

In the case of DLPC the different d 1 of various te ratures Lo

pressure results in separation of the liquid erystalline phase (or its modificd region

L, [36]) and the erystalline phase, as discussed later in chapter 5.

4.4 Modeling of the transition

A number of statistical mechanical models have been developed to discuss the phe-

nomena associated with the transition from liquid crystalline to gel phase in phos-

pholipids. Both microscopic [25, 138, 146, 147] and phenomenological 22, 21, 26,
135- 137, 118] approaches have been used to address changes in membrane compress-
ibility, ion permeability, clasticity, ete.

A Landau-type phenomenological model, [22, 137], can be used for comparison
of DMPC temperature behaviour at ambient and clevated pressure. The model is
based on a free energy expansion in terms of area per lipid in the vicinity of the
main transition. All terms in the expansion higher than the fourth order term,
have been discarded. The remaining leading terms have been shown to describe

adequately all essential features of the bilayer main transition [22. 26, 137). In
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principle, the gel and liquid cry

tal coexistence temporatute, Ty, can be changed by

varying some environmental parameters, such as the membrane composition [137],

its fonic environment [21], ete., in such a way that the discontinuity in the physical

properties of the bilayer at the main transition vanishes at some temperature 7.

Beyond this temperature the bilayer is in a single phase,

An order parameter can be defined as [22]

UL i
[ B

Here (L)' is the inverse of the average methylene extension at 7' = 1. 1t is

identified as the value of (f)=" at the midpoint of the transition. I'he order parameler

is positive and increasing with temperature in the liquid crystalline phase, following

the temperature behaviour of the per lipid molecule, as shown in Figure .10,

The expression for the frec energy in Lerms of powers of this order parameter is [22]

2
+a(T' =T)5 + BT = T)s| (1)

where # > 0 and a > 0. Gy is a constant giving the overall scale of the free encrgy.

For the lipid to be in cquilibrium, the fre

nergy must have a minimam, henee

an cquation of state can be obtained by minimizing the free energy to give

g

T = Gols® + ol T = 1)+ BT, = 1] = 0. (14)

The points (T4, 54) and (7=,5-), defined as the extrema of the equation of state
(Equation 4.4), are the spinodals. Assuming [T% = 7| < |1 = T, their location

can be determined by an iterative procedure which hegins with obtaining an initial

estimate of (I)=" = ()™ + (4,)™")/2. the inverse methylene extension midway

across the transition, and of

(1.5)
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Figure 4.10: DMPC-dgy order parameter s = ()™ — {1)=")/(L)™! vs. temperature
at ambient pressure (circles) and 1.6 kbar (diamonds).

where A = s - %, is the change in order parameler across the main transition. The
values initially determined in this way ate then used for itting the data from Figure

410, The equation of state can be rewritten in the form [22]

" '14+W[3 (2) +(1)]_ 15)

— s The temperature s first plotted versus [3(8/s4)? + (8/54)). In

where &

these coordinates the experimental points fit on a straight line. Then s, is adjusted

and tered in the coordi tr Equation 4.6, until the values of
Ty determined from the slope and the intercept agree.
The temperature, plotted versus [3(6/s4)% + (8/s4)%, is shown in Figure 4.11.

“The final values for sy and (L.)~! can be used for determination of the parameters
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in the equation of state. The solid lines in Figure 1.1 are the equations of state for

ambient pressure and 1.5 kbar, obtained for <5 = 0.03030 and (1)~ = 105

and s; = 0.05065 and (1)~ = 1.098 A™"_ respectively. The spinodal temperaty

T, in these cases are 19.25°C and 48.27°C for transition temperatures T, of 19

and 50.5°C. Once sy and 7}, are determined, the parameter 4. wi

the curvature of s vs. T near the spinodal. can be caleulated from [22)

A= Ty (1.7)

"The values of A for ambicnt pressure and 15 kbar are

23 and LT respectively,
The lower value at ligh pressure indicates a higher curvature at the spinodal and
reflects the reduced lateral compressibility of the hilayer at 1.5 kbar, A summary of
the parameters, determined by means of the model of Morrow, Whitehead and Lu

[22], is presented in table 4.1.

0 Roar | 1.6 Kbar
Tul?C) 1 0.5
(1" (A-Y)
(1)~ (A-)
T3(C)
(T = T4)(°C)
Ax10'(°C)

A-HA-Y
A((A) 0.100 | 0.161
Table 4.1: Some th lynamic and pl logical s for DMPC at

ambient pressure and 1.5 kbar.

Strictly speaking Uhe procedure described above is justified for the Tiquid

talline phase only. The results of Morrow, Whitehead and L [22]. thongh. show

that fits, obtained using data from the liquid erystalline phase can be extrapolated

successfully to the gel phase of DMPC over a relatively broad temperature interval

vicinity of the transition. This leads to the conclusion that the bilayer phase be-

haviour in the vicinity of the main transition ed by thermadynamie
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Figure .11z Temperature versus 3((s—ss ) /54 +((s=s4)/55)* al ambient pressure

(circles) and 1.6 kbar (diamonds).

luctuations [26, 131]. both in the fluid and in the gel phases. The ambient pressure

vesults for both 3 and the temperature behaviour of the gel phase. discussed lere,

agree well with the meas s by Morrow and coworkers . At high pressure.

though, the equation of state obtained from the liguid crystalline data does not

deserihe the gel phase woll. In determination of ()™, ss. and T, an cquation of
state is songht such that the imesdiate vicinity of the transition on the gel side is

matched, as originally intended in the model. 1t is elearly seen from Figure 4.4 that

tiere are two equations of state - one for the liquid crystalline and one for the gel

phase. The pressure-induced flattening of s(T) in the liquid crystalline phase results

in a modeled gel phase branch with smaller temperature expansion coefficient. than

observed experimentally.
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Another manilestation of the fundamental differences hetween the effects of tem-

perature and pressure on the phospholipid behaviour is the different functional de-

pendence of the order parameter x on pressure. Figure 1,12 shows the order

eter as defined in Equation 1.2. A coordinate tra

formation of the form (s/x, = 1)*

lincarises the experimental cquations of state for 25, 35 and 15°C, A plot of pressure

as a function of (/53 — 1)* is shown in Figure 113, The straight lines suggest a

different functional dependence exists hetween s and pressure than that between s

and temperature.

0.15

Pressure [kbar|

Figure 4.12: DMPC-dgy order parameter s = ((1)=" = (L) =)/(L)7" vs. pressure at
25°C (diamonds), 35°C! (cireles) and 45°C! (inverted triangles).
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4.5 Summary

“The main transition in DMPC-dsy was studied by varying temperature at ambient

and at clevated pressure and by varying pressure at fised temperature. When tem-

perature was varied the discontinuity in the first spectral moments was found to

increase with pressure. My was used as an indicator of the thickness of the bilayer

Iydrophobic region and of the inverse of the bilayer area per molecule. The thickness

of the membrane hydrophobic region was found to increase as the temperature was

decreased. This effect was loss prononnced at high pressure. A phenomenological

model was also wsed fo compare the ambient and high pressure belaviour of DMPC,
The distance hetween the transition temperature and the spinodal temperature, as

determined from the model, was found to increase with pressure. These observations



Chapter L. Pressure Effects on the Main Transition - DMPC,

led to the conclusion that the main transition al ambient pressure oceurs closer to

a critical point than at clevated pressure.

When pressure was varied at constant temperature the change in orientational

order across the transition was found to increase at higher temperature, The thick

ness of the chain region was found (o increase with inereasing pressure. Phis increase

was stronger at lower temperalures. [t was concluded that the role of thermody-
namic fluctuations is diminished by ligh temperature and that the hilayer phase
transition oceurs closer to a eritical point at lower temperature,

The effects of pressure and temperature on DMPCdgy wore compared.“The

response of the bilayer to compression or heating was found o he weaker at. high
pressure and temperature than inder ambient conditions. Pressire and tempera

st order characteristios of the DNPC main

ture were concluded o enhanee the firs

ion.

transi



Chapter 5

DLPC - Phase Behaviour and Dynamics

Many physical properties within the family of disaturated diacyl PCs depend on

the length of the hydrocarbon chains, In a recent deuterinm NMR study. Morrow

od the dependence of the main transition temperature,

and coworkers [22] discus;

cnthalpy and the discontinuity in the orientational order on the aey) chain length in

saturated PCs with 18, 16, Hoand 12 carbons in the chains. A steady decrease in

hese parame veported as the ehain length is decreased from 18 10 11 carbons.
Fhe 12 carbon homolog (D1.PC) doos ot follow (his trend sinee its main {ransition
s obsenred by e interventionof a transition into a more ordered crystalline phase

s heat cpacity, associated

2], Calorimetric studies show a broad peak in ¢
with the ambient, pressure transition in DLPC. This peak is sometimes resolvable

info lwo steps: a narrow one at lower tlemperature and a broad. poorly defined

32

higher temperature feature [31,52. 35, 149]. In denterium NMR the low temperature

f

1 woment, The higher

as as a large discontinuity in the fi

e appe

1 s

temperature feature cannot be clearly identified from the My temperature hehaviour,

The broad feature in the excess heat capacity has recently been associated with the
t
1

ansition: from the usual liguid erystalline phase into an unusual fluid phase labeled

 [33). X

v results indicate a contimons variation of bilayer properties as DLPC

enters the L, phase from the L, phase [36]. There is no_ evidonee of positional

ordering within the bilay

I the previous chapter. the effect of hydrostatic pressure on the phospholipid

bilayer was shown to be analogous to an effective chain length increase. 1t is therefore

59
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conceivable that DLPC at elevated pressure i

dlisplay some phase features 1ypic

of a longer chain homolog. In particular. it is possible that the tran

jon from liquicd

erystal 1o gel might be separated from the fluid to erystalline transition. 1f this ix

the case, an understanding of the crys

talline phiase stability, relative to the high

pressure gel and the L, phase would be of

of DLPC

or signil

nee fo the interprel

s unusnal phase hehaviour.

A very important. question with beariing on the pl

o hehaviour, passive perme

ability and other properties of the bilayer is the possible offeet of thermodynamic

(luctuations. "This is

related to the location of the Tipid ctransition with respect

toa eritical pointon the liid-gel coexistence curve, In this respeet DLPC ocenpies

a place of particular interest in the disaturated phosphatidyleholines homolopons

series. An extrapolation of the transition properties of the longer chain homologs

to a chain length of 12 cathons suggests that at the transition to the gel ph

continuons change in the mean orientational order is to be e provided suel

e

a phase can be observed. On the other hand.

shown in the pre

pressure enhances the finst order features of e Tiguid erystal to gel tran
is conceivable that DEPC conld be brought closer toa eritical point by hydrostatic

compression.

All experimients were performed on DLPC-dy and DLPC-a-dy

described in Chapter 3. MLV suspensions were prepared Ly hydrating in phosphiat e

buffer to approximately 110 water malecules per lipid. “The 52 pulse durati

between 25 s and 3.1 s, The pulse separation was held

pt for the
fransverse relaxation measirements where it was varied hetween 20 ps and 600 ps in
the disordered phase and hetween 20 ges and 160 ps for the phases with shorter 7.
Oversampling was used [120], resnlting in effective dwell Gimesof 4 grsand 2 pis in e

fhuiel and in the loser temperature phases wespeetively, In e cases of pereenterated
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lipiel, 2000 scans were: averaged in the disordered phase and up to 6000 in the other
phases. For the specifically labeled DLPC, the mmber of scans was increased to

16000 and 32000 in the corresponding phases.

5.1 Results

5.1.1 DLPC-dy; chain order

Perdenterated DLPC was studied at ambient. pressure between 30°C and —13°C
anel al 15 kbar from 50°C (o =20°C. Spectra near the phase transition. as well as

representative spectra well into each phase region are shown in Figure 5.1. For both

pressire gpectra at igh temperatures are typical of a liquid crystalline phas

As the temperature is lowered below 2C at ambient pressure, DLP

a highly ordered phase in which the lipid molecules appear to he almost completely

immobilized. "The presence of intensity out 1o £63 kllz reflects severe restricti

the motions of theacyl chains. The spectral contribution from the methyl deuterons

appears as a feature with about a third of the maximun splitting. This is typical

of fast methyl reorientation about an essentially immobilized three-fold axis. These

spectral features are characteristic of the crystalline (L) phase.

The speetra just above the L, phase, namely at 0°C!, —1°C and =2°C. indicate

axially symmetric reorientation. The spectral intensity, however, decreases more

quickly with temperature for doublets with larger splittings than for those with
smaller splittings. Such spectral distortion is a result of rapid transverse relaxation
of the denterons close to the glycerol backbone along with a decrease in relaxation

rates with position along the acyl chain

At L5 kbar, DLPC-dy is in the liquid crystalline phase above 30°C. At temper-

atures between 28°C and 23°C, the spectra still reflect axially symmetric molecular
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Figure 5.1: DLPC-dyg

clected spectra at ambient pressure (a) aned at 15 Khar (b).

motions although they are distorted by a severe infensity decre

splitting. At 22°C, the axial symmetry of the molecular motions

spectra become characteristic of a more ordered phase, Between 22°C and 200 the

spectral lineshapes clos

resemble the spectra Ly pically observed i the gel phases
of lougger chain diacyl PCs [88]. A temperature of 199 marks the onsel of a spee
tral intensity buildup at +63 kIz as DLPC enters the L, phase. 10 is interesting,
to note that, in contrast. to the abrupt. transition from a disordered phase into the
crystalline phase that occurs at ambient. pressure, the phase change from gel o,
observed at high pressure, is rather gradual, AU elevated pressure and — 15°C, ex-
sentially all moleeular inotions have stopped and the spectram is Ly pical of a diaey]

PC erystalline phase.
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Chapte:

I the liquiel erystalline phase, the first spect ral woment of perdeuterated lipids
is directly proportional to the averyge orientational order parameter of the (-D
bond [119), as

the moleenlar motions s lost ane a deviation from such proportionality is obso

diseusseed carlier. In the more ordered phases. the axial symmetry of
1.

Nevertheless M, remains a good indicator of the average moleenlar order even in

52(n) shows fir al moments for DLP(-dgq

2], Fignre

the gel pha

samples is cooled from 30°C 1o — 13°C at ambient. pressure and from 500 to —20°C!
al 1.5 kbar. Valuesof Ay obtained at 1.5 kbar while heating the sample back to

A0°C and while cooling again to —=20°C are shown on Figure 5.2(h).

contimionsly toapproximately 63x 10% s=! and

AL aunbiont pressure Afy ineres

s 1o over 150 x 1075~ below —2°C [87]. The latter value exceeds

then suddenly ris

1 with Tonger chain diacyl PCs. In gel-ph

the gel phase values typically obse

and 130 x 10%

DPPC-dyy, for example, Al usually lies between 100 x 1

[22]. Values for Ay above 150 x 10°s™ are usually observed in the highly ordered

erystalline phase of longer chain homologs. This further supports the identification
of the DLPC low temperatnre phase with the L. phase.
‘The temperature behavionr observed in DLPC-dyg at ambient pressure agrees

J. The decrease in the spectral intensity al masimun

with earlier studlies [22
splitting, as well as the flattening in the Ay temperature dependence in the region
above the phase transition, results from an enkanced dependence, near the transi-
tion, of the trapsverse relaxation rateon the denteron position along the acyl chains
(128} "The anomalous behaviour of My coincides with the observation of distorted
spectra at 0°C, —1°C and =2C in Figure 51 From the deuterium NMR perspec-
tive, it is diflicult to identify the upper bo.ukiy of this unusual region hecause of
the gradual transition from the “traditional’ liquid crystalline phase and because of

the fack of abrpt spectral changes in this region. With the application of 1.5 khar
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Figure 5.2: DLPC-dyg firs

ral moments v, temperature: cooling (a) al am-
bient pressure (solid ci 5 kbar (solid diamonds); (b) 1.5 kbar seeond
cooling scan (solid diamonds) i i | aling scan (empty squares). The insel Lo
(a) shows A, at the transition for a quadrupole pulse separation of 35 ps (solid
diamonds) and 20 pis (open inverted triangles).
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of hydrostatic pressure, the region of anomalous My behaviour covers a broader

Lemperatire range, up Lo approximately 6°C, and the flattening of M, bofore the

onset, of a more ordered phase evolves into an actual decrease in Aly. The effect of
position dependent. transverse relaxation times on A is illustrated in the inset to

Figure 5.2(a) where the first speciral moments are shown for a r/2-pulse separation

= 20 s (emply Uriangles) together with the My values obtained with 7 = 35 s,
as throughont. the rest of the experiment (solid diamonds). The use of shorter pulse
separation reduces the loss of signal prior to acquisition. As a result the spectral

distortions are reduced and, therefore, higher values for M, are obtained in the

vicinity of the transition,

Between 23°C and 22°C, the first spectral moment at L5 kbar increase from

56 % 107 57 to 91 x 107 The My values at 22°C, 21°C and 20°C, as well as
the corresponding spectra, are similar to corresponding values and spectra seen in

on at

the gel phase of longer chain diacyl PCs. The sample was cooled in this

ed Lo increase more quickly

an elfecti

2 rate of 0.1°C/h. Below 19°C, Ay is obsel

with de ing temperature. AL 15°C, Al approaches values characteristic of the

ambient pressure erystalline phase. The corresponding spectra also undergo changes

estrictions.

which suggest increasing motion

“T'he cooling series was terminated with the sample well into the L. phase. The
pressure was then held at 1.5 kbar and spectra were collected as the sample was
warmed back (o 40°C. The first spectral moments as a function of temperature for
this warming series are shown in Figure 5.2(b) (empty squares). A rather small
decrease in My is observed as the temperature is raised up to 26°C, at which point.
DLPCudgg enters the liquid crystalline phase. M, values in the L, phase match
closcly the ones measured during the initial cooling cycle. In view of some previous

abservations of an unusnal (L) ambient pressure fluid phase [35, 36] it is interesting
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to note that DLPC re-enters the Tiguid crystalline phase above the unusual rogion

where transverse relaxation rates depend on the position along the

striking aspect of this temperature cycling is the strong hysteresis in the DL

phase behaviour at 1.5 kbar, observed upon comparison hetwe

the cooling and
the heating scans (Figure 5.2(a) and 5.2(D)).
Spectra were then recorded during a second cooling series, at 15 kbar, from

40°C to —20°C.

"he corresponding values for My are shown in Figure 5.2(D) (solicd
diamonds). The second cooling experiment reproduces the first one well in the
disordered phase and in the gel phase down to 20°¢. Below 19°C My abruptly
increases Lo 152 x 10* s~ and then slowly inereases to reach 185% 107 574 at. =200,
The two cooling experiments differ mainly in that the L. phase is established faster
in the second scan than in the first one.

The behaviour observed hetween 29°C and 23°C when DLPC-dy is cooled at

1.5 kbar is atypical of diacyl PCs. The st

spectral di

Lortion, e lo position-

time, is noticeable at ambient pressure, although

it is much less pronounced than at 1.5 kbar. To obtain a hetter undes

stamding

of the phase behaviour of DLPC-dys, a second sample was preparcd and studiod at

pressures of 0.55 kbar, 1.1 kbar, 1.65 kbar and 2.21 kbar. ‘I'he lipid was cooled at 190

2°C for 221 kbar cuse) intervals away from the transition and at 0.5°C steps near
Y I

the transition. The results are shown in Figure 5.

The cooling rate throughout

the region of 0.5°C temy lecrements was imately 0.6°C/h.
A close examination of the pretransitional regions above the iransitions in Fig-

ure 5.3 reveals an increase in the temperatn

ange over which the anomalons

behaviour is observed as the prossue is ineren

. Pressure appears o enlimee

spectral distortions which give rise o deviations of M, from the behavionr expectod

for diacyl PCs. These observations support the notion that the anomalons region,
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M, (710

Temperature ['C]

Figure 5.3: DLPC-dyq first spectral moments vs. temperature al ambient pressure
(circles), 0.55 kbar (squares), 1.1 kbar (triangles), 1.65 kbar (diamonds) and 2.2
kbar (inverted triangles). The solid symbels result from annealing of the system
after temperature cycling (see text).

observed above the Le—L, transition at ambient pressure, as well as the unusual
fluid region ohserved at clevaled pressure above the transition into the gel phase,
might be related to the L. phase, reported recently by latta and coworkers (35, 36].
Elevated pressure appears to enhance the distinction between the anomalous region
and the liquid crystalline phase.

Another question, in light of the hysteresis scen in Figures 5.2(a) and 5.2(b) and
the differences in the way L, phase is established, concerns the relative stability of
the various DLPC bilayer phases. The data in Figure 5.3 show that, below 1.1 kbar,
DLPC undergoes a cooling transition from a disordered (possibly L. phase) directly
intoacrystalline phase. At 1.65 kbar and 2.21 kbar the transition proceeds through
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agel phase which, compared to the behaviour seen in Figure 5.2, persists to lwer

temperatures. The latter observation raises the possibility that the «

ablishient
of the crystalline phase is dominated by kinetic effects. 1 the sample s quickly

overcooled, the molecular mobility may become low and il may

take a long lime
for the L molecular arrangement (o oceur. A similar dynamies-dominated phase
metastability is observed, for example, in the longer chain homolog DPPC where
the formation of L, phase rom Ly phase is very slow and proceeds over periods

of the order of days [37, 150]. "To address Uhis issue, limited temperature

ing,
experiments were carried out at 1.1 kbar, 1.65 kbar and 221 kbar. The samples
were cooled into the region where the erystalline phase was previously observed then
heated and equilibrated at a temperature within the gel or the unusual luid phase

region. After a few hours of anncaling, the sys

cm Wi

always fonnd in 1, phase,

After the cooling experiment a 1.1 kbar, the sample was warmed fron 14°¢:
10 19°C and alloved to anneal for three hours. ‘The resulting value of M, (Figure
53, solid triangle) appeated as an extrapolation of the crystaline phase behaviour
into the temperature range in which the wnusual fiid phase was observed during
the initial cooling. The corresponding spectm was also typical of the . phase
suggesting that this is the stable phase in this temperature region.

The 1.65 kbar cooling scan was ended al, 15

i the sample was warmed 1o
21°C, which is slightly above the Lygel transition temperature, ‘The spectrn,

acquired three hours later, was again typical of a ¢ d the first

Lalline phase

spectral moment (Figure 5.3, solid diamond) had a mueh higher value than was
initially observed at 15°C while cooling. The observation of a transition from gel
to crystalline phase, rather than from gel to L, phase under these circumstances
suggests that the crystalline phase is stable in this region.

During the experiment at 2.21 kbar, caoling was initially stopped at 24°C and
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Chapte

t below the observed cooling transition from

the sample was warmed 1o 30°C, ju

Ly to gel phase. Heating under these conditions appeared fo recover both the

spectral lineshape and the value of My to their values observed during the initial

cool-down. Under these conditions the system displayed no hysterosis. suggesting

that the temperature behaviour of A is reversible down Lo 21°C. The sample was

d then warmed back to 35°C. well into the

subsequently cooled Rurther to 149¢
1., region observed during the initial cooling. The observed spectrum appeared to

alline spectrnm. The system was then cooled o 30°C

be o distorted liguid cry:

where a gel speetrim was obtained. The first moment at this point. though. was

a bit higher than My at 30°C belore heating to 35°C. The sample was then heated

Lo 31.5°C, and equilibrated for ten hours. The features of the resulting spectrum
were characteristic of a crystalline phase (e corresponding Ay is shown as a solid

. As the temperature was increased further. DLPC-

inverted triangle on Figur

dyi underwent a transition (o a regular liquid crystalline phase between 33°C and

380,

Below the L, region the eiystalline phase appears to be relatively more stable

than the Ly and gel phases. onee nucleation has oceurred. At clevated pressures,

though. such nucleation scems (o proceed slowly and even when such a process has
hegim, slow molecular reorganization essentially prevents the growth of the L. phase

ot much below the L, phase range.

unless the temperature i

5.1.2 Specific label observations

ociated with

Oue way of circumventing the spectral distortion

dependence of the transverse relaxation time is the use of specifically labeled lipids.
I order to gain further insight into the chain dynamics, experiments were performed

using DLPC Tabeled at the first lauric methylene adjacent to the carbonyl groups
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on both chains (DLPC-a-d; ). Transverse relaxation rates (1/73,.) determined from
the quadrupole eclio decay were recorded as a fuuction of temperature at ambi-

et pressure

d at 1.5 kbar. together with the corresponding quadrupole spectra,

Methy! quadrupole lines of DLPC-dys are e

¢ distinguishable on the perdeuter-

ated spectra and were also used for monitoring the dynanties of the acyl chaius cnds.

ambient 1.5 kbar

10°c 40'c

|
B
'c J‘j WLL

25'C \
23°c ”L'*\«.,\
e

=s'c e SR
-100  -50 0 50 100100 50 o 50 100

kHz, (31

Figure 54: DLPC-a-d; spectra al selocted temperatures; (a) ambient pressures (h)
kbar.

The phase changes, observed with the perdenterated a

s compired Lo the specif

ically labeled lipids, occur at slightly lower temperatures, as a result of the isotope

substitution [32]. Selected spectra of DLPC-a-dy at ambient pres:

The s

and 1.5 k

ire

are shown on Figure 5.4. cctrnm al 1.5 kbar and 25°C has o width which is

comparable to the width of the liquid crystalline speetrum at 30°C and the

o
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pressure, althongh the lineshape is distorted as a result of inequivalent relaxation

rates among the a-denterons. The high pressure spectra at 23°C and 20°C refleet

Intes

axially

motions and most likely represent a gel phase. v buildup

at o,

kllz in the spectrum at 17°C (Figure 5. 1(h)) is indicative of erystalline phase
prawth.

The temperature dependence of the mean trans relaxation time.

DLPC-a-dy is shown in

a) for ambient pressure and 1.5 kbar. For com-

parison, Ay values for perdenterated DLPC ave presented as a function of temper

E

ature in Fignre 5.5(b). The ambient pressure value of T, decreas

s from 590 sis o

190 grs s the temperature is lowered from 8°Ct 10 0°C, Between 0°C and =10°C, Ty,

undergoes a slight inercase to

pproximately 260 s, The e relaxation time

at 1.5 kbar in the liguid erystalline phase is lower than that at. ambient pressure and

between A0°C and 30°C it is of the order of 100 pis. Henee, the correlation times for

motions confributing to trans e rela o inerease al elevated

ation in the L, ph

pressure. As the temperature is lowered through the region where the L, phase is

observed, Ty, deereases dramatically from 400 ps at 30°C 10 51 pis at 21°C. The

transverse rela

ation time has a minimum at the Ly to gel transition and then in-

croases slightly o about 110 s as the temperature is lowered to 17°C. Below 17°C

where the trasition from gel 1o L. phase is completed. T3, remains apy.

constani.

The terminal methyl groups provide ade”tional information on the molecular

order of the acyl chains in the disordered phase. Methyl deateron splittings for

DLPC-dyg. extracted from the spectea of Figure 5.1 at. 1.5 kbar., are shown on Fignre

\ function of temperat

re. Although a discontinuity in the methyl splittings

at the onset of the Ly phase at 30°C is not observed. there is a change in the slope

of the methyl splittings with temperature at that point. Such behaviour is atypical
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iewed by denterium NMR.
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565 DLPC-dye methyl spliftings as a fanetion of temperature at 1.5 kbar,

Figure

2 Discussion

i length necessary for the

ains in DLPC are close to the i

“The hydrocarbon ¢

L and the unusual phase behaviour of this lipid [31.

formation of stable
6. 149] probably reflects a halanee between the interactions in PC headgroup and

arbon region which is different from that typical of the longer chain

i the hydie

cnssed i the previons section. elucidate

Homologs. Tl high pressure rosults, di

also

e phiase behaviour. They

some of the unnsual aspeets of DLPC ambient pre
contribute to the understanding of its place in the diacyl PC' homologons series.

rdered phase change show that

Calorimetrie studies of the DLPC ordered te d
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it proceeds in two stages [31. 32,35, 119)

. Inthe region. i few degrees w

the two

exeess heat capacity peaks. DLPC is inoa state labeled L, [35. 36]. This

state is characterised by axially symmet ric moleeniar motions, which can be i

ferred

ation times,

from the powder lineshapes. The rel

bserved in this state, are very

short

d depend on the dewteron pos the n. The

measurements suggest that the motional rates are much rednced and possibly afl
fected by interactions in the headgronp region. From the denterinm NMR resulis

presented T

pressure is

en to alleet both the width, in temperamre, aud the

prominence of this region of wnmsual properties. Tl speetra i s

giom ane char

acteristic of fast axially symmetric motions with high transverse relaxation vates
which are strongly dependent on position along the acyl chains. The changes in

the temperature dependence of My with pressure, shown in Figure

s well as

aml

1 bely

1R speetr it and elevated pressure, in (he nsial

fluid region. allow thi

s region of un

our at high pressure to be identilied

with the ambient pressure L, phase observed by Finegold and coworkers |

by Hatta and coworkers [36]

The upper boundary of this L, phase is effectively

possible: 10 identify from the My temperature dependence, shown in Fi

due to the smooth variation of firsst moments as DLPC enters the L, phase from

the lig

discontinmity bet

i e liegid crys

talline pl aral i behavions suggests a continons change

in the amplitude of the moleeular motions, which is i accord with the report of

Hatta and coworkers [36] of a cominons variation of the bilayer thickness bot woen

the Lo, and the Ly phase, Transverse relaxation rites, on the other hand . nnderg

her abrupt inerease upon entrance into the L, phase from e | his

phse,

indicates a deerease in the ¢

w motional rates in the L, phise,

The observation of an wnnsnal [nid phase between the gel and liguied ery




Chapter 5. DLPC - Phase Behaviour and Dynamics

phises of DLPC raises some interesting questions about the nature of the main

phase transition in lipid b

“The transition from lignid erystalline to gel phase in longer chain diac;

ses discontinonsly

involves two aspects: the acyl chain conformational order incre

and intermolecular positional order is established.  In longer chain lipids the two

are strongly conpled. In the case of DLPC. it is possible (o speenlate that

aspect:

te anincrease in the

the deereased motional rates observed in the L, phase indi

intermolecular order without a concomitant. change in the conformational order of

the chains, High pressure seems to enhance this decoupling by shilting the ons

ture for the chain

temperature of lateral ordering further above the onset temper:

15, al which the transition 1o gel phase occurs, A reason for this might

orderi

he songht in the relative strengthening of the headgroup interactions with respect

to the intrachain interactions due to the relatively small chain length.  Another

elfeet. which might hear relevanee (o the role of the headgroups in (1
e observed dependence of the higher temperature calorimetric feature on sample
hydration [32].

.3 show strong hy:

The temperature eyeling experiments illustrated on Figure

Lere

L suggesting that both gel (when present) and L, phase are metastable. Re-

sible eycling through these phases is possible as long as mcleation of the L

periment

phase has not hegun, For ey . during the initial cooling e iples

npl
were equilibrated for a few Tours in the Ly phase without evidonee of ordered phase

Tormation. Pressure appears to hamper L, phase nucleation as well as erystalline

domain growth. The latter elffeet can be seen, for example. in the cooling experi-

s cooled

when the sample i

ments where the se persists to lower temperature

| pha

faster. After initial nueleation of the crystalline phase, the growth of its domains is

very slow i the temperature is more than a fow degrees below the transition from
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L, 10 an ordered phase,

In an carlier study of diacylphosphatidylcholines, Morrow. Whitehead and Lu

[22] discussed the observed decrease with chain length of the mean orientation;

order discontinuity at the fuid-gel transition in terms of o decreasing diffes

between the tran d a eritical temy on the i gel coey

istence curve. As far as the main transition is concerned, DLPC at ambient pressure

camnot be compared to the longer chain phospholipids due to the intervention of a

1

nsition into a more ord able.

ol L phases which renders the gel phase nnobs

High pressure is shown liere 1o suppress the onsel of this ordered phiase and (o allow

for the observation of a trie gel phase. The interpretation of the main transition in

terms of change in the ordor parameter is further complicated, though, by the pra

ence of the region of wmsual dynamies. L. Asa result of the abenpt decrease in the

s of moleenlar motions o be used

rat 1 the Ly region. the discontinaity in Al e

direetly since the My values in the immediate vicinity of the transition are strongly

reduced by fast transverse relaxation. Nonetheless, the first spectral moments in

this region can provide the necessary information abont the temperature el

hown on the inset of Fignre 5.2(a). the

of the chain order. As s

My deereases as the separation between the 90° pulses is reduced from 35 ps 10 20

ps. 10 a simple exponential decay is assumed. the pulse separation can be e

extrapolated 1o zero. Such an approximation is justilied for the region of very small

pulse separation diseussed here, The My values obtained in this way are shown as

a fune ngles). topether

n of temperature in Figure 5.7(a). (empty downwards (ri

i downwards 1

with the values of My for 35 s (soliel diamonds) and 20 s (s

angles) pulse separations. For comparison Figure 5.7(h) shows the relagation time

ion

for DLPC-a-dyg. The My valnes obtained by extrapolation to zero pilse sepi

reveal essentially no discontinnity at the fnid 1o gel phase teansition. The resnlts
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shown in Figure 5.7(a), appear to illustrate the expected near-second order charac-
Ler of the transition in DLPC. ‘This suggests that. in principle. a second order phase

transition in pure disaturated diacylphosphatidylcholine may be observable.

200 - = =
e, - -
-, Soee,
150 i
v
i 100 =

M,

20 10 o 10 20 30 40 50
Temperature "C

spectral moments as a function of temperature (a) at
. nd at 1.5 kbar at pulse scparation of 35 sis (diamonds).
s (solid inverted triangles) and extrapolated (o zero pulse separation (empty
ried triangles).

Figure 5.7: DLPC-dyg first
I re (circles)

5.3 Summary

I'he phase behaviour of DLPC a

ambient. pressure is substantially different from

that of its longer chain homologs. Since pre:

ure affects the different phase tran-

sitions in different ways, it was possible to separate the disordered phase to gel

transition from the transition between gel and the erystalline phase and to obtain
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=
%

a true gel phase in DLPC. The unusual region in the luid phase was found to he
cnhanced by the application of hydrostatic pressure and was identified with the am-

kers [36]. In experitments where the (e wax increased. a single tran-

bient pressure L, phase, obscrved by Finegold and coworke

5] and by Hatta and

sition was observed from crystalline to liquid crystalline phase.

. An extrapolation of

the oricntational order parameter to zero pulse separation suggests the transition

from a disordered 10 a gel phase in DLPC proceeds without a discontinuity in the

chain order, as implicd by the ambient pressure rends in longer ehain dineyl PCs
[22]. 1t appears that the unusual dynamical propertios of DLIC might result from
enhanced headgroup interactions in a region of finite temperature width ahove the

transition to an ordered phase, while the transition itsell is associated with a change

in the chain order.



Chapter 6

Pressure Effects on PC Headgroups

The previous two chapters focused on the hydrocarbon region of the bilayer. In this
chapter, the focus is on the perturbing influcnce of pressure on the PG polar head-
gronps, which, as they form the interface between water and the bilayer interior,
influence important bilayer properties including the structure and stability. Deu-

terium NMR has heen used extensively as a nonperturbing method for the study

bl it

of phospholipid headgroups at various membrane and water
lovels of hydration, cle. [39, 41,42, 45, 47, 49, 50, 151 It is currently accepted that,
in the fluid phase, the average orientation of the polar headgroup dipole is roughly
parallel (within 30°) to the plane of the bilayer [38, 39]. When various charged

brane or water subpl i are added to the lipid suspension, the

phosphorylcholine headgroup tilts towards, or away from, the bilayer normal de-
pending on the sign of the membrane surface charge. From the deuterium NMR
perspective, this is scen as a counterdirectional change in the quadrupole splittings
of the denterons at the a and f choline carbons [41, 42].

Application of hydrostatic pressure leads Lo a reduction of the bilayer area per

d in chapter 4. The phospholipid headgroups are expectod

lipid molecule, as dis
to respond to the reduced molecular arca by adopting a new conformation, possibly
a more upright position. Pressure can he changed in a continuous manner, allowing

for the headgroup conformation to be varied in a (presumably) continuous fashion

as well, without any alterations in the lipid-water system it In this

chapter, the isothermal response of DMPC-dy and DPPC-d;3 headgroups to pressure

9
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is discussed in terms the relative changes in deuteron quadrupole splittings at the
a and 3 choline carbons. A scenario for the effect of temperature on the headgronp

is proposed, based on isobaric measurements at ambient and elevated prossure.
v e,
0—P—0~CD-CD-N-CD,
a B CDY

Figure 6.1: Structure of phosphatidylcholine headgroup.

Lipid samples were in the form of MLV, prepared by hydration in excess phos-
phate buffer (pIl 7.2) above the main transition temperature, Quadrupole echo /2

pulses between 2.2 pis and 24 gis were used with a pulse separation of 75 pis. Dig-

itizing with a dwell time of 5 ps was used with 4 times oversampling [129, 152] Lo
resalt in an effective dwell time of 20 ps. Quadrupole splittings were determined in

the liquid crystalline phase from the 90° edges of the powder lines.
6.1 Results and discussion

Two disaturated PCs were studied, the 14 and 16 carbon homologs DMPC

deuterated at a and g clioline positions, and DPPC-djy with a perdenterated head-

group. Spectra were collected for a series of pressures at 65°C in the liquid crystalline

phase. This temperature allowed for the observation of a fhiid phase over a con-
veniently broad pressure range (ambient - 2 kbar for DMPC and ambient. - 1 khar
for DPPC) withoul overheating the samples. Figure 6.2 shows representative spec-
tra for DMPC-dy and DPPC-dyy in the liquict crystalline phase. All speetra in the

liquid crystalline phase are a superposition of axially symmetric powder patterns.
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“I'he outer peaks on the ambient pressure spectra of both DMPC-dy and DPPC-dy3

correspond Lo the o choline denterons while the inner peaks are produced by more

freely reorienting # choline dy . All 7 d in DPPC-dy produce a sin-

gle, narrow (approximately %1 kllz) doublet of high intensity. The spike at zero

frequency is

e to some naturally present DO in the water subphase.

a b

2.00 kbar. /\\_g-lmj

1.32 kbar . 0.77 kbar,
0.66 kbar //\W/\\‘O.SS kbar,
ey N/'N e
p

—
i

-8-6-4-20 2 4 6 8-8-6-4-20 2 4 6 8
kHz kHz

Figure 6.2 Deuterium NMR spectra of DMPC-d; (a) and DPPC-dys (b) at 65°C
and different. pressures. Pressure is indicated in kbar next to each spectran.

7

0 kbar

The a doublet in DMPC-dy with splitting of 5.4 kllz actually consists of two
doublets. Under decoupling conditions these are observed with a separation of about
300 1z in DPPC [41). This is due to a slight incquivalence of the two a-carbon
denterons, resulting from reduced motional freedom in the immediate vicinity of
the glyceral backbone [10]. All a splittings in these experiments are determined

from the observed single, slightly broadened doublet and thus represent an effective
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average of the two doublets.
Figure 6.3 shows the pressure dependence of the a (cirelex) and 4 (diamonds)

deuteron quadrupole splittings for DAIPC-d, (solid symbols) at

e o splitting

decreases approximately linearly with a slope of =270 11z per kbar i

n

prusi

mately lincar fashion, while the 4 splitting increases with a slope of 350 1z per Klar,

"The pressure dependence of the a (circles) aud 4 (diamonds) denteron qu

splittings for DPPC:

4 at G5°C is also shown in Fignre 6.1 (open symbols

car decrease in the o guadrupole splittings is observed with a slope of

S0 117 per
kbar. The 4 deuteron splittings increase at 870 11z pee kbar (87, AN wine methy!

(%) deuterons appear Lo |

cquivalent due o a rapid reorientation abont the Cy N
and the N-C, bonds. A sisgle line results from their superimposed contribtions

with a splitting increasing with pressure by 130 11z per kbar at 65°C.

The application of hydrostatic prossure is seen to produce a comterdirectional

change in the a and g quadrupole splittings. Analogous change

1 the choline o and

A splittings have been observed pre

usly in response Lo perturbations in the bilayer

surface charge density [39, 12-16, 48, 49]. In contrast to ch in orientational

1

in the sa

order, which affect all methylene splitts

v o connterdirectional

change is generally indicative of a conformational change in the headgronp.  De

creasing a and

creasing A quadrupole spl

s are also observed in conjune

with the presence of metal ions in the water subphase [10, 41], positively charged am-

hiphiles [42, 45, 49] and polypeptides [17). At present sl hehavionr of the choline
a and A deuteron splittings is believed to be associated with a concerted it of the
whole headgroup away from the bilayer plane, This conformational ehange is most

likely a result of torsion about the bond between the glyeerol mumber one earbon

and its adjacent. phosphocholine oxygen [48] or abont the C(1) C(2) glyeeral hond
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Figure 6.3: Choline a (cireles) and f (diamonds) splittings a
for DMPC (solid symbols) and DPPC (open symbols) at

a fnetion of pr
(.

[13]. Ab initio caleulations of the corresponding torsional encrgies in glycerophos
phocholine [153] suggest that such deformations are essentially mnobstrneted, die
to minimal variations of these energies over a broad range of bond dihedral angles,
“The headgroup tilt is assumed to resul® from a torque produced by the interaction

between the phosphocholine P==N* di, sle and the positive surface charge of the

cations adsorbed at the bilayer surface, or by the presence of positively charged
membrane constitnents.

A negative surface charge tilts the headgronp in the opposite: direction. away from
the bilayer normal. The effect of this tilt, from a denterinm NMR perspective, is an

in|

scin the a and a decrease in the f quadrpole splittings as the surface charge

is increased [39]. A tilt of the phosphoryleholine moiety towards the membrane
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surface is also observed with reduced hydration of the bilayer headgroup region

Hydrostatic pressure produces a highly anisotropic deformation in a fhuid phos-

photipid bilayer. Tn the lateral direction the bilayer is compressed casily in response

Lo hydr

alic pressure, while small angle nentron diffraction data [19. 90] show an

inerease in the overall bilay

thickness with pressure. As was illustrated in chapter
|, asimilar result can be inferred for the axial extension of the hydrocarhon chains
from denterium NMR measurements. Additional pressure experiments were carried
out on chain perdenterated DAPC-dgy and DPPC-dgy at 65°C in order to oblain
a better understanding of the response of the molecular arca in the two lipids to

pressure, The corresponding spectra ate shown in Figure 6.4(a) and Figure 6.4(b).
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ure Effocts on PC Headgroups

The first spectral moments in perdenterated chains can be related to the mean axial

extension of the whole chain as deseribed in chapter 1. Fignre 6.5 shows My as a

[unction of pressure from | kbar to ambient pressure for DPPC-diy and from 2 khar

to ambient pressure for DMPC-dgy. The inerease in My with pressure reflects an

increase in the hydrocarhon chain order and subject o the constant volunie approx

imation made in chapter 4. a decrease in the bilayer area per molecule in the liquid
crystalline phase. The approach adopted i chapter 4 [22, L] gives an inerease in

the acyl chain axial extension of appr

mately 25% per khar for DPPC and of :

7

per kbar over 2 kbar in the case of DNIPC. This can also serve as an estimate for the

reduction in the bil

yer area per molecule, A decrense in Uie area per lipid moloculoe

with pres

ure s very Tikely to sesult, in the observed il in the polar headgronp
towards a more upright. position, where e headgronp spans a smaller hilayer area.

interesting Lo note that the pressure induced changes in the a and f quadrupole

splittings are in directions which are opposite to those for dehydration-indueed lead

gronp il reported by Bechinger and Seclig [50]. This arges against the possibility

nre-induced water exelusion.

that. the observed headgroup tlt resnlts from a p

The response of the headgroup denteron quadrupole splittings (Figie 6.4) as

well as the first

spoctral moments of perdenterated lipids (Fignre 6.5) to prossure

is stronger in DPPC than in DMPC. Tn the light of the proposed headgronp tilting

in response to area reduction, it is natural to attribute this difference to a stronger

response in the DPPC bilayer to lat

compression than in the DMI?

Dilayer,

To understand such behaviour, it is important, to remember that the transition

temperature at ambient, pressure for DMPCudgy is approximately 19°C, while in

DPPC-dgp it i

othermal

about 38°C ([22], Chapter 7). 1t is helpful to consider the i

experiments on DMPC-dsq, described in chapter 4. An inerease in temperature

of 20°C was seen to substantiaily reduce the sensitivity of My Lo pressure in the
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Iigure 6.5
DPPC-dgy (

Al moments vs. prossure for DMPCedyy (diamonds) and

liquid crystalline phase. Presumably, the lateral bilayer compression in response to
applied hydrostatic prossure is similarly reduced at increased temperature, Thus at
65°C the slower variation of the DMPC headgroup denteron quadrupole splittings
with pressure can probably be accounted for by the reduced lateral response to
hydrostatic prossure far above the ambient pressure transition temperature,

A convenient way of comparing the conformational changes in the phospho-
choline headgroup, produced by various perturbants, is to plot the 73 splittings

versus the o splittings as the magnitude of the perturhation is varied [41, 4548,

50, 151-155). These plots are typically linear with slopes grouped around —{ when
the headgronp tilt is produced by the presence of a negative surface charge, ~0.6

when the surface charge is positive [15] and about —0.76 when the headgroup is
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tilted by dehydration of the membrane surfaces [50]. The negative slope retlects the

opposite direction of the changes in the a and 4 quadripo

splittings and serves a

an ind

ion that a headgronp conformational change rather tha nge in the

orientational order takes plac

“The magnitude of the slope illustrates the different

nature of the

teractions hetween the headgroup and the corresponding perturhi

agent. [15]. The correlation hetween the o and 3 quadrpole splittings of DAIPC.d,

and DPPC-dyy from ambient pressure to 2 kbar and 1 kbar,

expecti

v, b 65°C

are shown in Figure 6.6, The dependence is approximately Tinear with slopes of

=131 and =116 for the cases of DMPC and DPPC, respectively

sults show thal the observed vari

fous in the headgronp quadsupole splittings with

pressure reflect ¢

wformational changes rather (han changes in orientational wrder.

The magnitude of the slope is larger than that observed for both charge induced

and hydration-induced til

siggesting that a dilferent mechanisn is responsible for

the pressure-induced change in the headgroup conformation.

The effect of temperature on the o

vl A quadrapole splittings makes an

ditional contribution to the und ding of phosphatidylcholine head, e
haviour. At ambient pressure, the choline 4 splitting is observed to decrease with
temperature over a broad temperature range. while the o splitting remains essen
tially unaffected [11]. This behaviour has bheen attributed to the effect of tempera

ture on headgroup motion. An increase in the torsional freedom about the €,

o-bond has heen proposed to account for the decrease in the 4 splitting with in

ing temperature [11]. Proximity to the bulky phosphate group is thought to reslt

i an essentially temperature independent o splitting. To better understand the

effects of pressure on headgroup bel

onr, variable temperature experiments were

carried out at ambient pressure and at 1.5 kbar. Selected spectra are shown in Fig-

7(a) and (b). The temperature dependences of DMPCedy o and 4 quadrupole
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Figure 6.6: Choline # (Awg) vs. @ (A splittings for DMPC-d, (solid diamonds)
and DPPC (open circles).

splittings are shown in Figure 6.3 for ambient pressure and 1.5 kbar. Application of
1.5 kbar is scen to have a relatively small effect on the temperature dependence of
hoth splittings. Nonetheless, the temperature sensitivity of the g splitting decreases
slightly at 1.5 kbar in comparison to the ambient pressure situation and a weak. yet
nonzero, temperature dopendence of the a splitting appears.

The difference in the response of the a and # quadrupole splittings to tempera-
ture may reflect the combined effect of temperature and arca per lipid on headgroup
orientational order, Increasing temperature is expected o increase arca per lipid
and decrease orientational order. A tilt of the headgroup towards the hilayer in

response Lo increased arca per lipid would increase the a splitting and decrease the
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Tigure 6.7: Choline deuterium NMR spectra for DMPC-dy as a funetion of femper-
ature at ambient pressure (a) and at 1.5 kbar ().

A splitting. The decrease in orientational order would reduce hoth splittings. Com-
petition between these two effects conld reduce the response of the o splitting lo
temperature. For the g splitting the two effects would be additive. 1t is possible

that at ambient pressure the two trends in the a splitting exactly offset cach other so

that the o splitting appears to be independent of temperature. At elevated pressnre
though, as discussed in chapter 4, the bilayer area thermal expansivity is reduced.
Under these circumstances, the increase in o denteron splitting arising from the
licadgroup conformational change would be smaller and might o longer compen-
sate for the decrease in orientational order resulting in the observed overall decrease
in a splitting with temperature. The A splitting wonld become less dependent on

temperature.
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6.2 Summary

Application of hydrostatic pressure to MLV suspensions of DMPC and DPPC results
in a redduction of the headgroup choline o deuteron splittings and an increase in the
# deuteron quadsupole splitting. The counterdirectional change in choline deuteron
splittings indicates a conformational change of the headgroup in response Lo pres-
sure rather than a change in headgronp orientational order. The headgroup choline
deuteron quadrupole splittings change in a way similar to that of the changes in-
duced by positive membrane surface charge, which reflects a headgroup ilt towards

the bilayer normal. 1L was concluded that the reduction in the bilayer arca per lipid

molecule with pressure, deduced from the isothermal pressure dependence of the

mean orientational order in chain perdeuterated DMPC and DPPC, is the reason
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for the observed headgroup conformational changes. On the basis of isobarie experi-

ments, it is proposed that the temperature behaviour of the headgroup is dominated

by two parallel ¢ lependent. factors, i.e. headgronp till and orientational

disorder. Volume compression as a method of v

g the headgronp orientation
in a continuous, nonperturhing way within a single sample may prove useful in oh
taining information on the mechanical propertics of the headgroup region of the

hilayer and on the mechanisms of surface charge-induced conformational chang

the phosphatidylcholine headgroup.



Chapter 7

Other Results

7.1 Ordered phases in DPPC

T'he most extensively studied of all saturated diacyl PCs is the 16 carbon homolog
DPPC. The special interest in this lipid stems from its biological importance as the
major constituent of the higher animal pulmonary surfactant and as a component
of the cell membranes. Another intriguing property of this lipid is its immunoin-

ertness, with relevance Lo liposomal drug delivery. DPPC is also relatively ecasy

to prepare synthetically, store and handle, and it displays most of its interesting

physical properties over a wient range of ex
AL ambient pressure, proteated DPPC is in the liquid crystallive (L,) phase
above its main transition at 41.5°C [1, 5, 9, 10, 23, 132, 156] and in the rippled

(1) phase down Lo approximately 35°C [5, 157]. Chain perdeuteration lowers the

main transition temperature to approximately 37°C (sce subscetion 7.1.1 helow,

also 20, 22]). Below the pretransition, the lipid is in a tilted lamellar (Lg) phase

and helow i ly 21°C (the ition), the stable phase in DPPC is

the erystalline (Le) phase. The ition tem) of 21°C is determined

Trom DSC heating scans [18, 37]. The obscrved transition enthalpy depends on
the duration and temperature at which the sample is equilibrated prior to thermal
scanning. Because of the unusual propertics of the crystalline (subgel) phase, it
has been subject to investigation by a number of experimental methods, including

DSC (DTA) [31, 33, 37, 157-159], NMR [159-161], EPR [150], FTIR [34] and X-ray

92
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diflraction [I57, 159]. Initiation of this phase upon cooling involves a fast stage
of subgel sced formation from germ wiclei and a slower process of subgel domain
growth [150].

Phosphatidylcholine systems display a rich harotropic hehavionr [19, 56, 60-62,

65.

70. 32, 83, 85, 90, 97. 102, 103]. As many as seven phases have been suggested in
DPPC at different pressures and temperatures [83. 86, 102]. The liquid erystalline

phase observed at ambient pressure

at high pressure as well, althongh the
transition temperature into more ordered phases inereases with pressure by approx-
imately 2(°C per kbar [61, 83, 87, 90, 97]. Six ordered phases have heen reported,
Three, also seen at ambient pressure, are Pa (or (1), Ly (G1T) and the erystatline
phase (Le, or €'). Those seen only at high pressure include an interdigitated gel,
which is lamellar [90] with intercalated chains and is most appropriately labeled 1,

in the spirit of Luzzali’s nomenclature [8], and two low temperature phases, (111

and a highly ordered phase
In the current study. the phase behaviour of DPPC-dg was studied as a function

of temperature at 2.20 kbar, 1.00 kbar and ambient pressure. These are the linst

reports of constant pressure results on such systems. They heeame possible after

decompression experiments were also carried ont, allowing for i two dimensional

the impl ion of the pressure

i chapter 3. Isothern

study of the DPPC-dg phase diagram. Various phase bonndaries were investigated
together with some aspects of the formation of the ordered £, and X phases.
Samples were prepared in the form of MLV suspensions of synthetic DPPC-
doy in excess 0.1M phosphate buffer (pIT 7.2) which were heat, sealed into flexible
polyethylene tubes. A quadrupole echo sequence was used with a duration of the
7/2 pulse between 2.35 jis and 255 is, and a pulse separation of 35 s, For each

spectrum, between 8000 and 64000 transients were averaged. Free induetion decays
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were digitized ab 2 s per point in the liquid crystalline phase and at 1 pis per point

in the ordered phases. Two times oversampling was performed [129. 152] to result in

effective dwell times of 4 jes in the liquid erystalline phase and 2 pis in the gel phas

The temperature regulator was calibrated against a differential copper-constantan
thermocouple and was found to be acenrate to within 0.25°C. Pressure was measured
with a Bonrdon Lype gange with a precision of 0.014 kbar and when checked against
a dead weight gauge was lound accurate to within 1%. All experiments were carricd

ont as the temperatnre or the pressure were decreased in a stepwise fashion.

7.1.1 Results and discussion

T'he main transition in DPPC-dg at ambient pressure was found to occur at around
37°C, in good agreement with previous measurements [22]. It is appropriate to
mention that Morrow, Whitehead and Lu [22] used temperature equipment, ther-
mocouple and ice-point compensated thermocouple amplifier different. from the ones
used in these experiments, The transition temperatures determined this way, are
thesefore not equipment. dependent. Spectra obtained as the temperature is lowered
from 40°C to 30°C through the ambient pressure main transition in 1°C steps are
shown in Figure 7.1. Above 37°C, the spectra consist of superimposed Pake dou-

blets and reflect fast axially symmetric molecular motions. Below this temperature,

DPPC-dgy is in a Py phase and the corresponding spectra between 36°C and 30°C

are taken as being characteristic of this phase. The corresponding first spectral

imoments are shown in Figure 7.2, The spectrum at 37°C is a superposition of the
Lo Lypes of spectra, resulting from some local inliomogeneities of the samples. The

central isotropic spike, scen in essentially all spectea, is produced by traces of HDO,

present in the buffer, or by minute quantitics of small icular lipid

in the suspension.
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IMigure 7.1: DPPC-dsa spectra aronnd the main transition al ambient pressure (a)
and 1 kbar (b).

Representative spectra from a cooling experiment aromnd tie main transition at

I kbar are shown in Figure 7.1. The spectra above the transition

which occ
58°C for this pressure, are typical of the L,, phase. ‘The maximum denteron splittings
arc smaller than at ambient pressure, indicating the bilayer is less ordered al this
pressure just above the transition, in analogy to the case of DMPC-dgy, discussed
in chapter 5. This is also reflected in the lower Ay value of about 50 % 107 s=" in
the liquid crystalline phase just above the | kbar transition as compared Lo almost
60x10% s~ at the corresponding temperature for ambient pressure (Fignre 7.2). The
spectra below the transition at | kbar (Fignre 7.1) are very similar Lo the ambient,
pressure Py spectra of Figure 7.1, suggesting that DPPC-day at this pressure still

undergoes a transition from L, to Pp. In Figure 7.4, cach experiment is represented



Chapter 7. Other Results 9%

220

200
180
160

140 -

M, [s"x10%)

Z
120 hadads 2 ettt 1

.
100 -

60 oy .

40

10 ' o s T

Temperature "C

Figure 7.2 DPPC-dgy first. moments vs. temperature at ambient pre
100 kbar (inverted triangles) and 2.20 kbar (diamonds).

re (circles),

by an empty triangle pointing in the direction of temperature change for this series

of specira.

The thermotropic bel aviour of DPPC-dgy at 2.2 kbar is more complex. Four
obs

phas ra on both sides of

ved as the lipid is cooled down to 22°C. Spect

cach ordered phase (o ordered phase transition are shown in Figare 7.3. The liquid

talline phase peesists down to 82°C, The tra

ion from liguid erystal into an

ordered phaseis cl o as an in

ase in My from approximately 45 x 10* s~ 10

over 100 x 107 5~" (Figure 7.2) ab about 80°C., At 81°C the lipid enters an unusual

phase with axially asymmetric motions and well pronounced spectral features at

approsimately £25 Kllz, as woll as broad methyl splittings at almost £10 kilz. 'This

phase is suggested to be an interdigitated gel on basis of the clos similarity between
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Figure 7.3: DPPC-dy reprosentative spectra at 2.2 Kbar,

the spectra observed from 81°C Lo 38°C and spectra observed nnder conditions

of alcohol-induced interdigitation in DPPC (M. Laflenr, private communi

on).
Further confidence in such identification is provided by a comparison hetween the

sion of

spectral features in this phase and the spectra obtained by isotherimal compr

DPPC by Driscoll and coworkers [83]. Interdigitation is also observed in this region

of the phase diagram by nentron diffraction [19. 90], FI'TIt spectroscopy [70. 72] ane

(6]

deuterinm NMR of speci

cally labeled 1i

At approximately 37°C, the DPPC:

2 Spe antial

ural lineshape undergoes subst

changes. The intensity at £25 kllz decre

. giving rise toan unusual, generally
triangular lineshape (Figure 7.3). Although the first spectral moments are contin-
uous at this temperature, an upwards kink in (heir temperature dependence marks

the transition (Figure 7.2). Isothermal measurements in this region of the DPPC
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Figure 7.0: Transitions in the pressure/temperature phase space of DPPC. Exper-
fmental points are shown with triangles pointing in the direction of the change in
the corrosponding parameter. The solid line is the main transition. The individual

transitions are shown with asterisks.

phase diagram allow us to identify the new phase as G111 [61, 83, 86]. 1t is interest-
ing to note that. the transition into the G711 phase occurs at about. 8¢ helow the
temperature extrapolated from constant temperature experiments with proteated
DPPC[90]. AL 21°C the first spectral moments undergo a major stepwise increase

from about. 130 x 10* 571 to almost 210 x 10 57" (Figure 7.2), accompanied by a

spectral change from the G lineshape Lo a fully ordered sigid lattice spectrum

(Figure 7.3). This low temperature, high pressure phase appears in the same phase

region as the X phase, observed in isothermal experiments [83, 86] or GIV phase
[102, 97] (observed but unlabeled by Utoh and Takemura [56]). It displays the same

denterium NMR spectral foatures as the X phase [83]. Although little is know
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about the exact nature, or indeed the distinetness, of the proposed ordered plises

in DPPC, it has been suggested that. they differ mainly in the ty;

e of packing of

the almost fully extended acyl dhains {101,

Tnaddition to the isobaric experimentsat ambient pressure, 1 kbar and 22 khar,

DPPCdyy w:

studied inder isothiermal decopression it 09C and 15°C, Seloctad
spectra at the borders of the various phases are shown in Pignre 75 and the corre
sponding first spectral momentsare plotied as a function of pressure in Figare 7.6,

Sach of the isothermal experiments is represented |

a downwards enply triangle

on the DPPC-

lea phase diagram (Figure 70, The experiment. at 15°C was started

by isothermal compression to 2,

kbar, well into the interdigitated pliase, Spoetra

W

e collected as the pressure was lowered ina stepw lion: (o ambient pressire,

At approximately 113 kbar the L; spectra change to the kind of neshape, ty pical
of the Py phase, obsersed at ambient. prossure helow 37°C, This phase ransition is
also indicated by the change in slope of My vs. pressure (Figure 7.6). Exlirapola
tion from constant. temperature experiments on proteated DPPC 0] at the same

ssure shows a tran

pre ition approximately 8°C higher than is observed here, 'T'his is
probably due, in part, to the isolope substitution in the present study. A abrupt

drop in My at 0.4 kbar marks the onset of a liquid crystalline phase.

The spectial

lineshape betow this pregsure

s typical ofa fast asially symmetric molecular motion
(Figure 7.5).
Auothier section of the phase diagram was sample as the pressure was lowered

from 27 kbar to ambient at. 0°C, Under these conditions, DPPCudy, ndergoes two

phase transitions, Representative spectra avound the phase transitions are shown

in Figure 7.5 and the corresponding first moments ave plotted in Fignre 7.6 Uhe

ligh edges ab £63 KTLzin Uhe spectrum ab 2.7 Kbar (Figare 7.5), as well as the very

ligh values of My, indicate that the Tipid system is in a highly ordered pliase with
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Figute 7.5 DPPC-dy spectra as a function of pressure at 0°C: and 15°C, Pressure
is indicated in kbar nest to each spectrum.

essentially completely lrozen molecular motions. Spectrain this phase resemble very

el Uhe spectra observed by Driscoll and coworkers [88]in the X phase, This high
prosure, low temperature phase has heen previously observed by other methods as
well [56, 97, 102].

As the pressure is lowered through 113 kbar, at 0°C, the DPPC-dg spectra

cquire [eatures typical of the G111 phase discussed in connection with the isobaric

experiment at 2.2 kbar, The various steps in the spectral lineshape reflect differences

in the local environment of the deuterons along the acyl chains [86]. A substantial

reduction in My at this pressure also indicates the onset of the G111 phase (Figure

7.6).
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Figure 7.6: DPPC-dgy Aly as a Tanction of pressure at 0°C (diamaonds) and 15°C
(circles).

A approximately 0.5 kbar the lipid enters the ery

alline (£,.) phse. "Phe spee-

tral Tineshape in this phase is roughly trapezoi

| with shoulders, extending to
relatively high intensity edges at £63 kilz 1t is interesting lo note that intensity

at maximum splitting actual

 increases as pressure is dec

ased. A concomitant

increase in My below the transition also reflects the intensity inerease at maxi

mum splitting (Figure 7.6). In light of the diser

sion of DLPCodyg erystalline phase

metastability (chapter 6) and the ambient pressure met

ility of the erystalline

phase [18], exceptional caution must be ¢

ed i assigning phase bonnd
this phase. At ambient, pressure, formation of the erystalline phase woquires ineu-

bation at low temperatures for more than a day. The observed ine

~in My with

decreasing pre:

tre may thus reflect a kinetic proce

rather than changes hetween
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ible (o obtain

ation s thal it s pe

cequilibrinm states. Another interesting obs

the erystalline phase ag o result of a relatively fast compression-decompression cy-
cle through the (LT (and possibly the X) phase as an alternative to the lengthy
low temperature annealing at ambient pressure. The phase identification is based
vation that th

on the obs clrnm al ambient pressure and 0°C following the

pressure scanning experiment, is essentially indistinguishable from the spectrum ob-

tained from a DPPC-dgy sample alter a prolonged ambient pressure incubation at

sub;

o temperature,

Aninteresting way of following the changes in the spectral ineshape as the pr

sure is lowered Trom 2.7 kbar to ambient is illustrated in Figure 7.7. The spectra

of Figire 7.5(a) are overlapped, allowing the most prominent. spectral changes to
stand ont. The most dramatic spectral changes across the transitions X — G111

and GHT —

ake place in the frequency regions between 40 and 63 kllzand be-
tween 10 and 20 kITz. Spectral intensity decreases from the sharp cusp-like leatures
at 63klz in the X phase to a minimum in the G177 phase. with a subsequent
sos from a minimum in the

increase in the L. phase, Intensily around 20 kliz incre:

in the

X phase until reaching its highest value in the G111 phase, then it decrea:

ystalline phase. T'his type of plot proves very uscful in tracing subtle changes in

the speetral lineshapos.

At ambient pressure the L, phase is the most ordered DPPC phase detected
i these experiments. The roughly trapezoidal lineshape suggests, thongh, that
some residual motional freedom is still present in this phase. In contrast, the X
phase at high pressure and low temperature is distinguishable by very high intensity

at maximum splitting, This resembles the behaviour expected from completely

immabilized deuterons in a powder sample. One possibility is that this phase results

[rom a pressure-induced partial dehydration of the bilayer. Spectra with features,
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Figure 7.7: Overlapped DPPC-diy spectra during decompression at 0°C. Pressure
was decremented in steps of 0.1 kbar.

these of the X phase sy , have also heen observed at ambient pressure
and low temperature [20].
All experimentsare summarized schematically in a phase diagram-type plot. (Fig

ure 7). Figure 7.8 shows representative specira from all phases. In its gene

pearance this phase diagram agrees with carlier observations [19, 56, 61,

3, 86, 90,
97). The individual experiments at a fixed valie of either temperatire or pressire

are shown as triangles, pointing in the dir

ction of variation of the corresponding

parameter. Different phas

are labeled in boxes, lo

o approximately in the mid-
dlc of the phase region according Lo the nomenclature wsed in this text. The phase
transitions, identified as described carlior, are shown as asterisks on the tracks of

the individual experime.ts. The arrows next to the transitions show the divection
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of the phase change, logether with identification of the initial and the final phases.
Linear extrapolations are used Lo schematically represent the topology of the phase
Doundaries. The low temperature horder of the Lq phase is rather well defined and
is thus shown with a soliel line. “I'he slope of this line as the pressure is increased
from ambient to 1 kbar appears o be slightly different from the slope above 1 kbar.

This may reflect. the fact

that DPPC-dgz undergoes a transition into the # phase

up Lo at least | kbar, while at 2.2 kbar it enters the [; phase directly.

00 60 -60 <020 0 2 40 @ 80 100 12
Splitting kiiz]

IMigure 7.8: Representative denterium NMR spectra in the various DPPC phases
identified in this experiment.

‘I'wo additional transitions from the L; phase, onc isobaric into the GI1/ phase

and one isothermal into the Py phase, are used Lo obtain a general idea about, the

of the interdigitated gel.  Additional are necessary for a

reliable description of the phase boundaty, which may possibly contain triple points
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Lis Py, Lieor Lis Ly, GII1[61, 97, 83).

The phase houndary between the GITT and the Lo phases is also unclear as a

consequence of the observation that. a

2 khar, DPPC-dgy enters the G phase

via a temperature transition from the L phase, while the lipid leaves the (/111

phase into a different phase, the L. phase, wpon decompression at 0°C, More

L

a result of the L. phase metas

ability, a transition into the G111 phase is observed

under isothermal compression from the Ly phase [61, 97, 83, 86, Nevertheloss

the high temperature boundary of the G171 phase is in reasonable agreement. with
previous measurements (56, 97).

The last. ph

boundary in this diagram separates the X phase from the (/111

phase. It is deseribed by two transition points, one at 2.2 kbar from the GHT phase
into the X phase and one at 0°C! from the X phase into the G111 phase. The

use of a dashed line in Pigure 7.4 reflects the fact t

the transition into the X

phaseis probably largely dominated by the kineties of the phase conversion rather

than reflecting the relative stability of the two phases. This may, as well, be the

son behind some differen;

hetween these and previons results [83). To illustrate

the effect. of transition kinetics, the lipid suspension was rapidly brought well into

the expected X phase region in an additional experiment (Figure 7.4, solid circles).

Initially the sample was cquilibrated in the liquid erystalline phase al 45°C and

ambient pressure for 30 minutes. Then it was compr

d isothermally 1o 0.44 kbar

in the Py, where it was annealed for an additional hour. A subsequent. compression
to 2.75 kbar and heating to 50°C resulted in an interdigitated gl phase after the
lipid was equilibrated for approximately two lours. A subsequent, cooling Lo 2000
over approximately two hours was followed by cquilibration for 45 mintes, ‘e

pressire was increased to 2.82 kbar. The spectrum collected under these conditions

revealed features suggesting an overcooled (/111 phase. Over a period of 8 honrs,
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no substantial changes in the spectrum were observed, suggesting that under these

pressure and Lemy lipid ization is slow.

7.1.2 Summary

e hehaviour was studied under

The effect of high pressure on DPPC-dgg bilayer phas

and for the first time, under isobaric cool-

isothermal decompression condition

ing. Besides the ambient pressure thermotropic phases. a number of high pressure
phases were observed. Uhe temperature of the transition from fluid into more or-

ire at approximately 21°C por kbar.

o with press

s wars found 1o ine

dored

kbar the lipid underwent an isobaric transition from L, directly into au in

ated L, phase. Upon furthor cooling, DPPC was converted into a high pressure

el GIIT phase, which in turn underwent a transition into a completely ordered

N phase. Partial decompression restored the GIT phase. Complete removal of

pressure resulted in a erystalline (L.) phase, otherwise achievable by long term in-

cubation at low temperature. This suggested a [ast way of obtaining the crystalline

phase via a compression-cooling-decompression cycle. The X and the L, phases

were characterized by very slow molecular dynamics, dominating the transitions

into these phases.

7.2 Membrane Cholesterol

Cholesterol is a polyeyelic alcohol, found in most higher animal cell membranes. 1t
plays an important role as a preenrsor to a number of hormones and bile salts

in mammals (132, The physical propert

of dincyl PC/cholesterol mistures,

have been studied extens

the form of model membrane vely by a variely of

wethods [162- , 175) type for 1]

DPPC/cholesterol has been determined from NMR, DSC

T4, A phase diagram of entectic [I systemn

and EPR experiments
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[165. 167, 170 171, IT:

L 175 and has also heen predicted theoretic

v [176 150].

The liquid disordered phase at zero cholest erol concentration coincides

with the bigh

temperature phase of the pure lipid (L,). Upon inereasing eholesterol coneent ration

at temperatures close to and above the pure lipid maiu transition temperature, the

lipid system prosumably ¢

s a wo phase coexiston

region as it enters a fluid

ordered (1) phase. i the I, phase, the molecular motions are axially symmetric,

bt the width of the powder pattern is substantially increased as

o the deuteron

first spectral moments for the lipid. Below the pure lipid trausition temperature

the hilayer exists in its gel ph

up to about i mil % cholesterol. From 5 mol % to

25 mol % the lipids are in a two phase gel 1, coexistence region. Beyond 25 mol

the bilayer is in the I, phase.
At 30 mol % cholesteral in DPPC-dgy. the system is inca liguid ordered phase

over a very broad range of temperatures [17:

Application of hydrostatic pressire

has been observed o have an ordering effect on a DMPC/cholesterol system |

The main issues addre:

ssed in the present study ave: fiestly, what. effect does pre
have on the DPPC/cholesterol phase hehavionr; secondly, does cholesterol. under

high pressure, remain in the DPPC bilayer, which is known to he more ordered thin

the DMPC bilayer at corresponding temperatures [22); and thirdly, doos cholesterol

impede the formation of an interd;

ated gel, which is more easily formed in DPIC
in comparison to DMPC.

Samples of 28.5 mol % chole

rol in DPPC wore prepared by mixing the two
lipids in chloroform solution, then evaporating the solvent, nnder dry nitrogen flow

over approximately 10 hours, After the solvent was removed the lipid mixtire was

vacium-dried for 4-5 hours, Suspe

ons of MLV were: prepared by hydration in

0.1 M phosphate buffer (pll 7.2). The lipid-huller compositions wore subseeuently

transferred into polyethylene tubes and h

sealed. A standard quadrpole o
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en 2,35 and 2.1 ps. The pulse

sequence was used with 7/2 pulse duration hety
separation used throughout all experiments was 5 s, exeept Tor the relasation

were extracted [rom the decrease

xation times, Tz,

measurements. Transverse rel

varied between 20 s anel 600 jis.

a as the pulse soparation u

of the spectral
sults. liach

The decay time of the quadripole echo amplitude gave very simila
spectrum was obtained by averaging of hetween 8000 and 72000 free induction de-

cays. Oversampling was used [129], rosulting in- effective dwell time of 2 ps.

7.2.1 Results and Discussion

5ol % cholesterol in chain perdenterated DPPC-dyy was

A MLV suspension of 28

, ay well asal a

v

stidied with deuterinm NMR - at ambient and elevated pr

ssure, exporinents

fised temperature as the pressure was varied. At ambient pr
were carried out between 50°C and 0°C as the termperature was decremented in 3°C
steps with equilibration of approgimately 20 to 30 minutes prior to collection of

st of superinposed Pake powder doublets

eneh free induction decay, Spectra cons

which graduatly broaden as the temperatureis decreased to approximately 20°C, At

lower temperatures, the DPPC-du lineshape loses its asially symmetric leatuzes in a

ation of a very bioad feature

s inaccord witha provious obso

"This

continuons w;

in the thermograms of 30 mol % cholesterol in DPPC [178]. AL 0°C! the individual

doublets are indistinguishable and the spectrum becomes more and more similar to
. The fivst.

a pure Tipid gel spectrum with a vestige of an axially symmetric shay
spectral moments (Pigure 7.10, empty cireles) are much higher in this case than the
corresponding values in- the liquid erystalline phase of pure DPPC (solid circles) at
the samie temperature, yet they remain lower than My in the DPPC Py phase. This

5

ent with carlier measurements [162, 166, 167, 170, 1721741, |

behaviour is consis
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Representative denterium NMR spectra of 285 mol % clolesterol in

DPPCdy at ambient pressure (left) and 1 khar [right).

ure of 1 kbar was applicd to the DPPCdy feholesterol suspen

Iydrostatic p
sion and spectra were collected as the temperature was lowered in steps of 3°C from
70°C 1o 46°C. Higher My values and broader specira suggest Uhat pressure has an
ordering effect on the phosphatidylcholine chains (1Migure 7.10). Speetra of DPPC
daz with 28.5 mol% cholesterol are shown in Figure 7.9 lor ambient pressure and
Kkbar. Near the pure lipid transitions, corresponding (o each pressurc. there are o
qualitative differences hetween the effect of temperature on the spectra at. | kbag
and at ambienl pressure.

Figute 7.1 shows the spectra of the DPPC/dolesterol migtuse as he system
was cooled from 78°C t042°C at 2.1 kbar. The bilayer at this pressure is in the liepid

ordered phase down to almost 65°C. Between G3°C and 45°C the DPPC/cholesterol
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Fignre 7.10: First spectral moments for pure: DPPC-di, (solid symbols)
285 mol % cholesterol in DPPC-dgy (open symbols) at ambient pressure (cire
1 kbar (diamonds) and 2.2 kbar (triangles) (2.1 kbar for the mixture),

fem nndergoes o continmous phase change (0 a gol phase. The spectra in this
el phase (Figire 7.11) closely resemble the Tineshapes observed in the £y phase
of e pure lipid bilayer (Fignre T.1()). AUambient prossure the border between
(he liguid ordered phase and the gel-, two phase region of the PC/cholesterol phase
diagram [175] is almost vertical and falls hetween 20 and 25 mol % cholosterol in the

hilaye

a cholesterol coneentration of 2

ol Y (herefore. the gel phase conld
e observed only af very low tomperature. ‘This is largely the case with the present
ambient pressure experiment: cooling down to 0°C preserves the axial symmetry of
the moleeular motions with only a hint of a sel subphase at 0°C (Figare 7.9), At

21 kbar the sample is in a [, phase above 70°C. As the temperature is lowered to
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42°C it undergoes a continuous phase change to a gel phase (Figure 7,11, Thus

elevated pres

ppears to favonr somewhat the formation of gel phase over the

I, phase.

2.1 kbar.

022
0,00_.
-100 -50 0 50 100 100 =50 o 50 100
Splitting [K11z] Splitting (ki)

Figure 7.11: Representative deaterinm NMR speetra mol% cholesterol in
DPPC-diy at 2.1 kbar as the temperatnre was varied (a) and al 10°C as the pressure
was variced (b). Pressure is shown in kbar nest to cach spectrum.

Probably the most striking result. from the isobaric experiment at 2.0 kbar is the

ced uneler like conditions in the pure

suppression of the bilayer inferdigitation. obse

lipid system (Figure 7.3). A concentration of 30 mol % cholesterol has been observed

to inhibit pressure-induced interdigitation in DMPC [72] and aleohol-induced inter

7.1 () shows axially symmetric spectra with width

digitation in DPPC [98]. Figure

increasing as the temperature is deercased at 2.0 khar, The spectral lineshiape

ually changes to one characteristic of a gel phase. The beliaviour of the lirst speetal
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moments with temperature (Figure 7.10, emply triangles) is continuous, with only

a slight change in the slope of M versus temperature indicating the occurrence of

the gel phase. First moments for pure DPPC-dgg at 2.2 kbar are shown throughout,
the L, Li and GITT phases (Figure 7.10, solid triangles) as a reference.

“The ahove observations on the phase behaviour of the PC/cholesterol system
learl Lo the very important conclusion that cholesterol remains in the membrane
even at 2.1 kbar,

A heating experiment was carried out at, 2.1 kbar between 46°C and 65°C in 5°C
intervals. The temperature behaviour of the system over this interval was found to
he completely reversible.

A decompression experiment was performed at 40°C! hetween 2,21 kbar and am-
Bient, pressure, As the pressure was lowered in steps of 0.11 kbar, the samples were
allowed to reach equilibrium for 20 to 30 minutes per point prior to spectral acqui-
sition. The corresponding spectra are shown in Figure 7.11(b). The spectrum at
2.21 kbar at 10°C again closely resembles the spectra of the Py phase in pure DPPC.
The spectra below 1 kbar can be considered as characteristic of the fluid phase and

the spectra above 2 kbar are typical of the gel phase. The DPPC/cholesterol

stem
undergoes a continuous phase change between these two pressures.

“The first, spectral moments for the pressure experiment are shown in Figure 7.12
as a function of pressure together with the corresponding transverse relaxation times.
As the pressure is lowered, My decreases in a continuous fashion, displaying a region
of almost constant values between 0.75 kbar and 1.25 kbar. A concomitant increase

in "Ly, is observed, although this increase is slightly shifted towards lower pressures.

In the gel phase Ty, is essentially constant and M, decreases monotonically with

decreasing pressure.
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Figure 7.12: First spectral moments and transverse re
28.5 mol % cholesterol in DPPC-dg; as a function of pi

tion times, 'y, of
ure al 100,

7.2.2 Summary

Cholesterol orders the DPPC fluid phase and disorders its gel phase both at low
and elevated pressure. Addition of 28.5 mol % cholesterol to a DPPC-dg membrane
removes the sharp transition observed in pure phosphatidyleholine at ambient, pres-
sure. A pure gel phase is formed below 45°C when the PC/eliolostorol system is
cooled at 2.1 kbar. When compressed Lo 2.21 kbar at 10°C the resnlting state of the
lipid mixture is again a pure gel. Upon isothermal decompression Uhis gel phase is
converted into a fluid ordered phase in a continnous fashion. It can he concluded,
therefore, that hydrostatic pressure affeets very little the contimons character of
the DPPC/cholesterol mixture at the above concentration. Measurements of the

transverse relaxation rates indicate a continuons change in the molecnlar dynamics
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thronghont. Uiis region from higher relaxation rates, which are typical of the high

1 pliase, L0 lower rates, which are observed in the low pressure fluid phase.

Within the high pressure phase the ation rate is esseutiall

v constant

over the observed pressure interval. Cholesterol at a concentration of 28.5 mol %

prevents the formation of a high pressure interdigitated gel, which is the stable phase

of DPPC at 2.2 kbar. It is concluded that, even at pressures as high as 2.2 kbar,

eholesterol is not excluded from the phospholipid bilayer.
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Concluding Remarks

The propertics of an important class of hiomolecules, the phospholipids, were stud

ied under hydrostatic pressure, Varions aspects of the moleeular hehaviour of three

diacylphosphatidylcholines with 12, Lt and 16 carbons in their chains were jnves-

tigated at pressures between ambient and 2.7 kbar and temperatures hetween —20
and 80°C. A special beryllinm copper probe was designed and built, allowing for

denterium NMR measurements (o be carried ont under sueli a wide range of experi

mental conditions. In addition o its abi

v o operate at constant Lemperatar
new probe is equipped with a pressure stabilizer, allowing for experinentation wn-
der isobaric conditions. Simple design and operation, low cost. modular coil design

and plastic-encapsulated lipid samples are some of the wain features of the de

e,

The probe was used in a 3.5 " wide-hore

perconducting magnet with ally

constructed solid state spectrometer [123].

“The chain region of all three phospholipids wi

s studied under a variety of pressure

and temperature conditions.  Pressure was found to have an ordering effect on

the acyl chains at constant temperature. As a result of this, the thickness of the

hydrocarbon region was found 1o increase with pressure. This corresponds o a
decrease in the bilayer area per moleenle.
Teadgroups were found 1o respond 1o a decrease in moleenlar area by Vipping

of the whole choline moic

y away from the bilayer sueface. Conformational ehanges

in response to increasing or decreasing molecnlar arca were observed as i result of

variation of both temperature and pressure. The headgronp tilt produced by lateral
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compression was found to be very similar to the conformational changes resulting
from the presence of a bilayer surface charge. The response of the headgroups to

changes in molecular arca can thus be nsed as a molecnlar probe, or indicator for

hilayer

following such changes. The pressure-induced headgronp 1ill towards the
normal, together with the increase in the hydrophobie region thickness, suggest an
overall increase in the membrane thickness.

ure was found to increase the discontinuity across the main tran-

Blevated pre

sition of some bilayer properties, such as orientational order, bilayer thickness and

st order character of the tran-

arca per lipid molcenle enhancing in this
sition. When pressure was increased at constant temperature, the main transition

was abserved Lo display stronger fivst order characteristics at. the higher transition

Lemperatures. These were taken as an indication that high pressure suppresses the

role of thermodynamic fluctuations and drives the main transition away from a erit-

ical point. An interesting consequence of this is the faster change in bilayer area per
wmolecule in the vicinity of the transition for DPPC than for DMPC at the same teni-
perature. As a result, the headgroup conformational changes in DPPC headgroups
are moro pronounced than in DMPC,

A simple phenomenological model [22], based on a Landan expansion of the free

ure

energy, was used for comparison between the clevated and the ambient pre
properties of the bilayer. Analysis based on this model provided adlditional support
fo the siggestion that the bilayer moves away from a eritical point, with increasing
prossure.

Hydrostatic pressure was observed to affect the temperature of the various lipid

phase transitions in different ways. The main transition in DMPC was found to he

more sensitive to pressure than the subtransition. In DLPC. high pressure was also

found (o deconple the two transitions between the liquid erystalline, the gel and
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the erystalline phases, which overlap at ambient pressure. thereby allowing a gel

phase to be observed over a finite temperature interval. A region of slow molecular

dynamics was observed at the lower temperature end of the liquid crystalline pha

This region was identified as the L, phase, recently observed by Hatta and coworkers

vere found to he metastable

[36] at ambient pressure. Both the gel and the £, phas

with respect to the erystalline pha

Lransitions

In DPPC the difference in sensitivity Lo pressure of the varions pha

leads to the observation of a mumber of new phases at elevated pressure, T

talline (Le) phase was shown to he characterized by very slow moleeular dyuaniics

and all motions in the X' phase were

tically frozen, Metastability of the phases

adjacent to the boundaries of the () and the X phases was suggested. When cooled
at 2.2 kbar, DPPC was fonnd to enter an interdigitated gel (L) directly from the
liquid crystallie (Ly) phase. A new faster method for obtaining a crystalline (£,)
phase by isothermal decompression was proposed.

Addition of cholesterol to the DPPC membrane was shown to fluidize the bi-

layer even at pressures as high as 2.2 kbar. The high pressure phase behavionr of

28.5 mol % cholesterol/DPPC mixture was deseribed

+ continnons change from

a liquid ordered to a gel phase. No indicatic

of phase separation or don

mation was found. Cholesterol was fonnd to remain in the bilayer even at
Cholesterol was also found to completely prevent the formation of a high pressire
interdigitated gel (L;).

This work provides valuable information on the pressure hehavionr of phospho
lipids, as well as new insights into a number of their ambient pressure propertics

from the perspective of another thermod; i di ion. 1L lays the foundation

for future s

ies of various Lypes of soft materials and in particular membrane

ds, their diffusion propertics and lipid-lipid and lipid-protein interactions.
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