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iy PREFACE

The study of biological membranes constitutes an
1mportant part of Molecular Biology since membranes notr
only maintain the physical integrity of cells and organelles
but they also serte.as the medlum for cellular ccmmunication
"and through them all metabolites are transported.

Tn the last few yeane/there has been a growing in-'
terest in the staté of 1llpids 1n membranee, particula:ly B
in the natare of their packing. Spectroscopic methods are
well snited for tnese studles and until reeenttx only
magnetic resonanpe‘techniques have been euccesstllin the
study of natural membranes.

It 1is the purpose of tnis thesis to develop appro-
priate techiiiques and to initiate the studflof Biolegical
membfanes_ using infrared'sp;Etroscopy. ?

Parts of the following publications originated frém
the work Presented in this thesis:

‘ _ " Casal,H.L., Smith,IiC.P., Cameron,D.G. & Mantach,H.H;
Biochim Biophys:Acta. 550,145(1979).

Cameron,D.G., Casal,H.L. &'Mantsch,ﬁ.H.
'J.Biocnem.aiophys.Me:thods.';_,21(1979).

’ Casal,H.L., Cameron,D.G., Smith,I.C.P. & Mantsch,H.H.
Biochemistry. 19,444(1980). | |
Cameron,D.G., Casal,H.L. & Mantsch,H.H. -

Biochemistry. 19,3665(1980).
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ABSTRACT."

.'Fsurieratransform infrared transmission spectrosssty , [
has‘been used to lnvestlgate the.thermal‘bghaviour’of 1i-
plds in blo-membranes. Artificlal membranes as well as na-~ //r’
tural'membranes were studied. ) . :

An_appropriate‘methodology for sample prepsration,

spectral recording and data handliqg has bees develsped.

'Thé corthorhomble to hexa@knal solid-solid phase
transition in the hydrocarbons 1,1,1,17,17,17-hexadeuterio=
.heptadecane (n"ClTH3OD6)5 nonadecane (n—Clgﬁqo) and he—z'
nelcosane (n-Cleuu) has bden studied. The effects of this
transition on the infrsred spectra of the compounds have
been characterized and used is ths understanding of the
thermal behaviour of 1lipid bi%syers. The infrared data on
the phase transition are interpreted as 1ndicating that
there is no conformational disorder introduced in the hexa-
éonal phase. waever, the data are also consistent with
the existence of torsions of twists in the c¢hains.
The infrared spectrum of l,2—dipalmitoy}—fn—glycero:‘ -
3-phgsphocholine (DPPC) has been assigned wit? the aid of

..the spectra of specifically- deuteriated -derlvatives.

The thermotropic mesomorphism of fully hydrated mul-
tibilayers of DPPC was studied . Spectral parameters were
measured for the acyl chain vibrational modes. Correlation
with the effects obgerved in the case of the orthorhombic-

' hexagonal phase transition in n-alkanes allowed the charac-.
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_gldly held in position, but undergo torstons. The full ri-

v R —ix— I
'
térization,of\Qes‘pretransitién at 36 - 38 °C as & phase
change in the acyl chain packing from an orthorhombic to .
a-hexaganal subcell as the temperature 1is raised. The or-

thorhombically-packed;cﬁains Just below 36°C are not ri-

gldity of the lattice 1s att#ined at -60°c. It 1s also

shown that in the gél'ﬁhase at ;fl_temperatures_below the

ﬁain transition the acyl chains{aré!in tbé“all;trans con-
forhation.vThe main transition in DPPC bilayeré was coifir- *
med to invalve.primarily the 1lntroduction of conformationtal
disorder in_ég;pacyl chains. The spectral chadées for the |
"head-group" of the molecule indiecate miner perﬁurﬁat;qns
occurring in the polar area of the bilayers.'Evidénce i%
presenfed supporting the concept of two sloﬁly interchang-
ing conformations of the "heéd—group" in the iidﬁid—grystal—l
lIne‘pﬂése and demonstrating anleven slower naté of infer-
change 1n the gel phase.

The thermotropic mesomorphism of bilayers formed

with a series of derivatives. of DPPC specifically-deuteriated

in the.gn=2 c@iip was investigated. It is shown that the -

- pretransition results in greater changes in the intermolecular-

linteractions in the central segments. of the chalns than in
the' center of the bilayer, suggeéting.the,existence of é
"plgteau"'ih the strenéth‘ of the interchain'inﬁeractians'

in the éel phase. ‘The rate  of rotation of the terminal methyl

group decreases steadlly as the temperature 1s reduced.
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The phase transition of the lipid componenﬁs of
" the plasma membrane of Acholepldsma tatdlawii B Was ' h
studied Membranes enriched biosynthetically to 60 % in
perdeuteriated palmitic acid and to 94 % in perdeuteriated i
pentadecanoic acid were investigated. A comparisoh.of the
behaviour of intact and deproteinated memhranes’allowed
the study of the Influence of the endogenous proteins on
the lipid organization and dynamics. : o ;
.The thermal fearrangementlin the‘A. laidlawii MEM- ]
branes enricoed with palmitic acld-d;; is shown tc cover o

& 20°C temperature range. It consists of tw@overlapping . ' )

stages, in the lower temperature range the principal change )

1s a reduotiod in the rigidity of the  lipid matrix, 'in tﬁe
upper temperature range the prineipal effect'is a-larée change
in tbe.gaﬁche/trans conformer ratio of the aeyl chailns. | ' y
The phase transition in A. laidlawii membranes
~énriched with pentadecanoic acidéd29 covers a narfdwer \
temperature range. It also involves two etages; one at lower ‘
temperatures whereby the rigidity f the lattlce decreases, -
.~and a second at highef teﬁperatur s involving the introduction
of opnfo;mational disorder in ehe alyl chains.

The effects of the intrinsic membrane proteins og i
the lipild phase transltion are seen to be relatively minof. i ¢
TQey produce a decrease in the general freedom of motion of :

. , the acyl chains in the gel phase. In the liquid-crystalline : !

phase the presence of proteins increase® the populatilon of ™ : ' {

gauche conformers 1n the acyl'chains. Membrane proteins &lso } !

. produce a residual broadening of the phase trahsit;on.

1
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wlth BaF2 wlndqws. The spectra in B were recorded
from a 6 pm-thick sample in a cell with ZnSe win-
dows and were smoothed with an ll-point function.
In-addition, baseilnes in B were corrgcted by re-
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ture; B..CH2 symmetric stretching as AB/AT (chan-

ge in integrated intensity) vs. temperature; C.
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antisymmetric spretching (*¥) and CH, symmetric
stretching (+); D. halfbandwidths: CH, antisymme-
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(). ' '
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hydrated DPPC at 0°, 30°, 38°, H43° and 55°C (bottom)

. and:corgesponding differénce‘spectra (top). Spec-
tra are frqm a 2.5 uym-thick sample between CaF

2
windows dispepse&fin H,0 (A) and D

20 (B). e

a2
-
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- vs. temperature; C. Frequency _
tric (*) and symmetric (+) strktching modes vs. tem-
Perature; D. halfbandwidth of ¢t CD, antisymmetric
. (4) and symmetric (V) stretching modes vs. temperature.

20

windows and are

2
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. Fig. 44. Temperature dependence of fully hydrated DPPC-3'-
DPPC-T',8'~dy and DPPC-13'-d5 .
A - C.+C-D stretching regions of khe spectra of
DPPC- 3'«d2, DPPC—?',B'-du and DPPC- l3'—d2 and 5°,
30°, 38° and 45°C. Spéctra are from 25 um-thick
samples between C F2 wlndows and are plotted at . ‘,
the same scale. Thed "water-association" band has
D - F. AA/AT vs, {temperature plots derlived from the

'CD2 antisymmegric s{retching bands in the spebtra

of DPPC-3'-d,; DPPC-7',8'~d, and.DPPC-13"-d,

*been removed by.sj traction.

Fig. 45. A - C. Temperature dependence of the frequencies of .
. the CD2 antisymmetric stretehing bands in the spec- .
tra of DPPC- 3'—d2, DPPC—?',B'—du and DPPC—13'-d2;
D - F. Temperature -dependence of the halfbandwidth
of the CD, antisymmetric stretching bands in the

e speetra of DPPC-3'-d,; DPPC-7',8'-du and DPPC-l3‘—d2.
Mg. H6.'Carbon-deuterium stretching region of the infrared
 spectrum of fully hydrated DPPC- 16'—d3 AENG°, 30°,
38° and U5°C, Spectra are from a 25 um-th¥ck sam-
ple between CéFé windows and are plotted at the same
scale. The "water-association" band has been removed

by subtraction.

Fig. 47. Temperature dependence of the CDg asymmetric stret—
ching mode in the spectra of DPPC-16'~d.; A. fre-
quency vs. temperature;‘Bt halébandwidth vs. tem-
perature. -

Fig. 48, Progressive motional collapse of the doubly degenerate
CD3 asymmetric mode in the spectra of DPPC- lg' 3
Bottom: absorption spectra at 5°, 20°, 30° and 38°C.
Top: Difference spectra obtained by subtraction Qf
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Fig. 54.
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adjacent pairs of absorption epectra;.All'difference

'Spectra are plotted to the same slze, hence absolute

comparisons of spectral changes can not be made.

infrared spect;a of solid unhydrated semples of:
A. intact 4. laidlawii €16:0-d4, plasma membranes;
B. deprotelnated A. laidlawii C1l6:0- d3l plasma
membranes; and C. DPPC- d62

Infrared spectra of fully hydrated samples of:
At intact A. laidlawit Cl6:0- d3l plasma membranes
(50 um sample); B. deproteinated 4. laidlawit
Cl6:0—d3l plasma membranes_(ES um sample);

_DPPC--d62 (2 um sample).

AA/AT vs. temperature plots derived from the-CD2
symmetric stretching bands in the spectra of fully
hydratedT A. intact 4. laidlawii €16:0-d4; membra-
nes; B. deproteinated A. laidlawii C16:0-d

c. DEPC~d62.

Temperature deﬁendence of the frequency of the CD2
symmetric stretching modes in the spectra of fully

hydrated: A. Intact A. laidlawii ClG:O—d31 membranes;
. B. deprotelnated A. laidlawii C16:0-d

31 memb¥Zines ;

Ce DPPC—dsg.

Temperature dependence of the halfwidth of the CD2
symmetric stretching bands in tRe spegtra of fully
ydrated: A. intact A. laidlawii ClG:O-d31 membranes ;

deproteinated A. laidlawii C 6:O—d31 membranes;
» DPPc-dsen

Infrared spectrum of A. laidlawii C1l5:0- d29 plasma
membranes. The sample was a pellet composed of 2 mg
membranes and 200 .mg KBr.

membranes; '
31 y
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56.

-g-
laidlawvei
C15: 0—d29 plasma’ mEmbTanes at 5° (solid line) and
45 °C (broken 1ine).

between CaF2 windows. The'

Infrared spectrum of fully hydrated A.

The sample was 50 um-thick
"water-associaticn" band
has been removed by subtraction.

'

AA/AT vs. temperature plots derived from the CD.,

. 2 .
symmetric stretching bands in the specdtra of fully
hydrated: \A. Intact A. laidlawii C15:0~- d, 29. plasma

membranes ; B._deproteinated 4. laidlawii €15:0-d

29

« membranes.

57.

58.

Temperature dependence of the frequency of the CD2
symmetrlc stretching modes in ‘the spectra of fully
hydrated: A. intact 4. laidlawii
membranes; B. deproteinated A,
membranes.

ClS:O--d29 plasma

‘laidlawii ClS:Ofd29 .

Temperature dependence of the halfwidths o} the CD2'
symmetric stretching bands in the spectra of fully
hydrfated: A. intact 4. laidlawii 015:o-d29‘plasma
membranes; B. deprotelnated A. laidlawi< ClS:O—d29
membranes.
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CHAPTER 1. INTRODUCTION.

©1.1. Biological Membranes.

"Biologilcal membranes have a number of important func-

tions in a living organism. They "act as structural .

1

barriers that maintain the intééfity of a cell; they are
éelegtive perméabilitg'Eerieré‘for the passaée of mole-
cules 1ntorand out of-é cell or organelie; the& are thé'
site at whic ‘a number of 1lmportant enzymes abt; they are
also the site at which cellular communication oceurs. In
summary, Ehey are responsible for maintaining the cell
identity and life itself [1].

The Epudy of ﬁembrane properties_at the molecular
level prpvidés insight not only into how 11fe-oc¢urs, but
also 1nto he .-mechanisms of drug action. Ultimately, the
detalled knowledge of membrane physical and chemlcal pro-
perties will serve to gharacteriZe these mechanisms, to

predlet drug effects and to aid in drug deslgn. ,&
) I

N

L3

o

Biological membranes are composed of two maln clas-
| . :
|

ses' of compounds, lipids and protelns, with lesser émounts

of harbohydrates often combined in ‘glycoprotelns and glyco-

W

lipids [2].

The relative proportions of membrahe components vary
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greétly ffam speciés tc specles, from tissue to tissue, and

| also from organelle to organelle in the same cell. The dif-
ferences in composltion ﬁay be correlated wlth the specific
function of the membfane in each &ase. Thus, in the myelin

_membranefsheathing'nerve.fibers;‘the proportion of ;ip;éhggpx
protein 1s 4 to 1, while in the mitochondrial membrane the
ratio 1is aboutjl to 1 [3]. The composition of different
membranes 1s glven 1in Table I. -

The membrane® proteins are responsible for most of the

.5
functional roles, cell recognltion, active transport of me-

taboP¥tes and epzymatic activity.

" The cpﬁstituent lipids of membranes can be classified
in two general claSses: neutral lipids and polar lipids.
Neutral 1liplds are generally Frigiycerides and sterols, they
serve as stofage or for 1mm§diate use for the metabeclic
needs of the cell. Polar lipids form the largest group found
in membranes [4]. The major classes are phospholiplds,
sphingoliplds, and glycolipidé. Most are derivatives of gly-
cerol: Phospholipids are the most commonly found polar li-
pids in membranes, their general structure 1s shown in Fig. 1. .
Positions 1 and 2 of the glyceroi backbone are ester-linked
to fatty acids: These fatty ;qids are heterogeneous in chailn
length (usuali§ from C,, to Cah) with varying degrees of |
unsaturation. Usually saturated acids are found at p%sition
1 while unsaturated acids are linked to posifion 2.

‘Position 3 of the glycerol molecule 1is ester-linked

to phosphorlic acld where different substituents (X) are
| .
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% A.
CHS‘(CHQ)“- 8‘0‘0”2
Q
CH3~(CH,),—C-0~CH
cnz-o,-gi-o-x
: o
B.’ CHy
+l
X =—CH,~CHsN-CH,  PC
. - - |
X CHy
+
X'—CHZ-(‘JH-NH;; PSv.

»

?ig. 1. Chemical structure J; phospholipids.

a'A. General structure and B. different
héad—group structures. PC: pﬁosphatidyl-
‘choline; PS: phosphatidylserine and PE:
phosphatidylethanolamine. ' ‘

-
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found. The generlc names of the phosphélipids are derived
from tﬂe nature of the é;bstitﬁent linked to the-phbsphate
moig}y. The common substituents are shown inm Fig. 1.

The molecular structure df phpspholipids is unusual
in that the polar and non-polar portions of the molecule
- are segregated to glive a hydrophllic head and a hydrophoblc
- tall connected by a belt reglon of intermediate polarity.
Because of this segregation of polar and non-polar moieties
of the molecule there is no suitable sclvent for both head
and tail. Thils glves ?ise to one important property in re—
lation to mgmbrane structure, the lyotropic mesomorphism

of membrane lipids. In water, the solvent of blology, polar

membrane lipids spontaneously form bilayer structures [5].

1.1.2. Membrane Structure.

The different membrane components must be arranged
so as to ensure the viability of such an organizatlion to
carry out the functions it must perform. At the same time

the arrangement must be compatible with the properties of

»
t

%he individual membrane components. Several mcdels have
been proposed for the architécture of biologicalAmembranes.
The currently accepted view, the fluid-mcsaic model [6] is
‘represented in Flg. 2. The lipid components are arranged in
a bimolecular array (bilayer). The polar moleties of thesé -
lipids are 1in contact with the aqueoﬁs medla outside and
inslde the cell. The -membrane protelns are imbedded in tje

_lipid bilayer, some are in close assoclation with the 1i-



Fig.

2..
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-

Reprgsentation of the "fluid-mosaic"

model of bilological membranes [6].

- -
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pids, sometimes spanning the 1ipid bilayer {(intrinsiec
proteins) while others are in a more loose association with
the bilayer (extrinsiec proteins).

Evidence of this moﬁel has come fr;m studies of
membrane disaggregation and the realization that cerﬁﬁln
membrane-bound enzymes requlre the assoclatlon of specific
classes of 1lipids in order to function. The similarity of\
physical properties of bio-membranes and bilayers of pola;
lipids, in particular as revealed by X-ray diffraction and
electron microscopy, gives éupport'to the bilayer‘hypdthesis
of bié—membranes-iTJ.

The close association of proteih and lipid molecules

in membfanes gives rise to lipid-proteln interactions, the

-nature of which is not clearly understood [8].

-

1.2. Model lMembranes.
Much of the present knowledge of the membrane organi-
zatlon has come from studies of artificial membranes composed
of synthetic or naturally-occurring phospholipids. As stated
above, the amphipatic nature of_phospholibids determines
the formation of particular aggregations when dispersed in
water [5]. The hydrophobic ﬁoieties will tend to repel the
water molecules and in doing so they aggregate with other
lipid molecules in such a way that there is a maximum inter-
action between apdlar acyl chains. The polér ends will find
themselves interacting with each other and with water. The

macroscoplec arrangement depends on the particular way in

-
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which lipid and water are brbught together, the relative

amounts of each and the temperature [9], examples of dif-

ferent lipid'heéomorphs are shown in Fig. 3.
The microscopic é;rangement of polab lipiq; in

water is a gimolecular membrane, the hydrocarbon "talls"

directed inwards and the hydrophiliile "head-groups™ out-

wards. The final packing 1is detefmined by the molecular

shape. All major phospholipids found in membranes are

roughly rectangu{;r‘in shape and this makes a pilayer thé | o

best- arrangement for 1iplds in water. , | !
bi nt lipid aggregateé are used for stugies of | N

membrane properties,'the most commonly used are multila- - )

mellar lipid dispersions (Fig. 3A). ‘ ) l

b

\

1.3, Thermotrople Transitions in Blo-membranes.

One of the characteristics of protein-free lipld
bilayers and blo-membranes allke is thelr ability to undergo
a reversible thermotroplec transition from a fluld state at
high temperature to a crystalline state at low temperature.
Such transitions wéye first characterized in phospholipids -
before they were found in bio-membranes. They rgsémble some
transitions found in related systems such as sodps in water
and share some features in common with the melting of Jydro-
carbons. The surprising parallel between these order—disorder
tranéitions in phosphoilipids and blo-membranes has emphasilzed
the relevance of the‘'study of lipids in water as model mem-

branes [10].
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Phase transitions have been most exteﬁsiveiy studled
in phospholipids, (and in particular, in the phosphatidyl-
cholines) but the sihilarity in molecular structure between
these and the other membrane polar i1lpids suggests that the
characteristics of thelr transitions will be very simillar
’[10,11].' . T

Thermobropic transitions in a blio-membrane were first:

—found in the plasma membrane of the microorganism Acholeplas-
ma laidlawii [lé]. The coincidence of the general thermody-
. namical characteristics of the transition in synthetic and
natural membranes fiB] gave much 1lnsignht 1nto t@e structure
of the membrane matrix. Other organisms also show similar

transitions and ‘thelr physilological implications are a

matter of current r%§earch [11].

1.3.1. The 1,2-Dlacyl-phosphatidylcholines.

This c}ass of phospholipids have been extensively
studied\witﬁ regard to both thelr lyotropic and thermofro-
pic mesomgrphism. Of Particular‘importance in the context
of this work are the studiles of thelr thermotroplc mesomor-
phism in the presence of excess water.

Phase transitions in billayers of these compounds
have been studied using a wide variety of physlcal techni-
ques. In particular, calorimetry 1s.spec1ally'su1ted to

detect these transitions sig¢e they;iﬁvolve a definite en-~

oy

thalpic change [13]. .. !
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Table II shows the heats and temperatures of tran-
sition for some representative 1l,2-dlacyl-phosphatidylcho-
lines. Thé temperature bf'the transition decreases with

decreasing chain length of the acyl substituents, and it

‘also decreases with increasfng degree of unsaturation in

the acyl chains [14]. As shown 1in Fig. 4, differgntial-
scanning calorimetry_(DSC) heating curves of these com-
pounds_indicate that at a few degrees below the maln mel-~

ting transition (Tm) there is another endothermic event

-whfch has been called the pretrgnsitlon, the temperatures

at which it occurs are listed in Table II. The nature of
thls pretransition event has been the subject of much study
and controversy in the past.

X-ray diffraction technigues have also been applied
to the study of tﬁe different phases of bilayers of the
phosphétidylcholines [15,16]. In pérticular the hydrocar-
bon chain organizatioq has been studied withlxﬁraysﬂ_It has
been determined that the acyl chain organization in the 1i-
quid-crystalline phase is like‘ﬁhat of llquld hydrocarbons
[9] while in the gel phase the reflection spacings are
typlcal of hydrocarbon chains packed in a hexag;nal.lattice
[(17]. The hydrocarbon chalns afe‘fully_extended in the gel
phaée and they are oriented such that the plane formed by
the cafbon atoms forms an. angle wlth respgét to the bilayer

™
normal. The value of the tilt angle seems fo‘depend on tem~

perature, and there is still some controversy about it [18-21].

Recently, the crystal structure of 1l,2~dimyristoyl-sn-glyce-

BN
o

rn

ra



TABLE II. Heats and temperatures of transition for
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1,2-dlacyl-sn —glycero-3-phosphocholines [14].

F

i Transition Heat Entropy Pretransition
/ temperature| absorbed change temperature
at Tm ) at Tp -1
Compound 'Tm (°C) (kcal/mole) | (cal’mole Tpre (°C) P
Dibehenoyl 75 14.90 42.8 75
Distearoyl 58 10.70 32.8 56
Dipalmitoyl 41 8.65 27.6 35
-Dimyristoyl 23 6.65 22.4 ih .
Dioleoyl =22 7.60 30.3 --
1

PSPPI VR

P i

Ry TPy

|
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scan of fully hydrated bilayers .of 1,2-
dipalmitoy1—sn—glycero—3-phosphocholine,.
(Kindly supplied by Mrs. Anne Joyce).
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ro-3-phosphocholine (CMPC) dihydrate has been determined
[22}: In the gel phase the chalns were shown to pack in
a mgnoclinic lattice wilth neighbouring chains pendi—
cular to each other at posltlions close to the ester car-
benyl éroup. However, the chalns at poaitions‘farther
away. from the "head-group" were found to pack parallel tP
each other, as-in a triclinic lattice. : ?;Ei\

The nature of the pretransition has beeﬁ reported
to be'a'dis%ortion of tﬁe'hexggonai packing as the tem-
perature is lowéred [19-21]. and also to involve(a'change
of the polar "head-group" organization [10].

Magnetlc resonance spectroscopic methods (ESR and
NMR) have beén e;tensively usedlto study the dynamical
aspects of the hydrocarbon chain organlization in lecithim™
bilayers [23,24]. In -particular, theagyudy of deuteriated
derivatives of different phospholipidé using 2H NMR [25]
has been successful in providing detailed pictures of the
dynamilcal behaviour of the hydrocarbon ¢halns 1nlthe
liquid-crystalline phase [26]. An order parameter "plateau"
has been found in bilayers of l,2-dipélmitoyl-sn-glycero—Sf
phosphocholine (DPPC) {27] in tne liquid-crystall}ne phase
and has since been BbServed in other systemé, Including na-
turai membranes [28]. Recently, °H NMR [29] and saturation
transfer ESR [301‘studies on DﬁPC have shown thatliﬁfthe gel
phase the:e is?considerable motion of the acyl chains. This

motion has been proposed to be rotation of the chains about

their long axes with the rate of rotation decreasing with

-
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femperature ..

Vibrational spezfro%éopy, both infrared and Raman,
have also been applied to the study of phase transitions
of the phosphatidylchoiines [31]. In fact, it was with 1n-;
frared spectroscopy that the molecular nature cf the phase
transition in anhydrous films of related syetems was first
described.[32]. - | .

Raman spectroscoeic studies of hydrated phospholipid (:
'bilajers have confirmed the phase transition as involvieg .
the melting of the hydrocarbon chains [31]. The melting
iimplies the introduction of conformational disorder in the
acyl chains :[33]. Raman spectroscopic studies of the gel
phase of DMPC and DPéC (and their deuteriated derivativé§)~
have detected considerable changes 1inh the spectra as the
”temperature‘ie varied. These changes have been Iinterpreted
"as arising from tqé intfoduction of confofmational disorder
(gauche conformers) in}the acyl chailns as the temperature
is raised throughout the éel phese £33,34,35].. These con-
ciusiohs contyrast wlth those .from the above—mentionedhx;ray
studies which indicated that the chains are fully ex;ended
in the all—trens conformation in the gel phase. The Raman
spectral changes observed durlng the pretrénsition in_DPPC
have been interpreted as resulting also from c¢hanges 1in
‘iﬁterchain interactions and the inﬁboduction-of ﬁficlinic
packfng in the acyl chalns as the temperature is lowered [34]/

Infrared spectroscopy has not been s0 extensively
used for the study of hydrated bilayers of phosphatiaylcholines..

Water 1is an infense. infrared absorber and masks seweral
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regions of the infrared spectrum, However, melting curves
for phospholipids havg been constructed using infrared
spectroscopy [36,37].

»

1.3. 2 Acholeplasma Zazdlawzz Membranes .

As noted above the plasma membrzne of the microorga-
nism Acholeplasna Zazdlawza was the first natural membrane
whose lipids were shown to undefgo a thermal phase transi-
tion [12] similar to that found in artificial membranes .

Tﬁe'physical state of mgmbrane lipids 1is believed
%o regulate_not only the architectufe and physica’l proper-
ties of biological membranes but alsovari&us physiological‘
functions that ensure the viability of the organlsm (2].
Enzyme activities have been found to depend to a large
extent on the "fluidity" of the lipid matrix which 1s a
ffunction\bf the temperature and of the lipid composition [38].

A. Zaidiaw?i is a microorganism capable of regulating
the "fluidity" of its plasma membrane when the growth tém—'
perature or the external fatty acid source 1s varied [39].
Therenzymatic activity in A. laidlawii has been found to
depend -critically on the phase behavioun of the memjrane li-
pld bool, as determined with the membrane-bouﬁd ATPase [up].

The phase transition of 4. laidlawii plasma membrane
11pids has bBeen studied with different physical techniques
such as calorimetry [12], X-ray diffractlon [41], °H NMR
[42] and ESR [43]. In all cases, it wasﬁfound that the onset

-
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of molecular disorder in the lipid acyl chains occurs over
a-wlde temperature range. This is in conﬁrast to model mem-
branersystems where the phase transition 1s very sharp.

The broad temperature range of this phase transition
could be explained elther by liﬁid-protein interactions which
modulate the thermal behaviour of the 1lipid matrix or by
the heterogeneity in the nature of the lipid aéyl chailns
and head—gr&ups. Studies with 4. laidlawii'membéanes enriched
to >'90§ in a particular fatty acld have revealed narrower
phase-transition ranges;-supporting the latter explanation

[a4].

1.4, Scope of the Studies.

The present work has been devoted to the study of
phase tran§?¢ions in model membranes (in particular, those
" constituted of bilayers of DPPC) and in natural membranes
kthe plasma membrane of A. laidlawii) using infraréd spec-
troscopy. - .

- Infrared spectroscopy has had limited succeés in the
study'of bio-membranes; the maln reason for this lack of
éuccess has been the complexity of the systems involved
couﬁled with the need to carry out the studles in the pre-
sence of a large excess of water. However, Infrared spectros- o
copy 1s a technique extfémely well suited to study both -
the'structureland dynamfes of long chain systems. At the

-gfame time, it 1s a complementary spectroscoplc technique
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of Raman scattering. It presents the advantage over Raman
spectroscopy that 1tris not an inherently weak phenomenon.
Minor quantities of fluorescent Impurities can hamper Ra-
man studies éf complex bioﬁolecules whille these impuritles
have no particular effect on infrared spectra. The maln
disadvantage of infrared compared to Raman spectroscopy

1s the obscuring effect of wgter which 1s a very strong
infrared absorber and not an ilntense Raman scatterer.

The study of the dynamics of a system requires that
the time scale cf tihe spectroscépié~technique used be of
the same order of magnitude as the molecular motlons under
investligation. The gregat disparity of time scales, between
vibrational spectroscoﬁy and magnetlc resonance spectrosco-
py makes IR a complementary tool for dynamical studies. At
the samertime,.withf infrared spectroscopy the membrane
itself can be studied without the need of introducing spec-
_trél probes such as nitroxlde spin.labels for ESR work.

In this work, a general methododogy to study both
natural and model membranes wlth infrared spectroscopy has
been developed and it i1s presented in Chabter 2. -

This methodology was =:n applied to the study of
fully hydrated multibilaygrs“éf b?PC; the results and con-
clusions Of that study are presented in Chapter 4. The IR
spectra of DPPC and phospholipids in general arise predoml-
nantly from vibratlons involving the fatty acyllchains;
therefore, the spectra are comparable with those of hydro-

carbdns. Some normal alkanes present a serles.of solid-solid



-32-
phase.transitions whigh involve changes in crystal packing
and molecular motion ths]. The sollid-solid phase transi- .
tion of the n-alkanes, nonadecane (n-ClgHuo), henelcosane |
(n—C2lHuu) and 1, 1 ,1,17,17,17~-hexadeuterio-heptadecane )
(n—ClTH30 6) was studied by IR spectroscopy. The results
of this study are presented in Chapter 3. The aim of the
work there presented was principally to obtain informatlon
on how the infrared spectra of acyl chains are affected by
changes in the crystal packing and molecular motion. With
the aid of the results obtalned from the hydrocarbon spectra
the changes observed in the spectrum of DPPC 1n the gel phase
have been characterized. In particular, the pretraheition
event at 35-37°C 16 DPPC has been charactefized as a change
in.the crystal packing from a monoclinic or orthorhombic
crystal lattice {(orthorhombic subcell) to an hexagonal la-
ttice. ’
Specifically«deuteriatad derivatives of DPPC have been
\studled in order tc aid in the assignment of 1ts infrared
spectrum. The derivatives in which the deuteriuh label is located
at different positions in the acyl chains were also studied
N as fully hydrated mﬁltieilayers in order to galn insight in-
to the dynamlcs of specific sites in the membrane (Chapter 4).
Finally, deuterlated fatty aclds were lncorporated
blosynthetically into the plasma membrane of A.-Zqidlawii.
The C-D stretching vibrafions arising from these fatty acyl
-chains in the membrane were used to study the organization i

and dynamlcs of thils natural membrane. The liplds obtalned i
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after removal of ‘the membrane proteins,were also studied
In this manner, information on the influence of protein on
iipid d&hamics was obtained (Chapter 5). It 1s also shown
that considbrable insight may be gained into the various
types_of;motion displayed by the fatty -acyl chains by con-
sidefing the different rEponseslﬁf several IR spectral pa-

»
rameters® to motional effects.

et g 2 e

et



~34-

CHAPTERH2..MATERIALS AND METHODS.

2.1. Materials.

The normal alkanes n-nonadecane (n-C Huo) and

19
n-heneicosane (n—C2ith) were a generous gift of ~
Dr. Robert G. Snyder (University of California at Berkeley,
Usa).
l,l,l,l?,l?,l?—Hexadeuterio—heﬁtadecane (abbreviated
as n-C, Hy D¢) was kindly supplied by Dr. L.C.Leitch |
(National Research Council of Canada). It was further pu-
rified by gas liquld chromatography on a 5% OV-10l column
(5'x3/8") at lf0°C in a Varian model 920 aerograph.
;i,2—Dipalmitoyl;sn~glycero—3-phosphocholine (DPPC)
was purchased from Sigma Chemical Company (St..Louis, MO,
USA). i,2—Diperdeuteriopalmitoyl-sn-glycero—3—ph05phocholine
”(DP?C'd62) and ;—(16'4trideuterio)-palmitoyl~2—(l6"-trideu—_
terilo —palmi%oyl—sn-glycero—3-phosphécholine (DP?C»lG',lG"—dG)
were {purchased from Serdary Research Labora?ories fLondon,.
Ont., Canada).

—_—

1-Palmitoyl-2-(2'-dideuterio)-paimitoyl-gn—-glycero—

Y
T

» 73 5hosphocholine (DPPC-2'-d,); l-palmitoyl-2-(3'-dideuterio)~
palmipoyl-sn-glycero~3—phosphopholine (DPPC~3'-d2); l-palmi-
toyl-2—(7',8!-tetradeuterio)-palmitoyl—sn—glycero—3-phpspho—
choline (DPPC-?‘,B'—du); l-palmitoyl-Z—(l3'—dideﬁterio)—

§ palmitoyl-sn-glycero—3-phosphocholine-QDPPC,&34-d2); l-pal-
mitoyl-2-(16'-trideuterio)-palmitoyl-sn-glycero-3-phospho-

L
¥ - .
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" choline (DPPC—lG'—d3) and l,2-dipélmitoyl—sn—glycero-3-
phospho-{(N,N,N-trideuteriomethyl)-choline (DPPC-dg) were
a generous gift' of Dr. Yvan Boulanger (National Reéearch
Council of Canada).

Acholéplasma laidlawii B plasma membranés were g
kindly supplied by Drs. Kelth W. Butler and Hareold C.
Jarrell (National Research Council of Canada). Two different
membrane preparations were used: a.- the microorganism was -
grown at 3?°C in a medium supplemented with palmitiq acid-dBl;‘
and b.- the growth temperature was also 37°C, but tﬁe medium
was supplgménted with pentadecaﬁoiq a;id-d29 in the presech
of avidin. The details of the procedure_for the growth of
Acholeplasma laidlawii and the isolatlon of its plasma mem~
brane are'éiven in reference [46]. Avidin';s a blotin-binding

protein which inhibits the syniheéis of fdtty.acids by the‘.

organism without affecting its growth {44]. In-the presence

of avidin, 4. laidlawii incdrporates the exogenous fatty
acﬁﬁ in such a way that the membrane Is practically homoge-

neous in that fatty acid. .

The composition of the fatty acld acyl cha%ns, deter-
mined by gas-liguld chromatography was the foilowing:.a.- '
membranes enriched in C16:0-d,: Cl12:0, 7.0 mol®%; Cl4:0,
26.6 mol %; Cl4:1, 2.0 mol %; C16:0, 64.5 mol %; and b.=

membranes enriched in C15:0-d Cl4:0, 1.0 mol %; C15:0,

, 29°
94.2 mol %; C16:0, 2.0 mol %; C18:0, 1.0 mol %; C18:1,
1.4 mol %.

For lipid analysis, the membranes were hydrolyzed and
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methylated in 0.7 N ﬁethanolic HC1l and extracted with pe-
troleum ether.lbp 30-60°C). The methyl esters of the fatty
acids were analyzed on a Hewlett—-Packard HPH5710A gas chro-
matograph with 15 % stabilized on Chromosorb W,A/W, 80-100
mesh, columns at 175°C. Heptadecanoic acid was used as the
internal standard.:

" The extraction of membrane lipids was carrled out

.following the method of Bligh and Dyer [U47]. In the case

of membranes enriched in 016:0‘d3l’ 25 mg of membrane

were taken in 2 ml  H,0, and 5 ml CH,OH with 2.5 ml CHCI,
.were addea. The mixture was stirréd‘for Y hoﬁrs at room
temperature and 1 ml H,0 and 1 ml CHCl, were added. After
centrifugation (10 min), the precipltate was reextracted
with CH3OH—CHCl3 (2{1 v/v). The CHCl3 was dried over Na,S0O,,
lfiltered and dried under nitfogen: yleld; 3.4 mg of 1lipids.
In the case of membranes enrithed in 015:0;d29 the same
procedure was. followed with 30 mg of membranes which yielded

4.5 mg of lipids,

2.2, Sample preparations. [

Infrared speptra of solid samples were recorded as
KBr pellets (13 mm dlameter) which were prépared according
to standard techniques. KBE pellets of n_ClTH30D6 (1iquid
at room temperature) &eré-brepared as follows: the deslred
amount of KBr was coﬁbined with a toluene solution of

n—Cl?H3OD6, the mixture was evaporated under a stream of

dry'N2 for 12 hours; the.residual solvent was eliminated under -
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vaFuum for 12 hours. The resultant mixture of n'C17H3OD6
énd KBr was ground and pressed to form a i3 mm diameéef
disé. ' :
In general, 2 mg of sample with 200 mg KBr were
used to record survey spéctra. In order to record very
weak bands in the Speétra of the n-alkanes (sge Chapter 3)

pellets composed of 10 mg hydfbcarbon and 100 mg KBr were

'
-

used.

The spectra of CHC1l, solutions of the different

L4

3
deuteriated deyivatives of DPPC were recorded as 10 %

solutions (byweight) if & 0.5 mm—thick cell with NaCl =
windows.

For the stddies of hydrated systems, water-insoluble
windows were used such as CaF,, BaF, or ZnSe. These are
méferials of high refractive index, anq fringes, or channel
spectra are frequently ‘encountered, for that reason the
windows were wedged (EQ minutes). In splte of wedging the
spectra of samples taken with ZnSe windows showed fringes:

" In the cases of multilamellar dispersions of speci-
fically-deuteriated derivatives of DPPC or 4. laidlawit .
membranes, only thé C-D Stretching regioq (2500 -~ 2000 cm-l)
of their infrared spectra was recofded. Since these bands
are guite weak compared with the rest of the spectrum, falr-
1y thiék samples were used (50,.?5 and iOO um); these sam-
plequfqe prepared in conventional.amalgaméted cells with~

CaF, windows.

For studies inﬁolving the complete mld-IR spectrum
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(1.e. all but the intense O-H stretching modes of water) ,
very ﬁhiﬂ.cells were u§ed with pathlength of'2.5; 6; 12 and ' : :
25 um. fhese thin films were prepared usiﬁg demountable . B
cells from Harrick Scientific Corporation-(Ossining, NY,
USA). Fig. 5 shows a layout-of thilis tell, 1t presents é
serles of advantages over conventional amalgaméted cells‘
in that 1t can be assembled and disassembled in a few |
minutes, the spacers are made from mylar film and1it is
round which matéhes the circular optics usedrin'Fourier
transform instruments rather than the iingar optics of gra-
ting spectrometers.

Fully hydrated multibilayers of DPPC and-it; deu-
teriated aerivééives were prepared with. a varlation of the - t
technique used for ESR studies [48]. The bottom half of
the Harrick cell is pre—aééembled by placing a cell window
with an O-ring 1In the stainless steel cup. Between 50 and :
100 ug of dry 1lipid were placed in the center of the cell ]
were added. The CHCl, first S

3 3
dissolves the lipid, then evaporates rapldly leaving a thin ]

window and a few drops of CHC1l

film of the lipid. for thicker films the process was repeated

several times untll a f1lm of the desired thickness was ob- ‘
tained. Altérnativély, concentrated soldfiohs of the lipid . ;
in CHC1, were deposited drop by ‘drop until a £11m was ob- .

~tained. The CHCl3 was eliminated under vacuum for a period

not shortef‘than 12 hours. The films were then hydrated with
doubly distilled water by placing a few drops of water on the

film and maintaining 1t ‘at 50°C for 30 min. The cell was
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Fig. 5.

D £ 0 c F G ‘ i

‘CCE:)O

Layout of a Harrick demountable cell for
liquid samples consisting of: (A) stain-
less steel cup with Luer fittings (B), - . ‘

" O-rings (C), windows (D), spaceps (E),

retaining ring (F), and knurled screw

collar (G). The cell assembly 1s from left
to right.
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assembled éfter plaéing‘the two spacérs, tHe second win-
dows the O-ring and thq_fést of the assembly. The cells'
were then stored at 4°C for 12 hours before spectra were

recorded.

Hydrated samples of lipids were also propared by
combining the 1llpld sample and water .and cenpﬁzgpgated for
10-15 min. In this manner, a gel was obtained which was

placed in thé center of a window an

the cell assembled.

The samples of 4. zaidlqwii mempranes were pre- _
pared by comblining 3 to 5 mg. of lyophiilized membranes with
: N -

0.5 ml of water, the mixture was heated at U45°C for.5 min.

and then centrifuged for. 15 min. The -sppernatant was re-
. ’ - bl

moved and the resultant gel placed inlthe center of a win-

. dow and the cell assembled. (

-

These techniques always yielded-fully hydrated sys-
tems; thé presence of water in large exce§§ was confirhed
by recording a spectrum and checklng the water bands.

b

é.3. Infrared Spectroscopy.

l.’l .

213.1. Instrumentation.

Two different Nicolet 7199 Fourier-transform infra-
red spectrometers were used. Permlssion to use one of them

at the Standards Branchwof Consumers ahd Gorporate Affairs

1
Canada is gratefully acknowledged as is the help of D.J.Moffat. °

They' were equipped either with a deuteriated triglycine
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detector. A Digilab FTS-11 (equipped with a MCT detector)"
and a Digilab FTS-15 (equipped with an indium antimonide,
InSb, detector) Fourier—transggrm infrdred spectromeé@rs
“were used. The MCT and InSb detectors were purchased from
Infrared Assoclates Inc. (New Brunswick,-ﬁJ, US4A). All
spebtrometers were purged with dry nitrogen.

'J Low frequency band-pass Opticai fiiters were used
in order fo cut all the energy above & desired frequency.-*
In-this manner the intensity of the center burst in the
inte}ferogram ié reducéd and the apérture.can be }urther
opened resulting in increased intEhéity in the wiﬁés.of

L

the interferogram yielding an incréased slgnal-to-noise

ratio. The use of f;lﬁérs also allows a faster computation

of spectra since uﬁdersampling is possible fﬁgj.

Temperature regulation in the range 0 to 60°C was
achleved by circulating a thermostated ethanol/watér mix—
ture through a hollow cell mount, giving a temperature sta-
bility of better than #* 0.i°C across the sample. A copper-

constantan thermocouple was mounted directly on the cell .\_#/fL

. window and temperatures were recorded by a Newport digital \ .
pyrom;ter equippéq with a printe;. In all cases during a )
sequence of measurements the sample and spectrometer were
unfpuched. The complete sequence of recording a spectnum,
printing and inceementing the temperature, waiting for'
equilibration and recording the next spectrum ﬁas under.the
control of the spectrometer computer. The computer was

programmed to take the deslred number of spectra at different

-
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- temperatures ° ‘

" For speétra at . temperatures below 0°C the samples
were placed in an evacuable low-temperature chamber located
in the sample compartment of the spectrometers. Temperature
was regulatéd by flowing cold niltrogen from a liquid nitro-
gen contaiﬁeru The rate of flow could be regulated and in .
that manner the temﬁerature was controlled. Tehperature

was monltored with a copper-constantan thermocouple.

*

2.3.2. Spectral Acquisition.

° :
Nicolet instruments: Interferograms were collected

with 2 maximum optiecal retardation of 1 cm. The mirror velo-

city was 0.14 cmes”™> when using the TGS detector and 0.64

cm-s'; wlth the MCT detector. In all cases the-interferégrams

were apodized with a Happ-Genzel functlon [50] whose form 1s:

0.54 + 0.46 cos =& 18]<]a]
2|4

* U ‘ | 81> 4]
where § is the optical path difference and A the maximum op-
tical retardation. One level of zero fllling was used and
interferograms weré Fourier-transformed to yleld a resolu-

1

tion of 0.9 c¢m . The number of scans was selected in‘each

case according to the deslred signal-to-noise ratilo.
Digilab instruments: Interferograms were also collec—
ted with a maximum ‘optical retardation of 1 cm at an optical

veloeity of 1.26 em-s~ L for both épéﬁbﬂgmeteré. Interfero-

grams were apodized with a triangular function [49] of the

-

{

( A b ]
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and were Fourier-transformed to yleld a spectral resolution
of 0.9 em~Y. One level of zero filling was also used. The |
total collection time (nﬁmber of interferograms to be co- ‘ )

added) was selected according to the desitred signal-to-

nolse ratio. 7

2.3.3. Data Reduction

The temperature -induced changes in the physlcal state
of the different systems studied in this work produce chan-
ge¢s in their IR spectra. In general, all experiments\were
carried out by increasing the temperature and coiiecting
spectra at different temperatures.

) In this section the methods used to measure all IR
band parameters as a functﬁon of temperature will be des- ./ 1 .
cribed using soﬁe of the resulte presented in following

sections as examples. - -

Water subtraction: In the studies of the specifical- ,//
ly-deuteriated’derivatives of DPPC (Chapter 4)'and A. laidlawii
membranes (Chapter 5) the bands of interest are those due fo.
the C-D stretching ﬁodes.-These bands are located in the

2300-2000 em™ L spectral regien. The mid-IR spectrum of water

presents a broad band at 2130 em™t

which extends from
2600 to 1900 em™ Y. This band has béen called the "water

association” band. In spectra of fully hydrated samples thils
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broad water band can magk the C-D stretching bands from a
single SDZ or CD3 group in a molecuio like DPPC (MW = 702).
The stuoy of the molecule in D20 instead of H20 would in
principle overcome the oroblem.of the H20 absorption, but
‘the strong 0-D stretching band in the spectrum of D20 can
also mask spectral features up to 2000 cm_l. However, the
spectral regilon of the 0-H bending bands aronnd 1640 cm"1

can be readily studled with D.,0 as the hydrating agent,

2
this.is particularly important for the (=0 stretching band
in DPPC at about 1740 em™t (Chapter 4). -

" For the studies of the C~D stretching bands, the
obscuring effect of the "water-assoclation" band was circum-~
vented by subtracting the water band.

’ In order to carry the subtraction with a minimum of
distortion effects the following prefcedure was used. Since
anomalous dispersion is a function of the refractlve indices
of the cell windows and of the cell contents but is indepen-
dent of the pathlenéth; while the absorption is a function
of the pathlength [51], cells of the same pathlengths with
identical window@ma?eyials were used to record the spectra
of the water and of the samples of intereét.

Thé specfrum of water also changes wlth temperature.
" Flg. 6 shows the mid-IR spectrum of water éoéipcted at 30°C
and 40°C but otherwise under identical conditicns. The dif-
ference spectrum (top) shows that thereﬁare ohanges in all
absorption bands. The insert to that figure shows the chan-

ges observed in the region of the "water—association band.

These changes in the water spectrum can produce distortilons
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Lower curve: infrared spectrum of doubly
‘distllled water at 30°C. The sample was con-
tained in a 6 um-thick cell with BaF, win-
dows. Upper curve: difference spectrum
obtained by subtracting the above spectrum
from one recorded under identical conditions
at 40°C. Inset: vertically expanded water
and difference spectra in the reglon of the

" Magsoclatlon" band which interferes with the

C-D strgtching bands.
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when the subtraction is carried out; therefore, all the
water spectra used in the subtractlons were recorded at
the same temperature as the-spectra of the samples.
: As an example, Fig. 7 shows the C-D stretching reglon
of the IR spectrum of a 50 um thick sample of_DPEC—l3'—d2.
Fig. 7A shows the spectrum before water subtractlon and ]
Fig. 7B after the‘bfoad water band has been subtracted.

- Difference spectra: The absorptlon spectra obtalned
at different temperatures permlt the monitoring of such
band parameteps as pegk position, halfwidth and ;ntensity.
However, small spectral varlations induced by the temperéture
change or the pfesence of weak or overlapping bands can
be emphasized using differencelspectfa.

By taking the gbsorbance of-the.batio of a higher
temperature single beam spectrum to that at a lower tem-
perature, a spectrum is generated whlch comprises éll‘the N
temperature-induced changes ih the sample. Alterhétively,
the same result is obtained if an absérbance spectrum is
subtracted from one recorded at a higher temperature. The
subtraction of twc absorbance spectra amounts to the opera-
tion: 1og(I§/Ih) - log(Io/Il); where I_ 1s a background
spectrum, and Ih and Il'aré.respectively, spectra at high
and low temperature. Thls operation 1s eduivalent to:
log(Il/Ih). These difference spectra reflect only the tem~"
perature-induced changes in the spectra because, as noted
gbove, the sample and spéctrometer'remain untouched while a

series ‘of spectra at different temperathres are collected.

-
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Infrared spectrum o'f fully hydrated DPPC-l3'—d2.
the sample was a 50 um-thick film between

CaF2 windows. A. Befopre subtraction of the
"water-assoclation" band and B. after sub-
traction of the water band.
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411 instrument settings are also constant throughout the
eiperiment.

Difference spectra are centered around zero absor-
bance with déviations from zero reflecting absorbance
changes at a given frequency. Positive deviations indicate

- an lncrease in absorbance while negative deviatlions 1indicate- ¢

. a deérease. However, coﬁcomitant changes in band position, . ¢

shape and intensity make the interpretation of difference | ) ‘E

~ speétra complicated and in general, it 1s not possible to o

extract information from them in terms of a single band ' [
parameter. -

Nevertheless, difference spectra have been used to i
detect small changes in absortance and to determine the posl-
tions of very weak bands.

Fig. 8 shows the C-H stretching region of the spectrum
of fully ﬁydrated'DPPC af two different temperatures. On the
top part of the figure the difference Epectrum obtalned by
subtracting the 42°C spectrum from that at 3§°C is shown.

An empirical pgrameter,'AA, has been measured frbm difference
spectra, §uch as that shown in Fig. 8. AA reflects the teéQ
perature~induced changes in all band parametefs simulti?eous— |
ly. This parameter when divided by the temperathre increment L
AT yields AA/AT, a gradient type parameter which was found’ o
very useful when detecting small varlations in the spectré. ]

From the computed values of AA/AT a value A has been derived . )

+

using the formula:
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Bottom: Infrared spectrum of fully hydfated
DPPC‘bilayers in the C~H stretchlng region

at 39°C (sclid 1line} and 43°C (broken line).
The sample was a 6 um-thick film between
CaF, windows. )

Top: Corresponding difference spectrum showing
the change ip integrated intenslty and the

.o

AA parameter.
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' where Al is an arbitrary value assligned to the first spectrum

_in a series, and AAi represents the AA. velue measured from
the difference spectrum generated by subtracting the 1t spec-
t}um_from the (i—l) . Fig. 9 shows 'a plot of AA/AT and A
versus temperature derived from difference spectra.of the

the CH, antisymmetric stretching mode in DPPC. In all AA/AT
and A versus temperature plots the ordinate axes have been
normalized between zero and one; consequently, gquantitative
comparisons can not bg made . v

Changes in integrated intensity, AB were alsc measured

from difference spectra as 1indicated in Fig. 8. Since B,

in that.figure represents a decrease in intensity and Bl

an increase; their difference represents the total change
in intensity AB fop a given band. When divided by the tem-
perature jnecrement 8 B/AT is obtained which reflects the rate,
of change of intensity '

The AA/AT parameter is a general monltor of spectral -

changes and 1s sensitive to any effect producing changes

in the IR spectrum. More commonly employed spectral parameters
are peak positions and bandwidshs. '

- Frequenciles were measufed from absorbance spectra

_ by determining the center of'area of the topmost fiye data

points of the peak using the formula:

/
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5

10 30 | 50
. TEMPERATURE, °C

Temperature dependence of the CH, antlisy-
mmetrii;stretching band in the spectrarof
DPPC as AA/AT and A versus temperature.
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; SRR
band position = v_+ v =-v_+ 8v I
) . o] Zf-
. 'i 1

where: va is the position of the maximum point in the band
contour; Vv 1s the c%nter of area of the band; Av 1s the fre-
quency'separatioﬁ between data polnts {(at 1 cm"l resclution
1)

and one level of zero filling Av = 0.5 em )3 f, area

i
under 1" point; see’ Fig. 10. Note that the value of.v can
be negative since the fdrmula has been derived by setting
v, = 0 as indicated in Fig. 10. - |

Since Av = 0.5 cm"1 and the topmost five data poinﬁs
were used, the yalﬁes computed are centers of area for the
topmost 2.5 em ™t wide segment of the peaks.

This method for the measurement of frequencles pro-
vides a very precise determination of the position of a
band [52]. The wavenumber scale of a FT-IR spectrometer,
uéing fringes from a HeNe laser to determine the optical
path difference; 1s'reprodgcible to within 0.005 em™ L. Using
a spectral res?fution substantially less than the halfwidtﬁ
of the bands the only_significénﬁ factor affecting the preci-‘
sion to which temperature—i@huced shifts can be measured
1s the signal-to-noise ratio since 1t determines the repro-
dueibility of the absorbance scale. The signal-to-nolse ratios

usually employed in this study were such that temperature-in-~

" duced shifts in freguency as small as 0.05 em™t could be

measured.

ROk A P T
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10. Representation of a band contour as an

Pig.
‘ example for the determination of band
positions,
/ |
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Peak positiohs deri@ed from‘the topmost five deta-

points'were verified agalnst those derived from the topmost

& th&ee and seven data points. They were also checked |
~against those oetained from midpoint values;et 0.90 heigﬁt
"and against the position of the peak maximum.

In the case of the specifically-deuteriateéd deri-
vatives of DPPC whe;e peak positions were measured from
band eontours obtalned after sebtracting the.water back-
groun@, incorrect watee subtraction could affect the,measﬁfed
values. However, no effectswas found when the spaliné"fac- )
‘tor was variled by i 50 %. This lack of effect i3 due to the
diffefence in bandwidths,itgeiiipid~bands have bandwidths

in .the range 10 - 30 em™t while the water band is more than

300 cm"'l

wlde.
Bandwidths were measured at halfhelight by visually
—dfawieg ; baseline through the spectra and meespring:ﬁhe
ehdwidth and by digitally sﬁbtracting a lineagly inter-
polated baseline from. the spectrum before computing the

width at halfheight of the resultant ‘band contour. .

-
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CHAPTER 3. HYDROCARBONS.

3.1. Solid Phase Behaviour of Normal Paraffins.

Normal paraffins ‘tan exist in_different.solid phases.
Four 'solid forms are sufficient to characterize the strue-
tures of all odd %umbered n-paraffins above n~09H20 and.gll
even numbered n-paraffins above n-Dqud. The different
solid forhs are: hexagonal, orthorhombic, triclinic and mo-
hoclinic [45]. The ﬁexagonal pbaée, when present, is stabf@g

at temperatures close to the -meltin® point, and the chains

‘are normal to the plane formed by the methyl groups. The

“other three phases are stable 5@ lower teémperatures; 1in the

orthorhombic phase the chalns are also normal to the methyl
groups plahe while in the triclinic and monoclinic phases
the chalns are tilted witﬁ'réspect-to that plane. Fig. 11
shows the subcells of the different crystalline formé:
In the orthgrhombilc and monoplinic forms the subcell is'on—
thorhombic (Fig. 11A) and in the triclinic form it 15 tri-
clinic (Fig. %&C). | |

The hexagonal phase'is characterized by no long—range
order. wﬁile‘in the orthorﬁﬁmbic and triélinic subcells the
chains gre.rigidly oriented and coupled to each other, in
the hexagonél pﬁése they ére essentially decoupled; the chalns
perform rotatlons about theilr long axes and the orientations

of a given chaln are random'at any given moment with respect
- :

to the orlentations of all the others [53].
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Hydrocarbon chain cryétal—pacﬁing patterns:

A. orthorhombic or moﬁBclinic; B. hexagonal

and C. triclinic. In“all cases, the.long axes

of the chains gre projecting from the page.
In the case of hexagonal packing; the circles
represent random orientations of chains relative

to‘each other at a given moment.
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Different -alkanes present different phases and tran-

sitlions between them; sothe members of the alkane seriles show
one solld-~solld phase change while others, in geoeral fhe
long members, show a complex polymofphic behaviour. The*
compounds.studied in this work (“'C17H30D6’“"C19Huo and
n-Cleuu) present only one sollid-solid phase change some
ten degrees beloﬁ-their melting point; this is a transi—.
tion frcm the orthorhombic phase (orthorhombic subcell)

to the hexagonal phase [45] which has been called the

"potator" phase transition. The temperature of transition

as well as some relevant thermodynamlc data are presented
in Table III.

The detailed microscopilc nature of the "rotator"
phase transition 1s unclear; with an 1ncreose in témpera-
ture ¢f the orthorhombic crystals, anisotropic expansion of
the lattice occurs, at the transition temperature.there

1s suddenly a discontinuous change in the latﬁioe strucfure'

" [54] together with an increase in the amplitudes of rotation

of the molecules about thelr long axes.

Somewhat conflicting evidence for the presence of
chaln cthormational disorder ih the hexagonal phose has
been reported. Strobl et al. [55,56] have'ooncluded.that the
hexagonal phase of n"C33H68 is composed of chains‘with de-
fects (0.72 gauche conformers per chain). On the other héqg,
Barneo and Fanconi [57] have detqgmined that the frequency
of the longitudinal accoustical mody in the Raman spectrum
of n--ClgHuo remains constant at 124 om_l duriog the "rota-

tor" phase transition, indicating that there is no conforma-
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tionai disqrdgr (gauche conforﬁers) being introduced 1in
the hexagonal phasg; However,lthé'two systems (n“019Hu0 and B _ 3
n—C33H68) are not strictly comparable; n-C33H68 shows a ;
very complex pglymorphism undergoing several solid-solid o : !
phase changes. At the'séme time,‘ﬁhe "rotator" phase trén- |
sitlion involves a larger thefmal.eipansion for the longer
member of the series [54]. | |
| In the followlng sections the results obtained from -
a study by infrared spectroscopy of the "rofator" phase
transitlon in‘n—CITH30D6, n-—-Cl-gHL10 and n—c2lHlHl are presen-
ted. The aim has been to‘de?ermine how the different inter-
molecular interactions and\?olecular motions present in the

two crystalline forms affect the infrared spectra. f

—

3.2. The infrared spectra of orthorhombic n_017§30265 C e

- n=C)gHy4 and n-C, H,,. -

The mid-infrared spectrum of normal alkanes is composéd
of bands arisiné from the followiling vibratiénal modes: carbon-
hydrogen stretchling; methyl bending and methyléne sclsseoring; : .!
methylehe wagginé; methylene focking and twlsting and cér-' :
bon-carbon stretching. The asslgnment of the observed bands . .1
in the spectra to particular viQrational modes has been //[ ) S
thoroughly studied by Snyder et al [58,59,60] and in the fol- o
lowlng sectlons the assignment and labellling of bands )
given in reference [58] will be followed. The abbreviaticns (

to be used for the designation of bands are as followgz _ t

8, methylene sclssoring; o, methyl asymmetrlc bending; U, : §

-
.



-60- -

-

‘methyl symmetric bending; W, methylene wagglng (wi is

th

the 1 component of the band progression); T, methylene

twisting (Ti is the 1P component of the band progression);

th componént of the band

P, methylene rocking'(Pi is the i
progression); B, methyl symmetric in-plane rocklng; and

R, carbon-carbon stretching (Ri 1s the, 1 o0 component of the

-

band progression). aty -

In the orthorhombic crystals.there are 4 molecules
per unit cell while in the hexagonal phase there is only
one. In tbe‘orthorhombic crystal there 1s a great deal of in-
terchain coupling bf.vibrétional modes due to the pigid cha-
racteristics of the packing. The infréred spectrum of hydro-
carbons packed in the orthorhombic phéﬁe show vibrational
correlation splitting [61,62] in the ¢H2 rocking and btending
modes. Factor group splitting of the C-H sé?@fﬁhing modes
has not been obser@ed.

The comparison of thespéctra Of\2;919HHO and n-C,,Hy)
with that of n-ClTHBODG pgrmits confirmation of the asslgn-

ment and at, the same time some clarificatlion 1n cases where

" methyl and methylene bands overlap.

3.2.1. C-H Stretching. K

Fig. 12 shows the infrared spectra, in this region,
of orthorhombilc n_CQlHMH’ “’ClgHuo and “'017H30D6' The
spectra of ﬁ—ClQHuo-and n-C,,Hy, are almost ldentlcal while
that of n'cl7H30D6 differs only 1n that 1t lacks the bands
arising from CH3 vlibrations. The strongest bands in the

1

. spectra .in this'region.appear at 2918 and 2850 cm — and

L]
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Fig. 12. Carbon-hydrogen stretching region in the
infrared spectra of orthorhombic n-Cy 7Hz0Dg3
n—ClgHu0 and n-C,,Hy.
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result from the antisymmetric and symmetric methylene
ﬁpretching modes, respectively. The two bands at 2895 s
and 2856 cm™* are also present in all three spectra and
have been assigned to methylene stretchl in resonance with
binary «combinations of methyiene scissoring [60].

The bands at 2960 and 2955 cm™* in the top two
épectra in this fiéure result from the asymmetric methyl
stretching (in-skeletal-plane and out—of;skéletal—plane,
respectively). Thé band at 2935 cm"l overlapping the antisy-
mmetric CH2 stretching bahd represents the symmetric CH3

. . -
stretch 1n Fermi resonance with the first overtone of the

methyl bending; the other component of the symmetric CH
1

3
. The absence of these bands

14

stretching appear at 2872 cm”
L
in the spectrum of n‘017H30D6 confirms thelr assignment.

Coprespondingly, the spectrum of n—Cl7H30D6.1n the

"C-D stretching region (Fig. 13) shows bands at 2223, 2212 =

cn’1"l (in—plané and out-of-plane asymmetric CD3 stretching);

2126 and ZOZS em™+ (the two componenté‘of the CD, stretch

3

in Fermi resonance with CD. bending).

3

3.2.2. Methylene Scissoring and Methyl Bending.

All bands in the spectral region 1500 - 1350 em™+

- in n-alkanes arise from bending vibrations of either me-

thylene or methyl groups. Fig. 14 shows the spectra of

n'CZlHHN’ n-C;9Huo and n—ClTH3OD6 in this region; the me-
thylene scissoring fundamentals appear between 1480 and

1460 cm™t. Table IV lists the observed peaks in the spectra
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ABSORBANCE

n-CipHagls

- | L
2300 2200 2100

WAVENUMBER, cm™'

ABSORBA

T E— 1380

n-C2|H“

ﬂ'clgHw

WAVENUMBER, em™

Fig. 13. Carbon-deuterium
stretching regiocn 1n the
infrared spectrum of

n—Cl7H30D6.

~

Fig. 14. Bending region
(1500 - 1350 cm™ ') in the
infrared spectra of
n-ClTH30D6; n-ClQHNO and
nrlayfyy-
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tn=CpHyy)s 1460 and 1446 em™ (n=CygHyq), and 1435 cn”

.lﬂhq_cm_
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in the orthorhombic and hexagonal lattices. It is general-
ly not posslble to assign individual bands in thils region

. ; Ve
because of severe 'overlap with methyl bending bands. How-

“ever, comparison with the spectrum of n-C; HyDe permits

clarification 1In the assignment.

1

The bands at 1474 and 1465 cm™ ~ in all three spectra-

in Fig. 14 arise from CH2 scissoring while the band at 1U462 em™1
in the spectra of n-Clquo and n"C2lHHH represents the
asymmetric methyl bending which is absent in the spectrum

of n—Cl7H30D6. The symmetric methyl beénding in nfClgHuo and

1. this band is

n-C,,H,, gives rise to the band at 1375 cm™
absent in the Bbttom spectrum of Fig. 14. In the spectrum

of n"ClTH30D6\Fhe asymmetric and symmetric CD3 bending bands
appear at 1106 and 1054 cm"l,.respectively.

The assignment of the bands at 1457 and 1446 eri~t

1
(n—Cl7H30D6) 1s not clear. The bands are thought to repre-
sent methyl bending coupled with methylene scissbring [58,59];
and the different pattern observed for n"017H30D6 seems to
support this argument. However, the temperature-dependent

. -
behaviour of the spectrum of n"017H30D6 in tgis region 1is
quite similar to that of nfclgHuo and “‘Czlﬂuu (Section 3.3.2.),
suggestiggtthat:moét of the intensity in the region 1460~

1 must come from methylene sclssoring. The assign- -

ment of the bands at about 1440 em™' to the first overtone
of the methylene rocking fundamental at ~720 cm"-l 18 untenable

due to the temperature-dependent behaviour,
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Methyléne waggling modes eontribute to the intensi-
ty of bands in the regiog [58] and the band at 1384 em™™*
observed 1in all spectra in Fig. 14 can be attributed to

methylene wagglng.

3.2.3. Methylene Wagging. ' )

The methylene wagging vibration gilves rise'to a
band progression between 1360 and 1200 em™? in the spectral_
of n-alkanes and cémpoqggs with aliphatic chains such as
fatty aclds and_alkyl halldes.

The progression results from the wagging of n
coupled osclllators.dn an all-trans conformation. The
phase difference, V¥, allowed’between the motilon of adja-
cent groups are give?_by:' |

¥ = k /(n+l)

e

A

where k ls an integer from 1 to n representing the number
of'loops in the statlionary wave representing the n rmal mode
[58,59]. The number of components in the progression well
és thelr frequency are spécific to the length of the/chain
[63]. The intensity 6f the bands 15 dependent on the nature
of the substituenfs attached to the chain. In the case of
n-alkanes these bands;are weak while thelr intensity 1is
greatly enhanced when boiar substituents are attached to
the chain [63,64]. . | o
. Fig. 15 shqws the spectra. of n—C2lHuu; n—Clqu0 and
n~Cy 7 By Dg in.theLwagging'r?g}on. Table V lists the ffequep—

" cles of the CH2 wagging bands in the spectra of the three

- -

cm—— - VAN A e e e -
N i . il R
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Fig. 15. Wagging regilon (1360 - 1180 cm™ %) 1in
the infrared specfra of n-C

/
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TABLE V. Infrared frequenciés (cm_l) of the methylene wagging
n-C.-H,  and n-C__H_ D _.#%

“ .?ffg,progresgipn of nACalHuu; 15t 17%30P6"
ORTHORHOMBIC " HEXAGOWAL
oWy 1196.0 w 1199.2 vw ¥
Wy 1204.6 w 1207.0 W,
W 1222.0 w . 1224.6 w
Wy 1238.0 vw -
. We 1254,2 w 1256.4 w .
= We . v1268 vw 1270 vw
N . Wy . 1286.3 w - 1288.4 w
o Wg ] 41305 VW - )
W9 1317.0 w 1319.6 w
Wiq w1342 VW 1343 wvw
P w1362 VW 1362 . vw,sh
\Hl 1196.5 vw ] n1198.6 vw
W, 1207.5 w | 1209.5 w
w3 o 1228.7 w 1230.4 w
Wy 1245.5 w _ 1246.9 w
o, wS- 1262.8 vw * 1264.2 vw
T We v1280.0 vw "1281.0 vw
o Wo o 1298.5 - S 1299.2 w
s .w8 - 1317 VW o -
Wg .ml330 VW, =
wl %1195 VW A 1195 VW br,sh
_ W, 1211.0 vw 1212.3 vw -
a Wy 1233.3 w 1234.1 w
. Wy 1256.1 1257.3 w
J: We _ 1275.5 vw o 1276.1 w
X w7 1316 VW 1316 vw,sh

* The symbols w,v, br and sh. represent weak, Very, broad and
shoulder, respectively.

¥ -
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compounds in the orthorhombic and hexagonal phases, the

progression bands are labelled wl, W, ... foljlowing re-
. -~ :

,// o ference [58]. _
Y LY
3.2.4.- Methylene Rocking and Tw oL - N
. S 1
' In the frequency region 1100-700"cm thekspectia
” k’ . of n-alkanes show a series of fundamentals; th re methy-

~1

lene rocking-twisting modes {58]. The band at 720 cm is

the head of the observed ban progresslon, these bands show

correlation eplitting when the "hy s are pécked in an

orthorhombic subcell [62]. While the héad band 1s strong,
higher frequency components show much wedker bands. The
*head band 1s almost purely Cﬁz rocking in chiaracter -while

the contribution of CH twisting to the band 1ntensity
R
increases for the high frequency components The spectra
~ S
- of the threﬁflnvestigated hydrocarbons in the region 1190-

680 em™t aré shown in Fig. 16 and the obqs:;pd frequencies

in the orthorhombic and hexagonal lattices are listed in N
- Table VI. E J

| Methylene twisting modes appear in the 1300-1170 em™*
region Fig. 15; the observed frequencies are listed 1in
Table VII. These bands are very weak and are obscured be-

cause of oveylap with methylene wagging bands also appearing -

in thils frequency region.

The methyl symmetric in-plane rocking mode (B8) gives

1

rise to two bands at 890 and 892 cm”  jip~the spectrum of

.. - JQSrthorhomble n"clgHHO’ and at 892 cm™~ in the speétrum of

orthorhombic n- C.21 yy- The methyl rocking mode for n-Cl7H30D6

R . [ —————
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TABLE VI. Infrared frequenciles (cm™t) of the methylene
rocklng band progression and methyl rocking
- - . _ . * .
mode of n C2lH“q and n clgHHO'

N

/

ORTHORHOMBTC HEXAGONAL
P 719.8 s 721.2 s TN
2y -
P7 .0m nTUO.0 sh
762.4 m.
P 764.3 w.
9 2 766.3 m
5 Pyy 808.5 m ‘808.3 m
o}
~ Py 862. w,sh 864.3 m
S ( 865 m
=
Pl 923.8 w 924.7 m
927.9 m L
. p 980 W, 2% _
' 17 986 wj?-i' -
X -
Pl 719.2 s 719.5 s
| 729.6 s
PT 7“3.8m Tllll;9m
T49.5 m .
, 783.5 m
P ) 781.9 m 782.2 w
o 90
:1:': 779-0 W .
Jﬂ‘ Piy - .841.5 m 839.2 m
1 > 905.6 w 904.9 m
13 908.0 w )
15. 973.8 w
P17 1029 VW 1030 VW
« - \ b .

TR e B e L L ——
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" TABLE VI {(cont.)

b .

ORTHORHOMBIC . HEXAGONAL

n-C, Hyy B 892.4 mjbr . . ?90.2 m
891..8 m

'n_@ﬂ){"*o © B 889 : 888.8 m

¥ The symbols s,m,v,w,br,sh represent strong, medium,
very, weak, broad and shoudder respectively.
t Overlap with C-C stretching. /

PR

TABLE VII. Infrared frequencies ((cm-l) ol thé methylene

- - *
twisting bands of n 021Hhh and n Cl9HMO'

f

P ORTHORHOMBIC HEXAGONAL
n-Cy Hy, 119 LL7E v - |
s T20 1172 VW 1175 VW
T16 1286 wvw . . .1286 ww
t
n—ClgHu,O T]_7 1180.8 w o % 1180.8 w
T.g" 1171.6 w | N 1172w

# The symbols v ahd w represent very and weak respectively.
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1

appears 1n a spectral reglon below 600 ¢m” ~ which was not

A}

rederded. b
The methyl rocking coordinate coqtributes to all of
the bands 1In the metﬁglene rocking ipd twisting.series and
it also contribu;es to the intensity‘of the terminal C~C
st;etch [58]. “~

3.2.5. Carbon-carbon stretching.

The stretching of C-C bonds gives rise to several
bands 1n the reglon 1150-950 cm“l,shown in Fig. 16. The first
components of the series are the stroﬁgeét’due to coupliné
with methyl symmetric in-plane rocking. The rest of ﬁhe bands

.

are extremely weak, thelr frequencies are listed};n Table

VIII. . . :

3.3. Effects of the "Rotator" Phase Transition on the Infra-

red Spectra.

3.3.1. ¢-H Stretching.

* The thermotrobid behéviour of the C-H stretching
bands Has been investigated for all three hy%rocarbons. The
results obtained .from the spectra of n-C,H), will be préseq— N
ted in.defail; those obtained from the spectra of n-ClQHu; -
and nJCl7H30D6 are almost ;dené}cal. »
Fig. 17 shows the C-H stre}ching reglon of *the specd
trum 2; n-C, Hy), at 1, 36,vand hgec, representing the ortho-

rhomblc and hexagonal lattlices and the meit, respectively.

Lo - >
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Infrared frequencies of the C-C stretching

TABLE VIII.
modes %n “'Czlﬁuui n"Cl9HNO and n—ClTHBODs.{
" | ORTHORHOMBIC © - ARXACONAL
R, 1134.8 m ' 1133.5 m
R, 1124.1 m . 1123.0m
R, 1094.5 m T 1094,0 m
R, 1067.0 w 1066.4 w
Rl3 1046 W A 1045 Vv
n—Cleuu R12 1034 sh 1035 v
R5 1028 W 1028 W
Rll 1023 w,sh -
RlO{RG Gg98 VW -
39- 986 ans -
RT 975 vw -
Rl 1134.2 m ‘ 1132.6 m
R2 1121 VW 19 W
R3 -1Q88.6 m 1087.3 m
Ry 1057  vw
R4 .1054  vw,sh 1055 w,br
- le IQHH . VW ~ 1044 vW
n'019HHO Rll 1037 VW 1038 VW
\ Rig - 1024 wvw 1026, vw b
1000 vwW
Ry 997  vw n 998 wvw
R8 98U - wvw -
f R, 1136.0 w - ©1136.0 w
“‘Clzﬁao% R, $1120.5 m 1119.5 m ,
1083.5/m - 1082.5 m * .

¥ The symbols m,w,v,sh, and br represent medlium, weak, very,

’shoulder and broad respectively. g D//'-/7
LY . - ,
[ 4 . “\

B
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Tpe top traces in Flg.1lT7 show the corresponding difference
Spectfa obtained as described in section £f3.3.; chénges
in all bands'are‘evident. ‘

The temperature dependence (in the 0 to 60°C range)
‘of the an;isymmetric methylene stretching band (position,
halfwidth and integrated intensity) is shown in Fig. 18.
The "rotator" phase transiton in n'021HHH occurs.a£ 32;5°C;

The peak positions (Fig. 18A) are invariaht at all
témperatures Qhen the hydrocarbon is solid. There is no
detectable shift_in frequency upon the change from ortho-
rhombic to hexagonal packing. On melting (MO.2°Q), there is __
a 6 emt shiff‘tolhigher fréquency. The integrated intensity
(Pig. 180).;hows a steady decrease with 1ﬁcreasing tempera-
ture throughout the temperatures representative of the ortho-
rhombic crystal. Oﬁ transltion to1the hexagongl form there
1s a large déérease 1n‘1ntensity, comp&Qéble with-the.decrease
_observe‘d on melving. The halfwldth of shis band (Fig. 18B)
reﬁéins constant throughout the ort hombic phase, but '
undergoes a steady.lincrease at the temperature of the solid-
solid phase transition with ;?further increase at the meltlng.

The symmetric methylene stretchiné mode in the spectra
~of the three compounds showed behaviour ildentical with
that ofﬂ%ﬁe antisymmetric mode. '

The constancy in frequency of the Eifhyiene stretch-
ing modes indlcates that 1n Both 8611d ‘phases ﬁorthg}hombic

‘and hexagonal) the chains are in 'the all-trans conformation.

The C-H sfretching'modeé'in hydrocarbqnsjafe essentlally de-

/l“;_
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coupled‘}rom all otﬁer vibrations; they shift in frequency
as a consequence ofr conformational changes, but are almost
insensitive to othef_effects [65,66]. The shift to higher
frequencies on melting is typical for‘these compounds [66]
and reflects the introduetion‘of conformational disorder in
-the chains.
The increase in motional freedom of the alkane mole-
cules on transltion from the highly rigid orthorhombic lat-
“tice to the less rigld hexagonal lattice 1s reflected by the
increas®™ in bandwidth. This isse general phenomenon in vibra-
tional spectroscopy. The linear lncrease in vandwidth wtfh
increasing temperature throughout the hexagonal phase_indiw'
cates an increase 1n the rete of l?ngitudicg; molecular
rotations. The bfoadening of banﬁs in thé vibrational spectra
of polyatomic molecules ip condensed phase¥ has been treated
theoretically as arising m intramolecular anharmonic
coupling of high frequency r‘ s to low freguency modes'
undergoing energy exchange“wlth the bath. The intermolecu-
lar energy exchange 1s temperature-dependent and the result-
ing frequency modulation will lead to a temperature dependent
band broadening [67]. Thus,, the increase 1in bandwidth.on tran-
sition_from an qmthorhombic\to a hexagonel lattice could re-
fiect a more efficient energy‘exchange in the latter case.
However, band broadening,arises'from many contributions and-
no cleaf analysis 1s_ava11able‘[68]. |
The peak positions_of the in-plane and out—o%—plehe
components of the asymmetric CH3.stretching are tembeeature'

w . . K . .
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dependent as shown in F%;. 19 for the case of ;—Czlguu. ' "y
At temperatures éorreSponding to the orthorhomblec crys-

tal the two components are observéd at 2959 and 2954 cm"l

ﬁeSpegtively.'These two c&%pdnents collapse at the solid- :
solid phase-trénsition_and only one band 1s observed at
2956 cm-l, corresponding to the center of the two bands

at low temperatures. The band remains constant in frequen-
cy in the hexagonal phase and increases slightly (vl cm'l)

upon melting. ‘Similar effects are seen for the CD3 asymmetric - o R
stretch in t@e ;pectrgm of n—ClYH3OD6‘

The collapse of the 1n-~plane and out-of-plane compo-

nents of the asymmetric methyl streﬂchlng has been ob-
served previously for hexadecane in an urea clathrate énd ; L
in™a neat sample of eicosane [69]. The splitting of the
methyl asymmetric fode 1s due'tg;sntramolecular effects;.it L
ls related tg the rate of rotation of the Wethyl group re- ';
lative to t%i)adjacent methylene group. If the rate of ro-
tation of the metg}l group is éufficiehtlykslow, two bands
are obéervedl AR increase in the rate of rotation results 1in
.the collapse of the band contour *nto a single peak, fhe'rate
of rotation at this point being of the order of 1012 s,

The fact that ghe bands collapse abruptly on\transi;
ﬁion to fhe hexagcnél structure, indirectly reflpcts the | ¢
reduced 1nteﬁmolecular interactions in this phése ag compared
to the orthorhombic. Reduced intermolecular interactions ) |
wlll procduce larger intercﬁain diétanCes ailowing the methyl - '

groups to rotate more freely. R , ; !
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The components of.the symmetric methyl stretching ' ]
mode are heavily bﬁscured by o#erlaﬁ'with methylene §tretcﬁ—.
ing bénds (Section 3.2.1.). They have been studied as a , ' _ ' 3
function of temperature 1q'the'spectra_of n—Cl7H30D6; Their 2
peak positions and halfbandw;dth vary as shown 1in Table IX{ 1

The symmetric methyl,stretch1ng band 1is sbiithbe— -
cause of Ferﬁi;res;nance interactlion with:the first over- .
tone of the methyl éymmétric behding'modé. The temperature- i
dependent effects'gbserved_reflect bofh changes In the crys-
tal packing;és‘ﬁell as in the Ferml-resonance Iinteraction,
It is not possible to assign these effects to any'pérticuﬁ : ]
lar cause. | '

3.3.2. Methylene Secissoring and Methyl Bendlng.

The frequencles of the bending modes for the three
' : : : A
compounds in the orthorhombic and hexagonal phases are list-
ed in Table IV, Fig. 20 shows the bending region of the spec- . t

trum of n-Cnguu at three temberatures,'l, 36 and H8°C, which

pepre%ent the orthorhom?ib and hgxagonal,crystal,Euructures
and the melt, respectively., The top of Flg. 20 shows the tw )
corresponding difference spectra generated as described in

Section 2.3.3. _ ' .

'The:dﬁbhcipal cﬂahge on transition from orthorhombic ﬂA o -
;olhexagbna; 1s the removad 6f band splitting due to wibra- o
tional coupling. Thé twb components of the methyiené scis§or- '
ing mode at 1473.6 and 1462.6 em™1 collapse to one at 1468.5 em

& ) ‘ ) ) , -

e - e e »
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TABLE IX. Temperaturd dependence of the two components

of the methyl symmetric stretching mode in

the spectrum of n-C 17 30 6

ORTHORHOMBIC

HEXAGONAL

MELT- -

~

2075.0

10.3

2076.2

»

14,4

Jaa

v “Avi v Avi v AvE
: 2 2 2
2125.8 20.5 2124.2 15.1 2125.0 14.4

16.0

w

*¥ y, band position in cm-l;

avl, halfbandwidth in cm
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‘They /ake not totally absent in the spectruﬁ f n-C

1

~Bh—

There is an apparent shift to higher frequency of the two
bands -at 138h.2 em™ and 1375.6 cm -1 (methyl symmetric ben-
dipg and methylene wagging) readily_seen in the difference
spectrum B.—'A' Since there are,two baqu overlapping this
shift cannot be analyzed unequivocally, most probably the
derivaﬁive shaped difference’ spectrum is due to a shift to
higher frequency of the wagging band along with a shift to
lower frequency of the methyl bending band. The wagglng
bands shift to higher frequency (vide iqffaJ and the CD3
symmetric bending band in “'017H30D6 shifts to lower fre-

~

s )
quency during this transition (Table IV). N

~1 in the

The asymmetric methyl benddmg at 1465.3 cm
orthorhombic phase is ovériapped in the spectrum of the

hexagonal phase. The corpesponding CD3 asymmetrilc gending

. in the spectrum of n-C17H30D6 shifts\frem l%PT.O.Po 1105.0

{(Table IV).

n traﬁsdtion from orthorhombic to hexagonal there .

increase in intensity in the region 1460 - 1440 em Lo

1

is

bgnds at 1456.7 and 1#46.0 em ~ in the orthorhombic

phase of n—C21HM4 are not uniquely assigned they probably

rep esent methyl bending coupled with methyléne bendlng.

17 30 6
(Fig. & ain intensity in the region could arise

-1

from a shift to. higher frequency of the 1446 cm™ band,

but the gain in intensity 1s also observed in the spectra of
n-Cl7H30D6 (not shown) where this band is'npt present.  When

the_hydrocarbon-melfs there is a further increase in intensi-

~

P




™~

F

~85-
ty in this region due to the bending of methylene groups
in chains wita’gauche éonformers [70].
o-. \_ . N

3.3.3. Methylene Wagging

As noted in Section 3.2. 3 the methylene waggiﬂg_
gives rise to a band progression in éhe region 1360 - 1200
ém"l. The ffequencies of the observed band progression in
the spectré.of the three compourids in the orthecrhombic and
hexagonal phases are listed in Tablé V. Fig. 21 shows the
i360.— 1180 em™t region of the spectrum of n-CElHuu'at 1,
36, and 48°C (orthorhombic, hexagonal and melt, respéétive—
dy). :

The characteristics of the CHé wagging bands were
measured in the spectra of the three ‘compounds. The peak
positions are listed in Table V..én transition to. the hexa-
gonal crystal the-ﬁands shift-appnoximately 2 cm"l to

'higher’frequenpies;'the components of the progression with

‘low k values are affected more than those with-high k values.

Fig 22A shows a plot of the halﬁ/;nﬁwidth of W3 ”
(1222 em~ ) in n-~- Cleﬂﬂ versus temperature.' The width remains
constant throughcut the temperature range of the orthorhﬁqr g
" bic érystal. On transition to.hex;goﬁal there Is a _slight
broadening. This behaviour for w3 was exhibited for all mea-
sured waggling bands 1ln the spectra of the three compounds.
Fig. 22B shows a plot of the integrated intensity of

the W3 band versus temperature. The transition to the hexa-

gonal results in a large decrease in intenfity. The same

!

r
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was observed for all wagginé-bands.'At the melting'teh-
peraturé.the wagglng band ﬁfogression disappears.

The spectrum of liquid n-C,,Hy, (Figs. 20 and 21)
contains bandg at‘i378, 1300 and—1080 cm"l and weaker béﬁds
at 1370}.3352 and ‘1340 em™ Y. These bands are due to the
wggging vibrations of methylene groups adjolning gauche
conformers [70]. _ | /

. . in Fig. 21, there is an apparent increase in 1nﬁen—

1

sity at-about 1350 and 1300 cm ~ with 1ncreésing fempera-

ture; intensity in this region arises from methylenelwagg;ng
in non-planar chains. -

The shift to higher frequencies of the wagglng band
during the "rotatcr" phase transition can be interpreted és~
arising from the differences in intermolecular interactions
in the two sollid phases. Wagging bands are not éplif because
of interchain coupling in the orthorhombic phase, but, as
shpown here, thelr frequency is depehdent on the tépe‘o}'crys—
tal structure.

| The introduction of gauche.conformers irito. the hydrd;
‘carbon chains.should produce shifts to lower frequency of the
wagging bands [70]. The observation of shifts to higher fre-
quency indicates that' the molecular conformation i§ not chang-
ing upon traﬁsition. However, the lncrease in 1ntenslity at
1450, 1350 and 1300 c:m"l can be interpreted as arising from
th introduction of non-planar conformations. In the case of
n-033H68 [56] this increase in intensity was correlated with
small angle’' X-ray scattering measurements which showed a

[N

shortening of the chains in the hexagonal phase; a value of
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0.72 defects per chain was determined. The bulldup in in-

' frareg intensify was iﬂterpreted as confirming the intro-
duction of @efects, Since the behaviour of most bands:
inlfhe.infrared spectra (vide infra) and in the Raman
spectra [57] indicates consgrvation of the all-trans con-
fopmation;,the,ﬁﬁildup of. intensity 1in the infrared speetra'
‘'can be. interpreted as arising from chain imperfectlions o-
figiﬁéted from toreiehﬁ} motions about the long axes of the
molecules. The thermal expansion during.the "rotator"
phase trensigion is, larger for ehe longer member of the
serles than for the shorter ones [45,54]. The longer chains

| . .might bedeble'to berform torsions of greater amplitude gilving

‘rise to the chain shor?ening'effects ebserved in n-C33H68.

e P .

3. 3 4, Methylene Rocking and Twisting

.
The components of the methylene rocking band progres—

SF

sion are split in the orthorhombic phase due to vibratlonal
correlation. The principal effect of the "rotator" phase tran-
sition 1s to eliminate the splltting because there 1s no vi-
brational coupling the hexagonal phase. This is clearly seen ’
40 Fig. 23 which shows the spectrum of n-C, Huu at 1, 36 and
48°¢. Table VI 1l1sts the observed frequencies for the rocking
bands in the erﬁhorhombie and hexagonal phases. .
The héad band in the spectrum of n—C2lHuu appears at
719.8 and 730.8 em™L (P,) in the orthorhombic phase; these
values remain constant throughout the orthorhomblc phase. In
-1

.*the hexagonal phase the band appear at Jq21.2 cm anﬁ're-
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Rocking region (1190 - 6 em™L) of the
‘the infrared spectrum of n-Cy Hyy; A.
orthorhombic; B. hexagonal and C. melt.

- ‘ . r
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mains constant in frequency up to the melting poirt.

.In both compounds (nucleuu a?d n-~C Huo)‘the P

19 11
mode gives rise to only one band because 1t is at 'this point,
where the value pf t?g’éorrelatidn splitting 1s equal to zero
[62]. The intensity of this band drops by ~50 % during the
"fotator" phase transitlon; upon melting it becomes extreme-
ly weak and it is not posslble to measure its intensity. |
Fig. 24 shows the intensity of fll in the spectrum of n-C, Hy),
versus temperatyre. All other bands in the rocking band .
progression show a similar behaviour during this transition.
Thé méthyl symmetric in-plane rocking (B) shifts -
to lower frequency during the "rotator" transitioni(fdble vI).
There 4s a drop in 'its intensity as showniin Fig. 25, com-
parable‘to that observed formethylene rocking P;l'(Fig. 24),
At the melting point tﬁére 4s a further decrease 1in inteA-

sity of about 50 %.

-

N

?he bands of the rocking band progpession aressensi-
tive to conformational chanées that result in non-pginar
chains [70]. These changes 1n conformation should produce'
shifts in freqqucy.lThe frequeécy of the rocking bands re-
mains constant throﬁghout the hexagonal phése indicating that
thefé are no conformational changes ér that they are very
small.

The methyl symmetric in-plane roéking mode has been
found to be insensitive to conformational changes [70].

However, changes in intermolecular interactions such as those

occurring dﬁring the "rotator" transition have marked effects
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on its intensity and frequéncy.
Methylene twisting bands are extremely weak. They
are’not split dﬁe to intermoleculér ef'fects. Tabig VII

~

11sts the observed bands in the spectra of n-C, H,, and
n—ClgH“0 in the orthorhombic and hexagonal phases. It can
be seen .that their frequency is insensitive to the "rotator"
phase”transit;on. The intensif& of - these bands, howéver,'
d;creases sharply during the tréﬁsitign (FigSuQQI and 23).
Quantitative measurements were not possible due to over-

) lép with other bands and their behaviour is affected by

the behaviour of the overlapping banés.

y

3.3.5. Carbon-carbon Stretching.

Fig. 23 shows the region Wwhere the C-C stretching
bands appear. Table VIII lists the observed‘freQuencies of
the é—C stretching bands. In general, there is a shift to
lower frequency of the strgng components. "

Fig./éG shows a plot of t?e intensity of the R3 cop-
ponent_of the C-C stretching progre;sion 1n the spectrum of
n"CElHHM vergps'temperature. It shows a drop of 50 % of the

‘band intensity during the "rotator" phase transition. As the

intensity of this band is due not only to carbon-carbon stretchr«

ing but also due to methyl symmetric rocking, the drop in in-
tensity could reflect the_similar drop observed for the me-

“ thyl mode (Fig. 25). However, the Ry band in the 'spectrum of
n-ClTH3OD6 Ew?ere thls coupling 1s not possible) shows a com-

para le temperature-dependeﬁt behaviour. The coupling with me-

tﬁyl rocking deoes not affect the dependence of the band cha-
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CHAPTER 4. l,2—DIPALMITOYL—sn;GLYCERO—3—PHOSPHOCHOLINE.

4.1. The Infrared Spectrum of DBPC.

As“ﬁotedrin-Secti;n_i.éll., phosphatidylchg}{nes
have been extensively studled as models fof bio-membranes ..
1,2—Dipalmitoy—sn—glycepaa3-phoépho§héline (DPPC)- 1s pro-
bably the most widely studled compound in this élass. Tﬂ;
chehical structure 1s sh;;a in Fig. 27. In order to use
1nfrafed spectroscopy to study-the dynamical aspects 6f
bllayers formed by this compound 1t Is necessary to assign
all or most of the bands in its spectrum. Fig. 28. shows. -
the mid-IR sﬁectruﬁ.taken as a polycrystalline solidz

The infrared spectrum of DPPC has been previoﬁsly.

<\?e§ofted [311 and studies of 1ts temperature dependence’
‘have been made [37].lHow§véf, few bands were gonsi&ered'in ‘
these reports. Comparison with the spectra of its deuteriated

{
derivatlves permits a clearer assignment. The use of state

:; the art infrared instrumentation, ylelding spectra with
high.signal-to-nolse ratios, permits the observationﬁ'bf very
weak bands which were overlooked in the early reports.

The following deuteriated derivatives of DPPC were used
1n order to aid in the assignment: DPPC-dg,; DPPC-16',16"-d,
éﬁd'DPPC-dgl The assignment 1is discussed in terms‘of the
bands .in the spegtrum of DPPC and no asslgnment 1s made of

the spectra of the deuteriated derivatlves. However, the

assignment for the deuterilated compounds can be readlly es- h\
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Fig. 28. .Infrared spectrum of solid DPEC.
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‘ tablished by reference tqrthe final assignments for the
' undeuteriated compound.

-

h:l.l..C—H Stretching.

Fig. 29 shows th infrared spectrum of DPPC and
its deuteriated'anéﬂpés in the C-H stretching region taken
as polyerystaliine solids. Table X lists the observed fre-
quencies in this regibn for DPPC and its derivatives from
spectra of polycrystaliine §olids and CDCl3 golutions.
* "The spectrum of DPPC shows five resol$g%'bands

l. The assign-

with a weak;underlying-band‘at 2895 em”
ment of these bands 1s straightforwafd. The vibratibns from

the pal@itoyl chalns 1n the molecule dominate- this spec-
tfal_région.éhd therefore /the assignment follows from fhat

of hydrogarbons given in Section 3.2.1. Furthermore, the »
assignment 1s confirmed by the dissppearance of bgnds

in'the spectra of the deuteriated derivatives (Fig. 29).

The two strong bands at 2917 and 2850 cm"l are respectlvely

the antisymmetric and symmetric methylene stretching modes

of the palmitoyl chains. The asymmetric and symmetric modes
' 1

>

bf the ter

al methyl groups appear at 2956 and 2872 cm™
respectively.

1

The band at \3030 cm™ in the spectrum of solid DPPC

corresponds to the as of the choline methyl *
groups. It is not present in the spectrum of DPPC~d9 (Fig. 29B).
As in the case of the C~H stretching reglon in the

spectra.of alkanes the underlying bands at 2895 and 856‘cm-l
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represent methylene stretching in réébﬁance ;ith binary
combinations of methylene scigg;}ing f60].

-There are some other bandSDto be exped%éd in the
C~H stretching -region. These are, the symmetric sfretch
of the choline methyl groups;\modes'arisiqg from the-
(Poq)-CHE—CH2-N+ molety, and the glycerol C—H‘stqetching ‘
modes. Some of these can be detected by comparison wilth the
spectra of the deuteriated compounds.

In the spectrum of DPPC—d62 (Fig. 29D) the band
at é958 cm-l can be assigned to the choline me?hyl symmt -
trie stretch; 1t disappears én hydration,_behaviour cha-
racteristic of the stfetching modes of the choline group. )
The strong band in the spéctrum of DPPC-dg, at 2887 cm™t
is assighed to stretching of palmitoyl CHD groups arising
‘from incomplete deuteriation. This assignment is supported
by the fact that the band broadens and shifts to higher fre-
quency when the compound is dissolved in CDCl3. Acyl chain
methylen; stretching bands broaden and shift to higher fre-
quency when thevcompqnds melt {Section 3.3.1.) or are in
soIUtion.£66]. The pands at 2850 and 2918 cm"l_arise from
the stretching of non-deuteriated methylene groups in the
palmitoyl chains; they show_the.same expected behaviour on
going into solution. .

“There is an uﬁderlying band af N2930,cm-1 which shows
virtually the same frequency in the spectrum of the solid

or the solution, .and shows the same characteristic behaviqur

of "head-group" vibrations upon hydration. It is assigned

-
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to the'—CH27N+- symmetric stretch.

4,1,2, Carbonyl Stretching. . v

. . . b N » —
The carbonyl stretching mode 1i1s observed at 1737 cm 1

in solid samples and at 1736 em™t

& .
these samples the band was found to be symmetric (Fig. 28)

in CDCl, solution. In

and no evidence of multip}e component bandscould.bé ob-
served in the solidhsample in spite of there beilng two
carbonyl groups in the molecule. However, the cafbonyl

band in the spectrs of multilameilar dispersion of DPPC

is quite aéymmatrim (vide infra) and two bands havé been
resolved 1n the _spectrum of a sample.of thé racemic mixture

D,L-DPPC [71] and two bands were observed in a dry- sample

of DPPE [72]. \\\.-

4,1.3. Fingerprint Region. e

-

The 1500 - 1300 cm™ * spectral region 1s shown in

Flg. 30 fop DPPC and its deuteriated derlvatives as poly-
crystalline sollds. It contalns the bending modes of me-
thylene and methyl g%oups.in several different functional
groups. The peak positions are listed in Table XI. The re-
glon is dominated by the sclssoring vibration of acyl chain
methylenes at IMGZ{cm_l which overlaps with a broad band
structure spanning from 1500 to 1430 cm"l; comprised of
several components, ‘,»;\ )
The band at 1485 em™* 1s absent in the spectrum of -
DPPC—-d9 (Fig. 30B) and remains in the spectra of DPPC;dG2

- (Fig. 30D) and DPPC-16',16"-d, (Fig. 30C) hence it 1s assigned

»~ -
-~
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TABLE XI: Observed frequenciea (em”

deutertiated derivatives as polyerystalline sollds and CDCL3 ET-28

-102-

lutions: fingerprint regleon.

l} in the infrared spectru of DUPC and

. oeee OPPC-dg, OPPC-16',16"-d DPPC-dg
soi?d solution solid solution s0lid solution solid solution
1485 1479 1484 1480 1484 1480
1467 1468 1467 1467 1467 1467

1469 1469
1458 1458 1458 1458 1458
1455 1456
1440 1441 1441 1443 1442 1438 1445
18418 1417 1416 1416 1416 1317 1416 1817
1405 -
1398 1288
1378 1379 1381 1380 1378
1368 1367 1362
1340 |* 1342 1343 | 1342 1342
1331 1326
1318 1316 1317 1319
1284 1284 1234
. 1266 A '
1258 1260 1256 1260 1258 1256 1256 1256
1246 1244 1246
1242 1244 1240
1222 | 1223 1223
1215 :
1198 . 1198 1198
1180 1179 1175 177 1175 1174
V67 - L 1170
1153
1149 1148 1144 1141 1146 1148
1138
118
1106 1098 1106
1094 1092 1090 1090 1094 1090 1094 1092
1084 1083
1075 1066 1070 1068 1066 1068,
* 1062 1057 1058 1058 1056 1058 -
- 1036 1036
1014 1017 1018 1018 1019
980 980 9g2 -
970 970 969 968 968
955 954 956 956 954
933 927 925
915 912
908 900
890 388
874 877 875
245 - B46
g28 -
820 819 817 815
782 788 |
760 763 760 766
21 123 721
- 715
d

ur’)
r —
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*

to the asymmetrié bending of the choline methyl groups. On

thelsame basis the weak band at 1405 cm = is assigned

g
to the corresponding symmetric CH3 mode . Comparing the

spectrum of DPPC with that of DPPC—lG',l6"~d6,.and fol-

e

lowing the assignment of hydrocarbons (Section 3.2.2.),
the bands at 1458 and 1378 em™1 can be assigned to the .

. ¢
antlsymmetric and symmetric bending of the acyl chaln ter-

-

minal methfl grouﬁs.

The band at 1418 cm“l

has previously been assigned in
the spectra of related compounds to the scissoring vibra-

tion of the methylene group next to the C=0 group in the

acyl chains .[73]. The intensity of this band is noticeably

i

decreased in the spectrum of a dry sample of DPPC-—E'-d2
pporting this argument.
As 1n the casé of normal alkanes, the assignment of
the band at 1440 em™' 1s unclear (Section 3.2.2.), In the
cage of hydrated multibilayers of DPPC thils band has a ther-

motropic behaviour (vide infra) comparable to the one des-

eribed in Section 3.3.2.

The spectrum of DPPC as a polycrystélline sclid in

L e
the region 1300 - 900 cm-l, Flg. 31, consists of four strong

bands overlapped by many weaker bands. The strong bands at

1258 and 1094 em™ L represent the antisymmetric and symmetric
phosphate stretchlng modes. The serles of weak bands and

shoulders at 1368, 1340, 1331, 1310, 1284; 1266, t246, 1222

. and 1198 cm_l are the components of the methylene wagging

band progression. The frequencles are fh@se characterlistic

of the palmivoyl chain [74].

—
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Fig. 31. Infrared spectra Fig. 32. Infrared spectra
of DPPC and derivative® of DPPC and derivatives
(solid samples) in the (solid, samples) in the
1300- 900 em™* reglorm. 900 - 600 em™t region.

A. DPPC; B. DPPC-dg; A. DPEC; B. DPEC-dg;
c. DPPC-lG‘,l?gids and C. DPPC-16',16"-d. and

D. DPPC~d62. D. DPPC—d62.
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The C-0-C stretch gives rise Eo bands at 1180- 1160
em™t (antisymmetric) and 1080-1060 cm” (symmetric)

(65,72,73,75]. The bands at 1180 and 1167 em © are assigned

to asymmetric C-0~C stretching. These pairs of bands each .
co}jlapse to one on hydration and studies of’ partially hy-~
drated systems show gradual merging of the}two‘doublets.

The appearance of two bands instead of one for éach Cc-0-C
stretching mode can be rationalized in terms of two difféfent
conformations for the ester groups [72].

The bands at 1153 and 1138 cm;l are also resent in_
the spectrum of DPPC—d62 indiczting that they are associated '
with vibrations of tﬁe "head~group"

The band at 1118 em™t can be assoclated with carbon;
carbon stretching coupled with end éroups [731.

From 1015 to 915 em™ T a sequence of bands 1s obser-
ved which undergoes large changes on deuteriation of the cho-
line methyl groups. TEE)weak band at 1014 Em’l can be assigned

to the Nt —CH stretchy although largely masked by CD, ben-

3
ding the band is still evident as a weak broad featu:e in the
spectrum of DPPC-dg. )
The bands at 970, 933 and 915 cm_l, and the weak shoulder
at 955-cm_l, a1l shift on deuteriation of the choline methyl
groups. The triplet has been assigned [72] to antisymmetric
and symmetric -n¥ (CH3)3 stpetching modes (970 and 930 cm -1y,
The 900 - 600 cm™ -1 spectral region is shown in Fig. 32.
TPhe bands at 820 and 760 em™* represent the antisymmetric

and symmetric P-0O single bond stretching in P(OR), [72].
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The strong band at 721 cm in the spedtrum of DPPC

represents the acyl chaln methylene focking mode [31].
- -

4.2. The Thermotrople Behaviour of DPPC MultilﬁElear
- - . ¥ o

Dispersions.

In Section 1.3.1., thegen;ral characteristiés of the
thermotroplc mesomorphism of phosphatidylcholine‘bilayers
were given. In the ?ollowing,sectioné the results obtained
from the study of this mesomorphism in DPPC bllayers by in-
frared spectroscopy are presented o

Fully hydrated multibilayers of DPPC were prepared
for infrared spectroscopy as described in Section 2.2.
These multibilajers show two endothermic evehts in the tem-~
perature range 0 - 60°C (Fig..u). One at 41.5°C, called the
main transition, involves the melting of the acyl éhains._ ' r
The nature of the second, at 36-37°C and called the pretran-
sitién will be characterized herein.

The liduid-crjstalline phase, above 41.5°C, is com-
posed of bilayers where the hydrocarbon chains contain large
numbers of gauche conformers [27]. In the gel phase, below
41.5 °C, the chalns are essentlally all—tréns and packed
in a regular 1attice [16-21];

-

4.2.1. Acyl Chain Modes.

by, 2 1.1, Seissoring and Rocklng.

The®*infrared spectrum of fully hydrated multibilayers
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in the"CH2 scissoring and rocking regibns is shown in’
Fig. 33A and B respectively. Each part shows in the.bot-
tom. sectidn a set of flve absorbance spectra takenmat tﬁé ‘
indicated temperatures, and in the upper section the four
"correspcnding difference spectra generated from the absor—
bance spectra. The temperatures are selected so0 as to
bracket thelvarious stages of the temperature—dependent
behaviour of B%PC: the iiquid;crystalline\phase, the gel
to liquid-crystal phase transition, the pretransition, and
the gel phase below the ‘pretransition. | -

The dominapt-features in Fig. 33 are the stropg
fundamentals at 1468 and 721 em™t which repreeent thg seis-*

“

soring and rocking modes of the methylene groups, in the

acyl chains (Section 4.1.).

In the ligquid- crystalline phase these bands are re-

latively insensitive to temperature variations; however,
they underéq abrupt changes in intengity during both tran-
sitiohs. Below the temperature of the pretraneition, the
principal changes in the absorbance spectra are broadening
of the band contsurs as the temperature 1s decreased. In
the case of the'Cﬂé scissoring mode thils occurs primarily
on the high-frequency side, and at 0°C (Fig. 33A, broken
line) the band contour is ccmprised of two barely resolved
componehts, at about 1472 and 1467 em™l. In the case of

the éHE rocking mode, the maximum has shifted to lower fre-

quency, but the band contour is now asymmetric as a result

of the broadening occurring solely on the high frequency
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Fig. 33. Methylene scissoring (A) and methylene
rocking (B) regions of the infrared spectrum of fully
hydrated DPPC at 0°, 30°, 38°, H3° and 55°C (bottom)
and corresponding difference spectra (top). The spectra
in A were recorded from a 6 PmJthick sample in a ¢el
wilth BaF2 windows. The spectra in B were recorded
from a 6 '.Lm-thick sample in a cell with ZnSe windows
and were smoothed with anilk-polint function. In addi-
tion, baselines-in B were correctgd by removing the
‘slope from the underlying water band.

J
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side of the peak maximum (Fig. 33B). -
In the difference spectra of Fig. 53 more subtle

eff;cts are evident. Throughout the liquid-crystalline

phase (55 - 43 °Q), only minor reductions in intensity . | i
- occur as the temperature 1s raised, while tﬁe main tran-
siQioﬁ (43 - 38 °C) produces large intensity decreases.
In the case of the scissoring bénd, the intensity lcss 1s
accémpaﬁied by an increase in the intenslty in the region

l. Th*s behaviour 1s the same as that ob-

1450 - 1440 cm™

served in the melting of hydrocarbons (Section 3.3.2.) and

is typical of. these modes on:melting. 1
The changes observed 1n the temperatu;e range co- t

vering the pretransition (38 - 30 °C) are smaller than ]

those in the maln transition and also different in natufe.ﬂ

Although there are simllar reductlons in 1nt¢nsity of the. . _ ]

fundamentals, and an intensity increase in tﬁe region.~ |

l, both difference spec??ﬁ*are shifted re- ‘ .

1450 - 1440 cm”

lative to those in the main transition. ‘Furthermore, in X |

the case of“tqe scissoring mode, a low-frequency shdulder

is evident iApthe negative peak. ' 1
The gel pfase difference spectrum (30 - 0 °C) is ‘

completely different. fn both the CH2 scissoring and the -

CH2 rocking regions there are two m%nima. As the differéncé

spggtra are an absolute measure of the absorbance differences

resulﬁing-solely from the variation in temperature, the ob-

servation of two minima confirms the detection in t%i/ézfor_

bance gpectra of splltting of the CH, scilssoring mode at 0°C |
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They also indicate that the changes in the CH, rocking
mede result froﬁ Splittiné of the Héndd one compoﬁent
shifting to lower frequency énd the second, weaker com-
ponent appearing at higher frequency.

The splitting of the CH, scissoring and rocking
modes continues progressively with.decregbiné temperaturé,
and at about -60°C both modes are split by’lO em™ L,

Fig. 34 shows the scissoring (szt A) and rocking (Part B) .
modes of DPPC at -60°C and 0°C.

As 1n the spectra of hydrocarbons (Sections 3.2.2.
and 3.2.4.) the simultaneous observation of two band§‘in
each of these regions 1s assigned to factor groqp' (corre- + -
lation field) coupling of these modes. This coupling is only
observed when the acyl chalns are packed in anlorEhorhom—
bicAsubcelI’(monoclinic or orthofhombic cerystal léttice) and

are not observed when the subcell is hexagonal or tricli-

nic.

The nature of the changes in the methylene scissorin
and rocking modes was characteriéed by quantitatively eva-
1uating‘3everal'spectral parameters. The absorbance and
AA/AT (rate of change of absorbance, see section 2.3.3.)
plots of the sc;Q§oring band'(Fig. 354) and';f éhe‘rocking
band (Fig. 35B) show simllar behaviour. Large changes are
observed at the main transition at 41.5°C, while at a
slightly lower temperature, 37°C, smaller changes aSSOCiﬁfed

with the pretransition are observed. Both in the gel phase-
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.Fig-._ .314. Methyl‘en.é scissori_ng (A) and methylene
rocking (B) reéioris of the infrared spectrum of fully
‘hydrated DPPC at -60° (solid lin?%) eand 0 °C ’(broken
line). Spectra were r"ecorded under the same conditions
= .

as described in Fig., 33. .
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Fig. 35. Temperature dependence of the CH2 sclssor-
ing and rocking mocdes in the spectrum of fully hydrated
DPPC: A. CH scissoring modes, as AA/AT (solid line)
and A (¢) vs. temperature; B. CH, rocking mode, as

_ AA/AT (solid line) and A (¥) vs. temperature; C. half-
bandwidth of. the CH rocking mode vs. temperature;

D, frequency positions of the minima in the difference
spectra of the CH2 scissoring mode vs. temperature.
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and in the liquid-crystalline phase, the rates of change i

are much smaller and nearly constant.

The behaviour of the bandwidth of the CH, rocking
mode (Fig. 35C) 1is in contrast to that shown by the ab-
sorbance plets. The bandwidth undergoes a, large change at
the main transition and 1s constant over the range 40 to
20°C. It then increages again/yﬁen the temperature is fur-
ther'reduced, as a“fesﬁlt of the factor group splitting. A
The same trend was observed for the CH2 seélssoring band in
the gel phase. In addition, no evidence of a pretransition
could be obtalned from the width of elther band.

Theronset Sf factor groﬁp splitting is.evident at.-’
témberature§ below 1050 in the absorbance specira. However,.
the halfwidths of the CH2 rocking'and sclssoring bands 1n-
dicaté that splitting 1s present in the range 10 to 20°C,
while the shoulder in the methylene sclssoring and in the
difference spectrum covering the pretransition (38 - 30 °C)
suggests that splitting bccurs at even higher temperatures.
In order to observe the onset of.the splitting, the posl-
tions of the minima in the difference spectra of the scis-
goring mode were monitored. These frequencles are plotted -
as a funqtion of temperature 1in Fig, 35D. At all temperatures
above 37°C a single minimum is observed at the same fre-
quency as that of the peék in the.absorbance spectrum, de~
monstrating that 1n thls temperature range there Is only one
band, at constant frequency, the peak height of which de-

creases with increasing temperature. Below this temperature,
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S£litt1ng of the CH2 sclssoring mode commences and increases
in magnitude with decreasing temperature. This 13jevidént
from the appearance of a low-frequency shoulder in the-dif- ’
ference spectrum, which 1s resolved into a second minimum be-
iow 30°C, and the simultaneous shift of the stronger mini-
mumtto higher frequency. The sepafation of the twé-pomponents

increases steadily with decreasing temperature until the

splitting in the difference

pectra can be clearly related Ve

to the splitting in the sorbance band contours.

"The behaviour of ¢t CH2 scilssoring and rocking bands

demonstrate that as t perature is reduced below 37°C
there 1s a progressive factor group splitting of these modes.
As noted above, factor gpoup splitting of these'modes 1s

only compatible with acyl chains ﬁackéd in an orthorhombic

rJ -

b,2.1.2. Methy ern ing Band Progression.

subcell,

The methylene Wagglng band progression appears in

the 1360 - 1190 cm regién dominated by the antisymmetric
‘phosphate stretching band (Section 4.1.). This region of
tﬁe 1ﬁfrared spectrum of fully hydrated multibllayers of
DPPC is shown in Fig. 36 where in the bottom part five ab-
sorbénce spectra at selected temperatures are presented, and
~in. the top part the four corresponding difference spectra are
shown. ¥

' The cohponénts of the band progression are present

at all temperatures below the main transition; these bands
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F:Lg,.’ 36. Infrared spectrum of' fully hydrated DPPC

in the 1360 —-$1190 cm™t region at 0°, 30°, 38%, 43°
" and 55°C oftom) and corresponding difference

spectra (t¢p). Spectra are from 25 pm-thick sample

between C;aTF2 windows.
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are typlecal of all-trans chains [58] and therefore they

are absént in the .spectra of the liquid-crystalline phase.
ALY

They inc ease'considerably in intensity as the temperature

ced in the gel phase. In fact, as 1s evident from

tra in Fig:. 36, the phosphate band 1s practically
ingariant ﬁith tempe?ature; and the difference spectra re-~
sult entirely from changes in the band pregression.

The difference spectrum for the liquld-crystalline
phase is featureless, confirming the absence of bQE band

progression in the spectra of thils phase, as a result™of

the high proportion of gauche conformers present in the acyl

chains. When the temperature is reduced from 43 to 38 °C,

L
large changes are evident in_the band progression due to the

transition toa predominantly all-trans conformation. Smaller

intens;ty changes are observed in thé pretransition range
38 - 30 °C, and, as the temperature 1s further reduced, the
inf&nsities of the band progréssion components continue to
increase. Also evident in the 30 - 0 °C difference spectrum

is a palr of weak bands at about 1300 and 1278 em™ L, They

could be components of the twisting~rocking band progression

appearing in thils spectral region, whlch are considerably

weaker than the wagging bands (Section 3.3.4. and [T4]).

-

The way 1n which the bands change was determined by

monitoring AA/AT for all components of the progression.

/

Fig. 37 shows a plot of AA/AT and A versus temperature for
the k = 2 band at 1220 em™L.

s

nents of the progression were practically ldentical. The

Plots derived from other compo~

-
L ]

>
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Temperature dependence of the k = 2 compo-~
nent of the methylene wagging band progression
in the spectrum of fully hydrated DFPC as

'AA/AT (solid line) and A (A) vs. temperature.
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plot in Fig. 37 shows the same behaviour as that derived
from the'CH2 sclssoring and rocking bands shoﬁn in Fig; 35.
The béhaviour of A versus temperature 1n Fig. 37 .
can be compared to that of the intensity of the Wi band in
the spectra of n-C, H,, (Fig. 22B). - |
‘ .The frequencles of the band progression were derived
from the positions of the minlima 1n the difference‘s ectra
and are listed in Table XII. As the individual bandsfof thié
prégression show no splitting, the values in Table XII cor-
respdga to thelr actual peak posltions, excepi when é shift
in frequency 1s occurring. It 1s evldent thafJin the range
36 - 38 °c there is an abrupt shift to higher frequency as
the témperature is ralsed. Thisshift is comparable to that
of the ﬁagging bands in the spectra of hydrocarbons during

the "rotator" phase transition (Table V).

4,2.1.3. C-H Stretching,,

The C-H stretching reglon in the spectrum of DPPC is
shown in Fig. 38. The bottom part shoﬁs five spectra at se-
lecteq temperatures and the top part the corresponding
four difference.gpectra.

 As is evident from Fig. 38, the' C-H stretching
bandsuchange substantially in the pré—'and main transitions,
the frgquencies of the methylene bands have previously been
useé to monltor the maln phase transition“in.racemic D,L-DPPC

- {75]. The antisymmetric and symmetric methylene bands show

ldentical .behaviour. They afe almost invariant 1in frequenc&
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TABLE XII. Temperature dependence of the peak positions (em™
of the first three components of the CHe.wagg-
ing band progressicn in the infrared spectrum
of fully hydrated DPPC btilayers; determined
from the indicated difference spectra.

Temperature = _

range in °C kil k =2 k = 3

[ _
42-40- m 1222.5 1246
40-38 1200 1222.5 1246
38-36 1199 1221.5 244 .5 .
36-33 1198 1221 1244
33-30 1198 1221 1244
30~0 1198 1221 1244

1y
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Fig. 38. Carbon-hydrogen reglon in the infrared
! - spectrum of fully hydrated:DPPC at 0°,
309, 38°, 43° and 55°C (bottom) and cor-
-respohding difference spécpra (top).
Spectra are from a 2.5 um-thick sample
.between CaF2 windows.~
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throughout the gel phase, with an abrupt peak height change
at the temperature of the pretransition. The main transi-
tion results 1ﬁ-éﬁaﬁges in all band parameters, while 1n
the liquid—crystalline phase changes are minor ahd restric-
tgd to the peak height. In contrast: the methyl bands at
2956 and 2872 cm":L ﬁn¢ergo large changes in frequency, band-
width, and peak height in the gel phésq and in the pretran-
sition. This is particularly evident in the correéponding
difference spectra.- .

Detalled data regarding the temperature dependence of
these bands are given in Fig. 39. The p;oés of AA/AT*

(Fig. 39A) and AB/AT, rate of chéhge in integrated intensi-
ty, (Fig. 39B) of the methylene symmetric stretching mbde
closely resémble the AA/AT plots of the scissoring and rocking
modes in Fig. 35. _ ‘ -

The temperature dependence of the frequencles and band~
widths of the C-H stretching modes are shown in Fig. 39C |
and D respectively. The frequencles of the methylene modes
are invariant (Fig. 39C) except at the maln, transition
where the | shifts to higher frequency reflect the acyl
chalin melting. This also produces the large bandwidth
changes at 41.5°C (Fig. 39D). Below 41°C.there are steady
deqreases in the mgthylene Bandwidthsrwitﬁ inflections at
20°C which can be correlated with the factor group splitting .

effect observed in the CH; rocking band.
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Fig. 39. Temperature dependence of the C-H stretching

modes: A, symmetric stretching as AA/AT vs. temperature ~
B. CH2 symmetric stretching as AB/AT (change in 1integrat-

ed intensity) vs. temperature; C. frequencies: CH3 asymmetric

stretching (©), CH, antisymmetric stretching (*¥) and CH,

symmetric stretching (+); D. halfbandwidths: CH2 antisym-
metric stretching (o) and CH, symmetric stretching (A).
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4.2.1.4. Discussion.

The main transition at 41.5°C in DPPC marks a change
from a solid-like to a fluid-like phase. At this temperature,
- the infrared spectrum of the acyl‘chﬁin~modes exhibits lafge
concomitant variations in peak height, freguency and
—bandwidth similar to the changes observed in the melting of
n-alkanes (Section 3.3,)[66]. In the liquid-erystalline
phese'much smaller changes of the same type are observed
as the temperature is'raised. This correlates with resnlts
of 2H NMR studies [27] which indicated an increase in the
average number of gauche conformers per acyl chain as the
temperature 1is ralsed in the liquid-crystalllne phase.

A -
The most specific data, from the infrared spectra re-

i et

late to the gel pﬁ se and are obtained from the absorptions'/
due-to the methylene grohps Below the prettansition tem-
peréture the dominant factor determining the band shapes
and positions 1s the crystal packing. The resultant effects
are first evident at 37°g in the difference spectra of the
CH, scissoring bend (Figs. 33A and 35D). At about 20°C the
effects are also evident in the bandwidths of the CH, stretch-
ing, rocking and scissoring modes. Below 10°C there is clear
evidence for two bands in the band contour of the CHg'scis—
soring mode, and at 1ower temperatures both the scissoring
and rocking modes are split (Fig. 34).

The pretransition eveng at 36 - 38 °C is cnaracterized
by abrupt decreases in peak heiéht of all methylene bands.
The only other bsnd parametef observed‘to change in tne tem-

- ., .
perature interval 36 - 38 ?Ciis the frequencles of the wag-
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ging band priggression (Table XII). The key to the inter-

pretation of the above results lies 1in the crystal packlng

“of the acyl chains in DPPC. The observation of factor

group splitting in the infrared speézégm a alljtemperatures
below 36°C 1s compatible only with the assumption that the

acyl chains are packed in dphofththombic subcell is an

™ .
- orthorhombic or monéclinic erystal lattioce, such splitting

1s absent in the spectra of acyl chalns packed in tric}ini
or hexagonal lattices [62].

] Factor group spiitting (also called correlation fleld
splitfing and dynamic splitting) results from interchain
coupling of viﬁ?ational modes and depends upon molecular no-
tion [76]. The temperature dependence of.sﬁiitting<shown
here can be rationglized 1in terms of variations in the in-
terchain coupling rééultiﬁg from distortions of the ortho-
rhombic subecell. These distortions must result from motions
of fully extendég chalns abogt‘thelr long axes. The progres-
sive splitting op ldwéfiﬂé the température of th? Qcissoring

and rocking modes shows that the chain torsional motions are
-

decreasing in rate. At -60°C the rate of rbtatidn,seems to

Fg

have reached a minimum since the splitting 1s constant at S

lower temperatures. -

The relatively large changes'observea in the methyl
asymmetric stretching band throughout the gel phase supports
the argument of continuously increasing rates of motion and
therefore an increasingly mobile central area of the bilaye;

-
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in the gel phase as-the temperature is ralsed.
This description of.tne bilayer structure below
the pretransition is in accord with the observatlon of dils-
torted hexagonal packing found from X-ray diffraction '
studies [21]. In those studles ‘it was 21s0 fqund‘that

the distortion increased as the temperature i% reduced and

it is accompanied by a decrease in the rate of motion aboﬁt’

#
-1

the long axes -oi_‘ the chalns. A simllar conclusion'tth re—
2

gard to the rates of motion was also reached from NMR . =

:[29]‘ehd.ESR studies [.30].

The determination of the crystal structure of DMPC

dihydrate at 15°C [22] showed that the molgfcules are packed

‘in a monoclinic lattice. The chains are packed perpendicu—_

15“*?6 each other at pesitions close to the "head-group"
while towards the end they are twisted to a mutually parallel
orientation resembling a triclinie unit cell. This illus-
trates the potentizl for torsional motions about the long

axes,particularly in the fully hydrated system wherev the

- packing 1s less rigid.

On the basis of X-ray diffraction [22] and Raman
spectroscoplc studles [33,34], the general nature of the pre-
transltion has been repo?ted as a change from a regular close
hexagonal lattice above t%e pretransition to one involving
a greater’ degree of interchailn interactions below the pre-~
transition. The results from this infrared study at tem-

peratures in the range 41 ~-38 °C are compatible with close

)
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hexagonal packing and below 36°C with ortiorhombic packing;
hence it is conéluded that‘the pretransition is a crystal-
lattice phase change from a hexagonal subcell (abov? 38°C)
to an orthorhombic subcell (below 36°C).

The Eonfirmation of this characferization of the pre-
transition comes from the studles of the'rotator" phase tran-
sition in n-alkanes presehted in Section 3.3. The major
‘changes observed from hexagonal to orthorhombic in the-hy-
drocarbon spectra were: appearance of factor group splitting,
slight decreases in bandwidth of the CHé stretching modes,
relatively large increases in peak heights of the CH, strétch1
Ang modes and of the wagglng band progression,-a decrease
.in intensity in the 1450-1440 em * reglon and shifts to lower
frequency of the wagging band progression. The frequency
shifts of the CH2 waggling band prqgression and the abrupt
increases in peak helght of all Cﬁz modes are exactly the
changes'observed at the‘pretransition in DPPC. The other effects,
observed in the spectfa of n-alkanes; i.e.,.slight frequency '
shifts and narrowing of ban&é, are obsérved in the épectra
of DPPC as ‘the temperature is réduced below 36°C, and can
be corrélated Wlggy increased splittin; of-the CH2 scissoring
and rocking bands. Further evidenece for an orthorhombic
subcell is found in the low-temperature Raman spectrum of
D,L-DPPC [77] where a band 1s cbserved ét lh20 cm"l.

The exact nature of the crystal lattice, orthqrhombic
or monoclinic, cannot be determined directly from the:in—

frared spectra. The two unit cells are nearly identical,

the difference belng in the angle of tllt of the chains

v
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ra : )

with respect to the ab plane, which in this case 1s the
plane on which the terminal methyl groups lie. In the or-
thorhombic unit cell the chains are perpendicular to this

plane, while in the monoclinic unit celli the chains are

tilted with respect to the plane [45]. Generally, the cryé-‘

tal lattice of similar compounds such as fatty acids [78],
fatty acld esters [79] and dipalmitéylphosphatidylethanol—
.amine {80] is monoclinic with orthorhombic lattlces res-.
tricted to odd—numbered'n—alkaﬂes and polyetﬂylene fu5].

X~ray diffraction studies of DPPC and DMPC [19,21,81] de-

" monstrate substantial tilting of the acyl chains with res-

pect to the plane c¢f the billayer in completely hydrated sys-—
tems (water content greater than 40 wt%) and the. crystal
lattice in DMPC dihydrate was found to be monoclinic [22].
These data thus favor monoclinic over orthorhombic lattices
Howeéef, in a partially hydrated sample of DMPC orthorhom-
bic pécking has been reported [81].

Thls description of the pretransition is compatible
with the observation that it disappears with the addition
of perturbants such as cholesterol and anesthetics [35,75,
82]. The orthorhombilc subcell.requires a highly specific

]

packing of the acyl chains. The introduction of molecules in

the bllayer that cannot pack into the ortherhombic céll will |

destroy the potentlal for such packing and hence alter the
pfetransition. Similar effects were found 1n the case of
‘n-alkanes whare the presence of small amounfs of impurity

changes -the crystal lattice at a given temperature [54].

>
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The Raman speccroscopic studies mentloned above

{33,34] lead to the conclusion that the pretransition is
marked by larée increaees in lateral chain interactions as
. the temperature 1s decreased. However, it w3s concluded
that the Interactlons were typical of a triclinic lattice
and that as the temperature is decreased to -1U4°C there-is
a gradual increase in the amount of triclinlec phase. This
infrared .study points to an increase in the orthorhombic
nature of the crystal lattice, which 1s in apparent conflict ?
with the above conclusion However, if on reduction of the
temperature the chains pack as they do in the DMPC dihydracg,

evidence for beth orthorhombice and triclinic lattice may

be accomfodated. The "triclinic" lattice, if present, is
relatively minor as the low-temperature. infrared (Fig. 34)
and Raman spectra [77] are both characteristic of ortho-
rhombic packing, the main evidence for triclinic packing
being a weak unresolved band at 2860 cm™) in the Raman
spectrum [34].

A further conclusion has been reached from Raman
spectroscopic studies of DPPC multlbilayers in the gel phase,
It 1s that the presence of gauche conformers in the acyl
chains can be monitored by following changes 1in the peak

helght of the C-C skeletal optical mode at 1130 cm_l~in the

. "opder" . _
Raman 'An order" parameter Strans

which relates the peak‘height of the band to the number

has been derived [33]

of trans conformers in the chain, by assuming that the band

intensity 1s the sum of intensities from all-trans.segments.

*
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From the changes 1n helght of thls band, the Strans para-
'metér predicts that as many gauche conformers are intro- ™

duced when the temperature is rdised’frém 15 to 37 °C as
.are Introduced in the main transition, which is estlimated
_to result in the introductlion of three-to four gauqhe con-
formers per chain- [33,34,35]. The introduction of such a large
number of gauche conformers should result 1n several types
of change in the infrared spectrum. In particular, the CH,
stretching bands shouid broaden and shift to higher frequency
as observed at the main transition or when meltlng n-alkanes.
In fact, both parameters from the CH, stretching bands (Fig. 39)
.are\invariént throughout the pretransition range:'At"the
same time, the introduc;ion cf gauche conformers should
produce sh@fté to higher frequepcy of the k = 1 component
pf the wagging band progressidA‘ETOJ and the'opposite is
observed (Table XII).

This lack of confirmation by infrared spectroscopy
of the conclusions reached from Raman spectroscopic studies
may indicate that the assumptions used in the derivation of

r

the Strans parameter are not totally correct. Recenfly, it
has beé;~suggestedlthat the integrated intensity ratﬂer thaﬂ
vthe._peak 'neigr{t of the 1130 cm™* Raman bémd more correctly
reflects thé number of'gauche conformers -per chain [83,84].
The number of gauche conformers estimated using the intensl-

ty are conslderable lower than those estimated using peak

heights. ) A
That the intensity of the skeletal optical mode is '



130~

not solely due to the number of trans segments nas been
demonstrated in a Raman gtudy of.the "rotator" phase tran-
sition in n-C, H), [85]. The change in intermolecular in-
teractions during the "rotator" phase transition produced
a consdiderable loss of intensity and-peak height of the

-1 band, demonstrating that both peak height and

1130 em
intensity are sensitive not only to cqpformational disorder
but -also to intermolecular interacticns.

It can then be concluded that the atra ns parameter
1s an overell measure of the total freedom of motion of the
acyl chaine and cannot be ueed unequlvocally to monitor
intrachalin interactlons without taking 1lnto considefation

the effects of jinterchain interactions in its value.
R . r

4,2.2. Head-Groyp Modes, T C

4.2.2.1. Ester Linkage.

In the spectra of fully-hydrated DPPC multibilayers

the ester carbonyl band is found at 1736 em™ 1. The band is

overlapped to some extent by the H20 bending mode at 1650 cm'l
but.it could be monitored via difference spectra. Its tem-
pereture—dependent behaviour was also studied in the spectra
of multilamellar dispersions using b O as the hydrating agent
Fig. 40 shows spectra of DPPC 1n the C=0 stretching region
using H20.as the hydrating agent (Fig. 404) and D,0 (Fig. 40B).

As 1n the previous cases the bottom part shows absorbance

 spectra at flve temperatures while the top part shows the
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Fig. 40. Carboﬂyl stretching region in the spectrum

of fully hydrated DPPC at 0°, 30°, 43° and 55°C
(bottom) and corresponding Yifference spectra (top).

Spectra are from 2.5 pm-thick samples between CaF, -
windows dispersed in H,0 (A) and D20 (B).
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four corresponding’differenée spéé%raf‘

~ The difference spectra in Fig. 40 show the followlng
_effects in the C=0 stretching band; at temperatures below
the pretransition there is a decrease 1n intenslty, a
broadéning predominates in the pretransitlon range while
during the main transition & shift to lower frequency is
observed.

Fig. 41 shows the temperature erendence of the

halfbandwidth and intensity. The halfwidths (Fig. U41A)
" show changes at 20, 32 and 41.5 °C. The largest'effect is
seen at the main transition. The AB/AT plot (Flg. 41B) is
-di&ferent from that obtained from the acyl chain modes
(Fig. 39B). In this case the changes at the pre- and main’
transitions are approximately equal in magnltude whereas
* in the case of the acyl modes the main transition dominates.
The fréquency of the band is almost ipvariant at the pre-

transitionbut decreases by 1-2 em™ L

at the main transition.
The spectra at temperatures_below the main transil-
tion show that the carbonyl band is éuite asymmetric Whereas
the band in the liqdid;crystalline phase 1s almost completely
symmetric. This treﬁd is further evident in Table XIII where
the halfbandwidth has been divided in highe; and lower
" frequency components. The general frend i% to greater asymme-
try at lower temperatures.
The observation of the asymmetric broadening can be
explained in ﬁerms of two-carbonyi bands, one-at slightly

higher frequency than the other. As the temperature increases

the higher frequency band moves to lower frequency and in the
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Fig. 41. Tempera{:ur'e dependence of the carbonyl
stretching, band in the spectra of fully hydrated
DPPC as: A. halfwldth vs. temperature and, B.
AB/AT (solid line) and B (x) vs. témperature.
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TABLE XIII. Temperature dependence of thé asymmetry of the

carbonyl stretching Band in the 'spectra of

multibilayers of DPPC dispersed in D

2

0, measured

?as the variation in the hiéh frequency component

and the low frequency component relative to

the peak maximum. ' :

>

Temperature ,

Bandwidth, ecm™*

1

°C High frequency Low frequency
Vf‘.

3 12.8 17.3
10 13.4 17.3
15 13.6 17.0

20 13.8 16.8
25 3.8 16.5
30 13.8 16.5
35 1h.2 17.3
40 15.0 i8.1
45 15.1 18.6
50 15.7 17.4
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liquid-crystalline bhase the bends are at esseptially
the same frequency;

The cause for the observation of two bands for -
the carbonyl stretching mode is‘the conformatlional in-
equivalenee‘of the sn-1 and sn-2 chains as has been shown
comparing the infrared spectrum of D,L-DPPC with that of
lysolecithin [71]. Additional support comes from séudies
of the behaviour of the c-o-c'stl?etc‘hing modes in DPPE
and DPPC [72] where it was concluded that the £atty. acid
ester greup in position 1 of the glycerol backbone exhibits
a planar configubation while the ester group 1in position
2 has a non-planar configuration. These conclusions are in
agreement with X-ray diffraction {80,86] and 2H NMR [87]
studies. ' o

( Flg. 42 shows the 1200 - 900 cm™* spectral region of
fully hydrated multibilayers of DPPC. From this figure 1t
is evident that the asymmetric C-0-C stretch at abeut 1180 -
1170 em™t 1s composed of two bands (Section.l.l.) in the
spectrum at 0°C .and that et higher temperatures they have'

collapsed to one; the effect can also be seen 1n the 30 - 0O °C

. difference spectrum The effect is not so clearly seen in the

symmetric C-~0-C stretching mode because of overlap with

the ﬁhdsphate band;

4.2.2.2. Phosphate Modes.

4

)

Both the asyr.nmegﬁ(‘lz‘j& cm"l) and symmetric

-

éw
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Infrared spectrum of‘fully hydrated DPPC
in the 1200 - 900 em™t region (bottom) and
corresponding difference spectra (top). ‘

+ Spectra ﬁere recorded from a 25 um-thick
sample between BaFaxfiqdqws.
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-methyl asymmetric bending (1485 cm”

_ ~137-
(logh-cm"l)'phosphate stretching modes are overlapped
and qgiy a qualltative monitoring of thelr behaviour is
possible. Thé’symmetric mode shows a steady shift to -
lower frequency -(Fig. 42) when the temperature is increased,
the shift being about 2 em™t in the main tfansition. Changes
in the pretraﬁsition are much smalleri Overall, the change’
in integrated 1ntensity.appéars to be extremély small.’

The broader asymmetrictstretching band (Fig. 36) is so

"heavily overlappe!

that the only possible obéervationhis
the fact that the int grated intensity is almost invariant

in the 0 - 55 °C tempefature range.
. . e
‘The other phospHate modes (Section 4.1.) giverrise

to bands below 900 cm’ /. which shohld convey information re—

garding the conformation of the phosphate group. Unfortu-

nately, they were found to be very weak.an@ it was not pos—

sible to deﬁermine precisely their temperature-depéndent
. — 'S .

behaviour.

4.,2.2.3. Choline Group.

Absorptions from the choline group are observed in

three spectral reglong;methyl asymmetrie stretching (3030 cm"l);
1y, and NT-C stretching
1

’

‘modes near 1000 cm~
The methyl asymmetric stretéhing band is absent in
the spectra of hydrated samples, 1t probagly broadens to

the extent of becoming indistjnguishable from the baseline.
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The changes gbserved in the methyl aéymmetrrt bend-
ing band at about 1485 em™t arevéxtremely small relative
to the band intensity (Fig. 33); there 1s a slight shift
to lower freguency (<b.5 cm—l) in the gel phase and at the
maln trangition. - |

The absorption from Fhe CH2-N+ stretching mode at .
1020 em™t (lOluxcm_l in the dey film, Section q,i.) is so
weak (Fig. 42) that 1if thefe are temperature-induced changes
it 1s not possible to detec% them. o -

The behaviour of the asymmetric N4(CH§)3_$pretching
mode at 972-cmf}'can be seen in Fig. 42. Thef@ ard lérge

changes in intensity and frequency 1in the gel%phase

(30 - 0 °C) difference spectrum., The rest of the difference

spectra are virtually featureleSS‘indiqating ;:ét there
are no more changes at higher temperatures.
:fhe shift to lower frequency of the' cholline band
1s striking by viftue of 1ts absence at'ﬁigher temperétures.
As the group is charged and relatively decoupled from ad-
jacent functional groups it probably reflects a slight
increase in hydratlion as the temberature is raisag./\w
The pretransition is observed in the phosphatia§?cﬁolines
and not in the other dlasses of phosphol}gids'[lo]. It is

therefore surprising that the vibrations arising from the

_choifhe group are not affected by the pretranslition.* The

o
presence of the chollne group probably has an indirect ‘,,f

[
effect on thé. chaln packing. The slize of the "head-group"
could well determine the 1nterchain distances in the gel

phase and these will determine the chain packing. -
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4.2.3. Specifically-Deuteriated Derivatives. N

Deuterium NMR studie;‘of a serles of speciflically-
deuteriated derivatives of DPPC have provided order para-
meter profiles of the liguid-crystalline phése [27]. It
was found that the first ten methylené groups of the gn-2
palmitoyl chain pb%esent an almost constant order para-
meter, at pdéitions further down the chain the oprder para-
metér drops off linearly. This order parameter "plateau"
has been obsgrved in a variety of model and natural mem-
branes [26,28,88]. Studies of the gel phase have been
carried oubialmost exclusively by monitoring simultaneously |
the properties of afl methylene groups.

There is only one Raman study of specificall&udeu—
terlated derivatives of DMPC [89] in the gel phase. However,
due to the s@gEETTto—noise ratio the study was restricted
. to changes in bandwldth of CD2 stretéhing bands at the
main transition, and nc detalled data aré available on the
general gel phase bﬁanges and the specific changes at the
pretransition. “\‘

In this section are presented the changeé observed -
;nh;he C-D Streﬁching ;egibn of thelinfpared spettra-of a
‘*s;fies of épecifically-deuteriated dipalmitoyl phosphatidyl-
.choline. The compounds with CD, or CD, groups located at-thé
20, 3'; T, 8';_13' and 169 positions of the gn-2 palmitic

chaln were studied.

- The carbon-deuterium stdetching reglon of the vi-

.

brational ‘apectra of‘coﬁpounds containing’ specifically- ,)‘
- ',—-\
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deuterlated acyl chains generally consists of two bands
near 2200 em™} and 2100 em™t [90]. In all cases the band

1

near 2200 cm™~ is assigned to the asymmetric TGD3) or

antisymmetric (CD2) stretching modenghen a slngle band

1

is observed near 2100 em — it 1s assigned to the symmetric

Ll

stretching mode. An additionai band is sometimes observed

1

at about 2130 em™ ' and the two (2130 and 2100 cm™%) are -

_assigned to the symmetric stfétchingrfundamental in Fermi
resonance with the fir:% overtone ' of the CD2'or CD3 bendiﬁ
mode. In any case, the thermotropic behaviour of symmetric
stretching ba;ds may be more complex than that of the’ .
~antigymmetric band, as_inlthe case of n—ClTH30D6 (Section 3;3.11).
Spectral changes may result from variations in the Fermi
resonance interaction in addition to changes’in acyl chain )
conformations or molecular motion. Therefore in the fol-
lowing results will be restricted to the bands near 2200 em™ L.
However, the changes observed in the two Stretching baﬁds
at 2200 and 2100 cm_} are similar in magnitude.lthéﬁé case
of the peak positions this is evident. in Table XIV whlch
summarizes the changeé 1p frequency of the C-D stretching
bands during the main transition. Also included are data ’//
tékén.from the spectra of anydrous filfs of the specifically-
deuteriated DPPC and.data taken from the spectra of a serles
of specificaliy-deuteriated palmitic aclds as polycrystalline
solids.

The maln transition results in changes in both the
" asymmetric and symmetric C-D strétching bands of most of
the,éompoundé. The magnitudes of ﬁhe changes in the spectra

: - g
- f\\

o LT
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3

TABLE XIV. Infrared vibrational frequenciles (cm_l)_of the
-C-D stretching modes of specifically-deuteriated

derivatives of DPPC and palmitic acid.*®
COMPOUND
DPPC g
Palmitic
acld anhydrous hydrated
solid solid 5°C 38°¢ 50°C
2219.0 :
o ves 551% 6 2212.6 2213.2 2213.4
F v, 2075.0 2075.1 2075.0 2075.0
o ;
~ 1oV 2203.2 |2196.8 2197.6 2198.0 2200.3
ol as _ ,
i‘ v ©2118.0 |2112.2 2112.8 2113.4 2115.2
ke
@
-
A B 2180.6 *|2180.0 2180.2 2180.8, | 2184.1
o 1 )
- o v, 2079.4 +|2078.4 2078.9 2079.1 2082.0
5§ <
Hr
2 )
8 SV} v 2169.8 |2169.6 2169.7 2169.7 2173.3
[a PR |
53 vy 2094.9 |2095.6 2096.2 2096.5 2099.2
2221.2 |2216.0
éf ,Yas 52102 5512 6 2212.2 2212.8 2213.7
gi Vg 2073.6 | 2074.0 2074.6 2074.8 2075.1
* v ., frequency of the antisymgggfic mode; v_ frequency é%)

the symmetric mode .

+ Values are taken from the spectrum of palmltic acid 5,6—dq.
However, in the central region of the chain, frequencles of
the CD, stretching bands are invariant with position [91].
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of DPPC-lG'—d3 and DPPC—2'~d2 are smaller than those in _

the spectra of the other compounds.

4.2.3.1. DPPC—2'—d2. _
The CD2 group of DPPC—2‘-—d2 exhibits spectral pro-
perties substantially different:from those of DPPC-3'-d,,
DPPC-?',B'—du and DPPC-l3'-d2. The .CD, stretching bands
are extremely weak, the-antisymmetric stretching band con-

1

tains two components separated.by 3 em”~ (Table XIV), and

the frequency of this band ls higher than those of the other

specifically-déuteriated phospho}ipids. in adgitien, hydration

.ér solution in chloroform of an angﬁsrous sample results in |

a shift to lower frequency of the band, whereas in all

other 9?585 both tQF anFisymmetric and symmetrlc bands shiﬁ:f

to higher frequency (Table XIV). The characteristics of

the spectra of hydrated DPPC-2'-d2 are given in Fig. 43.

‘Fig. 43A shows the C-D stretching region of the infrared

spectrum of a fully hydrated multlbilayer sample at 5, 30,

38 and 45 °cC. Fig. 43B shows a plot of .AA/AT versus temperature

for the antisymmetric CD, stretching bind at about 2213 em™?.

FPigs. L3C and 43D show, respectively, plots of frequency ahd

bandwidth versus temperature for the antiéymmetric CD2 stretch-

ing band and the symmetric CD2,stnetching component at .

2075 oL, =
As shown in ﬁig. 434, the main spectral changeé re-~

sult}ng from.an incfeaée in‘temperature are decreases in peak

height and the relative helghts of ther two peaks comprising
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Fig. 43. Temperature dependence of fully hydrated
DPPC-2'-d,. As Infrared spectrum of fully hydrated
DPPC-2'-d, at 5¢,30°,38° and 45°C. Spectra are from
a 50 um~-thick sample between CaF2 windows and are
plotted at the same scale. The "water-association"
band has been removed by éubtraction; B. A&/AT derived
from the CD, antisymmetric stretching band vs. tem-
perature; C. Frequency of the CD, antisymmetrit (¥)
and symmetric (+) stretching modes vs. temperature;
D. halfbandwidth of .the CD, antisymmetric (a) and
symmetric stretchlng modes vs. temperature (v).
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the antisjmmetrié CD2 stretcﬁing band.'

| The plot of AA/AT verus‘temperature, Fig. 43B,
shows a broad maximum in the range 35 -~ 45 °C. The AA/AT «
plot derived f{rom tﬁe CH2 wagging band progression in the
spectra of the same sample showed that the maln transifion
occurred within a 1 - 2 °C interval. The breadth in
Fig. 43B may then indicate that slight changes in this
specific part of the bilayer occur over a wider teﬁperature
‘rénge than is the case in the more hyd£Ophobic reglons of
the billayer.

-

. Temperature—inducéd variations 1in frequency and
bandwidth are minimal. The frequency of the band at 2075 cm"l
1s‘invariant whilq'only a sméll, monotonic lncrease ip the
frequency of the antisymmetric §tretching band 1s evident

as theé temperature i1s increased (Fig. 43C). The bandwidths
(Fié. H3D) show a slightly higher temperature dependence,
both bands broadenh at the maln transition. However, while.

the 2075 em™*

band narrows(as the temperature 1s reduced,
there is a braadening of the antisymmetric 'stretching band
at temperatures below 20°C,

There 1s a large inductive interaction between the
polar carbonyl group and the methylenes in the acyl chains
[89,91] affecting the ffequencies, bandwiéths and intensi-
ties of the methylene stretching vibrations. The chain po-
- sitions closer to the C=0 group are the mog& affected, the

Interactlon becomes negligible at position 5.- Therefore,

> 1n the case of the 2'-CD, group the spectral parameters will
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be dependent on the inductive 1nteraction\andton the
conformafions and mobllity of the acyl chain.

However, the temperature-induced changes in the.dbg
stretching bands (in the spectra of DPPC-2'-d,) are minor.
Consequently, although the effects of conformational and
inductive perturbations cannot be distinguished, the lack‘
of change indicates that over the temperature raﬁge studied,
there are no major changes in the inductive interaction or
the conformational order at'this location.

The small ;Langes that ‘are observed can be related '
to 'motional effects. °H NMR studies [87] have demonstrafed
that, in the liquid-crystali;ﬁe.phase, there aré two slowl&
interchanging conformations of the glycerol head-group which
roesult in two conformations for the sn—? chaln methylene
groﬁb adjacent to the parbonyi gréup. The anomalous shape
" observed for.the antisymmetfic CD2 st;gtching band suggests
'fhatbthese tﬁo conformatioﬁs are also pfesent in the gel phase
and that 1n both phases theicD2 stretching modes of the two
conformers eccur at slightly different frequencles. The rate
of interchange decreases with decreasing tempefature in the
liquid-crystalline phase [87j; if it also decreases in the
gel phase it may reéult in the incrgased d%é%inction of the
two components of the ant?symmetric CD2 stretching band.of
DPPC-2'-d, at lower temperatures. Similarly, the siight’
changes in bandwidth at the main transitlion may result from

a relatively abrupt decrease in the rate of interchange on

tranqition from the liquid—crysﬂalline to the gel phase.

-~

.
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The observation of two bands’ for the C-0-C stretching-
modes described in Section 4.2.2.1. supports the argument
of two slowly inperchanging conformations 1n the‘head—group
and correlates with the observatlions Just described for ‘
the}CD2 antisymmetric 5tretching mode 1n the spectra of
DPPC-2'-d,. '

h.2.3.2. DPPC—3'—d2, DPPC—T’,S'-dQ and DPPC-l3'—d2.

" The inductive interaction of the carbonyl group 1s
greatly reduced at positién 3' compared to pbsition 2' and
neéligible at position 5' [91]. The inductive effects were
found to remaln constant with temperature at position 2°',
therefore, the teﬁperature dependence of the-CD2 ﬁtretch—
ing bands of the groups located at positions 3',7',8' and
13" of the an -2 chain of DPPC can be analyzed ih tefms of the
fatty acid acyl chaln conformatiohal and motional behaviour.

Figs. 44A, 4UB and U44C show, respectively, the C-D
stretching reglon of the infrared Speptra of fully hydraped

samples of DPPC-3'-d,, DPPC-7',8'-d, and DPPC-13'-d, at

2
5, 30, 38 and 45°C while Figs. 44D, 44E and LUF show plots

of AA/AT versus temperature derived from the antisymmetric
CD, stretehing bands at %2200 em™ L,

At temperatures below Tpre the maln effect of an
lncrease in temperature on‘the spéctra 1s to decrease the
peak heights. The r¥%es of decrease are small compared with

those at the maln transition, as shown in the spectra and

in the AA/AT plots. The behaviour at Tpre‘is different for

these three compounds. For DPPC-3'-d, and DPPC-13'-d, the

2 2
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Fig. 44. Temperature dependence of fully hydrated
DPPC-3'-d,; DPPC-T7',8'- -d,, and DPPC-13'-d5;

A - C. C-D stretching regions in the spectra of DPPC- 3'-d2,
DPPC-7',8'-d) and DPPC-13'-d, at 5°, 30°, 38° and 45°C. Spectra .
are from 25 m-thick samples betweén CaF, windows and are plotted

at the same scale. The "water-associéEEGn" band has been removed

by subtraction# D - F. A/ T vs. temperature plots derived frdm

the CD2 antisymmetric stretching bands 1n the spectra of

DPPC-3'-d,; DBPC—?';B'—du and DPPC-13'-4,.
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./f ‘ only effects evident in the temperature-range 30f - 40 °C
are siightly enhanced values of AA/AT, as compared to the
values eelow 30°C, with slight evidence of & weak feature

¥

in the AA/AT pict of DPPC-13'-d, 1n the range 34 - 38 °C.

2 .

However, in the spectrum of D?PC-?',B'—du? the peak
heights of the antisymmetric and‘symmetric CD2 stretching
bands decrease abruptly at Tpre’ resu}ting in the large
peak tri the AA/AT plot in the range 35 - 37 °C.

At the main transition the spectra of ail three :
compounds show large changes in all band parameters. These
changes occur within a narrow temperature range and re-
sult in the strong peeks centered at U41.5°C 1n the AA/AT
plots. Above this temperatﬁre, in the 1liquid-ecrystalline
phase, minimal temperature dependencies of the spectra are
observed, |

The veriations in frequency and bandwiaths as a
function of temperature provide = detailed 1nsight intc

" the thermotropic behaviour of the different segments of the
acyl chalns. These data are presegted in Fig. U45 which
*shpws the temperature dependencies of the bandwldths and
frequencles of the entisymmetric medes of ﬁPPCu3;-d2 fﬂ—
(Figs. h?A‘and 4s5p respectively),-DPPC—T',8'udu (Figs.

" 45B and 45E respectively) and DPPC-13'-d, (Figs. 45C and

d
4Y5F respectively).

As shown in Table XIV, 1n all cases the frequencles-
of the antisymmetrile and symmetric CD2 stretching modes

'&f ‘the dry and hydrated phosphatidylcholines agree to within
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}. The frequencies also -agree to within + 0.3 cm~

+ 0.3 cm” 1

with those of bands in the spectra of the corresponding

specifically-deuteriated palmitic aclds, exceptlng the

case of palmitic acid-3-—d2 where e large difference re-

sults from the stronger inductive e fects'of.the acld group
as compared to the estér‘linkage of DPPC. The bandwildths
are also in agreement with th n the spectra of dry fllms.
Within the t erAtupé range 0 -‘3ﬁ °C the frequen-
cles of the antisy ric CD, stretching bands are almost
invariant. Only slight, steady increases wlth increasing
teﬁperature are cbserved, the maximum shift being less than
0.6 cn™t in the case of DPPC-7',8'-d,. Similar results are
evlident in the frequency shifts of the symmetric CD2 stretch-

ing bands (Table XIV)

Within the same temperature range the
bandwidths increase glightly on raising the;témperature.
There 1s no evlidence pf any change assoclated with the p}e—
transition in elther the frequency or the bahdwidth.pléts.
The above opServation may be explained as follows.
The match in thé frequencies betwqen the anhydrous fllms,
the fattyjac .s_and the hydrated sémples in the gel phase

indicates that the chains in the three systems are in the .
éame trans corformation since the frequencles of these vi-
brational modes are sensitive to the introduction of gauche
conformpry (Séctions 3.3.1.; 4.2.1. and reférencé [75]).
X-ray racéion of fatty aeids [78] and DMPC-[22] have
shown that the chainé are a}l—trané from position‘j' to
the end and therefore it can be concluded that the acyl

chalns in DPPC are in the all-trans conformation in the gel
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phase.

The slight incréases in bandwidth, without concoml-
tant frequency shifts, are indicative of increased rates
of motion of the acyl chalns as_the temperatore is Encreased,
in the gel phase. These motions are éecribed to librations
and torsions about the long axes of the‘ecyl chains.:

The spectral changes assoclated ﬁith the pretransl-
tion are evident only in the central portion of the ac'y‘lT
chains, and are restricted to an abrupt decrease in the
peak height with no change in freouency or bandwidth. This
is identioal with the behaviour observed in non—deuterieted
DPPC at the pretransition (Section 4.2.1.). In Secti&p;3.3.
i1t was shown tﬁht the éHE stretching modes g&'n;alkaﬁge.
undergo an abrupt decrease in peak height 'in the or;horhoﬁ;-'
oic;henagonal phase transition without changee in frequency,
The pretransition then, produces an abfdpt change in the
interchain interactlons at positions 7'.and 81 out not af
positlons 3' and 13°'. | =

The. difference between positions 7' and 8', ‘'a d

positions '13' indicates that at temperatures  just below

'the orthorhombic packing is more rigid in the ce area
AN

//ﬁ;)bhe Lchains than in' the center of the bilaye

.ference in the degree of interchain interacti

.+ This dif-

with the concept of the chains undergoing

£

about their long axes, with the amplitudes anﬁ hence the f

degree of reduction of interchain lntergections being greatest

towards the end of the chains. The " d" chains found"

l

in DMPC dihydrate [22] give pportito this argument,

s is 1in accord,.

1
orsional motiocns -
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. The ahsence of pretraﬁe}tion ffect; in the spectrum
of DPPC-3'—dé indicates that thgxg,zj no change in interchain
interactions in this,%ocation. The 2'~3' bond in the gn-2
chaln 1s gauche [22] and this makes the packing of the 3!

CD2 group.different from that of the other methylene groups

and the lack of changes at T

pre may indicate a lack of sen-

 sitiwity of the group to.changes in interchain interactions.
At the maln transition, all the C-~D stretching bands .
of DPPc-3'-d'2, 131=£>c-'{",8'_~d,4 and DPPC-13'-d, show large
changes in both fréquehcy and bandwidth, tdgéther with de-
creases 1ln peak heigh; These changes are the same as those
observed at.the main transition in the C-H stretching modes
in the spectra cﬂnon—_c_iéﬁteriated DPPC (Section 4.2.1.3.)
and in the spectra of n-alkanes (Séction 3.3.1.); they re-
'flect the 1ntfoduction of conformational disorder in the
acyl chalns. As the temperature is further increased in the
liquid—crystalline phase only slight increases in frequency
are evident, similar to those observed in the spectra of

e

DPPC in the liquid—crystalline phase

»2.3.3, DPPC-16'-d,. | w

| Fig. 46 shows the C-D stretching’reéion of tﬁe infrared
" spectrum of DP%C—lG';d3 at 5, 30, 38 and 45 °C. The spectra
show extremely small temperature dependencies compared to
those shown by the spectra of DPPC-3'~d,; DPPC-7! 8'"dh and
DFPC~ l3'---d2 There 15 very little change at the main tran-:“

il

sition . 7 N
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" Fig. U46. Carpon-deuteriuﬁ stretching region of the rei;}

infrared speqfrum of fully hydrated DPPC—l6'-d3 at
50 30°,.38° and 45°C. Spectra are from a 25 um-thick
sample between CaF, windows and are plotted at the
same scale. The "water-association' band has been .
. removed by subtraction. v _. ' . ‘:
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Plots of the temperature dependence of the peak

position and bandwidth of the asymmetric CD, stretching - .

. 3
band of DPPC-16'-d§ are shown in Figs. 475 and 47B, respec-

1

tively. At 59C the peak maximum is at 2212.2 em™~, close

to the lower frequency maximum in the spectrum of anyhydrous.
DPP0716‘-d;.(Tablé XIV). ﬁs the témperature 1s increased

the freqﬁéncy of the band increases, accompanied by a slight
ﬁroadening. The main transition préduceg a substantial .

band broadening and increase 'in frequency,,relative fto €
those observed in the gel phase. Constant values are observed
after completion of the‘mgin transition.

In the liguid-crystalline phase, the terminal methyl
group [75] and the environment in.the center of the bilayer
are hig&:y d;sordered. The reductiqn\in bagdwidth and de- -
crease in frequency at Tm %h lowering the temperature 1in-
dicates a decrease in the rate of rotation of the methyl
gréup due to restrictlons b& the hexagonal packlng in the
gel phase. The same was observed for the methyl group in
tﬁe spectra of n'CZlHHM on going from the melt to the hexa-
Agonal phase (Fig. 19, Section 3.3.1.).

The factors éffecting fhe methyi group as the tempera-
'ture 1s reduced 1n the gel phase are different from those
occurring at T . Fig. 48 shows the asymmeér;c CD3 stretchiﬁg
band of DPP?-lG'—d3 at 5, 20, 30 and.38 °C,-together with |
the.correSponding difference spectra generated by subtraction

of adjacent spectra from eash otfer. ' o
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degenerate QD3 asymmetric mode in the speétra of

,DPPC—16'-d3. -

Bottom: absorption spectra at 5°, 20°, 30° and 38°C.
Top: Difference spectra obtalned by'subtractidn of

adjacent palrs of absorption spectra All difference
spectra are plotted to the same size, hence absolute

comparisons of spectral changes can not be made

- 1

L] [

P




B

pem - v

T AT, TS TR TR | T

e T ——

TS BT NI A T L

=157~

At all temperatures in the gel phasé the asymmetric
Cp3 sfretching band is comprised of two Qverlapped peaks.
As the temperature 1s reduced, the freguency separation
of the pegké increases. This pesults 1n the two minima in
the difference é&ectra, even in that obta}ﬁéd by subtractlon
of the spectra recorded ét 30°C from that at 38°C. Although
the two peaks are not.compietely resolved at_590 the split-
ting 1is about 4 crr_l-:-L and reduction of the temperathre to
~50°C resulted in a splitting of about 6 em™ T,

As noted in Sectlon 3.2.1. splitting of the doubly
degenerate methyl asymmetric stretching mode is related to
the rate'of rotation of the methyl group relative to the
adjacent methylene group. The high frequency mode 1is thé
"in-~skeletal-plane" stretching and the low frequency one is
the "out-of-plane" stretching [60,92]. As mentioned earliier
if the rate of rotation is sufficiently slow, two banés are
obseréed and an increase in the rotation produces the collapse
of the two bands into a single peak with Eﬁ;#;ate 6f.rotation

béing of the order of 10%2

s™1 [69]. The progressive split—
ting observed in Fig. 48 as the temperatu;; 1s lowered indi-
cates a decrease in the rate of-rotation of the CD3 group on
a time scale of about one picosecond.

Since splitting of the CD3 asymmetric stretching mode
1s an intrachain property it cannot be directiy related to

the packing of the acyl chains; however, as shown in
AY

'Sectidn 3.3.1., 1t gives an indirect indication of the rigi-

dity of the crystal packing and in this case provides an
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indication of a progressive reduction in the mobility of
the acyl chains. : f ; ' i -
The reduction in the ra£e of rotation of the
terminal methyl group can.be correlated with the °H NMR
studies of.Davis [29] on DFPC-dg, . Although the 2y NMR
signals from the methylene groups of DPPC-d62 are superim-
posed 1in thg_%pectra of the gel phase, the signal from
the terminal methyl groups is readily distingulshed. Qua-
Grupole splittings of 12.2, 14.9 and 17.3 kHz were observed
at 20, 2 and -7°C. Thése values may be compared with values
of 15 and 36 kHz for the CD3 signals 1n‘thé 2H NME spectrum
of EiCIQDHO [93] in the hexagonal and orthorhombic phases
respectively. It i1s evident that as the temperature is
reduced the quadrupole splittiné-progresses steadily from a
value near that of the hexagonal phase of'n-ClgDuo towards
~ the value -obtained in the orthorhombic phase. Hﬁwever, the
value obtained for the quadrupoie splitting at -7°C indi-
cates that at this temperature there are motions affecting
.the CD3 groups. The separation betyeen the components of the
methyl asymmetric stretching at this temperature is also in- -
dicative ofaa non—rigié methyi‘group; and the frequency. se-
paration'between components of the CH2 scissofing band in
DPPC (Section 4.2.1.1.) is indicative of chalns undergoing
motlions with respect to each other. Therefore, these 2H NMR

results gilve an indirect confirmation of the nature of the

ﬁretransition.in DPPC billayers.

®
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CHAPTER 5. ACHOLEPLASMA LAIDLAWII MEMBRANES.

5.1. General Characteristics.

The microorganiém Acholeplagsma laidlawii 15 an
appropriate systeh,for membrane studies. The limitlng plas~
ma membrane is the only membranous structure and can be ’
readily isolated from the rest of the organism through os-.
motic lysis [94]. The possibliity of varying the fatty
acyl group composition [39] has been used to study the role
of lip%gﬁ in the membrane structure and functions. ir//

’rThe abllity of the organism tc Erow under severa
different conditions such aé temperature, and presence of
‘fatfy acid syntﬁetic snhibitors has been studied [39,95]. ’
The lipid:protein ratio shows a marked dependence on the |
1ipid composition [h44].

The constituent 1iplds of these membranes belong
‘to the following classes:” glycolipids (monoglucosyldigly-
cerides amd diglucosyldiglycerides), phospholipids (phos-
pﬂatidylglycerol and dipﬁosphatidylglycerol), phosphogly-
colipids (glycerophosphoryl—diglucosyldiglycerides and
-glycerophosphoryl—monoglucosyldiglyqérides)‘[96,971-

In the followlng sections the results from an infra-
red study of the phase transitlon in A, laidlawii membranes
are given. Two membrane preparations were used; one in

. which the oannisﬁ was grown in the presence of palmitic

acid—d3l, the other in which the organism was grown in a me-
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“dilum supplémented with pentadecanoic acid-d29 in the.pre-
sence of avidin. In both cases the growth temperatﬁre was -
37°C.

Wﬁen the oréanism 1s grown 1n.the presence of fatty
aclds it incorporates them into the glycerolipids of the
plasma membrane W1?99 lteration; in this manner the mem-
brane 1is enriched in :t;igtfcular class of fatty acld. The
C-D stretching vibrations of the deuteriated fatty acyl
chains provide a direct probe of the membrane' thermotropic
behaviour. The C-D strétching regidn 4is free from other
vibrations of the membrane components.

In both caees the results obtained from intact
mémbranes are compared with those of the membrane lipids

after séparation of the proteins.

5.2. Membranes Enriched in C16;0—d

31°
Fig. 49 shows the spectra™o fﬁT\:Yidzawii Cl6:0-d31
membranes, the 1solated lipids and (the model compound

DPPC~dc, (DPPC with fully deuteriated acyl chains).

In the spegchb¥um of A. laidlawii Clﬁ:O—d31 intact
» _

membranes (Fig. 49A) the cafbon-deuterium stretching bands
are evidert in the 2400 - 2000 em™~ reglion. The spectrum ig”
dominateq by protein bands. Strong amide A and B bands appear

at 3300 a 3100 cm—l. Amide I and II bands appear at 1650

1

and 1536-c¢ 71, respectively;_ﬁheir frequencies and relative

intensities indicate that the dominant conformation adopted

Py

iy
-
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'Fig. 49, Infrared spectra of solid unhydrated samples-

of: A. intact 4. laidlawii 016:0-d31 plasma membranes ;
B. deproteilnated 4. laidlawii Cl6:0-d3l plasma membranes;
and C. DPPC—d62. '
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by the 4. laidlaéii-membraﬁe proteins is o helical (amide
I, 1650 qul) with some;random coll séructure (amide iI,
1535 cﬁf?) [98,99]. There 1s no evidence éf B structure.
A strong C-H stretching band characteristic of proteins
can be obéerved at 2978 cm'_'l [100].

The spectrum of the lipid compénent of the membranes
'is shown in Fig. 49B., The protein bands have disappeared
.and the C~D stretching bands are the éggongest in the spec-
trum; the anfisymmetric and symﬁetnic CD, stretching modes
are observed at 2194 and 2089 cm_%, respectively, with the
terminal CD3 modes appearing at 2212 and.2l69 em™L. The two

CH, stretching modes at 2920 and 2850 emt

1

'and the CH2 scls-

. soring mode at 1468 cm™* resulting from the non-deuteriated

1ipid components are characteristie of highly-ordered acyi
chains (Sections 3 and 4) [101,102]. The carbonyl band

(1736 cm"l) of the ester linkage in the heangroups is very

!

~.strong, whereas in PFlg. 49A it was only evident as a weak

. ' “«
shoulder on the amide I bahd. In the filngerprint region there
o

are many sharp bands between 1400 and 1000 em™ 1, typical /
of solid state carbohydrate spectra [103] from the mono- and
dié}ucosy} lipids.‘The O-H stretching band at 3400 em™t

can also be'associated with'the_earbohydrate_cdmponents, al-
though ;t is partly Que ﬁo'residual water, as 1ndicated

by'tﬁe weak H,0 bending band at ;6“0'cm—l. _i ,
IJ : Fig. 49C shows the~spec£rum of DEPC-—-d62 élfeady dig: '
| cusséd.in Section %.l. The C-D stretching bands and the'gar-

bonyl band are almost identical with those in the spectrum -

¢
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of the 4. laidlawii lipids.

The spectra in Fig. 49 i1llustrate thegeneral features
of the spectra of intact and deproteinated 4. laidlawii

plasma membranes compared to those of a singie pho;pholibid.

" However, in order to.monitor their bilologlcally-relevant

properties, ?hese:membranii,pn?parations were studied in

the presence of a large excess of water. The spectra in the
C=D stfetching regiocn of such hydrated '‘samples are shown in
Fig. 50. The "water-assocliation" band appears in this reglon
(Section 2.3.3., Fig. 6) and 1t is evident in Fig. 504, the
spectrum of fully hydrated A..Zaidlawii intact membrén%s.
The C-D 3Fretching Eands‘are evident only as weak features
on top of the brdad water band, most other spectral reglons
are opaque to infrared radiation. As shown in Fig. 50B, the
removal gf proteins, and the codsequent-change 1n’the pro-
portion of '1lipids in the sample, produces a spectrum with
considérable less.intefference from the water background.

In the case of DPFC-dsé multilamellar dispersions (Filg. 50C)
the water band 1s even éeaker and is evident cnly as a slight

background curvature.

5.211. Absorbance Changes._“

" The . temperature~induced absorbance changes in the
CD2 s#retchiqg bands we?e.monitored byimefsuring;the pa-
rameter AA/AT versus temperature. The results of these
measurements gfe shoﬁn in Fig. 51 for‘thé three systems.,

The thermal response of DPPC-—d62 in Fig. 51C is typlcal of

thls model membrane and can be comparéd with that observed
B .‘ ‘
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Fig. 50. Infrared sSpectra’of fully hydrated samples of:
A. intact 4. Zaidiawii _016:0-d3l pl.asma membranes

;l ‘ (50 um sample); B. deproteinated 4. laidlqwii C16:0-d 1
plasma membranes (25 um sample); C. DPPC-d¢, (12 Mm, pample).

"
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Fig. 51. AA/AT vs. temperature plots derived from the CD,

symmetric stretching bands in the spectra of. fully hydrated:

A. intact A. laidlawiti ClG:O-d31 membranes; B. deproteinated
: *

A. laidlawii ClGiO—d3l membranes; €. DPPC-dg,-
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for DPPC (Section u.2.1.3.,’?1g 39). A maximum rate

of chanée' for DPPC—déé 1s observed in a ﬁarrow temperature
range éeptered around 37°C with:'minor perturbations observed
before and after the gel—to—liquid-crystal phase transi.
tidn.

-

In the cases of intact (Fig. 51A) énd deprotelnated

(Fig. 51B) 4. laidlawii  membran changes are observed

over a much wider temperature ragjge. The AA/AT ploté show
‘that the transikion has the for of a ramp. Although intact
" and depfoteinated mewbra ere previously studied by DSG
[iouj it was not evident from such studies that there are
Subtle differences betwéen the two sysfems. This is apparent
in the plots of Fig. 51, parts A and By the AA/AT values

;re ldentical above and in the region of the growth temperature.
Below this temperagz}e, in the Qase of the intact mem-
branége the rate of changedecreases steadily and achiev
é_constant value at 22°C. The pjot obtained from the dejj
Proteinated membrane is more plateau—like The total width
of- the phase transition in deproteinated memb;;;es is also
"slightly greater, the onset occurring at about 15 - 18 °C

" compared to 22°C 1n the case of the intact membranes.

5.2.2.-Freguency Shifts. . .
| Shifts in the frequency of C-H and C-p stretching
vibrational modes can be used fo detect the introduction -
of coﬁ?brmational disorder 1in agé{szstéms as 1t ﬁaé shown
in Sections 3.3.1. and 4.2.1.3. In a given ﬁhysical state

“the 'C-p stretching bands are observed at the characteristic
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frequencies of the.stete'regardless of the terminal functional
groups and they may“shift only sligﬁtly‘as a result:-of
1néeractions with ﬁeleceles of a different class.

The temperature dependence of the fréquency of
the symmetric .CD, stretching mode 1s shown #n Fig. 52 for
the three systems. Below 15°C the frequencles of both intact
and deproteinated'membranes are 0.5 cm"l higher than thbse
obsefved in the model membrane DPPC- -dg,- Above "15°C changes‘
are observed in all three systems In the case of DPPC-d62
there "1s no change in frequenc& with 1ec}ea31ng~temperature
until the main transition when there 1s;a1arge'sh1ft to 5
-higher frequency. éﬁfe behaviour 1is thé/eameaes the one -
found for DPPC in Section 4.2.1.3. (Fig. 39).

‘The total temperature range over which the frequencles

.. are observed to change is 28 - 41 .°C in the case of intact. -

" membranes and, 22 - b1 °C for the deproteinated~m$mbranes.

' However, the rate of change is not constant within this.

-

-

‘tempepaturerange, 1t 1ncreases with temperature ~ such that

80 % of the total change 1n the case of intact membranes and
Y

70 4 with deproteinated membranes occur within the range

35 - 40 °C. o | | -

Fl

The' frequencies .of the CD, bands in-the liquid-crystal-
line phase reflect the averége number of gauche conformers

introduced into the systems’ by the phase change. A large

.
Lot 1

varlation 1s observed among the three systéms; intact mem-g

: braneés have the highest frequehcy, the"deproteihated mem- s

branes are 1 om'l lower and the model membrane is 1 em™2 1oj

L
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5.2.3. Halfbandwidth Variations. \

F ] 2a

-

The width of C-H and C-D stretching bénds are sen-~ -~
sitive to motional effects. In Section 3.3.1. 1t was shown
that the halfwldths of the C-H é%retching bands increase
"du;ing the "rotator" phase ﬁransition as a result of the \
increased freedom‘of the cha;ns in the hexagonallpacking.
This broadening'occur#%d without concomitant shlfts in-fre-
quency-of the same modes. The bandsalso broadened consi-
deraﬁly_on'melting of the acyl chailns.

Thus, the bandwldth monitors the freedom of motion
of the absorbing group, i.e. the amplitudes and rates of

"motion within its immedlate environment.

"¢ In the case of 4. laidlawii membranes the bandwidths

-1

will réflect the main thermal transitlon where a considerable
change in the envircnment occurs. It 1s also sensitive to
other. changes which do nét 1ﬁ€kdduce gauche conformers, such
as é.deCreased freedom of librational or torsional motion of
the chailns. N .

' The plots showing the halfbandwidths of the symmetric
.CD2 stretching modes as a function of temperature are given

Fig. 53 for the three-cases. In the gel phase the half-

.;zndwidths of* the intact andldeproﬁeinated membranes are
.1dentical‘from 0 to 15 °C, increasing slowly with increasing ¥

temperature. In the model system a slighfly Jower value was

found at 0°C, but between 10 and 15 °C the bandwidth is iden-
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tical with the other two systems. Above 15°C the bandwidth
in the model system shows a steady increase followed by a

large change at the main transition Above thils temperature
R ) ;

'the width remains constant

" In the temperature range 20 - HO °C the halfband— ‘

-

" width of intact and deproteinated membranes change linear-

ly, indicating a'contiouoﬁs’variation'in freedom of motion.
However, in the case of deproteinated membranes the band-
width 1ncreases more rapidly than in the intact membranes.
This results in a difference 1n halfbandwlidthef 2 cm -1 at

-1 in the liquid-crystalline phase.

30°C and 4 ¢m
- While the greater part of the freguency shift was ob-

served.to occur between 35-and 40 °C, the halfbsndwidth

did.not show a sharp ‘increase in that range. In fact, in both

systems there 1s a greater changehtp bandwidth in the range

20 - 30 °C than In the range 30 - 40 °C. This indicates that

the phenomenon occurring between 20 and 40 °C 1s not just

"a changé 'in.conformational equilibrium of the acyl chains

PO

5.2.4, Effect of Temperature.

4

From the close agreement of freq¥ency and halfband-
width values observed for the three systems beiow 15°C'1t"can
FYRE

be concluded that the chain conformations, and the motions .

“-:i"

of the’ chains are very similat. The gel phase of DPPC (Section

'4.2.1.) and DPPC- 5°[29] were shown to be composed of all-

trans chains undergolng conslderable moétion about the long;i;

L]

\* ' . : ; ’ f//;§<j ‘ |
‘ . - - - v ;
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axes. This indicates that in both the intact.and deproteina-
‘ted membranes the lipids are also in the allgtrans-confor- 7
mation in the gel phase. Thekreduqtion in halfbandwildth
-with temperatures approachlng 0°c resuits from reduction
of the aﬁplitudes of torsional motlons. The same conclusion
was reached from °K NMR studies {42] where it was found that
the profiles of intact A. laidlawii membranes at 0 and 22°C
blosgly resembled those of the model membrane DPPC-d,. |

This similarity of--the model and natural membranes
in the gel state 1s not refleéted ir the nature elther of
the phase transition or of the liquid-crystalline phase;
There 1s a-clear distincfion between the behaviour of DPPC—dsé
and the A, laidlawii systems in terms of the width of the
‘transitlon and the valueé of the spgctral'parametefg in the

liquid-crystalline phase.

<

Although dissimilar to that of the model system, the
transition of the intact and deprotelnated 4. latdlawii
membranes are similar to.one anotﬁer.'The AA/AT plots re-

semble those obtainigiby DSC and 2H NMR; they are rampllke

' / . ,

in form, cover a 20 - 25°C temperatufe range, and terminate ’

. ; ‘ ) - )
abrgptiy a few degrees above the growth temperature,

This general form of the phasé transition has pfe-
viougly been suggested to resglt from the various propor-
tions of difﬂerentuchain iengths in the lipids of natural
membranes. The phase transition 1s.p?opoéed to be a c00pe-; )
rative melting‘of the acyl‘chains, witﬁ,the shorter chaihs"_

. : . & .
.melﬁing at lower temperatures and facilitating the melting .
. i . ) . -

s

.
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of the lohgef chains [105]. If this were the case, the

shifts in frequency should beé¥ observed simultaneously with
an increase in bandwidth. However, almoét all the frequen— .
cy shifts observed for the A. lagidlgw;i membranes occur
in the range 35 - 40 °C, demonstrating that the melting’
phenomenon 1s concentrated in a-small range centered at
the growth temperature (37°C). _

In contrast to the beha&iourlff the peak poSition§
the halfbandwidths change throughout the-entire range from
20 to 40 °C and the changes ‘are maximal in a range where |
cnly minimai‘variations in peak positlions are found. Thus,
in the 20 - 35 °C range the principal phenomendh is an in-
-;réaéé in the freedom and rate of motion of the chains
without a concomitant 1arée Increase in the number of gauche
conformers. In the range 35 - 40 °C, tﬁe change 1s primarily
&ssociétedlwith the meltingﬁfhenomgnon (introduction of
.gauche conformers). : | &

The increase in mo 1onallf£eedom in ‘the range 20 - 35 °C
must result from a more\rapid and greater amplitude of
reorlentatlion aboﬂ% the acyl chaln léng axes and a decreaskg
in the packing of the acyl_éhains; i.e., the restrictions
imposed by forming a regular close-packed matrix. This is
in accord with the behavlour observed for the C-H stretchipg
bands in “'CalHuu (Sectién 3.3.1.). %Z“UK-
; The looséning‘of the i}pid matrix leads to é’condition

)

T

- .-- . ] ¢ \\. ,_,»P

where gauche conformers are introduced, as evidenced by the
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frequency shifts and in the.range 35 - 40 °C a change in the

conformer population is the™Jnain phenomenon.

5.2.5. Effect ef:Proteins.

The presence of proteins preoduces no.dramatic changes
in the thermotropic behaviour_of‘intact membranes on the
general form of the nhase transition; however, there:are
some subtle effects: '

. The presence of proteins delays the onset of the phase
transition by 5 -~ 7 °C. This is particularly clear in the
AA/AT plots (Fig. 51) but it 1s also evident from the fre-
quencyrand bandwidth data (Figs. 52 and 53). Although there
is a delay in the onset of the transition, there is no effect
on the temperature at which the transition terminates.

" The frequency shift in ¢he temperature range 35 - Lo °¢
is greater in the case of intact membranes than for the .

«1solated 1ipids, demonstrating that the presence of proteins
results in a greater disordering of the fatty acyl chains
~(as measured by the increase in the number of gauche confor-

‘mers) in the liquid-crystalline phase of the intact mem-

branes. ‘ .

In the spectra of deproteinated membranes the half-
bandwidths are greater at all temperatures above 15°C (Fig. 53).
This indicates that the proteing limit the total freedom of |
motion_of,the 1ipid acyl chains in the. gel phase,\during
the transition and in the liquid-crystalline phase This
odenrs despite the fact that more gauche conformers are in-

ttroduced in the intact membranes by the phase change.
-
2
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‘The immobilization of membrane lipids imrr the pre-

sence of propeins has also been reported from ESR eXperiﬁents
on complexes of DMPC and cytochrome oxidase [106]. However,
24 NMR studies on the same system iqdiéate that the lipids
are ‘more disofderéd in the presence of protein [107]. Thé
apparently contradictory'statements from ESR and 2H NMR
studies have been explained in terms of thé differeﬂé éime
scales of the two spectroscopic techniques; the contradictlon
could also arise from the effects of the bulky nitroxide‘
group; spin labels have been shown to glve disparate results
than 2 H NMR exper;menés on the same systems [108]. The duali-
ty ofreffects that proﬁeins.have'bn membrane lipids as found
in }he case of A.~laidlawit (a restriction of acyl chain
mobility qccomﬁanied by a greater number of gauche con-
formers) "could also‘serve as an explanation for contrad;c—
tory results odtained with otHEr techniques.

>

5.3. Membranes liched in 015:0—d29: ; '

-

Avidin Tg a fatty-acld synthetic inhibitor, when

A, laidlawii 1s grown -in ‘1ts presence it beccmes incapable

.

_ of fatty acld synthesis [109]. If the medium is enriched in

" a sultable fatty acid‘ the cells 1ncorporate the exogenous

fatty acyl species into their membrane lipids to levels
approaching homogeneity (in this casé the membranes were \\

94 % homogeneous in'015:04d29, Section 2.1.).

In these fatty acid homogenecus blo-membranes the
lipld phase twansition has been shown to bccur within a
. ‘ - L=
narrow tempqrature‘ range compared with those ob?'erved for

»

iy
-
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non-homogeneous membranes [44]. This demonstrates.that lipid- -
protelin 1ntegections do not play aimajor role in the re—
gulation of the 1ipld matrix thermal behaviour. In membranes,
such as those wnriched up to 60 % in a given'fatty‘ae}d
‘there are two factprs opereting simultaneously which;affect
the lieid thermal behaviour; the effects-of proteins and
the heterogeneity of the lipid pool.‘In*the membranes en-
riched almost to homogeneity in a given.fatty acid the
only operating effects affecting the thermal reSponse' -
of the membrane 1liplds is the presence of.proteins and the ' ‘ .
heterogenelty of the head-group. classes [44]. The comparison éi?ﬁ\
between tﬁe thermal Behaviour of non-homogeneous and ;omogeneoﬁs
membrases can in principle clarify the ideas about liﬁid— ‘ o
protein interaetiens. "
_‘Eig' 54 shows;ghe infrared spectrum of lydphili?ed

4. laidlauii membranes enriched to 94 % in é15-o_d29. s
Comparing it with the spectrum of a dry sample of A, laidlawii
QLg 0433 membranes (Fig. 49A) shows that there are no dra-~ o :
matic differences between -the two, demonstrat;ng that the
general memb#fane characteristics are mainﬁained Therefore
a comparison between the thermal response of the two membrane
preparations 1s a valid exercise - ) ' | . .

The C-D stretching bands are relatively stronger in¢ e
the spectrum of 4. laidlawii Cl5:0-'--d29 than in the previous
case. Frompthe relative intensities and peak positions of

the amide I and'II bands at 1650 and 1535 cm"l it can:be

concluded tht the protelns dre 1in the same general conformation
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as in the Ci6:0-d., membranes, i.e., a helical with some

31
random coil structure.
Tpe thermal.resp0n§e of intact and deproteinated
A. laidlawit élS:O;dzé membranes was studied in the,pre;
sence of a large éxcess of'water. %ig. 55 shows the C-D
‘stretching region in the spectrum of fully hydratéd
A, laidlawiti ClS:O—d29 membranes at B‘End 45 °C. after
water.sﬁbtraction. The antié&mmetric and symmetric CD2
st;etqhing bands appear at 2}9& anngPQO cm"l respectively
‘ apq ‘the CD3 band; -~ . at 2214 (asymmetric stretching),
:3155 and 2070icm;l (symmétric stretching) in the spectrum at
5°C. Itlis evident that'all spectral characteristics change
drastlically in tﬁis temperature range becauée'bf the-phase
transition in the membrane lipids. | . -
The deprﬁteinéted,C}S:O—dag membranes préduced an
Infrared spectrum in the C-D stretchiné'regiogfwhich is
' practically *dentical ., with thefone shown in Fig. 55 for

+

the intact membranes.

5.3.1. Absoybance Changes .

The way in which the spectra change as a function of
temperature was monltored via difference épectra‘aqd measur-
ing from Pﬁbm the  parameter AA/AT versﬁs temperature

3

(Secﬁion 2.3.3.). Almost identical results were obtained

when monltoring elther the antisymmetric or the s&mmetric
CD2 stretching bands. Therefore, only results obtained for

the symmetric CD2 stretching band are presented.

~
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- served in the transition range. After the compl

'~180~ 4.
Fig. 56 shows the AA/AT versus temperature plots.
Fig. 56A shows the plot obtained from the spectra of the

~irntact membranes and Fig. 56B the plot obtained from the

L -

deproteinated membranes. : S~

"In the case of intact membranes (Fig...we-_ o
transition Qccurs within a 10°C temperatumé range kffom
30 to 40 °C) and it has the same general ramp[ike férm as -
-that observed 1n the A. Zaidlawii'C16}0—d3i”membranes
(Figl 51A). It alsp terminates abruptly a few dégrees above
the growth temperature (379677‘?pe changes obs

ved at all

temperatures below 30°C are small coﬁpared wijh those ob-
tion;Oj'th;

transition changes in the bands are minimal. .
In the case of the deproteinat‘d membranes (Fig. 56B)

the phase transition 1s seen to Qccur-within a nérrow tem-

L3

perature range.(37 - 40 °C) with very small-absorbance changes

-

- above H0°C_and:almbst nO‘vériation below 35°6 as can be

seen from a néar zero value oft AA/AT. This plot obtained from

the deproteinated membranes;is ~almost the Ssame as that
R _ ;

obtained from PPPCid, (Fig. 51C), reflecting thé fact that

in this case th memﬁ?ane_lipids are homogeneous in a single

class\;f fatt acid. . . N : ' C T
: A comparlson of FigsL,BGA aﬁd'SGB demonstrate that
the phase transition in the intact membranésﬁis somewhat

broader thad-ih phe”deproteiqsted membrénes. This contrasts
with what was observed for A. laidlawii C16:0-d5, membranes

~

YL ¥

A
-t
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" Fig. 56. AA/AT vs. temperature plots derived from

the CD, symmetric stretching bands in the spectra of
fully hydrated: A. intact 4. ZaLdZGMtt Cl15:0- d29
plasma membranes; B. deproteinated 4. laidlawii

915.0 d29 membranes., ' o
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(Figs. 51A and 51B). The lchanges observed in the gel .phase

(below 30°C) for the'ClB:P-d29

intact membranes are larger

: - : .
than those for the Heproteinated membranes indlcating that

. |
- in the intact membranes there are thermal effects perturb- .

: |
ing the acyl chain packing. The transition ends at the same
temperature in the two cases confirming'thet membrane pro-
teins- deo not alter the trénsitioh‘cemperéture.

~

5.3.2. Frequenqy Shifts.

As in the case of ¥. Laidlawi;-Cl6'b d3 membranes the
frequency of the CD2 stretching modes cac be used to mo-
nitor the introductlon of conformational disorder in the,
acyl chains. The frequency value in the liqﬁid-crystalline
phase 1s an indirect measure of the number of gauche conform-

ers in the acyl chalns.

Flgs. 57A and 57B show the temperature dependence

of the frequency of the symmetric CD2 stretching modes in

the spectra of intact and deproteinated 4. laidlawii Cl5:0-dag
membranes respectively. ) |

Iﬁ the case of intact membranes‘(Fig. S?A) the fre-
quency of the band-is invarfant at all temperatures in

the gel phase and shifts abruptly to higher frequencies at
35°C. The shift ends at 40°C and at higher temperatures the
frequency remalns constant. The range in which the frequency
is observed to change 1is much smaller ‘than in the AA/AT |
plot (Fig. 56A). It 1s also smaller than the range obser%ed_

in the case of ClG:O-—d31 membranes (Fig. 52A).
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.-The frequency of the symmetric CD2 stretch in the
spectra of deproteinated C15:0- d29 membranes (Fig. 57B)
is also invariant at all tempe?atures'in the gel phase-and
shifts to higher frequency at 37°C coinciding with the cn-
set of the phase transition éccording to th? AA/aT-ﬁlot

(Fig. B6B). The frequency is constant at temperatures

above 40°C.
‘ _ _ N
The frequency value in the liquid-Trystalline phase

in the spectra of deproteinated membranes is lower than for
intact membranes coinciding with the case of Cl6:0- d3l

membranes (Figs. 52A and 52B). The differeqce is ~2 em™t

1

in the'ClScO—dzg.membranes and ~1 em™” in C16:0-d., mem-

31
branes.
\'

5.3.3. Halfbandwidth Variations.

The halfwidths of the CD, symmetric stretching bands
were monitored as a_function §f temperature and the results
of their temperature dependence ﬁre.plotted in Fig. 58.
Fig. SéA for the dase of intact and Fig. 58B for the case
29‘membranes. - \

In Fig. 58A it can be seen that the band broadens

of deproteinated C15:0-d

continuously from 10 to 4o °Cc. However, the rate of in-

‘crease in Halfbandwildth 1s not gonstant, there is an inflection
point at approximately 32°C and the rate of'changq'is ﬁigher

in the 32 - 40 °C range than in the 10 -~ 30 °C range. After
completion of the transition-at 40°C the halfbandwidth re-

t mains constant. Thils behaviour 1is not identical with that

'
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observed for £16: 0—d3 where tAe halfbandwidth wmalues
were observed to change almost linearly in the 20 to 40 °C

temperature range.

In the case of deproteinat{ﬁ Cl5: 0~ 29 membranes
(Fig 58B) the halfbandwidths are almost invariant with
temperatnre nntil 3?°Q where a large increase is obserwed,
fhe yalues of halfbandwidth are constant after ccmpletion
of the phase_trensition. In the liquid—crystalline_phase’
they are slightly larger (0.5 em"l)' than those obsef?ed-
for the intact membranes (Fig. 584).

The be%aviour of the bandwldths in the'deproteinated

015:0—d29 membranes contrasts with that of the deproteinated

Cl6:0—d31 membranes (Fig. 533). In that case, the halfband-
wildthg were observed to change dver_the entire 20, - yp °¢

- temperature range and(no sharp increase could be detected.

-

\
<

5.3.4. Discussion. h

From the AA/AT vs. temperature plots for these fetty
acid-homogeneous membranes 1t,is seen that the phase tran-
sition occurs within a narrow temperature-range_(lb°0 fer‘
intact membranes and 3°C for deprotelnated membranes), t
which is in accord with DSC measurements [uy].

This narrowing of the phase transitlon in lipid-ho-
mogeneous membranes demonstrates that m®t of the Eroaden—
ing observed in non-homogeneous membranes results from the
1lipid heterogeneity (acyl chain and head-group hetero-
genelty). The deproteinated ClS:O-d29 membranes are at -
least 90 i homogeneous andfthelresidual broadening observed

\ .

M
i
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in their transition (3°C, Fig, 56B) indicates the effects
of the held-group heterogenelty.

In contrast to the Cl6:0—-d31 enriched membranes the

phase transitioq for the ClS:O-d29 membranes was observed

N
-

‘ to be broader in the intact membranes as“compared to the .
.deproteinatea ones, This indicates that there 1s a broaden-
ing effedt or}ginating from -the presence of proteins. In
" the case of Cl§;0—d3l.membranes 1t seéms'then that the
. fatty acyl ch;in heterogenelty (léngth and degree of un-
saturation) prgdominates and produces a broader phase tran-
sition. This residual broadéning of proteins on|1lipid ’
phase transitions has been observed witﬁ-preparations of
- glycophorin and pure DPPC and DPPC-dg, [1;0];
As in the casé of ClG:O—d31 enriched membranes, the
- transition 1s also centered at the growth temperature (37°C).
This can indicate that-the.ﬁhase.transition has specific
physliologlical imblications serQing as a regulatory me-
chanism since enzymatic. activity nas been found to depend’
qritically oh the 1lipid phase behaviour [uoj. ?owé%ér, 1t
has been found with A. laidlawii membranes enriched in a
variety of different fatty acids that the phase'transition
_tempefatupg bears no diYect relation wilth the growth'tempépg;ure
{95]. In the case of outer mémbranes from E. Coli the phase
transltion temperature'wag found to depénd'on the groﬁth tem- -
perature,but ﬁhe cytoplasmic membranes shéﬁed no effect 1in
. »

thelr transitlon temperature with growth temperature [111].

There 1s no consensas then as to whether the growth temperature

A



—
\

~188-

petermings the phase'transition:temperature. In the pre-~
sent case of A. laidlawii Membranes the. same tranSition3“5i?d
temperature was found for ClG:Ond3l agd ClS:O—dég‘ﬁembranes,
this colncidence may result from the close simllarity of

the fatty acyl chains."

| The behaviour of the fregquencies fer the ClS:O—d29
membranes is very similar to that observed for C16:0-d3l

embranes. The temperature range of the frequency shifts is
very narrow in accord with a more homogeneous 1ipid pool. |
The effect of proteins seems to be the same, the intact
membranés show a greater concentration of gauche conformers
(higher frequency values in the.llquid-crystalline phase)..
However, the difference in frequency 1is larger (2 cm"l) in
the cése of the ClSiQ—d29 membraneé,‘indicatiné that the
homogenelty of the 1ipid matrix has .an "ordering" effect

on the acyl chains compared to the ClG:O—dél deproteinated

membranes.
The close agreement between the frequencies in the

gel phase points to a similar conformapion for the acyl
chains and indlcates that the présence of protqins-does not
alter the frequenay of the CD2 stretching modes.

| TQF behaviour shown by the halfbandwidths in the
Clj:O—d29 membranes islin contrast to that observed for
Cl‘6;0-—d3l membranes. In the case of tﬁe intact membranes
the general freedeom of motlon of the acyl chains varles at
all temperatures 1n the gel phase wheredé inlthe deproteinated

membranes 1t remains constant (Eigs.SSA and 58B).

oL
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31 membranes 1t was concluded.

In thé“tase of C16:0-d
vhét the freedom of motion was greater in the deproteinateds

membranes. Thils apparent contradiction may be expllined by

the-homogepeity of the 1lipid pool. )

In.the\debrbteinated CiB:O-d29 membranes the acyl
chains .can pack 'in a well defined lattlce wlth the inter- '
chain Interdctions beinglmaximal: The small pércentage of
chainé with different chai; lengths or unsatJ;ations can
pack és 1mpur1ties_creatipg a small concentration of defects
that will not des%roy the interchain interactions. The de-
proteinafed @gmbranes will then behave as a pure lipid showing
a rigld packing in the'gel phgse. The phgrmal beﬁéviour is
thus almost identical with théggfbserved for the model mem-
brane DPP07d62. .

Membrane proteins are seen tc have oniy‘minor-effects
on lipid thermal transitiong; The‘presenée of proteins seems )
to inqrease’tke.number of gauchg conformers in the ;1qu£d-
‘crystalline phase, probably tgzzzgﬂﬂstabilizaqion of the .
lipid preferyeg?éonformations. In the gel phase thqg seem

~ . -
to have an lmmobillzing effect on chain motions but membranes

S

' enriched in C15:0-d,, seem to indicate. the opposite.
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'CHAPTER 6. CONCLUDING REMARKS.

. L]
6.1. Fourler-Transform Infrared Spectroscopy.

From the context of this work it is apparent that the
natqre of spectral studies on blo-membranes require
speétra with'good signal -to-nolse ratlos and reproducibility.
Fourierftransform infrared spectroscopy has been presented as
~a technlque with great potegtial in the sﬁudy of bio-
membrane.systeﬁs including natural ﬁembranes.

Fourler-transform-infrared spectroscopy presents
a series of advantages over conventional dispersicn infra-
red spectroscopy. These advantages arise from the use of
the Michelson interferbmeter and the possibility. to use
state of the art c&oled detectors and have been extensively
‘discussed in the literature.[ll2,113].

The prifcipal advantages are: multiplexing or Felgettis
advantage, which is the time saving gainéd by taking all the
PeSOlu{;QH elements dn the speétrum at once. Derives from the

fact that every point in the interferogram contalns information

~

about every polnt in the spectrum.
The high energy throughput or Jacquinot's advantage
relates to the amount of energy reaching the detector; this

advantage 1s of particular importance in energy limited

cases [114].
| ' A third advantage is frequency scale accuracy or Cbnnes'
advantage [115]. The wavenumber scale of an FT-IR spectrometer

is determined frem the fringes produced from a HeNe laser -
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making it accurate to within 0.005 cm”—. The reproducibi-

ty.of the wavenumbgf scale 1s.0.01 cm"li This allows tﬂe
monitoring of extremely small frequenéy‘shifﬁs iﬁ spectra
with high signal—to-nﬁise ratids.- ' ' Nt

| An added advantage.is.thévdedipated computer required'éi
to - drive the iﬁstrument, thié allows for self re-calibration
and feedback loops glving effective stabilities muéh highep 7
tﬂan the built-in ones [116]. The computer also adds the ad-

'vantage of extreﬁe simplificatibn of the data handling.

Y In the case of this study, difference spectra proi'
vided an ekcelleht tool for monitoring phase chanéés, not
only to subtract the solvent bands but also through the de-
terpimation of changes in absorbance and intensity, as
exemplifled in Section 2.3.3. Differenpe spectra were also
Jﬁed to detect the presence of weak and unresolved bands
like the components- of the methylene wagg%ng band progression’

he splitting in the CH2 écissoring and foéking bandé in the
h/figectrum of DPPC were filrst found via difference‘spectra,
as was the separation of the asymmetric methyl stretching
mode in the spectra of DPPC—16'—d3. This type of difference
Spagtro$copy 1s not subject'to the multitude of errors en-
coung%;(ic}‘in- spéctral stripping [117,118], w}'lereby the
spectrum of one component from a mixture is' obtained by sub-
tracting the spectra of the other components. The subtraction
of the "water-association"'band was seen not to prdduce con-
siderable distortions in the C-D stretching bands. This
results. from the diffef;nce in Bandwidth between the éubr

tracted gnd subtracting bands (Section 2.3.3.).
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- The solld phase bfhaviour of n-alkanes was used

6.2. Hydrocarbons.

to.charaqte Ze spect effects arising from changes in

crystal paclking an lecular motions. This characterization
’ ™ : .

-allowed a'qomparison with spectral effects obseryéd in the

ﬁhermétropic mesomorphlsm of’iipid'bilayeré.
- From the study of the'h—alkaﬁe-specﬁra it is con- -
cluded that the "rotétor" phase tradsitlion results-in changes
of.differént nature 1in different spectral regions. The pre-
sence o} conformational disorder in.the hexagonal phage

not be ruled out from the data. However,-most af. the
observatlons point to cohsérvaﬁion of theAmolécuiar confor- .
matlon on goipé frém ﬁhe orthorhombic subcell to thAhexa— ‘

gonal in- accord with the results of Raman spectroscoplc stu-

dlies on n—ClgH110 [57)¢ Some observations point to the intro-

duction of non-plan conformations in the hexagonal phase

-—

in accord with small angle X-ray diffraction studies on n-CysHgg
[56]. The explanatﬂpn for this apparent—ccntradictory infor-~

mation could be that in the hexagonal phase the chalns per-

_form torsions and not only rotations like rigid rod®; thus,

the conformations wildl have a slight non—ﬁlanar nature while
maihtéining_an overall trans‘gharactef. In this respect, a
consliderable amount of infﬁfmation could be obtained studying
specifically~deutériated hydrocarbons and obtaining quantita-

tive dynamical information from an analysis gfﬁggg/Band

" shapes [119]. This is very difficult in the case of large

molecules llke hydtrocarbons but the ever—incrqasing.capabiliﬁfL\

T

]
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of computers and spectroscoplic methods will lessen this
. ] .

diffichlty'in the near future,
' . ..

" 6.3. Bilayers of DPEC.

. The infrared spectrum of DPPC was assighed with é(//
the aid 5} the spectra of some specifically-deuteriated
deritatives.‘ ‘

The thermotropic behaviour of DPPC bilayers was °*
studied in the temge;ature rangé——GO to +605C. In accord

witﬁ previous studies it was concluded that these b layers

exist in distinetly different phases above and belo} the

]

main traqsitiop at 41.5°C._The maln transition was don-

figmed'as-; melting of the acyl chailns, and‘eqidence was

obtained for further. reduction of the confbrmational oFder
as the témperature'is ralsed in the liquid~crystalline

~ >
phase, . ~

The changes observed in thg‘épectra of the gel ﬁhgse‘
reflect effects associated with interchain interaptions and '
with the packihg of fully extended all-trans acyl chains.
Aﬁove 38°C the infrared spectra are'ih-aceord wit? the chains
being packed in a hexagonal lattice with a high degree of
motion about thelr long axes. Reduc;}on of the‘température
below 36°C leads to an interlocking{of the‘chains‘rgducinéf'i“

¥
L]

the rate of axlal motions. This leads to a gradual introduct;%n

of orthorhombic packing and the gradual increase in the

magnitude of factor grouph splitting.

o
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is in contrast with tée case

in packing eceure nithin'l°C

From the gradual increase in the magnitude of the , N
r s >

splitting, information regarding molecular motion could . |

~

.izpe'obtained through‘an appropriéte,iﬁtermolecular potential ) :
[ t

, in .the case of the spectra of these o |
a . C_m__ ) a. -
sdems ’ ,

)
3
hd 1

be explained by assuming that the acyl cﬂhins pérferm tor-

120,121]. Howev

‘

molecules where

occ%;s progressively on lowering the temperatu

l\ .
sions The torsions can be expected to be of greater plitude
- at positions close to :?e terminal methyl group, this|is

7 IR
in, accord with the det rmination of the ecrystal strucfure -

of DMPC(IEEJ The existence of torsions gr twists.-#n the *Q/ )

-

chagga wii& produce a gradient effeét in the interchailn inter— o

S‘—With mininum\interactions at the end of the chains

imum interactions at.positions in tne middle of the

.
L e es n et ket s e g R At L

The study pprformed on the thermal behaVionf of the
speci ically-deute ated derivqtives eﬂ?ﬁPPC paints tp thex
existence of a "nlateeu" effect in the gel phase with tné
interchain'intenectiqns dTOpping ofﬂlrapidly near the center
" of the bilayer. A more detalled series of epecifically- .

.- -
deuteriated derivatives would be required to confirm this”

postulate.-
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The términai methyl group was seen to rotate ra-

' pldly at temperatureé Just belowvthe‘melting phenomenon -

put the rate of rbtétion decreases progresslvely in the
éél phase polnting to a more rigid.crystakline pécking.
The progreasivgszénﬂiéoﬁ in the rate of rotation of

the methyl group agrees with tﬁeféﬁ@é@&ation of increasiﬁg

2

values for the “H NMR quadrupole/gplitting [29] as the

’ temperaturé 1s reduced.

Unfortunately, the Raman study on specifically- .
" dduteriated derivatives of DMPC [89] does not provide

‘ ough information on the gel phasé for a detailed com;
pgyison; A genéral_conclusion reachgd;{ném th?t study .

. ' . 'ﬁ.:'.’_{ ‘)
was i:?; the "disorder" was greater towards the ceriter

of the bllayer which can bq interpreted as reduced inter-

chain interactions and hence increased freedom of motion.’
Previous studies on the gel phase cof phqspﬁolipid.

bilayers were not very suecessful in providing detailed

information. Magnetib resonance spectroscopic experliments

which have provided very detalled information ®n the liquid-

erystalline phase of model and natural membranes [23,26-28,

88] have not ‘been so successful in characterizing the gel

phase. Infrared spectroscopy involves a very di%ferenb timg
§cale than mEghetlc resonance spectroscopy. In addition,
‘there is an opggsite temperature effectlon IR .and NMR;
decreasing feﬁperatures sharpen IR fegtureé, but broaden

NMR signals. Any reduction in the rate of motion favour

—~

I
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observation by IR over observation by NMR,iand vice-versa.
The broadening of NMR signals does not imply @hat the dy-
namicai informaticn is lost; on the contrary, 2H NMR spectra
of bilayers in the gel phase might well be more informative
than those of the liquid crystalline phase. However, the
analysis of §;t¥gel phase spectna is more dilfficult, recent
deveiopments in 2H NMR spectral analysis will facilitate

the interpretation of gel phase specfra [29].
)y .

- As mentlioned above, Raman spectrcscopy has been
applied to the study of 1lipld bilayers [31,33-35]. The con-
clusions reached from this IR study on DPPC bilayers do not
agree with those from Raman spectra in relation to the exis-
tence of chain.confornational\disorder in the gel phase
of DPPC'bilayers. The appearance of gauche conformers in the
gel phase of'DPPC was inferred from fhe thermotroplc behaviour
of thg carbon-carbon skeletal optical mode at 1130 em™t

in the Ramanﬁspectraﬂ[33,3uj. The thermotroplic behavliour was
" analyzed solely in terms of JAntrachain effects. Howeven\

interchain interactions have a strong effect on the intensity

of this mode [55]. Since, as it is shown in this study, the

crystal packing and.hence the interchailn interactions are

the major factor affecting the gel phase, it is concluded

, .

that the analysils of the Raman spectra 1is incomplete_and

should include these intdractions. *

- -
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6.4, Acholeplasma laidlawii Membranes. s

The work on the thermal behaviour of 4. laidlawii
membrane§ represents the first such study by _vibrational
spectroscopy ;nd provides detaiied informatibﬁ on the
temperature;aéﬁéndent behaviour and the effects of pro- -
teins on 11pfg conformation and dynamics.

| The.data‘demonstrate-that the temperature-dependent
behaviour has the same géneral form in Intact and deprotelnated
membraﬁes. The phase transition in 4. laidlawii membrane
;1ipid§ ceccurs in tﬁdtstages, oné centered in .a narrow
temperature range, invblving-the melting of the acyl
chains and the other encompassing a broader .temperature .
range involves the gradual breakdown of the rigi%'crystal
lattice present in the gel phase. |

' The breadth in the phase traﬁsition in membrane 1li-
pids was determined to originate from the heterogeneity
in the lipid classes in the membrane. Proteins were also
found*to produce a broadening of the phase transition.

A comparison of the behaviopr-of A. laidlawii
Cl6:0-d31 (non-homogeneous) and ClS:de29 (homogeneous)
membranes allows the .study of the effects of membrane pro-
teins. ) |

In the case of the hon—homogeneous ClS_:O—d31 memﬁranes
in the gel phase, the chain mobilit§ was.greater in depro-~
teinated membranes, pointing to an immobillzing effect of .

the membrane proteins. In the gel phase of thé homogeneocus

015:0-d29 membranes -the opposite was observed, the chaiﬁ
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mobility 1s greater wazﬁ:;roteiﬁs are present while the
behavliour of the extracted lipids isithe same as that of
model membranes composéd of a singfe 1ipid. Thus, the
proteins in the gel.phase of the homogeneous membraﬂes have
the effect of.increasing the mobility of.the lipid acyl
chalns; this can be correiated with the coﬂcept of a me-
chanical, match between protein and 1lipid motions [122].

.Ig the liqu¥d—crystalline phase and during the phase
transltion similar effeéts are seen in-hompgeneous and non- .
homogeneous A. laidlawii membranes. More gauche conformexs
are introduced ln+the presence of proteins fhan in thelr
absence; howevgr, the acyl chain mobillty is restricted in
their presence. That more gauche conformers are introduced
in intact than in geproteinhted membranes has also been

2H NMR in the same membranes [123].'

observed by

A general conclusion to be reached from this IR study
i; that in tqg(liqﬁfa;crystalline phase, membrane proteins
-have a dual effect on the lipid dynamies, they rest;}ct the
acyl chain mobility while at the same time the Intrachain
conformational disorder is ggeater. These findings emphasize
the‘inadequacy of the popular description of membrane lipid
properties in terms of "fluidipy". Despite a discrdering .
greater number of gauche conformers) of the acyl chains,
thelr rates of motion are apparently slower In the presence
of proteins.

The study of bfgj;;hbranes by Fourler-transform infra-‘

red spectroscopy provides detailed information concerning

the physlcal state of lipilds under condltions of varying
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composition and temperature. It is hoped that further
studies on biological systems will facilitate the under-

standing cf the functioné of the various méﬁbrane gom~

ponents and thelr interactions with one another.

o .
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