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ABSTRACT .

]

The hydrocaqbon“chain segmencbl_orientational order

parameterS"S were obtained by fluorine-19 nuclear

mo 1 ;

magnetlc resbnance spectroscopv using membranes of the

v .
organlsm Acholeplasma laldﬁaWIl B, whose complex llpldS had

been enrlcbed with a varlety of exogenous fatty acid and
small amounts of partlcular 1somer1c monofluoropalmltlc acxd

N
probes. The thermotroé!c behav1our of these membrane l1p1ds

¥

Ad
was 1ndependently monitored us1nq dxfferentlal ssannxng

\

calorlmetry to permlt an evaluatlon of the relatlonshlp

between faﬁty acyl structuraﬁ orlentatlonal order and lipid

phase state First, a theoretlcal model of the fluorlne
spectrum of a monofluoropalm1t1c acid 1n a 11p1d bllayer was
developed whlch permltted the spectral 11ne shape to be'

- .
1nterpreted in terms of an orlentatzonal order parameter,

' »Smo1. The chemlcal shift anlsotropy and dlpolar 1nteractlons7'“

-

wh1ch domlnate the fluorlne spectra were ascrlbed a

<3cos’6-1> or1entatlon dependence 1n both the. gel and

11qu1d crystalllne state as’ a result of ax1ally symmetrlc‘

11p1d motlons. The narrOW1ng of ‘the fluorlne spectrum from

‘.‘ .

1ts estlmated effectlve chem1ca1 Shlft anlsotroplc and

dlpolar max1mum was quantltated through the 1ntroducnwon of‘
an or1entatLonal order parameter. Evaluatxons of the‘“'

estlmates and assumptlons necessary to thls type of ana1y51s7_*

v’were developed as well as - demonstratlons of the corres-f”

t'ﬁ'

pondence of experlmental and 51mulated fluorlne spectra.g;p‘”h

N~y

Secondlyl the values Of Sm01twere determ1ned in the presence7f
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of representatives from each class of naturaily HTure
fatty acxd including stralght-chain saturated, monc-

‘nsaturated methyl branched and alicyclic ring substituted

«
o

fatty ac1ds over a range’of temperaturgs which spanned the

b
gel to llquld crystall1ne phase transition of the A.

Ialdlayll B membrane.llplds. In the llqu1d crystalllne state
“

'overall order was relat1vely I'ow and the proflle of order \
- across ther11p1d bllayer wasvrelatively independent of the.
"host"‘fatty acyl structure,always;demonstratind a region:
'yof relatlvely constant order precedind a prodressi;erdecline

in order towards the methyl termlnus of the acyl chain. This

uniformity of order1ng permlﬂted,a chawacter1zatlon of the 3
'_hoverall order 4in the l1qu1d crystallxne state in terms of
average forces such as prox1m1ty to the phase tran51t1on and
':temperature..ln the gel-state, .order 1ncreased profoundly

vand the presence of dlfferent ‘atty acyl structural S
'substltuents resulted 1n markedly d1fferent order proflles.l
_The gel state order proflles of stra1ght Chalﬂ saturated
' fatty acids were almost flat /1ndﬂcat1ng that lityle: |
'head to- tall gradlent of order remalned In-contrast the
‘order prof1les in the presence of methyl Jsd— and antEIso-
branched ac1ds, or- 1somers of CIS octadecenolc ac1d with the ‘H
F:fdahble bond. located near the methyl termlnus, dlsplayed

llarge gradlents of order’ 1n the gel state, 1nd1cat1ve ot\§hf\§}_

. o
local dlsru t1ve 1nfluence of these structural-subst1tuents.

o

"fWhen located near the center of ‘the fatty acyl chaln,.l

"structures such as the CIS dOUble bond or cyclopropane r1ng

L
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altered the gel state order profile s¢ tnat order first

decreased, then 1ncTreased and then SUSsequently declined

."\’

& ° towards the methy] terminus 4 Cis-double bond located near

| the carbonyl headgroup had llttle dlsruptmve 1nfluche/on ]‘4
apo>

the gel state order proflle In add1t1on ‘to these,loca

d1srupt1ve effects, specific struc tural substltuents wele

\ . — T

capable of lowerlng the overall order 1In the gel state. Whén

I3

the dependences of order on -temperature for 1nd1v1dual cases
of”enrlchments were normallzed.w1th respect to the lipid
phase.tranSition' 1t was observed that those fatty acyl

groups g1v1ng the lowest phase- tran51tlon temperature also

(S

exhlblted the lowest degree of orlentatlonal orderlng in the .
X . \
gel state. ThlS suggested that dlfferent fatty ac1ds

modulate the temperature of the ‘lipid phase tran51t10n by .

decreas;ng‘the-stablllty of gel—state chain packing in both

’

a local'and a general sense. In the liquid—crystalline state
0verall order was greater in the presence of lower meltlng
fatty ac1ds follow1ng normal1zat10n w1th respect ‘to the
lipid phasevtran51tlon ThlS effect ‘was attrlbuted to the

overall temperature dependence of or1entat10nal order in the

v

l1qu1d crystalllne state’ rather than to some property of the
¥ : _
partlcular fatty aotd When con51dered together these

/f’observatlons prov1ded a un1f1ed plcture of the manner in

3

Whlch fatty acyl chaln structure modulates bhe 11p1d hydrd”

carbon chaln or1entat10nal order and the temperature of the

11p1d phase trans1t1on

<

vi B /,
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1. INTRODUCTI.O'N

fhe earlie?t studies of biological membranes were
concerned with delineating gross morphological features ‘and
generally conVeyed an impression of a static structure The
descr1pt1on of the tlme averaged or equ111br1um structure*;;(
bgologlcal membranes\as by no means: complete and contk\pes
tQ be an.lmportant‘focus of Contemporary research, However}
;t‘became apparent that hiomembranes were essentially
dynamic structures and‘that an understanding of structune*"
functlon relat1onsh1ps had Lo 1nc1ude an apprec1at10n of the
‘.rates and amplitudes of the fluctuat1ons about the "average"
j‘tonfiguration. | 'b : |
.ifcoénition‘ofthese’considerations culminatedlin the
'Aprpposal of the fiuid-mosaic modelxof‘the structure~ot’

H.biological~membranes by;Singer and Ni _olSon (1972). The,
_ba51c tenents of the*model are - now gene’ally agreed upon and
'are as follows. Membranes con51st malnly of llpldS and
proteins,arranged in an amphlphllxc 1amellar_structure with

a relaxlvely nonpolar inner layer separatlng ‘two polar .
hydrated layers,ln contact w1th the external aqueous

. solutlon. The inner hydrophoblc layer encompasses the ‘hydro-
;carbon cha1ns of the l1p1d molecules (arranged 1n & f - %f':
;'bllayer) the predomlnantly hydrophob1c portlons of the
1ntr1n51c membrane prote1nsfas well as any molecules such as,”
sterols or anaesthetlcs wh1ch preferentlally part1t1on into -

the membrane. The two surface layers con51st of the 11p1d

phosphate esters, carbonyls and headgroups, the carbohydrate



and hydrophilic amino_acid_tesi@ues of proteins as well as
any associated iods and water. The amphipathic lipid\bilayer
acts to "solvate" the imbeddedvhnxknsic proteins which may ‘
partially or entirely span the width of the membrane (for
reviews,'see'Singer and Nicholson, 1972f Bretscher, 1973).
This eooperative configurQ&ion can be considered“anvequili—
brium struaturensince mo'st membrane components willf of
themselves, spontaneeusiy aggregate or assume a lamellar
structure when isolated and‘reconstituted in agueous
:soiut&ons (Bangham et al., 1974).

Within the constraints of.the planar membrane structUre
the individual components expefience a considerable range of
hotienal;freedom.\Intrinsic membrane proteins are <
more—er—less free to rotate (Cone, 1972) and diffuse L
iaterally (Jain and white,,1977) within the.plane of the
bLiayer Th&;mmﬁxane)llplds can exist in-either of two
states,'each of which d1ffers markedly f;om the other in the
degree of motlonal freeéom permltted there1n° a gel State,

‘:1n which the lipid molecules are. closely packed experlence
restricted rotat10na1 or translatlonal d1ffus1on whlle the -

1‘methylene chalns assume an approx1mately all tFanS
conflguratlon, and a llquxd crystalllne state, 1in whlch
lipid packlng’restr1et10ns are:greatly attenuated and-where
Aall~degreesvof motional freedom, including rotational and
.translatienal'diffusiOn 'rotationai isdmerization about
1nd1v1dual bonds, and even trans- bllayer fl1p/flop of whole

a~molecules, 1ncrease profoundly The tran31t1on between these

,\'

/
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two states can be trlggered by changes 1n temperaturt

(thermotrop1c), water content (lyotropic) or 1on content
(ionotropic). It is an approximately'frrst order-phase

D ) '
transition and can be cooperative to the extent that .

i
hundreds of 11p1d molecules may melt simultaneously (Mabrey

and Sturtevantr 976 Lee, 1977). In blOlOglcal membranes_
(as opposed to pure lipid-water systems) this lipid‘phase‘
transitionm is always broader the cooperativity being
reduced by the presence of heterogene1t1es vf ligid polar
‘_headgroup and hydrocarbon chain structure or 1nqsome cases
by the presence of sterols, hopan01d or related molecules
The fluidrmosaic model was highly satisfactory, in that
1t embraced a wealth of experlmental data within an
elegantly 51mple hypothes1s con51stent with many of the
propertles of biological membranif However, there remalned
a multltude of archltectural and functlonal questions which
‘were not 1mmed1ately addressed These 1issues included
quest;ons concernlng the funct1on of the asymmetrlc’

»d15tr1but10n of 11p1d classes across the balayer the

r51gn1f1cance of llpld polymorph1sm such as the».

l_y'\ :

f““bllayer to hexagonal II tran51tlon, the rolé'ofzthe multl?

|3

'tudlnous structural varlants present in the 11p1d headgroups”
oo . .
- and hydrocarbon chalns, the manner and consequences of

11p1d prote1n 1nteract1ons, the molecular detalls of
_transport processes and of 1nformat1on transduct1on across

' membranes ‘through receptors the role of the cytoskeleton

and its attachment to membrane protelns proteln dynamlcs
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and their importance to biloactivity, and the as yet

3

ill-defined role .of membrane carbohydrates.

Perhape»the greatest'single'obstacle confronting the
membrane biologist whenfattempting‘to approach the afore-
mentionéd iﬁsues is the fact that the usual principles and =
praotices applicable to regular solution Syatems are.
1mpract1cal in the tase of biological’membranes
Blomembranes are solid and/or llqu1d crystalllne comp051tea
wherein the mutual 1nteract1ons.between membrane componiﬁts
are often of more 51gn1f1cance ‘than external solvent 1nter*

actlons It is for thlS reason that spectroscoplc technlques

have flgured 'S0 largely in the 1nvest1gat1on of membrane

-phenomena where they are able to prov1de, var1ously, both

technlques may be convenlently cla551f1ed into two

structural and dynamlc 1nformatlon Membrane spectroscoplc

f‘

\
rcategor1es: 1) those wh1ch depend upon the exc1tat10n of,ar

naturally.occurrlng 1ntr1ns@c membrane component (i.e.,

“infrared or lasexr Raman spectroScopy, nuclear magnetit"

'resonance) and 2) methods whlch rely upon the 51gnal

'arxslng from an extr1n51c "reporter group or "probe“,;‘

(fluore5cence, electron sp1n resonance) In fact most

;Spectroscopic methods'pep.se4haVebbeen‘applled 1n both.

~

senses.

Nuclear magnetlc resonapce (NMR) 1§‘one spectroscop1c

*method capable of prov1d1ng 1nformat10n on molecularht-

. structure and conformatlon as well as molecular motlons and

.-

A llSt of NMR- approachable membrane problems

o\
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culled from the llterature uoulo include studles of the
orientation,_mobll1ty and lateral diffusion of fatty acyl
’chains as well as the conformation and dynamics'of lipid

headgroups the . investigation of transmembrane lipid ‘

fllp/flop and of the 1nteract1ons of small molecules such as "

holesterol and anaesthetlcs with the lipid bllayer, the
;functlonlng of ion channelsw.zf membrane fusion and ’
.‘fusogens, and’ more recently studies of proteln 11p1d 1nter-
actlons and the structure and. dynam1cs‘of‘p;ote1ns ing .
‘membranes (Jardetzky’and Roberts, 1981~ Jacobs and Oldfleld
- 1981). I R

At thlS po1nt 1 would like to review the contrxbutlon

- of NMR to our understandlng of the conflguratlon and
14

moblllty of membrane fatty acyl chains, thlS toplc be1ng of

s1ngular relevance to the goals of the research to be
descr1bed-1n th1s thesls.
"H-NMR

~ Both son1cated and unson}cated llpld systems have been_[l

e

‘='.stud1ed v1a 'H NMR and the spectra obtalned 1n the two l,

v51tuat10ns are qual1tat1vely dlfferent When gently
”wdlspersed 1n exc<ss water, phosphatldylchollnes (PC s)

"spontaneously form large m“itllamellar llposomes{ W1th

sonlcatlon small unllamellar ve51cles can be formed The_"'

d1fferences ip the resolut1on of the 'H NMR spectra between

,these two systems may be attrlbutable to the Ve51cle 51ze tl‘

d1fference and the greater averaglng of alpolar 1nteract10ns

E .

i
e
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which accompanles the rapld tumbllng of the smaller

. sonicated ye51cles,(Wennerstrom and Llndblom, 1977)

In the relatively high—resOlution 'H-NMR spectrum of a +

: sonlcated dlsper51on of. PC in excess water, it 1s possible

®

to a551gn many 1nd1v1dua§ resonances Such as the fatty acid.

>

methyl termlnal,-fatty aC1d methylene_and chollnggN methyl

protons Chapman‘(1968) was. able to draw a number of

’1mportant qualltatlve conclu51ons from the study of 51m11ar

systems. It was apparent from the temperature dependence of
the ‘H- NMR spectrum that the l1p1d bllayer ex1sted 1n one- of‘
two states, a 1ow' temperature qua51 crystalllne state
character1zed by broad spectral llnes (llnew1dth

Av > 10 Hzl or a hlgh temperature,_quasi~l1qu1d state
charatterlzed by much narrower spectral llnes (Av < 100 Hz)
The trans1t10n between these two states occurred abruptly at
‘a temperature wh1ch was. dependent upon the chemlcal |

structure of the domponent llplds, tendlng to be 1ower Wwith

'unsaturated 11p1ds Itlcould\be concluded as well that the

' unusually broad 1ntense w1ngs. ThlS charaéterlstlc NMR 11ne vdﬁ’*"”

11p1ds in the qua51 llqu1d state experlenced an apprec1able

moblllty reflected 1n ‘the: much narrower spectral llnes

observed thereln. Furthermore, 1t was ev1de2) from the fact'

that the methyl resonances of the fatty ac1/s were much

narrower thanithexmethylene resonances that there must ex1st

9

a gradlen‘g of mob111t1es w1th1n the 11p1d b1layer. B

Thev'H NMR spectrum of an unsonlcated dlsper51on of PC
' P ) ;

' ’,1n excess water contalns a 51ngle sharp central peak w1th

e ]



fleld and the ax1s of Cyllndrlcal symmetry

:conclu51ons regardlng the overall motlons of the 11p1d

o}

_ S » : . | :
shape is referred to as a superlorentzian. Since-none of the

C . B . . ¢
individual component resonances.are resolved the spectrum 1s

difficult to analyze quantitatiVely. An‘interpretation of

this llne shape was presented by Wennerstrom and Llndblom
’ (1977); The assumptlons necessary to stlmulate the - super—

“lorentzian are 1in themselves informative., It is suff1c1ent

to state here that this line shape can be obtained if it is

‘assumed that overall vesicle tumbling is slow, that long-~
axis rotation-of the lipid‘molecules-is fast enough to

, provlde effectlve cyllndrlcal symmetry and reduce 1nter-

.

molecular 1nteractlons to near zero, and that the super—’

lorent21an 1s a superp051t10n of 1nd1v1dual gau551an llnes

‘from lamellae assumlng random or1entatlons w1th respect to

4

dthe magnet1c fleld the strength of the 1nteractlon scallng ’

as (3 cosze—l) where 9 ‘is the angle between the magnetlc

The low- temperature 'H NMR spectrum of unsonlcated

7aqueous dlsper51ons of PC shows a broad featureless 51gna1
.whlch 1s no longer superlorent21an 1nd1cat1ng an absence of L
veffectxve cyllndrlcal symmetry (1 e., slow rotat1ona1

dlffu51on) and a non zero 1ntermolecular 1nteract10n (1 e,

slow 1ateral dlffu51on) (Chapman,‘1968)

It 1s p0551b1e to obtaln more quantxtat1@e 1nformat10n\-
from the 'H NMR spectra of l1p1d dlsper51ons by perform1ng a_f}'
fmoment ana1y51s of the type reported by MacKay (1981) or by‘

TN K1mm1ch et al (1983) However, one is Stlll restr1cted to- '_'.i:

¥

P
-~

.5?2



molecules rather than being able to selectively probe

particular locales. Briefly, the moment analysis measures

the extent of molecular motiohs by comparing Lhe

experimental Spectrél moment for a particuiér situation

(Mnr) with thqt‘calculatéd for the rigid-lattice case. Since
‘ )

mole;ulay motions will tend to average the parameters of

interaction, the experimental or residual moment will be

reduced from the calculated rigid-lattice moment 1n
el .

A
o

proportion to the type and extent of particular motional
modes. McKay (1981) was ablé to resolve the second\moments
-(M]r) of ﬁhe.hydrocarbon chains and headgroups of DPPC by a
COmpari;on of DPPC vs chaia—perdeuterated DPPC. The yalue of
s Mg for'the hydrocarbqnichains was observed to decrease by
more than an order of magnitude over the temperature range
*30fto 55°C with two sharp drops: one at the DPPC pre-
transitibﬁ temperature of 35.5°C, and the other at the main
transition temperature>of"41°c. It was possible to concludé
that even in the low temperature quasi-crystalline state the
lipid molecules experieﬁ&e a cdnside:able degree of motional
freedom,‘probably due to molecula"fgfations and rotational

&
- isomerizations of the methylene chains,

1 JC_NMR
Considerably more detailed information on the molecular
motions present in the lipid components of membranes has

been obtained via t3C-NMR using either natural abundance or

§pecific enrichment techniques. It is therefore possible to

v
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observe and characterize the '>C resonance line tor gachuand
every carbon atom in the lipid molecule. In particular, it
was clearly eu;aent even in the first '°C neaSurements on
Sonicated,dispersinns of DPPQ thet a gradient of 1on§i—
‘tudinal relaxation t1mes (T,) existed from the carbonyl

]
headgroup of the fatty acid chain towards the methyl

C
terminus (Metcalfe et al., 1971; Levine et al., 1972). The
spin—lattice relaxation time, T,, gQuantitates the rate at
which the z component of the net maqnet1zat1on‘(thet
component aligned’ perpendicular to the external magnetlc
field in a 3-dimensional coordinate ;§stem) returns to 1ts
equilibrium value following excitation by a‘radio frequency
‘(ff) pulse. The relakation occurs through an interaction
with logal osc{llatinglmagnetic fields which are present 1in
the nucleus' immediate surfoundings or lattice. Relaxation
mechanisms depend on molecular motions and relaxation
measurements can thus provide an ineight“into these motions.
When qiscussing molecular motions it istimportant to
distinguiéh the properties of order and ‘mobility (Seeligq, .
J977).»Tne concept of molecular order refers to the
geometric tonstraints on the amplitude of particular
motlons, while moblllty refers to the rates at which
particular motions occur. The two are not necessarlly inter-
dependent in that it is possible to observe instances in
whlch High order 1is aSSOC1ated with greater mob111ty and

vice versa. The gradient of relaxation times observed by

' 3C-NMR must be~e¢nsidered to reflect both order, and



mobility effects, the\aifficulty being to distinguish the
two..lf the rates of motion are constant along the length of
the acyl chain, then ahplitudes must increase towards the
methyl terpinus and,.similarly, if order is constant thén
mobility must .increase towards the chain.endsl In fact, as
discussed by Lee et al. (1976), either df these models or a
hybrid, in which both order and mobility change, could

account for the '’C relaxation data.

ZH—NMB

A greater distinction;between order and mobility 1is
possible using *H-NMR techniques. When sﬁecific protons are
feplacgd by deuterons it is possible to characterize both
the ofder and mobility at specific locations in the lipid
molecule in a nonperturbing’ fashion. For these reasons,
*H-NMR has proven to be the most.ﬁbwerful and productive
approach:applied to membrane lipids.

In an unoriented sampie (ile., in most membrane
preparations), the deuterium quadruple interactions whiéh
dominate the spectrum give rise to a characteristic powder
pattern. The spectrum has two peaks, the separation of‘yhich:
is termed the deyteripm quadrﬁpdle splitting, Avq, which is
in ‘turn used to calculate the’deuterium‘order parameter,

Scpr according to

Avg = (3/4)(e?q0/h)Scp ‘ 1]



s

where e’qQ/h is the static deuterium coupling constant

(Seelig, 1977,,Seellg and Seellg, 1980) . SCQ\}S a‘measure of

the motional anisotropy of the C-D bond and 1is related to

the average amplitude of motion by the equation: g
Sep = 1/2(3cos p=1) . o [2]

where f§ 1s the angle‘betWeen the C-D bond vector and the
direction of the bilayer normal and the bar denotes the time
average. Measurements of Scp provide structural or. - |
confiourational information; Deuterium.NMR telaxation\time
measurements shed light on the dynamlcs of,the lipld
molecules, permitting a.diStﬁnction»between»order and
mobility. However, the'slow“motion effects manifést inrthe
?H-NMR spectra: of gel state lipids do not perm1t the
application of an useful order parameter formallsm in the B
gel state (Davis, 1983) ‘and this is one s1gnlt1cant short~
coming of *H-NMR.

When DPPC was deutero-labelled inlbothfﬁatty_acyl |
chains at the Cc-2 segmenthnext?to thebcarbonyls; the ’h—NMRZh
_spectrum showed three doublets of quiteidlfferent- |
'separat1on By labelllng the chalns 1nd1v1dually the largest
signal could be a551gned to the sn- 1 chaln whlle the two ;
smaller S1gnals were ass1gned to the sn 2 cha1n (Seellg and
Seelig, 1975). It was concluded that the . two chalns of DPPC
were phys1ca11y 1nequ1valent -and adopted dlfferent average
conformatlons in the 11qu1d crystallzne bllayer. In fact

51m1lar spllttlng behav1our has been observed at the Cc-2

segment for phosphollpld b1layers composed of" dlfferent

@



headgroups (choline, ethaholamine, serine) and fatty acids
(saturated and unsaturated) (Seelig and Browning, 1978), as

well as in natural membranes enriched with C-2 deuterated

'-‘ﬂ fétty acids such as Escherichia coli (Gally ét-al., 1979)

and Acholeplasma laidlawii B (Stockton et al., 1977; Rance
ot al., 1980). ' |

" *The underlying molecular picture was revealed through a
quantitatiye analysis of these quedrupole splittings (Seelig
and Seelig; 1975; Schihdler and Seeligqg, 1975). It could»be
‘concluded that the sh—1 chaih is extended perpeﬁdicular to
: the bilayer suffaCe at all segments while the first CH,
segment of the sn-2- chaln ig oriented parallel to the
surface of the membrane, the chain subsequently bendlng
j‘sharply to permlt a perpendlcular orlentatlon of the
remaining methylene segments These conclusions QereA
confirmed by neutron diffraction (zaccai et aj., 1979; Buldt
and Seelig, 1980) and‘x—ray strudferal studies (Hitchcock
et al., 1974;- Pearson and Pascher, f979).‘Thué, it would
appear that the eqpfigurationalMpépuliafity of the Sn—ZA
2 ehain is‘an ubiqUitezs phenomena iﬁdepengént of the physical
state of the'lipid=andvtypical of both model and biologicel
membranes. : | : |

A quantitative characterization of the local

orientatiénei-order along the entire length of the acyl
chain is poséible with 2H-NMR by Selectively labelling each

-Segment of the hydrocarbon chain and measuring the order

‘parameter, Scp. of the individual ‘segments. The measured
‘ ‘ |



3
value of S.p can be related to the molecular order parameter
Smo, according to:

Sm01‘= —2 SCD R . ‘ [3]

The molecular order parameter 1is lntendedxto quantitate the
amplitude of the average fluctuatlons of thz acyl chain
~about an axis perpend1cular to the plane of the bilayer
(l.e., parallel to the b11ayer normal). If the acyl ChalﬂS
_are f1xed in an all-trans conflguratlon aligned parallel to
the- b1layer normal and rotating only about their long axis,
thenlSm01p= 1. At the other extreme of completely
statistlcal‘movement'through all possible angles, then

Smoi1 = 0. For extensive discussions of these concepts, see
_ . _

‘

Seelig (1977) and Seelig and Seelig (1980). -
The order profile of‘the lipid bilayer (that is, the
varlatlon of the order parameter, Smo‘; with the position of -
the segment in the cha1n) has come to be recognlzed as thev
"signature“ ofvthe lipid b1layer{ The order prof1le of 'DPPC
,1n the liquid-crystalline state is characteristic in that~
values of Smo, are relat1vely constant from carbon. ‘atoms 2-9
- and thereafter decrease towards the methyl termlnal Thus i
the methylene segments near the end of- the cha1n exper1ence
far greater amplitudes Of angular fluctuat1on ‘than those
‘closer to-the carbonyl headgroup (Seellg and Seellg, 1974)
It .may be further concluded that, although the hydrocarbon

interior of the b1layer is 11qu1d llka in the l1qu1d—



orystalline state, there‘is;still a-considerabfe‘degree of
organization and ordering present,'sinee values of Smo;
average -approximately 0!35; Of”eourse, very small average
valnesvof the order parameter would be inconsistent with a
bilayer structure. o o

It 1s interesting.to’note that beyond the C-4 segment,
"only a 51ngle quadrupole spllttlng 1s observed per methylene'
segment even when both fatty acyl chains are deutero—_
labelled< indicating that the two chalns are approx1mately
motlonally equ1valent over most of their -length.
| The con51derable effort requ1red to synthesize
selectively deUterated phospholipids has‘restrlcted‘the
range of dlfferent lipid structures investigated to date.
Nevertheless a representative collectlon of dlfferent 11p1d
classes can be assembled. These include PC s conta1n1ng
various fatty acyl substltuents such as dlpalmltoyl (Seel?@*.
and Seelig, 1974 1975) dlmyrlstoyl (Oldfleld et al. 3 1978
| a,b) cpalmitoyl- oleoyl (Seellg and Seellg, 1977 Seellg and
Waespe Sarce;:c, 1978), palmltoyl elaldoyl (Seellg and |
Waespe Sarcev1c, 1978) and di- dlhydrosterculcoyl (Dufourc
et al. ‘1983) as well as dlpalmltoyl phosphat1dyl serine .
h(DPPS) (Seelzg and Brownxng, 1978- Brownlng andVSeellg,
'1980) d1myr15toyl phosphatldylethanolamlne (DMPE)~(Marsh
"et al 1983) and a glycollpzd (Skarjune and o0ldfield,
1979). To-a f1rst approx1mat10n it can be stated that the
order prof1les observed 1n each of the b1Iayers composed of i

&
these various 11p1ds were 51m11ar showing an 1n1t1al



plateau region of relatively constant order preceding a
progressive decregse inporder toward the methyl terminal.
'Inhorder to permitpa direct cOmpar‘son’between a

variety of'lipid'structures which.differ widely 1n tne
physical state that they assume at a given temperature, 1t
1s necessary to refer}to some common corresponding‘state.
_ This is achleved by comparlng the order profiles -at a
reduced temperat%re,.Tr, such that

Ty = (T-Tw)/Tm o _. ' (4]

where T is the measuring temperature and Tn is the .
temperature of the particular gel to liguid-crystalline
‘phase"transition. When such a comparison was made by Seelig

‘and Browning (1978) it was immediately apparent that,

V.despite large differences in chain and headgroup chemistry

and regardless. of the absolute temperature of the main 11p1d

A

phase tran51tlon the overall order and the order proflles
were very 51m11ar 1n each of . these d1verse 11p1d structures
provlded they were compared at 1dent1cal values of the.

reduced temperature.

These similarities in the order .profile afe carrled

'over from model membranes to blolog1cal membranes. E. coll'

membranes enriched w1th deuterated palmltlc or oleic ac1d

(Gally et al., '1979) - as well'as A laidlawii B membranes'

n’enrlched with deuterated myrlstlc (Jarrellbet.al., 1982) /ﬁ

S

Vpalmitlc (Stocktonvet'al., 1977) oieic'gRance'et al., 1980)
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or dihydrosterculic (Jarrell et al.. 1983) fatty acids, have
been characterlzed by ‘H—NMR. When the order proriles‘from
these blologlcal membranes are compared at a reduced

temperature they are nearly 1dent1cal to” those of the

Al

'Synthetic model membranes.

While the 51m11ar1t1es\between the order proflles
obtained under such a remarkably diverse set of COﬂdlthﬂS
.are striking, the‘differences in,order are worthy of note;-
The order profile 1tself is.subject to some mariatron due to
the presence of Spec1f1c structural substxtuents within the
fatty acid chain. When the order proflle of deuterated
‘palm1t1c ac1d 1ncorporated into POPC was COmpared w1th DPPC
it was apparent that the presence of a cis- double bond had
1nduced‘a local stiffening 1in the adjacent palmitic acid
chain reflected'in an-increased order parameter in the
region C-5 to C-9 (Seelig»ahd Seekig,i1977). Furthermore, an
.&verall orderingveffect of CiS;unsaturation‘ﬁas evident
along the entire length of the neighbouring palmitate'chain.

The order proflle of the oleic acid chaln 1tself was
Jquite-unusua& show1ng a pronounced dip or d15cont1nu1ty at
‘the locatlon of the cis- double bond (Seelig and | |
FWaespe—Sarcev1c, 1978) A quantltatlve analy51s showed that
~ the d1p in the S¢p proflle was attrlbutable to a tilt of the

C= C bond vector of 7-8° with respect to the b11ayer normal
.After correctlon for,th1s geometrlc factor the=molecular

order parameters,~Smo,; were identical to. thosékobserved in

deuterated DPPC. This geometrlc con51derat10n applles to the



orientation of the cis-double bond in model systems, as
described above) as well as in biological meémbranes since
the same.dip in the Scp order profile at the location of the
double oond was observed in membranes from E. coli (Gally

et al., 19?9) or A. laidlawii B (Rance et al., 1980)
enriched witn deuterated oleic .acids...

An analogous geometrlc ‘consideration was 1nvoked to
interpret the deuter1um Splltt1ngs obServed with deuterated
dihydrosterculic acid incorporated e1ther synthetically into
PC's (Dufourc et al., 1983) or bioaynthetically into

- membrane lipids of A. laidlawii B (Jarrell et al., 1983). It
was concluded that the C9-C10 vector,of the cyclopropane
ring—containiné segment of 19:0cp,cA’ was tilted at 89° with
respect to the bilayer normal. However, unlike the case of
the‘CiSfdouble bond, when corrected for thiS»geometric

consideration the values of ' the molecular order parameter,

Smoi1, 1n the v1c1n1ty of. the cyclopropyl substituent were -
. —

substantlally greater than those obtalned 1in the case of a

: stralght chaln saturated fatty acid. It was, therefore, |
concluded that the cyclopropane r1ng acts as a boundary

¢ between two regions. of the fatty acyl chaln within the lipid
bllayer one reglon (between the carbonyl headgroup and:the
cyclopropane rlng) having restrlcted ampl1tudes of ‘motion
and a second'(between the cyclopropane rrng and the fatty
acyl’methyleterminus) having a much'greater degree of

- . |
motional freedom.



It 1s most:interestinq that the configurational and
motional details of the fatty acyl chains elucidated via
H-NMR 1n mode systems have been 1n each case confirmed as
occurring as well in biological systems'such as E. CQIi or
A. Iaidlawii:é membranes. Whether it be the unigue )
configuration of the C42vsegment of the 5n-2 esterified
fatty acid, the shape of‘the\order profile; the,orientation
of a cis- double bond or of a Ccis-cyclopropyl ring
substltuent each phenomenon was observed in both bioiogical-
and model membranes. It must be concluded‘that the
orientationai chain order‘of the phosphoiipids is not
’ extensiveiy perturbed‘bybthe presence of membrane proteins.
| Althofuigh it‘has been noted earlier that the order
proflle is characterlstlc of fatty acyl cha1n |
conflguratlons the overall order that Is. the cha1n average:
orlentatlonal order is Sub]ect to some secondary varlatlon
as ‘the structure of the lipid headgroup is altered For
example, Seellg and Brownlng (1978 _compared the overall
order observed in b1layers composed of DPPC w1th that of
‘ VDPPS When compared at a commoh reduced temperature the
, overall order of the DPPS bllayers was. greater than that of

9

the DPPC bllayers In a 51malar study; Marsh et al (1983) '
dlscerned that lamellae composed of DMPE were overall more
ordered than those cqmposed ofODMPC when ‘the data was ~...
normallzed w1th respect to the phase tran51tlon temperature;

To put these observatlons in the1r proper perspect1ve, it

'should be noted-that the_ovérall order -of the pa;mltoyl,



§
chaln of POPC was greater than- elther DPPS or DPPC (Seelig
and Brownlng, 1978) so that the presence of a 51ngle

' CIS double bond more profoundly affected the overall order

than, for example, the introduction of a net negative charge’

-

in the polar headgroup.

In addition to measurements of the quadrupolar’

splittings, Bvg, which furnish information about the average

amplitude of “the angular.fluctuations undergone by the
hydrocarbonlchains, *H-MMR relakation time measurements:can
provide informatlon on the rates of segmental'motion. Such |
measurements have‘been‘performed usinguse}ectivelyd

deuterated DPPC (Brown et al., 1979), on DPPC containing.

, perdeuterated fatty acyl chalns (Davis, 1979) or selectively B

- de_,erated stearic ac1ds incorporated ‘into egg PC vesicles

-

o,

bkton et al.; 1976)"
SThe dependence of the deuterlom relaxatlon tlme, T,,.on
;segment p051t10n revealed a number of 1nterest1ng trends
,fb observed via "CrNMR relaxatlon measurements as
irscr1bed earl1er The glycerol backbone had the shortest

;elaxatlon t1me 1mply1ng that th1s portlon of the molecur

‘s fwefe observed for the methyl groups located at. the fatty

7'cvl chaln termlnus and. quaternary nitre gen, 1nd1cat1ng very

'fast;lnternal rotatlons of these groups The relaxatlon
".tlmes of the two methylene segments in’ he headgroup of DPPC
lf(or of - DPPE or DPPS) were very 51m11ar, 1ndlcat1ng a

trongly correlated motlon of these two segments. The

N

~

‘foves the slowest. In contrast the longest relaxatlon tlmes Si

e
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relaxatlon t1mes of the meth}lene segments of the fatty acyl
chains were approx1mately constant over the region C- 3 to
C-9‘and subsequently_incréased'prog;essively toward‘the
methyl termlnus indicative ot‘a gradient of the rates of
motlon toward the center of thlS bilayer. o |
Ultimately is is desirable to exptess the rates df
these‘motions jn terms of a cerrelation time, Tc,vfdt‘a'

partfcular motion.. The following simplifications have

generally been empioyed when convetting deuterium-telé tion
times into7eorrelatidn times. Since‘all T, values,incteaée
with increasing temberatufej ittié‘assumed that the
correldtion time falls intd the‘so4ealied sho:t eotreletiOn‘
timehregime with:Q573<'<;1 ‘;here.wo ie ther measuring
frequency in‘tad/see. It ls further assumed that the motlons
respon51ble for the relaxatlon can be descrlbed by a 51ngle‘
correlatlon tlme,mtc. If these assumptlons hold then the
followlng express1on relates’ the relaxatlon t1me, ‘the: order

.parameter_and the correlation t;me (Seellg, 1977; Davrs

et!a7., 1978)

As w1th the ﬁ’C'telaiationumeaSUrements,‘the
deuterlum T,'relaxatlon t1mes depend on both the orderlng

xand ratemofgmotlon. The measurement of both deuterlum order:
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3

that the followlng‘relatlon-appl1ed,

parameters and relaxatlon tlmes ihus permlts a dlstlnctlon_
between rate and amplltude Or mobrﬁlty and order When the
¢
motlonal correlatlon t1mes were derived u51ng the above
equation and’ compared w1th the. order parameters as a
functlon of segment p051t1on the shapes of the order and
correlation time proflles were very S1mllar Correlation
times varied from about 8 x 10"'Asec in the C-3 to C—9.‘

plateau region (SCD = 0.2) to 3 x 107" sec. for the C-15
Segment kSCD “0.04). It can be concluded therefore that in
the hydrophoblc interior of the lipid b1layer order and
moblllty are generally correlated

| Davis (1979) 1nferred from the fact that his measured
spln spln (T ) relaxatlon values were much’ less than the T1

values,»that the motlons in the llpld bllayer would be

better described by two correlatlon t1mes,‘r1 and 7, w1th

'f1_<< ]/w0 <<ty Brown et al (1983) studled the frequency

7.’dependence of - both *H- and "C NMR T1 values and concluded

3

L2 oarp 4 et N R

"
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\

In thlS expresspon the constant A 1nclﬁdes contr1but1ons o

PN

from fast segmental motlons (e q. tPanéﬁgauche

. 1somer1zat10ns) character1zed hy the correlat1on t1me Tf.
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The second constant B describes the contribution of slower
collective’ fluctuations of the bilayer to.the observed’
relaxation. These motions were proposed to correspond to
relat;vely long wavelength twist and splay bilayer
disturbances of a cooperative nature.

The preceding discussion of deuterium order and
relaxation measurements has referred entirely to the liguid-
crystalline state of the membrane lipids. When the sample
temperature 1s lowered through the lipiq phaseﬁtransition, a
quite broad'compdnent chreepoQéing to gel-state lipid
begins to appear in the 2H—NMRepectrum. The gel-state
component is superimposed upon the liqUid-crystaliine
quadrupolar doublet inaicating that the gel and liquid-

crystalline state lipid are in slow exchange on the *H-NMR

" time scale. At approxjimately 20°C below the phase

transition - the liguid- crystalllne quadrupolar doublet has
all but dlsappeared (Smith et al., 1979; Davis; 1983) It is
not possible to descrlbe this broad gel state component of
the *H-NMR’ spectrum in terms of a single oréﬁg parameter,
apparently because in the gel state the rates.}f rotational
diffusion of the 11p1d mo}ecSies are insufficient to satisfy
the criteria for axial symmetry on the *H-NMR time scale
(Davis, 1983). ﬁevertheless, it is pogsible to.glean
information concerning chain motions frém’gel-state *H-NMR
spectra through a moment analysis similar to that described

earlief-for the case of proton NMR. Since specifically

deuterated probes are employed, it is possi®le to evaluate

a



the variation of the extent of motion with the chain )
_ position. For example, Davis (1983) reported that the first
moment of the gel state spectra (25°C) of 1,2-[14,14-"H]
K‘DPPC was M, = 1.19 x 10°S ' while for 1,2-[8,8-*H] DPPC,
M, = 1.47 x 10*S"'. The smaller value for the C-14 éample
indicated that even in the gel phase a head-to-tail gradient
in chain flexibility was still present. Even at 0°C this ’
gradient in the value of the first moment was still
observed. Although detailed models involving reétrié%éd
axial diffusion and }imitéd trans-gauche isomerizatién have
been proposed (Rice et al., 1981) to interpret the gel state
*H-NMR spectrum and apparently lead to éatisfactory,sbectral
stimulations, an evaluation of their correspondence toO
‘physical r?ality awaits the performance of systematic
relaxation measurements in order to establish the timescales
of the relevant motions (Davis, 1983).
'*F-NMR N

Fluorine offers certain distinct advantéges-over other
;ommonly employed nuclei 1n the study'of membfane hydro-
carbon chain mobilities. By virtue of its large magnetogyric
ratio, it is much morevéensitive in the NMR experiment than
éither *H or '°C and nearly as sensitive as the pgoton.
Siﬁge the natural abundance of fluorine in a membrane i§ 0%,
there are no complications arising.frém multiple overlappihg
resonance lines such as those which obscure 'H-NMR andr

N ¢

natural abundance "C-Nﬁﬁispectra. The,synthesisAof



specificaily fluorine-labelled fatty acids 1s relatively
~simple and inexpensive (unlike specific deuteration or '°C
enrichment)'and permits the location of the nuclear spin
probe in the membrane to be predetermlned Both monofluoro—
and gerna] difluoro-labelled fatty acids have been studied
and will be considered separately. |

Ho and co-workers have been the foremost proponents of
‘the use of gem-difluoro fatty acids. Gent et él. (1976)
measured the spin-lattice relaxation times and Nuclear
Overhauser Enhancement (NOE) in preparations of
1-16:0~2-8,8F,16:0-PC 1in order to obtain correlation times
for specific motions involving the gem-diflubrometﬁylene
group. It was concluded that the major relaxation mechanism
was through dipole-dipole interactions and that chemicai
shift adisotropy made only a very minor contribution. The
calculated correlation time for CF, rotation, although of
the same order of magnltude as the correlatlon tlmes for CH,
rotation obtained from "'H and “C data was significantly
larger indicatiﬁg tﬁat the two' fluorine atoms ﬁight somewhat
hind r~the motion of that chain segment.

Geht and Ho (1978)'were able to'analyze‘the\fIUOrine
spect arof:variOUS'gem—diflho{dhyristic acids.intercalated
.into'lamellae of DPPC in. terms of chemical shift ahiEOtropy,-
'd1pole dlpole con51derat10ns and the orlentatlon dependence
‘of these two interactions. The fluorine spectra were demon-
strated to be sensitive to temperature and to accurately

detect the’lipid:gel'to iiqudd-crystalline*phaseftransition.
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When bilosynthetically incorporated into the membrane lipids
of E. coli, the same dependence on temperature“and the lioid
phase transition was detected whether in whole cells,
isolated membranee or lipid extracts.

Post et al., (1981) developed a pulse sequence which
eliminated all broadening due to chemical shift anisotropy
and H- F dipole 1nteract10ﬂS 1n the fluorlne spectrum of

,2-di-(4,4-F,14:0)-PC's. The resulting spectrum was a Pake
doublet due entirely to F-F dlpole 1nterlctlons The
separation of the two peaks of the doublet was proport1onal
to Spr and 1t was demonstrated that values of Spp were in
close agreement to values of‘SCD obtained under similar
conditions. Using macroscooically,oriented bilayers of PC's
containing esterifiedvgem-difiuoromyristic acids, Engelsberg
et al. - (1982) demonstrated the orientation‘dependence of the
fluorine chemical shift, obtaining a value of 64 ppm for the
observed chemical shift anisotropy. By analogy‘with the
experiments of Post et al. (1981), upon removal of the
broadening due to chemical shift anisotropyhthrOugh macro-
scopic orientation of the bilayers, the remaining, o
predominantly F-F dipole inte:actions were manifest as a
Pake doublet. The separation of the peaks of the douolet was
orientation dependent and could be used to calculate a value

of S which was in good agreement with values of Sep -

FF
Despite this progress in understanding the interactions
which contribute to the fluorine spectrum of gem-difluoro

fatty acids and the extraction of information therefrom,
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concern has been,expressed regarding the perturbing effects
“of the gem-difluoro gtoup itself. Sturtevant et al. (1979)
performed differential’scanning calorimetric (DSC) heasuref
ments on PC's contatning a number of positional isomers of

' Qem*difluoromyristate. The phase transition temperature
relative to DMPC was elevatedvby’5°C when the difluoro group
was located at the 4-position and reduced by 7.4 and 3.8°C
when located at the 8- or 12—positions; respectively. The
-ttaneition enthalpies were always abproximately double that
of DMPC. Furthermore, the difluoro-containing PC's exhibited
. markedly nonideal mixing behavior with their nonfluorinated
analog DMPC._Longmuit et al. (1957) also reported that the
transition temperatures of di-(7, 7—Fz-18:0);PC and

.di;(12 12-F,-18: 0) PC were reduced by 10 and 6°C,
respectively, in comparlson to-that of DSPC. Oldfleld et al
(1980) acquired the ?H-NMR spectrum of 1-myristoyl-2-

[2 2,7 7"9'i9‘—’H -8',8'-''F;] myristoyl-PC. The
quadrupolar spllttlngs of the deuterons adjacent to the
ﬁgem—dlfluoro group were reduced by approxlmately 30%,
relative to the values obtalned at the same p051t10n in a
nonfluorinated analog. In addition to ‘these phy51cal
evaluatlons of the perturbatlon associated with the-

gem dlfluoro group, the StudleS of Gent et al.; (1978 1981)
indicate that .there are b1ochem1cal and blologlcal
consequences as well, An unsaturated fatty ac1d auxotroph of
E. coli was able to incdrporate difluoro—containing myristic

acids but érowth wasqgnhibited when levels of incorporation

N
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exceeded.2O%Aand these fatty acids wete ungble to support
growth for more than t;o generations, Moreover, there were
marked changes 1n the protein/lipid ratios and transport
propertiesvof these membranes. |

- Monofluoro-substitution has proven to be much less
perturbing than difluoro-substitution while retaining all of
the potential advantages inherent in the fluorine nucleus.
Birdsall et al (1971) first characterized the linewidths of
monofluorostearlc acids 1ntercalated into egg PC vesicles as
a function of '’F substltuent p051t1on and temperature. The‘
linewidths were observed to increase with decreasing
temperature and to decrease steeply toward the terminal
‘methyl group of thefalkyl group; These changes could beﬁ
attributed to the'moleeular motion of the chain in the
bllayer although no quant1tat1Ve analysis was attempted.
| Esfahani et al. (1981). incorporated 16- monofluoropalmltlc
acid into yeast cell membranes and observed that
qualltatlvely the fluorlne spectral linewidth decreased dpon
isolating the‘membrane lipids. - |

A systematic evaluation of the acceptab111ty of
monofluoropafmltlc acids as membrane probes was undertaken
by McDonough et al (1983) by applylng phy51cal blochem1cal
and biological criteria. DSC "studies of various 1somer1c
monofluoropalnltlc acids synthetlcally 1ncorporated 1nto
. PC'"s demonstrated that a. monofluoro- substituent near the

" carbonyl group of pa1m1t1c acid had only a modest effect on

the thermotroplc behavior of the PC's and that subst1tut1ons‘
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in the center or towards the methyl terminus had very little
effect on the Tm_relative to DPPC. Furthermore these.
monofluoro~substituted PC's exhibited nearlyiideal mixing ‘in
a;l proportions with DPPC. The monofonropalmitie acids
(MFPAZ;Eodld«repiace»up to 80% of the membrane glycerolipid
fatty dcids of A. Jaidlawii B without affecting growth or
-surviyal of this.organism. The.presence of these compounds
did not alter the polar headgroup composition or
lipid/protein ratio of the A; Jaidlawii B membrane. More-
over, all MFPA'S tested were hiosynthetically incorporated
as well as palmitic acid itself and distributed equitably
between the various membrane glyCO* and phOSphOllpldS It
was concluded that mono—fonrinated palmitio acids are
considerably less perturbing than geminal—difiuorinated
fatty acids. : ' “ V ‘

Macdonald et al. (1983) presented a quantltatlve
~;descr1pt10n of the ' *F-NMR spectrum of MFPA 5 1ncorporated
1nto membrane lipids of A. laldlaWIl B which permitted the
determxnatlon of an orientational order parameter, SmOA; It
‘was demonstrated that the order profile- obtalned via '’F-NMR
was qualltatlvely 51m11ar‘to that obtalned via zH NMR
: techn1ques. When small quantltles of MFPA s were 1ncorported
in the presence of a large excess of structurally dlverse

':fatty acids, 1t was demonstrated that ‘the order proflle and
: 'Jtemperature dependence of the order parameters were

sen51t1ve to the>presence of these various, cha1n structural

‘substltuents. For example, methyl branch substltutlon
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induced a local ordering while trans-unsaturation induced‘a
local disordering effect. When compared at 37°C the order
parameters from fatty acyl species to species varied
inversely with increasing temperature above the part1cular?
phase transition. When normalized with respect to the phase {
trans1t10n temperatures, itfwas observed that those fatty
acyl structures which were methyl branched or trans-,
unsaturated were generally more ordered than, for example,

straight-chain saturated ﬁatty acids. The utility" of "F- NMR
of monofluor1nated fatty acids as a nonperturblng, sens1t1ve.
and versatile technique was conv1nc1ngly demonstrated

If any one general conclusion can be drawn from this

review of NMR technigues as applied-to-membrane fatty acyl
chalns, it is that no one nucleus and no single NMR
"methodology prov1des all. fhe answers. Rather the 1nformatlon'

¢
prov1ded by var1ous techngques complements and enhances that
obtalned from .another. Ana1y51s of 2p spectra of phospho—c
l1p1d d1sper51ons can furnlsh 1n81ghts 1nto the overall
motions of the lipid molecules and of the headgroup region

in partlcular, but more. specific 1nformat10n requires that

other nucle1 be . observed In pr1nc1ple, an order parameterd

. can.be extracted from analy51s of 'H "C and RR2: NMR

t‘spectra but the overlap of methylene resonances in 'H and

“-natural abundance f’C spectra permlt only an average order

A

'parameter to. be obta1ned (Hentschel et al., 1978) The same

prov1so app11es to the method of - moments in ‘H NMR’ and to -

2.

: proton ‘relaxation measurements wh1ch are further comp11cated

!

St
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by possible spin-spin diffusion effects (Petersen'énd Chan,
1977)f_Thé synthesis of specifically deuterated or '’C-
enriched lipids is time consuming and expensive but provides
rgﬁatively unambiguous and detailed order and mobility
information from spectral analysis and relaxatioh measure-
ments. Even so, precise data is restricted to the liquid-
crystélline phaée. ' *F~NMR can‘proyide information on both .
order and mobility at precise locations but concernslarise'
regarding the possible perturbing effects of the geminal~
difluoro group. Even uhen these conperns are alleviated by
the use of monof{uorinated'fatty acids, the spectral
,ahalysis is complicatéd by the necessity of oonsidering both
chemical éhift aniéotropy and dipolarvinteractiohs.
Lt_isvclear that normal cell function requires fluid
membrane bilayers. Alterino membrane "fluidity" has numerous
physiological4consequence$ in the absence of any
compensating reguiatory mechan{sm; Studies of the relation-
ship beﬁween membrane lipid fluidity and phase state and
-cell growth have establlshed t%at a minimum level of
.membrane 11p1d flu1d1ty is requ1red for normal cell growth
that gel state lipid domains do not support at least some
| essential mehbrane functionsvand, that ;here exists some
upper 11m1t on. membrane 11p1d fluldlty compat1ble with cell
growth (for a recent review, Asee McElhaney,‘1984). Not- only
.cell growth but also pa551ve permeablllty and active

ﬁtransport across the membrane, as well as the activities of

‘.membrane bound enzymes, are hlghly 1nfluenced by the phase

#



‘state and fluidity of the membrane lipids (for a review, see
McElhaney, i9826).

Most organisms have developed mechanisms which enable
them to respond to environmental changes in such a fashion
as to maintain some constant level of membrane lipid
fluidity and these are collectively referred to as
"homeoviscous” or "homeophasic" adaption mekhanisms. These
strategies most often involve alterations 1in the fatty acyl’
constituents of membrane lipids because this is. the most
effective means through which to modulate membrane lipid
fluidity: While the relationship between altered fatty acid
structure and changes in the temperature of the lipid phase
transition has been firmly estébiished using technigues such
as differential scanning ealorimetry (DSC) (e.g., McElhaney,
1982b), these studies provide few.insights into the
moLecuiar details of conformation ahd dynamics which result
1n the observed flu1d1ty changes. An appreciation of these
molecular details is a prerequ151te to resolv1ng many of the
fundamentai issues confrontlng the membranologist. How do
various fatty acyl structural‘substituents contrive to
modulate the temperature of the lipid phase trgn51tlon7 Is
there a common feature which relates various spec1f1c
structural substltuents to the phase transition temperature?.
Is 1t possible'to define some point at whlch membrane lipids
becomé "hyperfluid" and incapable of functioning as
b1ologlcally effective membrane constituents? These and

Kother quest1ons must be addressed by the appllcatlon of -

n_é}
pt
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techniques sensitive to structural and dynamical parameters.
The primary~goel of the research to be described in
this thesis has been to ekplore'the relationship between
fatty acid structure and theﬂphysical characferistics of
membrane 11p1ds " *F-NMR of monofluoropalmitic acids'was
‘chosen as the preferred spectroscopic technlque because NMR
vtechnlques in general are capable of_prov1d1ng both |
structural conformational and’ dynamic 1nformat10n the
synthes1s of spec1f1cally.monofluorlnated fatty ac1ds is
relat1vely 51mp1e and 1neXpen51ve, and because these probes
have been proven to be relatlvely non- perturblng, sensitive
and versatlle monltors of membrane 11p1d order, capable of
dlscernlng subtle effects arising from dlfferentes in fatty
ac1d &®ructure and physical state (McDonough, et al., 1983;
Macdonald'et al., 1983). In the interests of biological
relevance.and because of the ease{with which a membranous
venue 1is obtained‘ these studiesihave utilized membranes of
.A. Ia:dlaw:: B in whlch to 1nvestlgate the effects of fatty
acyl structural var1ants. This organ1sm has no cell wall and
'_conta1ns only a 51ngle membranous ‘structure, the plasma B |
membrane,-so that the 1solat10n of relatlvely homogeneous
}membrane preparatlons 1s facile (Razin, 1975) A. IaldIanl
‘B w1ll readllf 1ncorporate a varlety of exogenously supplled‘
}adfatty acids (McBlhaney, 1974) and when de novo fatty acid
.blosynthe51s 1s 1nh1b1ted w1th for examplegithe compound

. av1d1n, 1t is: p0551ble to produce membranes wh1ch are

v1rtually homogeneous w1th respect to a part1cular fatty
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acid (Silvius and McElhaney, 1978a). This property permits.

acid composition and the physical state of the
n}plds to be controlled and varied over a w1de
ést at will. fHomogeneous“ membranes of A.

t B may be considered inva~sense as a bridge
_en;'on the one hand, the artificiality ot pure
_d/water systems and, on the other hand, the complex
_}rogenelty of conventional biological membranes.

The studies td'be described here mayﬂbé'd%Vided into
{9 categories. In the first section a‘mathematicai |
}cription of the "F—NME line shape is.presented which
thefextraction of an»order barameter, Smo1. Included
thedare evaiuations of the fidelity of the spectral

lations employed,vcomparisons‘of the fluorine order

'_ers-uith those obtained using other technigues such .
‘ :ﬁMR and results whlch sUggest that "9 F-NMR may,permit
the characterlzatlon of gel state llpldS ‘in terms of a
useful order parameter formallsm. In the next category are
those studies dealing with the effects of spec1f1c
struetural substituents in the fatty.aeyl,chains upon'the
fluorine spectrum'of'monofluorbpaimitic_acids."
RepresentatiVes of each class of~naturally occurringffatty
'ac1d have been 1nvest1gated 1nclud1ng stralght chain
saturated unsaturated methyl branched and allcycllc ring-
substxtuted spec1es. In comb1nat1on w1th an 1ndependent
evaluatlon of the phy51cal state of the membrane 11p1ds by

DSC, these !’F—NMRlstudtes-have permltted the formulation of

SR
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an unified picture of the manner in which fatty acyl
structure can modulate the physical properties of membrane

lipids. 0

&
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11. MATERIALS AND METHODS

Biochemicals L SR

.Materielé

The.straight-chain_saturetediand tPanS~unsaturated
 fatty acids used in these studies were purchésed from
Nu-Chek Prep Co. (E1y51an' Minﬁ ). The isomericvseried of
cis-octadecenoic ac1ds were a k1nd ngt of Dr. F.D. ‘
Gunstone, Un1vers;ty of St. Andrews, Scotland, U.K. The
_cyclopropane and methyi—branched chain fatty acids wefe_:
-products ofIAnalabs (North‘Haven, Conn.)r Avidin was |
obtained from Sigma (St;»Louis; Mo.) while,bovine serum
albuminl}fréction V; fatty acid poor) was ohtaiped from}al
Miles BiocheﬁiCals (Elkhart, Ind.) anddfurther deldpidated
as descrlbed by .Chen- (1967) BactOfpeptone; bacto-hearto
V'1nfu51on broth and bacto- yeast extract were produced by

'leco-(Detr01t, MlCh;)a Pen1c1llen G was purchased from

_AYerSt Lahoratories_(Montreal Quebec)

General Chemlcals -
_ . g e .
The precursor used in the synthe51s of the varlous

150mer1c monofluoropalm1t1c acids were purchased from elther

Aldr1ch Chemlcals (M1lwaukee, Wis.), Flﬂter Sc1ent1f1c'

0

(Edmonton, Alta ),or K and K (Irv1ne, CA). Tetrabutyl-
-lammon1um 1od1de and 51lver fluor1de, wh1ch were employed as .. -
“precursors 1n the synthe51s of tetrabutylammon1um fluorzde,:

gwere products of Aldrlch Chemlcals and ICN Pharmaceutlcalt
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(Plainview, N.Y.), respectively. The various inorganic
salts, catalysts and organic solvents used were obtained
from either'FiSher Scightific, Aldrich Chemdicals or Baker
Chemicals (Phillipsburg, N.S.) and were of reagent grade or

better. All solvents were routinely redistilled prior to

use. -

Chromatography

Bio:Sil A (200-400 mesh) was purchased from Bio-Rad
(Mississauga, Ont.) while silica gels G and H were obtained
from E. Merck (Darmstadt, G.F.R.). Both Bio=Sil A and the
silica gels were washed with chloroform and methahol aﬁd
dried prior to use. The gas chromatographic columns (10%
diethylené glyceol succinate on Anakron) were purchased
prepacked from Analabs. The gases used (ultra-high purit§
hydrogen, ';ero-gés' grade air, and purified grade helium)

were obtained from Union Carbide Canada Ltd.

Methods -
) / . . s
Growth of Achofeplasma laidlawii B
Acholeplasma laidlawii B ioriginally obtained from Dr.
G. Edwards, Wellcoﬁe,Research Laboratories, Beckenham, U.K.)
was cultured in a delipidated growth medium which was
prepared as described by Silvius and McElhaney (1978a). This

growth media was supplemented with 0.4% (w/v) bovine serum

albumin, 0.25% (w/v) glucose and 10° I.U./litre of

penicillen G prior to innoculation. Fatty acids were added
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as solutions in a small quantity éf ethanol (°0.3% of the
culture volume). Where applicable, avidin was added to a
level of 3 mg/litre. Cultures were grown staticélly at 37°C,
with the exception of those supplemented with 18:1ca8, 9, 10
or 11 and 19:0cp,cAY, which were grown at 32°t. Cell growth
was moniﬁbred turbidometrically at 450 nm (Manil§ff, 1969)
and the cultures were harvested in late log phaﬁé by

centrifugation at 13,000 x g for 15 min at 4°C.

Membrane Isoiation

Harvested cells were resuspendéd 1n dne?fiﬁth culture
volume of 'B-buffer’ (0.154 M NaCl, 0.05 M Tris=HCl, 20 mM
ﬁ—mercaptoethénol, pH 7.4); recentrifugéd, and the plasma
membranes were then isolafed basically accprding to tﬁe'
proceduré of Pollack et al. (1965). The cell pellet was
resuspended in one-fifth culture volume of distilled water
and incubated at 37°C for 30 min. This suspension was then
centrifuged at 8,000 x g for 10 min to remove debrié and
unlysed cells, the resulting supernatant was cehtrifuged at
30,000‘x g for 30 min to isolate the membrane fraction, and
the pellet was washed once by recentrifugation from f-buffer

diluted twenty-fold with 95% deuterium oxide.

Nuclear Magnetic Resonance
The membrane fraction isolated as described above was
resuspended in a minimal volume (1.5 ml) of p-buffer

diluted twenty-fold with 95% deuterium oxide. '’F-NMR

¢
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spectra were collected at 254.025 MHz on a Bruker HXS5-270
spectrometer,‘operating in the Fourier transform mode and
using quadrature detecéion, at a spectral width of
+50,000 Hz. Bessel filters with a filter width of
+ 100,000‘Hz were employed. The probe was maintained at the
specified temperature to within * 1°C. Temperature variation
was achieved By passing an air-stream ovér the cooling c¢co1l
"of a cryocool unit and SUbsquently over the probe and
sample. For very low temperature ei;eriments thé air flow
was directed additionally through a stainless steel coil
.immér5£d“in liguid nitrogen. An electric heating coil was
used to balance the cooling of the airstream and achieve
temperature control. Samples were equilibrated for 30 min at
a particular temperature prior to data acguisition.

A one pulse experiment was routinely employed to 6btain

'’F spectra and may be described as follows:
[P2-A-D2-D5]y . o | [1]

P2 is the pﬁlse length (corresponding tb‘TS usec or an

approximately 75° flip-angle),vA is the delay between thg

pulse and data acquiSitionQ(e&ualling 10 usec or one dwell

time), D2 is the acquiéition time (set by the Qpectral width
‘ , ‘ .

and corresponding to 20 msec in our case), D5 is the post

acquisition delay which permits the fléor%ne nhclei‘to

return to equilibrium prior to the next pulse (200 msec) and

N corresponds to the number of -repetitions. Typically 20 K
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acqui§itions were averaged for samples in which the
acquisition temperature was above the lipid phase transition
and 100 K acquisitions were averaged at lower temperatures.
The Aistortion of the first three points of the free
induction decay (FID), which is associated with the receiver
dead time, was corrected by a smooth extrapolation of the
. FID back to time zero such that the signal intensity of thé
early poftion of the FID closely approximate? a t? time
dependency 1n the in—pﬁase channel and a t time dependency
in the out-of-phase channel (Bloom et al., 1978) . The
signal-to-noise ratio was enhanced with an exponential
multiplication which corresponded to 2 line brdadening of
either 50 Hz or 100 Hz and the FID was Fourier transformed
nto 2 K data points in the real domain. Provided that the FID
had been properly corrected for the receiver dead-time
distortion, the final spectrum.required only zero-order
phase corrections and displayed no baseline distortion.
Longitudinal relaxation times (T,) were'méasured using
an inversion—recoverxﬂpuéée sequence (Levy and Pgat, 1975%)

-

which can be written: .
D5-[P1-D1-P2-A-D2-D5] o | [2]

where P1 is the 180° pulse length (40 usec), DI is the
variable delay between the inversion and the sampling pulses

(at least 8 to 10 different values of D1 were used per T,

measurement), P2 is the 90° pulse length (20 usec), A is the

L]
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delay between the end of the sampling pulse and the
beginning of data acquisition (10 usec), D2Ai5 the
acquisifion time (20 msec), D5 1s thelpost acqguisition gelay
(800 msec)‘and N is the number of repétitions of the pulse
sequence (typically 10,000 at 310°K). The final spectra were
obtained as described above for the one-pulse experiment.
The T, values were obtained by determining .the slope in a

plot of In (So-S,) versus t where S, is the thermal

equilibrium magnetization.

(qz

Lipid Extraction:
After analysis by '‘*F-NMR, the membrane lipids were

extracted using a modification of the method of‘Bligh and
Dyer (1959). The sample of interest was suspended in 8 ml of
"B-buffer', 20 ml of methanol was added and the mixture was
warmed to “60°C for 10 min to denature the protein. 1
‘Chloroform f30 ml), water (20,ml) and chloroform (40 ml) |
were then added sequentially, shaking the mixture thoroughly\
afterfeach addition. The phases were separated by centrifu-
gafiohq the upper (agqueous methanol) phase and the inter- |
- facial materiaI‘were removed by aspiration, and the lower
(chloroform) phase was evaporated to dryness. This total
lipid extract was appl1ed in a small volume of chloroform to
a column of Bio-Sil A (5-10 gms) packed in chloroform. The
column was eluted with 5 column volumes of chloroform to

" yield the neutral lipids and then with 5 column volumes of

methanol to yield the polar lipids. The polar,lipid fraction

)
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was evaporated to dryness, dissolved in a minimal volume of
benzene, quick frozen, and placed underohigh vacuum over-

night yielding a dry ponery sample of polar lipids.

Differential Scanning.Calorihetry of Lipid Samples

The dry polar lipid samples obtained as described above
were resuspended in either water or ethylene glyéol/water,
1:1 (v/v) by a combination of heating to 59°—60°C and mild
vortexing. DSC éndothefms were obtained using a Perkin-Elmer
DSC-2 equipped with a thermal énalysis data station (TADS)
.and"subambient temperature cooling unit. Generally a heating
scan rate of 5°C/min was employed. Tm, AT,o.s0 and |
transition enthalpies (when’determined)fwere obtained using
the partial areas program which accompanied the TADS unit.
Fatty Acid Analysis

The fatty acid composition of therpolar.lipid fraction
was deﬁermined by gas chromatography as described by Silvius
and McElhaney (1978b). Lipids werejdissolved in anhydrous
methanol (up to 10 mg/ml) containing 3% sulphuric acidiénd v
‘Areacted for 2 hr at 70°C. The codled,;eaction mixture was
mixg§ with 2 volﬁmes Qf}wéter’and extracted twice yi£h one
- volume of hexane wﬁicﬁ was dried (Naéspu) and evaporated
unaer‘nitrogen.gasf The resulﬁing fatty acid methyl esters .
were'analyzéd by gas chrématograpﬁy on éolumﬁé of§10%
diethylenerglyc01 sucéihaté oﬁ Anakron in a Heretﬁ—Packard

5700 A gas_chrﬁmatogpaph. The signal from the flame

g -
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ionization detector (which is proportional to-the mass of

the organic compounds 1in the column effluent) was coupled to.
a Hewlett-Packard 3370B integrator for analysis. The fatty
acio methyl esters were identified by their retention times °

in comparison with those of standards of known composition,

Synthesis of Fluorinated Fatty_Acids

Mono-fluorinated fatty acids of the general fOrmuls'
CH;(CH2)5 CHF(CHz)nCOOH, where m + n ; 13, were synthesized
from.theAcorresponding keto acyi methyl esters following a
procedure modified from that of Birdsall et al. (19719,
keto acyl methyl esters.were built up from the appropriate
precorsors using a Grinyard condensation as-desoribed by

Hubbell and McConnell (1971). The overall reaction pathway

is outlined in Figure 1.

The commercially available dlcarboxyllc ac1ds I(n),

. Preparation of VI

where n ='6, 8, 10~or»12, were flrst converted to the
corresﬁonding di—methyl esters, 11(n), and subsequently to
,Ithe correspondlng acid ester III(n) "by the methods of
‘Jones (1947) and prlfled by vacuum dlstlllatlon Thelecid“
ester, III (4) was obtained commerCially;‘The ac1ddesters
were converted in good yields to acid chlorldes iV»(n)
'_u51ng thlonyl’chlor1de as descrlbed by Morgan and Walton

‘(1935), the excess solvent and thlonyl chlorlde were removed

by distillation, and the ac1d chlor1des were used
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(4

I(n) HOOC(CHy) COOH
II(n) CH300C(CH2}/COOCH]3

III(n) HOOC (CHz),COOCH 3

\

' \
' V(m) CH3(CHp)Br - IV(n) ClOC(CHy) nCOOCH3

VI(m,n)  CHj{(CHp),CO (CH3) ,COOCH;
VII(m,n)  CH3(CH2) COH (CH,) ,COOCH]

VIII(m,n)  CH3(CH2)5C (S02CH3) H (CH2) nCOOCH3

IX(m,n) CHj(CH2)qCFH (CH2)nCOOCH]

X (m,n) CH3(CH2)mCFH(CH2),COOH -

IX(m,n) CH3(CHp)_; C=C(CH2),COOCH3

X (m-1) CH3(CH2)gp-1COOH X(n) HOOCICH2) nCOOCH3
{

Figure 1: Chemical synthesis of the monofluoropalmitic acids.
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immediately without further purificatign.

The entire series of alkyl bromides.v (m), where m = 1,
3, 5, 7 or 9,5were acfiuired commercially and condensed 1n a
Grinyard reaction with the appropfiate acid chloride IV (n)
exactly as described by Hubbell and McConnell (1971) to
yleld the keto acyl méthyl ester VI (m,n). The yield from
this reaction averaged 40%. The keto acyl‘%ethyl ester
products were purified by two recrystillization from hexane

followed by silicic acid column chromatography.

Prepafa£ion of X (m,n)

The keto;acyl methyl esters VI (m,n) were converted to
monofluorinated fatty acids X (m,n) using tﬁé reaction
scheme outlined by Birdsall et al. (18971). The ketone
function was first_reéuced to a hydroxy function using NaBH,
(yield ~90%) and the.reaqtion(product, VII (m,n), was
purified by silicic acid column chromatography. The hydroxy
derivative. was then.mésylated using methane sulfonyl"
chloride in the presence of triethylamine, and the mefylated
fatty acyl methyl ester XIII (m,n) was extracted into
methylene chloride,ﬁconcentrated in vacuo and used witﬂégg
fdrthér purificaﬁion (yield “98%); This mesyl deri%ative was
diséolvéd in dry acetonitrile in the presence of five‘
quivalents Qf dry tetfabutylammonium'fluoriae and reacted
for-ﬁhree days at room temperature to‘yield 30-40% of a"
monéfluoropalmitic,acyl methyl ester, IX (m,n). An

unsaturated fatty acyl methyl‘ester IX (m-1,n) was a major



byproduct of thé fluorine substitution‘reaction arg wagf
removed by oxidation to a short chain fatty acid, X‘(m—f),
and an acid estér, X (n) using the Von Rudlof f procedure
(Christié, 1973). The monofluoropalmitéyl methyl ester was

readily separable from the products of the Von Rudloff
D

45

oxidation by a combination of acid-base extraction, crystal-

-

lization from aqetohe and then hexane, followed by silicic
acid column chromatography. The metHyl ester was converted
to the free monofluoropalmitic acid X (m,n) by heating in
methanolic KOH (Silvius and McElhaney, 1978b) and was then
'trystallized from 70% ethanol in water. The purity was
‘éstimated to be greater than 99.9% as judged from the

results of analytical thin-layer and gas-chromatographic

analysis.
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I111. THEORY

General
: ¥

The dominant interactions in the NMR experiment for a
spin 1/2 nucleus'such as fluorine or phosphorus are the
-~
Zeeman coupling to the external magnetic field and dipold&
3 7

- ’ . . 7 //
interactions between spins (Wennerstrom and Lindblom,” 1977).

The spin Hamiltonian may thus_be written: f ,

Since the Hamiltonian is orientation dependent, in the
presence of molecular reorientatiohg it will vary with time.
fhe pime*independentﬁbart, Ho,, determines transition
fréquencies_and intensities while the t ime-dependent part,
H,(t), determines relaxation andAlinéjbroadeniné‘effects.'

Formally one can write:

Ho=Ho + H(t) . [2]

= g‘z + HD and ’Hl(t)z(Hz—iz)f(Hp—if_D) ‘ ’ (3]

%

The bar denotes an. average over a time that is long compared
to the inverse of the coupling (in Hertz) that is modulated

by the motion, H,(t) is defined so that it has zero time

-

46
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average.
Chemical Shift Anisotropy ]
The Zeeman coupling 1is
H, =1 -0 - H (4]

and is influenced by'the chemical shift tensor, o, which
contalns both orientation-dependent and orlentatxon—
~1ﬂdependent~te{ms The following d;scu551on is based
primarily on the work of Nlederberger‘and Seellg (1976). The
components of the static chemical shift tensor of the
fluorine nucleus in a monofluofopalmitic acid will be
denqteq with o' (k = 1, 2, 3). These components are
-defined as follows:ro'33 lies albng the C-F bond direction,
o'zzlis.berpendicular to 0'33 iB“the H-C-F plane, and o'y
is parallel to the normal to that plane coincident with the

—

long axis of the fatty acyl chain (see Figure 2). In

. [ . L
solution, due to the rapid reorientations of the molecule,
only the average value o' (correspondinglto the resonance

frequénCy v,) is observed
0'5 = 1/3(0i11 + 0'22 + 0'33) ) '- ‘[5]

The motlon of the fatty acyl chain in a l1p1d bllayer 1s,f
*‘;, anlsotrop1c and may best be descrlbed as a-rapid

‘fatioh‘about the molecular long axis perpendlcularzto

-
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the plane of the bilayer (i.e., axial symmetry). The.

observable chemical shift is then given by:

| : 2. : |
: ' 2 {3cos" -1 : ’ 6]
g = 0i + 3 o, <_———§f-_> | , [
) -~ Y
withs-
oé = (0' 1,81y * 0'225;:2 + 0'33S33) - [7]

The term 6 represents the angle bétweeq the magnetic field
and the axis of motional averaging (i.e., the nonhal to the
bilayer), while S;k denotes the order parametef of the kth
axis (Saupa, 1964). Only two“order»bérameters aré

independent since

-0 ' : 8

E: skka, | B (8]

The motional averaging in a lipid bilayer (cylindricéll
K

'or'axial'symmetry) cénfers-a pseudo-axial symmetry upon the

chemical shift ténsbr.'Therefore‘one can state:

.

'and:

o) = /200 + S T A1
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The presence of this axis of symmetry dictates that

S:: = S, and only a single order paramepér remains
independent and 1s therefore sufficient to define the order
of the entire coordinate system. Cdnsequently, the observ-

able chemical shifts can be written:

o', = 1/3(20a, +o“) [11]
1 /

ahd:

oé = Sl‘(oif;ol) ‘ [12]

Vo= ovyom vy 3casi-1 [13]
2
where:
v = 2/30" vy (14]
a

with vo equalling.the instrumental fluorine freéuencyl
Equation 13 def'ines the resonance position for any one
ori;;pation of the planar bilayer with respect to the’
external magnetic fiéld, Ho. If the bilayers are distribﬁted
at random, as in a suspension of membrane fragments, all

orientations are possible and the shape of the resulting

"powder~-type" spectrum is the sum of the resonances of all:



possible orientations, €.

It is possible to define a probability function, p(r),
so that p(r)dv describes the fraction of spins with
resonance frequencies between v and # + dv. pv is found to

be (Abragam, 1961)
Aey

plv) « {1 _2tve Vi)}—j o : [15]
\)a .

&

This probability function defines the overall shape of the
"powder~type" spectrum in the absence of dipolar line-
broadening interactions. For example, when 6 = 0°,

p(v)a 1/ 3, ;hen 6 = 54.44°, p(v)al, and when 6 = 90°

i

p(V)arn:

Dipolar Interactions

The H-F dipolar coupling is:

2 1 : ~ & '
Hp = Yy YF h Zri]3 (3coszljgij—l) (li'Ij—3IiZIjz) [16]
where the summation is ‘performed over all F-H pairs, r,; 1s

the F-H internuclear distance and ¥ is the angle between the
i : _
external magnetic field and the F-RH internuclear vector
L]
(Griffin, 1981). It is convenient to separate the dipolar

Hémiltqnian into time-dependent and time-independent terms

(Bloom et al., 1975).

Hp = Hp* [Hp(t) = Hp] | [17)



For cases 1in which H,y = O, the experimental line shape will

D
_ [N
be governed by Hp, which contains both orientation-dependent

and orilentation-independent terms:

4

Hooo= oot (18]
D D1 Da

In the liquid-crystalline state rapid diffusion of the lipid
molecules effectively reduces intermolecular H-F dipolar
interactions to a mihimum. The residual dipolar interactions
are due completely to the 1nteractions among H-F . pairs on
individual lipids. In the presence of rapid long-axis
rotational reorientations of the lipid molecules the
individual H-F dipolar interactions are projected onto the

e

axis of motional averaging so that the orientation-dependent

term is expressed:

i - 3 3cos?i-1 | R (19]
Da D - 1 2 .

where 6 1s again the angle between the axis of motional
averaging (the lipid long axis) and the external magnetic
fieid. ﬁb, represents the value of the projection of the H-F
dipole‘intéraction onto the axis of motional averaging. The

total H-F dipolar| interaction may then be written:

.‘ | |
T =7 . + (3° 526"1>§ T (20]
| 2 i3 Dlij

f
where 6 is as d#fined previously and the summation is over
| . ‘

|



all intramolecular H-F pairs. This eqguation describes the

manner in which the fluorine resonance linewidths will vary
as a function of the orientation of the planar bilayer with
respéct to the magnetic fiefd. In particular, the resulting

linewidths will be minimal at the magic angle of 54.44°

(Bloom et al., 1975; McLaughlin et al., 1975). Defining the
Gaussian linewidth at half-height as: ,
(6v)1/2 = 2.36 A [21]

\

‘

A can be decomposed into constant and angular-dependent

portions (Niederberger and Seelig, 1976) and

o
A= ohg B (299§§ji_l> [22]

-~

3 . . ) - (-‘ . .
Assuming that the intrachain dipolar interactions are
modulated by the same molecular motions as the chemical

shift anisotropy (Gent and Ho, 1978), then one can write:

3cos? 6 -1 ‘
_ . 2
A by + By ( 5 ) 511 . (23]
where S,, represents the order parameter of the lipid long
axis. The orientation-dependent term, A,, represents the
contribution of intramolecular dipole-dipole interactions,
and the constant term, Ao, is the residual linewidth after

suppression of A, (i.e., by decoupling) and arises predomi-

nantly from intermolecular dipole-dipole interactions.
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'*F-NMR Line Shape

The '°*F-NMR line shape of a sample Of:randomly distributed
planar bilayers 1s considered to consist of individual
resonance5 cen£ered at frequency, vx, correspondipg to
partiéular orientatioﬁs, @, ot the H-C-F segments with
respect to the magnetic field..The observed frequency, v,
varies as a funétion of orientation as described by eguation
13. The Gaussian linewidth ét a particular orientation
varies according to eéuation 22. The probability of
observing a resonance line at frequency » 1is described by
equation 15. The intensity of an 1ndividual resonance line
centered at frequency v* as a function:of the obs;rved

frequency » can be described by a normalized Gaussian of the

form (Niederbergér and Seelig, 1976):

A 572

- oyl v E
I(»V-V*)z_l_-zm{:_.—u (24)
/2 '

The total absorption intensity, S(v), at a frequency, v, is
then the sum over all overlapping resonances, v¥, weighted

with their corresponding probabilities p(vx)

o
S‘(\)) = I(v- \)*)p(\)*)d\)* .[25]

The observed ''F-NMR line shape is then-S(v») as a function
of different individual frequencies, v. Essentially the

shape of the spectrum is>governed by the chemical shift

anisotropy, by the linewidth parameters A, and A,, and by



the order parameter S,,.

Order Parameters

" Flexible molecules which are restricted in their motions are
said to exhibit order. The angular distribution of
fluctuations of the CH, monomers in a polymethylene chain 1s
conventionally described by the second rank, symmetric,
traceless® tensor S (Saupe, 1964) called the order parameter
tensor {(or ordering matrix). Thermatrix‘coﬁponents are a
measure of the apgﬁlar fluctuations‘of the axes (x,y,z) of a
molecule-fixed coordinate system with respect to some

arbitrarily defined axis and are given by:
S,, = <(3cos6,cos6, - &,,)/2> [26]

where the brackets denote a time average. The subscripts 1
and j refer,to the molecule-fixed axes (x,y,z) while 6, and

6

; refer to the angie between these axes and the arbitrarily
déﬁ&hed reference axis. For a molecule-fixed axis system
' exhisiting no particular symmetry in its motion, at least
five independ%pt.components of the matrix must be identified
to define the order parameter tensor (Saupe, 1964). Since
the existence of motional planes of symmetry reduces the

‘number of independent components required to completely

specify the order parameter tenSO{L/ghe chosen axis system

P
-

should exhibit the highest possible degree of symmetry in

"its motion. ‘A single plane of symmetry reduces. the nﬁmberuof



independent matrix components to three..In theory there will
always exist some principal axis system containing at least
two orthogonal planes of symmetry which is capable of
reducing a symmetric tensor of second rank to 1ts diagonal
form. Proper identification of this principal axls system
reduces the number of independent tensor elements to two. If
an axis system with 3-fold or higher symmetry exists (axial
symmetry),>0nlyione independent element is required to
specify the complete order parameter tensor {(Saupe, 1964) .
It has been routinely assumed in the literature that
rotation of the lipid molecules about an axis normal to the
plane of the lipid'bilayer‘is sufficieatly fast to meet the
'condition of axial symmetry, at least in the liquid-
crystalline state (Seelig, 1977; Seelig and Seelig, 1980;
Jacabs and Oldfield, 1981);‘While this aSshmption may
represent a less than perfect approxlmatlon (Merald1 1981;
Higgs & MacKay, 1977; Post et al., 1981), it drastlcally
simplifies the analysis of the anisotropic motions of the
methylene segments. As describea earlier, axially symmetric
rotation about the narmal to the bilayer'was invoked to
describe the orkentation depahdénce.of,the chemically
shifted fluorine resonance lines.and their dipolar
broaden1ng Thus the angular fluctuatlons of the methylene
segments about the axis of motlonal averaglng may be
_'quantltated in the "F NMR spectrum v1a a 51ngle order

parameter, SII, prov1ded ‘that the assumptlon of effective

axial symmetry is valid.
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In order to render the physical meaning of the value of
the order parameter more clear, it is convenient to
introduce the concept of Smo1.aThe following discussion 1S
based upon the studies of Seelig and Seelig (1980) and
Petersen and Chap (1977). An arbitrary axis called the
director, Ei ievfirst defined to lie parallel ro the normal
to the plane of the bilayér. It is about this director that
the Hamlltonlan is assumed to be axially'symmetric. Smo
guantitates the angular excur51ons of the methylene segments
about the director. An acyl chain in the all-trans
cohfiguration, aligned parallel to the bilayer normal and
" undergoing rotatidns.about its long molecular axis,'wodld
have a value of S,o, = 1 for each methylene.segment. At the
other extreme of completely statisrical movement through all
angles of space, Smo: equals zero.

In general NMR technigues measure some order parameter
S wB&ch relates to the angle § between the director d and

5
A
the particular molecular 1nteract10n vector r (see Figure 3)

such that: : 4

Sg = 1/2(3cosp - 1) | . [27]

where the bar represents the time average. Different NMR _
techniques pertain to different=molecular interaction
vecroré. For egample, 1H-NMR of deuterated lipids measures
the anisotropy of themmotioh of tﬁe C-D bond, 'HZNMR is |
sensitive to the orieh;ation‘of the geminal interproton

f e

-8 . w
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vecto!s '"F-NMR spectra of gem-difluorc substituted fatty
acids when depaked can gquantitate the orientation of the
geminal interfluorine vector, while ''F-NMR spectra of

monofluoro substituted fatty acids measure the orilentation

.along the o0',, ax1s. These differences are accommodated by

X

subdividing the angle f into two angles a and y. The term 7y

represents the angle between the molecular interaction

—_

vector, r, for a specific technigue and the instantaneous

r

O
. N

chain orientation, c. The term, a, then represents the
angular deviation of the instantaneous chain orlentation

from the director. The order parameter may therefore be

rewritten:

-

S = } (3cos2 B - 1) [28)

= [5(3cos2 o - lﬂ [§(3cosz*y— IJ

:SQSY' . “ h

.Under these circumstances, Sq = Smon- The differences in the

geometries of the different molecular interaction vectors

‘are considered in the term Sy. For example, in the all-trans

conformation the C-D vector is at 90° to the lipid long axis
and Sy therefore equals -1/2., From this relationship arises

the commonlyempl@d transformation:
% -

>

SmOl = -—2 SCD
. 3

€ e ’ [29]
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In certain situations the C-D bond vector is not at 90° with
respect to the lipid long aiis even 1in the all-trans
conformation and S 1s then no longer -1/2. Such situations
have been described for deuterons substituted onto a

) » , .
cis-double bond (Seelig & Waespe-Sarcevic, 1978; Rance

et al., 1980) or a cyclopropyl ring (Dufourc et al., 1983;
Jarrell et al., 1983). S 1s often, therefore, referred to
as S.po- An examination of the equations relating the A

chemicél shift anisotropy (qj - OH) and the '’F-NMR line

shape of a monofluoropalmitic acid show that.the values of

(O]I - qL) are directly moduiated through the order
parameter S,,, corresponding to the order of the iong
molechlar axis. Thus in this case 7y = 0°, S, = 1 and we
directly measure Smo,_since Syv = Sho.

There are two immediately apparent mechanisms tﬁrough
which the yalue of Sno¥ céuld be moaulated: Firstly, if fhe'
entire acyl chain were tilted with respect to the director
a*is, Smo:1 would be reduced at each.methylene segment along
the chain in proportion to the angle of tilt. Secondl?, a
single gauche (blus,or minus) rotational isomerization at
any point along the acyl chain would cause that methylene
segment and th@ succeeding por;;on of the chaln to assume a
tilt WIth respect to the dlrector Of course, rotational
1somerlzatrons occur with high frequency-and short lifetimes
part1cularly in the l1qu1d crystalline state, so that the

acyl chains rapidly 1nterconvert between a multltude of

possible conformatlonsv(l.e., comblnatlons of trans and
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gauche *+ isomerizations along the chain) and only the
avefage conformatioﬁ is observed. NMR technigues do not
me;sure the effects of rigid body movemeﬁts (whole chain
tilt) and rotational isomerizations independently so that
the measured order parameter contains contributions from
both mechanismSj .

A major strength of the order parameter formalism lies

in the ability to deduce average chain conformations. Since

. o Z
the values of Smo: are proportional to the average number of

4

gauche *+ versus trans conformers at a:pa%ticulaf position,
‘it is possibie to analyse thése data in terms of statistical
mechanical models of chain motions in the bilayer. The mean-
field, rotational -isomerization model of Marcelja (1974) has
been successfully applied by Schindler and Seelig‘(1975) to
reproduce Smo: values for a bilayet of DPPC, and this model
has been further refined by Meraldi and Schlittér‘(1981a, b)
#nd by Gruen (1982). Such analysis permits the average chailn
gonformatlon to be described in terms of the probability of
there being a trans (p.) versus a §g§2H@B(+) rotat10na1
1somer (pg_) at a particular chain position where:
Z:,

#  por2pg1 , - [30]

petersen and Chan (1977) have evolved ‘equations through .
.which order parameterslobtained via different NMR

applications relate to the probability of there being a
. * :;j

‘trans-conformer. These are:

°



Sm01 = -2 S
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SFF = -3/8 p, -1/8 . [31]
Sep - -1/2 p, [32]
Swor = 9/8 P, - 1/8 o (33]
Note that only when p, = 1 doés the common trahsformation
apply. This is because the presence of a

CD
single gauche plus or gauche minus conformer has different

effects on the angle 7y between the molecular interaction

“vector and the instantaneous chain director for different

molecular interaction vectors.

L\



IV. THE '’'F-NMR SPECTRUM OF A MONOFLUOROPALMITIC ACID IN A

LIPID BILAYER

Simulation.of the ''F-NMR ;pectral Line Shape

Since tme '*F-NMR spectrum contains comtributions from
both chemical shift anisotropic.and dipole—dipole inter-
actibns there is no one spectral parameter which is readily
interpretable in terms of an orlentatlonal order pa&ameter‘
The alternatlve 15 mathematlcal simulation of the line shape
" using, the ‘model equatlons descrr%ed previously. In thlS
section, I WIll describe the manmer in which the chémfcalj
shift an1sotropy, the intermolecular and 1ntramolecular
d1pole terms and the ogder parameter Smo1, interact in the
simulated '°’F-NMR speg}ra

A computer program was- first wr;¥ten, which, employed
‘the previous mathematical description of the orientation and
dorder dependende of‘tép chemical shift anisotropy and H-F |
dlpole interactions under condltlons of axially symmetrlc
motions, to gemerate a 51 latlon of the "F’NMR line shape
oa monofluoropalmltlc ac1d in a@pld bilayer (Brlan
McDonough M Sog The51s, 1981 Unlver51ty of Alberta) he

51mulated llne shape depends én four quant1t1es, the

chemlcal Shlft anlsotropy, the 1ntermolecular dlpole

U

broadenlng, the 1ntramolecular dlpole broadenlng_and the /.

order parameter, Smo,. _ ‘ - P ,wa;i

>

In practlce the chemlcal Shlft anlsotropy was f1rst

estlmated for a monofluoropalmltlc ac1d cha1n in the

0.

.‘(;‘

063 ) . '.-.;“ :> /.A,



all-trans conformation

'3 =

64

undirgoing axia%ly symmetric rotation

about the lipid long axis phile alignéd perpendicular to the

plane of the bilayer. TWis calculation is described 1n a
subseguent section. Thls calculated value of (oy|—0|)

|
corresponds to that expegted’when S,,, = 1 and 1s therefore

~

referred to as (0" - u|) In the simulation the

effective value of (OWl - OL_'is never specifically entered

but is quantitated through Sgo.,

v (0 - ”i)observed
(Oll—o ) - : '

mol
| "maximum

&
By ‘analogy with the chemical . shift anisotropy, the :

‘maximum value of the intrachain H-F dipole interaction (a,)

. e

.was first estimated for a situation in which S.,o.; = 1-and

subsequently, the effective value of A, was never considered

‘explicity other than as a modulation of the maximum value

through Smo. Again, the'estimétion of Ay 1is aescribed in a
later séctioh; |

The intérchain dipolerinteraction ko becomes of
significance only in ‘the gel state. In the liquid-

crystalline state the rapid lateral djffusion of the lipid

‘moleculés drastically reduces the interchain dipole inter-
- actionsseffectively to zero. Since the rates of lipid

lateral diﬁfusion.decrease as the pfoportion of gel state

1ipid increases, thefStrength of the orientation-independent .

.

1ntercha1n dlpole 1nteract10ns increase and this effect is

accommodated in the 51mulat10n by eptering 1ncrea51ngly g e
. | A ' B



larger values of 4, (in Hertz).

Figure 4 illustrates the manner in which the values of
these various parameters alter the ''F-NMR line shape within
the context of the theoretical model. The simulated spectra
in row A demonstrate the effects of altering the value of
A,. When A, 1s small, the anisotropic chemical shift
spectrumi characteristic of rapid long-axis rotation of the
entire lipid molecule 1s obtained. This is the theoretical
lequivaleﬁ% of almost coéplete proton;fluorine‘decoupling.
The sharp perpendicular edges of this spectrum correspond to
the quantities a/| and,qi. The'value of (o] - Oﬁ)nux for a
monofluoropalmitic acid can be estimated to be 82.2 ppm
(Macdonald et al., 1983). Altering the Quantity
(o] - 0] Jmax would change the positions of these
inflections without altering the overall line shape. As the
value of A, increases, the anisotropic chemical shift
spectrum first broadens and then, when A, equals approxi-
mately 15,000 Hz, assumes the dipola? or "superlorentzian”
line shape which resembles that of experimegtglly obtained
' ?F-NMR spectra (see 1ater). Increasing the value of A, by a
further order of magnitude extensively broadens the
spectrum, particularly in the wings, without altering 1its
"supetlofentzian" charact;r. |

The spectral s{hulatiohs~in row B of Figure 4
illustrates the effect of increasing iﬁe valué of Ao. Here,

A, was set to 20,000 Hz so that the overall line shapes

would correspond to an experimental situation. Increasing 4,

L}
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while holding A, small broadens the anisotropic chemical
shift spectrum of row A without affecting the overall line
shape until‘AO becomes excessively large. The effect of
increasing A, on the "superlorentzian” spectrum 1s to
ﬁrogressively bfoaden the lines at all frequencies although
the effect is most obviously manifest at the "peak". This
broadening corresponds to an increasé in the efficacy of
interchain dipole interactions such as would result from,
for'example, a transition from the ligquid-crystalline to the
gel state.

Finéily, in row C the manner in which Smo: modulates
the "superlorentzian” line shape 1s illuétrated. At very low
values of Snho: the spectrum gpproaches the isotropic limit
while retaining "superlorentzian” charécteristics. AS Smo:
increases, thekline shape broadens, particularly.in the

wings of the spectrum.

Estimation of the Fluorine Chemical Shift Anisotropy

Knowledge of the chemical shielding tensor elements- for
a monofluoro substituted lipid are4required;for the inter-
pretation of the ''F-NMR specgra in terms of order
parameters. Several differeﬁt‘experimental techniques could
bg used to gbtain"’FdNMR chemical shieldihg informatioh.
These include multiple pulse experiments for removing
'\dipolar-brOQGening 15 order to determine the principal
ténsbt'eleﬁents (Mehring.ét,al,, 1971).in'édmbination with .
single ¢rYstél,studies to determine the.molecular

L e .

<
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orientation of the tensor principal axis system (Griffin
et al., 1972). Dissolution of the molecule of intéress 1n
neﬁatic liquid crystal solvents to achieve partial alignment
(Buckingham & McLaughlan, 1967) cr observing the orientaéion
dependence of the resonance frequency in macroscopically
oriented bilayecgs (Eﬁéelsbeng et al., 1963) can be used to
estimate effeétiye chemical shift anisotropies. Alternately,
Burnéllwet ql. (1981) feport'é method of aeté}mining t he |
completé chemical shift‘tensor from the field dependence of
the moments of the magnetic resonance line shape.

The strength of the"H - '°F dipolar interaction and
the proximity of 'H and ''F resonaﬁce frequencies prevent a
straight forward determination of the chemical shift

anisotropy of a monofluoropalmitic acid. The chemical shift

tensor elements of a —CHZ—CHF—CHz-type_fluorine in 1ts

principal axis system (P.A.S.) have yef to be determined.
Each of the éforementioned techniques present unigue
experimental difficulties or,require apparatus beyond that

&

available. As such I have relied instead upon a value of the

" effective chemical shift anisotropy estimated from known

gquantities determined for teflon.

For the measured traceless chemical shift anisotropy

<

tensor in teflon (polytetrafluoroethylene),three distinct
elements were found: o,, = -80 ppm, 0,, = +21 ppm and
0313 = +59 ppm (Mehring et al., 1971). The direction of the

principal tensor axes for CF3COOAg.weéé also described and

“ later confirmed in a single-crystal sﬁudy (Griffin et al.,

!

-~

O
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1972). The most shielded element, 0,5, was al%gned along the
C-F bond and the leést shielded componeni, U‘;Q Qaé“
perpendicular to the 33 axis in the C-C-F plané.gThés 15
considered to be the principal axls system féf,&he fluorine
nucléus in a monofluoropalmitic ac}d and is illustrated in
Figure 2. Rotation of this axis system'by 30°'abou£ the 33
axis realigns the principal axis’system into a new molecule-
fixed axis éystgm with an axis parallel to the bilayer
normal (see Figure 2). This transformgtion is accomplished

by means of orthogonal rotation matrices, R, ,.

5
g' 2 R™'0pagR . - o K (2]
Here R*R"' = R"'*R = 1 since the Hamiltonian must be

invariant to orthdgonal coordinate transformation. Since

9 bas is diagonalized in its principal axis system, 1t has
_ e

§ L

LA

=7

ﬁhe form:

S| O xx 0 0
%as 0 Coy, 0 B &)
, 04 -0 0%,

e

Following the format of Van et afﬁl(1974), any one

‘generalized coordinate system (A,B,C) may be rgt

*

eesonding

another (a,b,c) by three succeséive-rotétibné@{ ,

to the Euler angles ¢, 6.and y. The generalized

formation matrix of direction cosines is:
. . T

-
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&
A A B C
a coslicospcosy ~sindsiny coslsingcosy +cosesinyg -sintcosy
b -COosHCospsinyg —-sindcosy —cosfisingsind +COsPCOSY sintsiny.
c sinticosy¢ ‘ sinfising cost
. {
Choosing ¢ = 0°, 6 = 30° and ¢ = 0° the generalized matrix

reduces to that specific for a
=P

S

bond axis, - £
cos’} 0
R = | 0 1
sin6 - 0
L
, cosH ; 0
R = 0 1
-sin® 0
:

v

- multiplying the three matrices,

“o

rotation of 30° about the C-F

-sintg

cos

sin® |

cos®

“

the’resulting matrix 1s

N

(4]

(5]
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_ ) o, . e
‘ (cos™Wu  + sin“tio ) 0 (~coslsinbo  4oostsinie )
) XX zz o XX zZ
L= 0 o ]
17 YY 5 0 (6]
(-cosUSLnUUXX+cosUsinUuzz) 0 (sin Qoxx+c0520022) .
.
F.

These represent the values of the fluorine chemical shift

tensor elements in the new molecule-fixed axes gsystem,

‘Upon introducing the rotational time averaging relevant
to the lipid 'ﬁlayer,'l will follow the format of Post
et al. (1982). For any process of rotational time averaging,

s

the averaged chemical shift tensor assumes the form:

o' = AO'(l,2,3)A_l L= 2:0'(1[2,3)kp(aikaj9) (7]
i3 N ' |

. : R L N
where a;« and a;, are the direction cosines. In the first

order the relevant term is 0',,, which can be written as:

i

2: &(1,2,3)RQ (azkazl)

o =
zZz )
Y e e e e Dz, e, @
4T Tl a2 3k 34 2130y 0%0 :

A

ol

= o'(1,2,3),, S', +
35 Tk Tk
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where S, , are now the order parameters with pespect to the
magnetic field-and o = 1.3 ﬁu“ is the isotropic shielding:

factor. The values of &,, are the Kronecker deltas. The

anisotropy of the spectrum can also be written as:

N = .g_ Z a1 ) [ .Al . 2 C
2z 3 (l’“)’”k. S 5 (3cosc -1} \ [Y]

K x

‘where S,, are now the order parameters with respect to the

axis of motional averaging'and @ is the angle between the
. e

axis of mptional averaging and the magnetic field, as

prevjously. If we allow Ao to egual the width of the

. . . a
chemical shift distribution function for o',,, then:

1

Ao :.MEZ J'(1F2,3)k\ skli_ (10]
‘lKQ

Note agaqn that
| -

- 4 — % "
Sy, = 3 (3COSBkCOSBg S ‘ . (11]

. S
where k, % = 1,2,3 for x,y,z of the molecule-fixed coordinate

systém and B, is the &ngle between the kth axis and the axis
of motiodal aVéraging. Using the indices of Figufe 2, it can
bé ascertained tﬁét S«<. and S,, are zero by,symmétry, while
S,: might have.a"small value.AAssUming that S;, is
negligible compared to the éiagonal_é}gments so‘that.x;y énd

z are the principal axes of §, one can now write:’
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s s 4 s ' ' (12]
vy vy zz 7z .

Invoking the conditions of axlally symmetric motions the

distribution function becomes

po = S,, (o, -0 ) l [13])
“
where |,
“
a ., = (0-'11) ‘ [14]
b ! 'Y )
, o
and
o, = 1/2(0", + 0'y,) S [15]
b4 p
se .
& . .

Evaluating thes€ quantities from the valueS'qi‘ﬁhe.fluo;ine

. o L
chemical shift tensor elements in the new-molecule-affixed

axis system, one obtains: g 4 ' ..
i R \

’g 5 = =4.25:
i S gln euzz) ! 5 ppm - *_

s

okz = o”;?&: +5§'Ob Pvm‘} ‘
yy = Oyy P PR
\ ' 2 o - 2 ‘ ’ :
' o = (sin"fBo + cos“Ba_g) = 54.75 ppm
: 22 XX . zZ"
A }1 '%
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and,
Vo, = =54.75 ppm
\)‘ = 27 ppm
N .
()|| - = -82.2
C 7J)max ppm
L)k\

In the absence of a dlrect experlmental -evaluation of the .
chemical shift tensor elements of a monofluoro- type fluorine

and its principal axis system, or of a measurement of the

. effective chemical shift anisotropy of a monofluoro fatty

. * .
acid in a lipid bilayer, I have consistently used the above

- estimate 5f“<0|,-al)max in the fluorine l}ng;éhape
{

simulations throughout these studies.’ !

several points-concerning the accuracy.of this estimate

require further discussion. The values of the.chemical shiff

»

tensor elements in the principal axes system were thpse

repbrtea'by Mehring et al. (1971) for teflon.wAltthgh there

'is no reason to assume & priorj that a monofluoro'

substltUted specles should have tensor components 1dent1cal

’

in value to those of teflon, an examlnatlon*of the tensor

components determined by Méhring et al. 11971) for a range



of different fluorine-substituted species shows that the
deviations are not great. Secondly,.it has béen\assumed the
pr1nc1pal axis system defined for CF, COOAg corresponds to
that of a monofluoro fatty acid. Choosing another principal

axis system such as described by Post et al. (1982) results

in a different value for (0|[-0|)maX' Thirdly, since we
define: | |
. Smol = (”;l - %L)obs
(o1 —({L?max - a

the accuracy of the orientational order parameters obtained |
by simulation of the experimental ''F line shape rest

squarely on the accuracy of the estimated value of

I'd
(oll-oi)max',lf this quantlty was eltper a significant Qver—
. Al B . ' ' \
of underestimate, the extracted values of Smo1 would bel

inversely under- or over estimated, respectively.
- - \

«

Estimation of the Intrachain Fluofine-Proton Dipolar
. . L

Interaction

\ ‘The value of the méélmum 1ntracha1n H-F dlpolar
interactian has been estimated exper1mentally by a study‘of
the fleld dependence of the."F NMR line shape, of B —
’;monofluoropaimltlc ac1ds blosynthetlcally 1ncorporate? 1ntot
ﬁmembranes of A. laidlawii B (Macdonald et al., 1983; B.
McDonough M Sc. The51s,\Un1ver51ty of Alberta, 5981) Iﬁ_
this study use was made of the fact that dlpolar broadenlng jj

is 1ndependent of Ho whereas the Hamlltonlaﬂ descr1b1ng the

; “.l- ’ ~_, " ) L R ’ 't
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chemical shifts is linear in H,. Given an estimate of

(o' 1-0})

.+ and employing conditions in which S,.o,, was

equal at eaech f1ield strength, a'consistent value of
A, = 20,000-25, OOO Hz was, found adequate to 51mulate the
»'*F-NMR spectra obtained at a number of fleld strengths.

&n this section 1 w111 describe calculatlons whlch
indicate how the.value of A, is obtained theoret@cally aqd
that the experimental and'theoreﬁibal values are in
substantial agreement:~Aswnoted pgeviousiy, the tensors for

dipoie—dipole interaction5~scale aS°(3cos’9—L)¢_whef€/8 is

the angle between the axis of motional averaglng and the
%

magnetlc field. The 1nd1v1dual F-H d1pole 1nteract10ns m@@%g'

be represented by a vector T whiich 'is directed along the
line joining the two nuclei bnder consideration and whose.

size ié proportional to (in units of angular frequency)

¢ - . S
A f 3 : ' o : .
noygrp M/rg oo | A K ' ‘ . {1l6].
i . ‘ R A
\ S ‘ v W

where T "and T are ;he magnetogyrlc ratlos of the proton '

and fluorzne,,respectlvely, and rHF is the protog—fluorlne,

'_1nternuclear distance. Under cond1t1ons of axlally symmetrlc

motrqns,'qt is the projection of the vector-n onto the axls
of motional averafing that scales according to (3cos?f-1),

so that one may write:

&



B dlpolarrlnterac%1on of a monofl_
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1 2. - " 17]
All] = yprp B0 5 (3cosThyy 1) ( |
N 3“——"‘— .
) )
13
wher’e ﬁfl is the angle between the interhu&1ear YeCtOr'ﬁ,;%f

v

and the axis of mot®onal averaging. The total intrachéin H-F
¥ oo . ) o

dipolar interaction is then:™ * Vo
. . ) ‘ . . A . ) ‘ | 18]
Aﬁl 2{:|\113| - {

1] N ' . ’. . R

.

where the summatlon is over all H- F pairs. '

Figure 5 illustrates the structure of a monofluoro ~ ,

substituted fatty acid in the all-tPans conﬁormat10n{end~the

A : i
.

calculated interhuclear distances. Theservalugsfwere
obtalned by assum1ng tetrahedral bond angles and C-C, C-H

and C F Qond lengths’ of 1.541 A° 1‘094 A “and. 1. 32 A, L

respectlve;y Internuclear d1stanceé of greater that 4 ;
were not: con51deped becéuse the 1/r dezendency would make n i\t>;
*vanlshlngly small ‘In Table 1, the calculatedeeeluee.are
“categorlzed accordlng to the 1ength of the "H-F 1nternuclear,¥t
vector. The number of H-F parrs per radlus catZgory/;s R
115£23 in’ brackets. When summed_over all &y zhe theoretlca}

/ !
1ntracha1+ E'H' A

value o; 28 270 Hz is obtalned ‘

rn aﬁ

‘fall tPans conformat1on undergoing axlally symmetrxc -
! i .
rotatlons‘ ThlS theoret1cal value 1s 1n/good agreemen# with'

_fthe value of A, obtalned experxmentally (Macdonald et 3"' .

»1983) when the approx1mat10ns of the calculatlons (bond S¥,,kyiﬂfh

T . R N
N o wm
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lengths and angles) are considered.

It is interesting to note that the greatest effective
. . { 4

: dipolar>interactiohs appear to be between the geminal proton

and the fluorine as expected, and‘between.the fluorine and
protons bondﬁd tobthe carbon at the beta.pOEitiOn relative-
to the fluorine—substituted.oarbon rather than the alpha
bonded protons. There is some experimental evidence which
supports this theoretical conclusion. Ehgelbero»et al.:
(1983) studied the |+ F~NMR llne shapes of gemlnal difluoro -
substituted fatty acyl containing 11p1ds and observed llttle
change in the effective H-F dipolar.interactlons when

deuterons were substituted for protons on the vicinal.

_carbons. If the effective v1c1nal H-F dipolar 1nteractlons

were extensive;'then,a Substantlal narrowing of the '°F

.spectrum ang a closer approximation of the predominantly

1

anisotropic chemical shift spectrum would be expected»uponi

substitution of deuterons for protons.

Y
B W

"The’ Assumpt1on of Effect1ve Axial Symmetry

The valldlty of the spectral s1mulat1on employed
throughout these studles, ‘and hence of the extracted values

of the orlentatlonal order parameters, rests. upon the
b ]

, assumptlon&that the 11p1d molecules are rotat1ng about their

T~

\
long axes at a rate suff1c1ent to produce effectlve axial

&
symmetry The assumptlon of effectlve axial symmetry

'requ1res that the rate of long axis: rotatlon of the ent1re

‘lipid molecule be faster than the timescale of the

)

o



’.

™~

,fnteraction bein53measured, -, where ‘for chemical shift
anisotropy (Davis, 1983) |
1= 1/yHedo | o | (o)

It 1s expeCted\that upon~the:transition from the ligquid-

crystalline state to the gel -state the rates of long axis

rotat1on of 1nd1v1dual lngg molecules should be severely

_attenuated. Studies by Marsh (1981) using n1trox1de spln—

labelled lipids indicate‘that as the temperature;ls lowered

through the 11p1d phaseftransxtlon there is‘an abrupt‘

decrease 'in the rates of rotational dlffu51on at Tm followed

pby a further gradual decrease in 5ptatlonal rates at lower

temperatures Whlle one: mlght argue that the perturblng

'keffect of’ the bulky n1trox1de sp1n labels prevents us1ng

: p1cture 1

B

assumptloA

'such data quantltatlvely, nevertheless the qualltatlve

vy

probably valid. Therefore, at some temperature
elther at or below the 11p1d phase tran51t10n _the‘
of ax1al symmetry w1ll no longer be val1d

Although ‘the *H- NMR 11ne shape of spec1f1cally

" deuterated 11p1ds apparently reflects ax1ally symmetrlc

\

'motlons "of the 11p1d molecules when obtalned in the llqu1d—~

ase tran51t10n a gel state component appears in the

. ystalllne state, at temperatures at.or below the 11p1d
pz

-Spectrum WhICh clearly can ho longer be ascrlbed to ax1ally\

symmetrlc motlons In the deuterlum case

ﬁf(_H) = 1;3'x 10“ sec (Dav1s, 1983)_ In contrast, the"line;

SN S R S
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shape obtained:via ‘r’C—"r\irviRiof..DPP‘C_5 which uas"’Cvenriched:':

at the C-1 position oflthe Sn~2vchain,'was still indicatrVefﬁJ .

of ax1ally symmetrlc motlons of the lipid molecules even at

3

“
9

oy # lygph/2mrigp)

a temperature approx1mate1y 40° C below the 11p1d phase ﬁ;‘ﬂvyfn

1

.trans1t1on (Wlttebort et al. ’198I) -where the t1mesca1e dfif

. {_‘? ! o
measurement was r("C)’s 2. O x 10Jf_sec'(Dav1s 1983)

t

rotatlonal correlatlon t1me of the llpld 1tself at \

temperatures below the phase’ tran51t10n must then 11e some~fhgr

where between r( H) and f("C)

The tlmescale of measurement for E} assum1ng a 'ﬂ:

f
N

max1mum chemlcal Shlft anlsotropy of 82 2 ppm and at‘h

:

254, 025 MHz ‘would be 'r(“ ’cha) = 7. 6 X 107+ sec: Thus, it

1s to be expected that the assumptlon of ax1a1 symmetry

o

should hold for the "F NMR spectra of a monofluoropalm1t1c*g7*l

ac1dk1n the gel state at temperatures lower than for 2H NMR

i l.'.

of deuterated llplds but not so low as for "C NMR

. T7“55,;ff
' 'btﬁf" For the case of heteronuclear dlpole dlpole 1nter~:shﬂ G

actlons, whlch also contrlbute to the T’F 11ne shape, 1n~)fe

\'..':

order to pro;ect the dlpolar 1nteract10n vectors, onto

. . \ A

the axls of motlonal averag1ng, the rates of rotatlonalf

"odlffuslon of the 11p1d molecules must be on a tlmescale ;-:\

-

k4

act;on T(”FDD) and "'ijﬂ}ff'f;**T”

St -:1&.,‘... .
as s

e

S ERN

wh1ch 1s short comﬁared to, the 1nverse oi the statlc 1nter—fﬁihé




: symmetrlc motlons

A

S '

and Becﬁeri 19710,_From Table I the strongest static F-H’ -
dlpolar coupllng i's between fluorlne and the geminal proton

and equals apDrOY1mately 14,50Q Hz. Therefore

= 6. 8 x*10°* sec, indicating that the assumption of

: rapld long axis rotatlonal reorlentatlon Should pertaln to .

@
the case of 1ntramolecular fluor1ne proton d1polar 1nter—
|

.actlons at temperatures below the llpld phase transition as

'low as tx S€ at which the ' spectra stlll reflect ax1allyj'

4\. : ' T a

F1gure 6 compares the'f’F NMR spectrum of a sol1d

' crystalllne powder of 12F16:0 w1th that of membranes of A

'nlaldlaWIl B B enrlched w1th‘@0 mole %‘12?16 O plus 80% 7630*fm

l\

: ,1n the gel state The - two Spectra were obtalned under

'?“broaden in proportlon to the values of the unaveraged :
P A .
3 chemlcal sh1ft tensor elements (estlmated to be' -

‘4dent1cal 1nstrumental cond1t1ons It is. expected that 1n
,the absence of motlons rap1d enough te average the chemlcal

Shlft ‘and dlpolar 1ntéractlons, the t"F spectrum should

"e; qp{ é -80 ppm, azz'- 21 ppm, 033 é 59 ppm, by comparlson

gthh the model compound tef10n, Mehrlng et al 1971)

“i

.h;Further broadenlng due to iluorlne proton d1polar 1nter;:
vxcfxact1ons would effectlvely obscure the 1nflectlons corres-
:'Lpondlng to the values of the 1nd1v1dual chemlcal Shlft hnfdﬁ"'

v 'tensor elements resultlng 1n the approx1mately Gau551an 1iné5.-f
xv,};shape cf the solld 12F16 0 1n Flgure 6 Thev"F NMR spectrum”f:c
‘u;d,of }2F16 0 1ncorporated 1nto membranes of A IaldlaWII B 1n ;ﬂjp

l-ﬁthe gel state exhlblts none of the spectral character1st1cs,*

. ”2
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of axial asymmetry which are observed at extremely low

‘temperatures when_"CfNMR (Wwittebort et al., 1981 or
, ¢ -
'_J‘P NMR (Campbell et al., 1979) lipid spectra qre

1nvest1gated The gel-state spectrum is con 1derably

narrowed~relat1ve to the solld'spectrum indicating fhat
N
51gn1f1can% mot ional -averaging occurs on the ' F-NMR tlmex

tcale. Furthermore, the gel state.spectral line shape 1

-

"superlorentzian""an indication that‘the motions which
average ‘the chemlcal Shlft and dipolar 1nteractlons are
ax1ally‘symmetr1c in nature. Fxnally, the mathematlcal model
of the"’F—NMR line ehape, which-assumes axiaily symmetric
motions of the 11p1d molecules, adequately 51mulates the
experlmentally obtalned spectrum in the gel state as shown

in F1gure 6 ~Here the spectrum of 12F16:0 was acqu1red at

279°K, almost 40 K below the correspondlng membrane 11p1d

phase transition. Sm01 was found to be 0. 82 1nd1cat1ng that

the fatty acyl cha1n was approachlng the all trans

‘conflgurat1on Ao, the 1ntercha1n 1nteract10n 1nd1cator, was

approx1mately 1500 Hz, demonstratlng that the l1m1t 1n whlch.-‘,

the superlorent21an line’ shape is obta1ned (Ao’// Ny or

<<X% ) was readlly met at these temperatures

(Wennerstrom and L1ndblqm, 1977) .

r

-t

_.Many more exaﬁpkes of the correspondence of experl-

"mental and 51mu1ated "F NMR spectra wlll be prov1ded

»throughout the. remalnder of “this the51s.‘However, few cases .
jfprov1de such an opportunlty to test the 11m1ts of . the

) 1assumpt10ns wh1ch have been made in. order to extract o

-



~ ' S \ ) - . ‘ ' L

information from the ''F-NMR spectgpa. The theoretical

considerations’described abobe,;#y3”superlorehtzianf
character of the gel state '‘F-NMR spectrum and the success-

ful simulation of that specﬁrum using an "axially symmetric”
' s~

. .\ - R . '
mathematical model all suggest that the orientational order

o

of .the MEPA probe may be described in both thg%gel state and
1n the liqnid-crystalline state in terms of a single

orientatioral order parameter, Smo: -

. : . ﬂ\- . c. 4
The "F~NMR Spectrum-in 8 Region of Mixed Lipid'Phases
’ \
" The phase txan51t1ons gf»varlous model and hatural

membranes have been extens1veﬂy 1nvestxgated using ’H NMR.
Recently, attempts have been made to measure the fractxons

ki

of fluid and gel phase %omponents present dur1ng the course

A

of the phase tran51t1on ~Such 1nformat10n has been obtalned
¢

”dlrectly from the zH spectrum by taking the ratlo of ‘the

est;mateq spectral area of the fluid component to-the total

spectra area (Nlchol et al., 1980) . Alternately,.;h

'VSpectrum in the phase trans

fraction of fluid phase was determlned by 51mulat1ng the

broad component of the *H spectra (Kang et al 1979; 1981);

»Jarrell et al., (1981) demonstrated that the * H-NMR spectral

~moments: could be utilized to. analyze the comp051tlon of ”(:

L]

mlxed 11p1d phases

Each of these technlques of spectral analys1s assume

"jthat the gel and liqu1d crystall1ne phases are in slow

' »'exchange on the *H- NMR tlmescale,,so that the ’H NMR

n reglon is a 51mple

.4



’ v
superposatxor ~¢ gel and liquidfcrystalline state spectra.
Therefore the nth moment of, ‘the ‘H spectrum of a mixt ure of
ge} and,llquld~crysta113ne phases 1s*gryen as .

. A
T . . ~ .

/
(’ L' v . G ’ :;
‘ M, = fM, + (1-f)M, N vy [21])
‘ L ' . .
A oL x o
. v“ o ‘ '."

‘where f 1s the fraCtIOﬂ of l1p1d 1n the fluld phase, and M,

and M are the nth moments of the fluid and gel components

3of the spectrum, respectively (N1chol et al., 1980; Jarrell’
. i

et al., 198L)..Imp11c1t 1n thxs expre551on 1s the asgymptlon

- L G -
that M, and M, remain essentlally constantvover-ther>

temperature range of the phase tran51tlon

‘The same condxtlons should ‘apply in the case of "F NMR

)

"_ectra in-the reglon of- the phase tran51t10n 51nce gel—

~and flu1d phase componenss should be 1n slow exchange on the

"F NMR tlmescale In thlS SeCthﬂ I w11l descrlbe results
'

' ,wh1ch 1nd1cate that the "F NMR spectrunfﬁ% a 51mple super—

S

p051t10n of gel- phase and llquld crystalllne phase spectra

_ and that the fractlon of - fluxd or gel component requlred to-

. !
51mulate spectra acqu1red with mlxed phases g%rresponds to

'thevfractlon of ‘fldid or'gei componeit estlmated from DSC of

‘the membrane 11p1ds o

'_ Flgure 7 shows RS NMR spectra of A. IaldIaWII B ;

:membranes enrlched w1th 80 mole % 19 Ocp tA9 plus 20 mole %

'10F16 0 These Spectra were normallzed w1th respect to the~
»number of acquy51tlons requ1red to obtaln the spectra by

scalxng w1th a factor K where.

RN Y S

<
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.1gure 7: . The ~7p- NMR spect:rum ig a%gxon of mixed phases as a
‘
superposxtlon of gel state and llqu1d-crystallme state soectra

A - 19? NMR spectra of* ﬂ' .’Alaidlawii B membranes enrl.ched w1th _

80 mole % 19 0cp,t'.!x9 plus 20 mole A 10E‘16 0. after normalization tox
the number of scans acqulred b B - 19? NMR spectra sxmulated by ‘
combxn;ng spectra obtaxned at 280“!( and 320 K accordinq to the mdicat.od -
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Kﬂ:_SOOO/no. of acquisitions o » | N JZZ}
Ny e

;51nce the least number oﬁ,acqu151tlons acqulred 1n‘th1s
series of spectxa was 5300 Followlng thlS normallaitlon
.eprocedure each spectrum had an’ equ1valent 1ntegra€ed peak
area,f51m11arly, the ratlo of the basellne n01se an any twov

P .."‘) AT B
.spectra A-and B corresponded to: : L :

noise A' vho of acquisitions-A-'» l L i- . 7 f .[53]

noise B -vho ofvacquisitidns“Bf

after normallzatlon wlth.the factor K..

| ',r DSC of the correspondlng a. IaldlaWIl B membrane 11p1ds
v1nd1cated that the "F NMR spectrum acqu1red at 280 K shouldh

. pcorrespond to 100% gel phase’ wh1le that acqugred at 320 K.

should correspond t@ 100% llqu1d crystalllne phase (The DSC.

'endotherms obtalned 1n thls 51tuatxon are ﬁully descrlbed 1n;

‘Llﬁhapter 5 ) The 51mu1ated spectra obtalned by add1ng

hig’“together the 100% gel and 100% 11qu1d crystall1ne spectra 1n{.

LS

ﬁ.the proport1ons Wthh fesulted 1n the %Sosest 51mulat10n offﬁ -

'nf'nthe acbual "F NMR spectratacqu1red at 290, 300 and 110 K

'3(1 e. in: the reglon qf the phase tran51t10n) are. shown in Qpﬂ:

'frFlgure 7 The'fract1on,;f# of the 100% llqu1d crysta;l{he ;f,ff}

:Hfhspectra whlch was requ1red for the partldular 51mulatlon IS”ff

"eindlcated ‘fas ev1dent§from Flgure 7 that the extenslve
'~wbroaden1ngtof th,:"F spectrum wh1ch accompanles a decreaSeg_*v

. ‘

'f“{xpln temperature and a transatlon to the gel state 1s ,dV'"d'”




},_,; p.- . : - _ ' | ('d - o . | -
yeffettlvely reproduced by addlng cogether 100% gel and 100% 4
'flu1d specéra in the proper proportlon Furthermore, the
S1mu1ated spectra are 1ndlst1ngu1shable from the actual.’ l
spectra: Therefore .as w1th *H NMR, - he:"F spectra in % =
'h vd ;reglons of mlxed phases can be conSJdered a 51mpfe super~ '
. p051t1on of gel‘state and l1qu1d crystalllne state spectra ﬁ
‘f FV _> In Flgure 8 the calculated fractlon of 11qu1d— o
,crystalllne phase l1p1d f; obta1ned by spectral s1mulat1on'
':15 compared wrth the % tran51t{on of the correspondlng A. |
flaldlaWIl B membrane lelds obtalned via DSC 'The % h ,f
";tran51t1on data expresses the 1ntegral of the enthalpy of
rthe 11p1d phaSe tran51t1oh as a. fpnctLon of temperature and- ls °
:gris; 1n fact a measure of the % gel phase (or % flu1d phase):t
11p1d at a. partlcular temperature. It 1s apparent f.bm 2
:”Flgure 8 that both the quantxty f and the % trans1tlon
:behave as 1dent1cal functlons oﬁ temperature Thus the
L"F NMR spectrum can be con51dered a superpos1t10n of
*gel phase and flu1d phase spectra, and the change 1n the
’proportlon of these two components w1th temperature |
accuratgly reflects the progress of the 11p1d ﬁhase

'S

ptrans1t10n as detected calorlmetrlcally

'j;Relaxat1on T1me Measurements };f' j-*'.f,:{;;'s.f* ,;_]Tff”°”

- -.'~~.i-m-‘

S1nce moiecular orderlng and mot1onal correlat1on tlmes

'w{gfare really two 51des of the same mot10na1 coan,- t was of iahfd

r',.l

dtlnterest to measure the f’F NMR 1ongltud1na1 relaxat1on,}fi”“37

"vffftimes (T ) of the monofluoro substltuted fatty acyl nucleariﬁtf

v
\r;;:»-a
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-

Figure 8: A cdomparison of the fraction of liquid-crxystalline phase

lipid calculated calorimetrically with that estimated by simu-

lation of the 19F-nMRr spectra. The % transition daty were obtained

by integration of the enthalpy of the transition endotherm obtained
in the case of A. laidlawlii.B membrane Yipids enriched with 80 mole t

19:0cp,t49 plus 20 mole % 10F16:0 by DSC. The fraction of liquiad-

orystalline phase lipid (cldséd cir4les) was estimated from simulation
of 19F-NMR spectrum.as described for Figure 7.
. _ -
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spin probes. Figures'9 and 10 show two representations of
the type of data obtained using the inverslon recovery pulse
sequenee described in the methods, in this case for A.
laidlawii B membranes enriched with 15 mole % 10F16:0 plus
85 mole % 18:1 cA4 at 310°K. The delay times, 7, (D,)
between the inversion pulse and the sampling pulse are
indicated for the appropriate spectrum. Using the data of
Figure 10, and employlng the usual 1n (So-S, ) vs 7 plot to
obtain T,,'lndlcated that the nucle1 relaxed at approxi-
mately the same rates over the width of the entlre spectrum,
This p01nt is evident just from an examination of‘Flgure 10.
In Figure 11, the values of st »and of 1n (SO-S ) are plotted
versus the delay time 7. The value of S, was estimated using
a three parameter data- reduction routine based on the report
of Levy and Peat (1975). This analysis 1ncludes
‘considerations of imperfect r¢ pulse’lengths and of the
pulse seqguence interval, Ds. While the inversion—recovery
method is relatively insensitive to imperfect pulse lengths
(Levy and Peat 1975), the Ds value should bejset 'such that
Ds; 2 4 times the longest T, measured Failure to meet this
condition will result in an under-estimation of the T,

values. However, the data redgction routine compensates for
such effects. Speciflcally, the data are. fit to:
t - Mo | (1-e t/Tl)+k(l DS/Tl)e-t/Tlf

(24]
-D5/T1 -t/T1,

(1-kk'e

where DS is the recycle'time and
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A

Figure 10: Expanded plot of 19F—NMR spectra‘ obtained using the
inversion recovery technique.;’ The sample was the samecas in

Figure 7 and the deiay timgs' (M) are indicated in milliseconds.
s . - N . 0

c

0
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'7Under opt1mum cond1t1ons (ie. K é.“l; k' = 0, DS ! 4 T )

the shorter T,'

k = sin'¢ + cosycos’¢ | - L L ~f'~12515L4}p& i
¢ 1s the'angle which Hppp makes with respect.tohtheyaxish KU
_along\whlch H, is applied, and _ "' e o 'r‘§t=

YHopp T = a/cos$ - | - ":4f3;;v §26]

5.

where t is the pulse length and « is the fllp angle (7H1T)
equation-24_reduces to the familiarm_ 1 “"f'_;
Mo[1-2e t/Tl 1 B P 25 I

Table 2 l1sts the T values estlmated for d1fferent

\p051t1onal isomers of MFPA in the presence of 18 1 cA4 at

,310°K It is clear that a gradlent of T values exlsts w1th

(slower motlons) nearest the carbonyl head-

group and the longer T,'s (faster mot1ons) nearest the ;tlv?ﬁ
. T . ‘ﬁ .
methyl CEEmanS of the fatty acyl chaln ThlS is the same

‘qua11tat1ve plcture of the yar1atlon in’ relaxatlon t1mes

| along the fatty acyl chaln Wthh 1s obta1ned v1a"’C* 'FH—;_"'

and "H- NMR technlques (e g.,vsee Jardetzky and Roberts,

’1982) A quantltatzve 1nterpretatlon of these "F NMR
’ relaxat1on measurements 1n terms of relaxatlon mechanzsms pj

'71and motlonal correlat1on t1mes would requ1re more accurate'”'

i

and systemat1c relaxatlon measurements
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Table 2: 19%51@!{ Longltud_zndl‘- Relaxation Times (Ty) 'Aﬁd_Order
Paramecters ({Spol) of A. laidlawil B Membranes Enriched °°
with ‘15 mole ¥ xF16:0 plus 85 mole % 1B:lcad. ’

»  MFPA B o ) T {msec) ' Smol
T 6F16:0 " a4 SRR DS R
8F16:0 ~ - ETI % 0.20
C10F16:0 444 0.20
12F16:0 ' 624 0.16
14Fl6:0 70 -« . 0.12
.
i
1
*
O
’,l. “t.
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,In summar?, the ' YF-NMR spectra of ?,MEEf can be

J

simulated‘using a model'which assuMes effectively axially

“

symmetrlc mOtIGWQ of the’ 11p1d molecules in a lipid bllayer

Via reasonable assumpt1ons concerning the effect1ve values

- of the important interactions, the chemical Shlft ani otropy
and the intrachain H—E‘dipole-dipole‘interactigps(fhnder" 4
conditions of axially symmetric motions, these slmuha&{pns

tan yield information concerning the orightational ordering

of thepfatty acid long axis. MoreoVer, it would appeaonn

the basis of both theoretical and experimental ¢
, COnsiderations that a single onder param ter adequately
' descrlbes the p- NMR spectrum in both the llqu1d-

crystalllne and gel phases. It can be- fur»her demonstrated

that ghe "F NMR Spectra falthfully reflec the progress of

the lipid phase tran51t10n and prov1de at least the same-

qualltatlve plcture of fatty acyl cha1 ord r1ng and

dynamlcs as»obtalned from;’H-NMR.



V. QRIEN’l‘ATIONAL’ORDER AND FATTY ACID STRUCTURE
-t
: )
A Stralght Chain Saturated Fatty Acid
In the rema1n1ng portions of Uhks thesis 1 wlll

_descrlbe the results of investigations into the effects of
‘dlfferent classeg of fatty acyl structural substxtuents on
'the orientational order1nd\of the monofluoropalmltoyl

nuclear spxm probes in membranes of A. laidlawii B. The
strength of these studies resides in the COupling of'.
specttoscqpic~analysis (' *F-NMR) with an‘independent deter—‘f
‘mfnation.of the physical state of the membrane,ldpids (DSC) .
This combination,permits the relationships hetweeh;tatty‘-;
acyl structure, orientational order!end the‘lipid phase‘
'transiticn.tc be &ueried.fln order to establlsh a basis“for
;ccmparisthWith_fatty acids of more complex‘sttucture, the —»r
drlentetichel order parameters of “the MFPA's were fitSt
determined in the presehce of,thegstraight;chain, satutated
fatty acid 16;0: | '

In these experlmeﬁ{s with 16:0 ehrichment .the

- followlng protocol was followed Whole cells from 1.0 litre}
of culture med1um (supplemented with 20 mole % MFPA plus

150 mole % 16: O) were washed once WIth B- buffen and after.
resu5pens1on in B buffer contalnlng 90% deuterium ox1de, the_
'“"F NMR spectra of the whole cells acqu1red as descrlbed in  c-
h“_the methods. Cell v1ab111ty was. then checked mlcroscoplcally:
. and by recultur1ng in fresh growth med1um Cells were foupd

to be 99%u1ntact followlng data_acqu151t10n and.all cultures

Loe . . . . ! .

A

! . 99 -
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grew successfully. Plasma membranes were ‘then 1solated from
the whole cells as described in the methods, suspended in
f-buffer diluted twenty fold with 95% deuterlum oxide and

the '’F- NMR spectra agaln acqu1red Membrane polar lipids

‘ .
were subsequently extracted lyoph1llzed and rehydrated in
f-buffer (dlluted twenty fold w1th 95% deuterlum oxide) by +

v
gentle heatlng and mlld vortex\ng and once more the '’F-NMR

g

—_—

_spectra were acqu1red Flnally, the thermotroplc phase
-properties of the polar lipid fraction were determlned via
DSC and the polar lipid fatty .acid cOmposition analyzed by

GLC.
any fatty acids wlll by'themselyes, support the -

growth of A élaldlaWII B in the presence of- an inhibitor of
de novo fatty acigd blosynthe51s such as av1d1n - often

R leadlng to the productlon of membranes contalnlng up to 99% N
.of a s1ngle fatty ac1d species - but palm1t1c ac1d is not
_one of these (SllVlUS and McElhaney, 1978a). The fatty ac1d
comp051tlons of the membrane polar 11p1ds from cells grown

. in the absence of av1d1n on med1a supplemented w1th

5180 mole % palm1t1c ac1d plus 20 mole % of a; partlcular MFPA_
are shown in Table 3. The-fatty acid compbsltlons-were uf
m;*51m11ar regardless of . the partlcular poslflom:g‘ﬁsdmer of -

AN

- dMFPA present In addltron the products of d@ novo fatty

acid b1osynthe51s in A. IaldlaWIl B (12 0, 14 0 16.0 and‘“‘

©.18:0) contr1buted 51gn1f1cantly to the overall compoS1tlon.

‘The percent enr1chment w1th exogenously suppl1ed fatty.

ﬂvac1ds (the sum of palmltlc ac1d plus MFPA) was between 75%

s
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\ 3
'I'.A'bln_v i FPatty Acid Composition. ot A, Lq;idlkjw i Mombt ane '
N Polar Lipids Isolated from Cells Supplemented With
o Palmitic Acid Plus Various Monofluoropalmitic Acids. -
Fatty Acid Compos,\txon (Mole ®)7.
Supplement p . S
(0.12 mM Total) .0 14:0 . 16:0 - MFl6:0 1s:qé§l
20 6F16:0 + BOW 16:0 .54 18.94 64.75 10.43 1,44
20%  BF16:0 .+ B0Y 16: .91 16.51 69.81 12746 . 0.31
- 20% 10F16:0 + 80% 16: .84 18.78 67.17 ~A0.35  0.86
20¢ 12F16:0 + 80% 16:¢ .97 16.82 72.23 7.82 " 0.16
.« 20%14F16:0 + 30% 16:0 77 18. 80 64.00 11.63 1.80
o * -
' . ’ N
Excgenous . , » !
"% In¢orporation Ratio MF16:0/16:0 - \
75.18 161 .
82:27 178
77.47 154
'80.05 - .108 .
. 75.63 N ©185 o
Sum Of mole percent 16:0-plus MF16:0 :
; Ea



'J;.case of coenrlchment W1th 1OF16 0 the m1dpo1nts of the;;h'h
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and 82% but this may be‘an overestlmate due to .the
‘contrlbutxon of the de novo blosynthe51s off palm1t1c ac1d
Hence, the fact that the ratlo of MFPA to palmltate present
in. the membrane did not correspond to that prov1ded 1n
_‘supplement was most probably not due to a d1sproportlonate

uptake of either of the supplementary fatty ac1ds - MFPA' s

are proportlonately 1ncorporated in all cases tested to date ‘

’(McDonough et al., 1983’ Macdonald et al 1983) - but
qrrather may be- aterlbuted to the obscurlng effect of de novo
‘blosynthe51s Regardless, the levels of MFéh present were
. suf£1c1ent for the pract1cal purpose of obta1n1ng "F NMR

spectra | ' |
F1gure>12 shows the membrane polar l1p1d phase
tran51t1on endotherms obtalned u51ng DSC for each case’ of‘

'
coenr1chment w1th a partlcular 1somer1c MFPA The tran51t1on

endotherms were: typlcally somewhat asymmetrlc and 51m11ar to |

jthose of.A Iatdlaw;z B membranes and 11p1ds preV1ously
freported from th1s laboratory (see, for example, McDonough '

et al., 1983)

Excludlng the thermotroplc tran51tlon obtalned in’ thev

f~phase tran51t10ns (T ) varled over a range of approx1mately
7f11 0° C about theifverage Tm of 308 9 K It 1s not clear why

1che partlcular case of 10Fﬁ6 0 exh1b1ted a Tm approx1mately

/

}f2 0° c lower than aVerage. The phase tran51t10n temperatures S,

’b%reported here@for enrlchment w1th 80 mole % palm1t1c ac1d

'htplus 20 mole % MFPA are somewhat lower than those wh1ch have }*ﬁjf@

R
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, prewiously been reported for ehrichment oflA. laid}awii'B"
‘membranes with palmitic‘acid alone (De Kruyttieﬁgél., 1973;
- McDonough et al l983) 1However; levelS'ofaenrichment being ‘
somewhat varlable and de novo blosynthe51s maflng up any
shortfall leads to the 51tuat10n apparent from Table 3,
-~ where myrlstlc acld makes up nearly 20 mole % of the
-membrane fatty ac1ds and hence, lowers the T
‘The parameter AT\O-SO was of the order of 11 C to 12°C;;_x{‘
in good agreement w1th-those values prev1ously reportedwfrom” |
E this laboratory (SllVlUS et al 1980) | |
»‘ _The: cdrrespondence of experlmentally acqu1red "Q“NMR
spectra and "best flt" model spectra 1s 1llustrated in L
Flgure 13 for the case of cells supplemented w1th 20 mole %

)

_8F16: 0 plus 80 mole: % 16 0 The spectra ‘were’ acqu1red at
- temperatures at wh1ch the membrane 11p1ds were ]ust above ]:t ;_‘. §
(323 K), jUSt below (300 K) and far below (279 K) the1r gel |
to llqu1d crystalllne phase tran51t10n Whether obtalned
E w1th whole cells, 1solated membranes or membrane polar
11p1ds, ‘h”f"F NMR spectra were remarkably s1m11ar,p i';t.
1; fexh1b1t1ng 1dentlca1 changes wlth alteratlons in temperature
‘ and l1p1d phase state. At all temperatures and regardless of
l; the 11p1d phase.state,“the_"F NMR spectra were adequately
51mulated u51ng the model wh1ch assumed an axlally symmetrlc o
l1ne shape The values of Smo,‘lncreased from approx1mate1y o
:; 0 20 to 0 82 whlle Ao 1ncreased from about 10% Hz to 1600 sz‘ ;;ih
éas the acqu151t10n temperature was lowered from 323 K to N
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o P
i o

Figure 13: Correspondence of experimental 19F-NMR spectra (whole

cellé, membranes and lipids of A. laidlawii enriched with 80 mole &
16:0 plus 20 mole % B8Fl6:0) and "best fit" simulated spectra (----).
Experimental spéctra were acquired with 100K, SO0K and- 25K acquisitions
at 279°K, 300°K and 32%°K, fespeétively.l The éorrespohding values

of the line shape parameters, Ay, 4] and Spg) used to generate the

"best fit" simulated spectra are indicated
“‘ . ‘ ‘?z‘

CoLn | . s
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The. variation of S,o, with the positioh of the fluorine
substituent provides an orientatlonal order profile for a
particular membrane. The ' *F-NMR order profiles of A.

s 3

~

IaidlaWii B whole cells, isolated membranes and extractéd
polar lipids are shown in Figdre 1@.'At 323°K, the val&es of
the order parameters were relativély cogstant out to
apprximately carbon atom numbe} ten and‘thereafter .
decreased as the nuclear spin probe was relocated further
~towards the methyl terminus of the acfl chain. Similar ofder
profifes have been réported usingﬁzH—NMR ﬁechniques in both
model (Seelig, 1977) and biological (Stockton et al.: 1977)
membranes. o
.With decreasing temperature, orientational order
generélly increased.'At 300°K, Ahere the calorimetric data
indicate that the phase transition 1s at least 90% complete,
the averaée overall chain order was approximately 0.6,
indicating that, despite the overwhelming prepoﬁderance of
gel-state lipid, a substantial degree ;f disorder remained.
The order profile itself indicated that, although a gradient
.of disorder‘was still present, the "dncline"Aof tHe gradient
‘was much less ptonounced than that observed with entirely
llQUId crystalllne lipid at 323°K.
«  Upon decrea51ng the temperature further to 279° K the
average order parameter increased to approximately 0.8,
»indicative of a high degree of acyl chain orderlng In .

.éddition, all chain positions displayed an equal degree of

ordering with the exception of the fourtéeh position.

'
4
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Therefore, although some degree of dlsorder may ex15t near
the methyl terminus, at temperatures well below the lipid
phase transition the bulk of the aoyl chaln.experiences an
equally high degree of;orientational'ordera

Allegrini et al. (1983) “have stud!ed the gel-state
*H-NMR spectra of spec1f1cally deuterated palm1t1c .acids
mixed in equimolar amounts with 1-palm1toyllyso~PC. These
compounds together agsume a bllayer structure most probably'
via the formatlon of a funct10nal dlmer of lYSOphOSphOllpld
and free fatty acid, The free deuterated palm1t1c acid
experiences a greater degree of rotatlonal freedom in the
gel—state which‘permrts an analy51s of the *H NMR spectrum
in terms of orientational order parameters.'The values of
Sm;1 obtained in the gel-state nearly approached the
theoretlcal max1mum of unlty for pos1t10ns c-2 to C—13 but~n
thereafter decreased towards the - acyl cha1n methyl termlnus
These results substantiate our observatlons of a hlghly
ordered state w1th a m1n1mal number of gauche conformers in
the gel phase. However, the maxlmum value of Sm01'reported
by Allegrini et al. (1983) was O 94, whlch 1s some 15%
r_hlgher than the maxlmum of 0. 82 wh1ch we have obtazned
Although 1t 1s p0551b1e to questlon the appllcablllty of
results obtabned w1th a mlxture of lysophosphollpld and free‘
_‘fatty acid to the 51tuat10n in’ a d1acy1 phosphollpld
,membrane, thlS d1§ference in max1mum order1ng is most
probably attrlbutable to the con51derable fatty acyl cha1n . ‘{

»heterogenelty of the.A. IaldIaWII B membrane l1p1ds in
o ‘ .
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contrast to the absolute homogeneity of the model.membrane~
system., It }S possible to demonstrate,pfot example, that}the
,presence-of shorter carbon chains markedly reduces
v;orientational order in‘lyotropic nematrc phases (COVeIIoJﬁ
et al., 1983).
| It would be premature howeVer; to exclude the
possibility that lipid headgroup heterogeneity makes‘SOme:
. additional‘contribution.to gel—state disorder in A. i
laidlawi-i B. As d1scussed by Seelig and Browning (1978)
when the *H-NMR order parameters of acyl chalns esterlfled
to a variety of lipid headgr%up classes are compared in the
\liqu1d-crystalllnetstate.at a temperature.normallzed |
‘relative to tneir‘respective phase transitions, the values
‘are all very sfmilara(but see Marsh et al., 1983). Again in
the llqu1d crystalllne state, Rance et al (1983), in a
H- NMR study, could dlscern 11ttle dependence of : |
‘conformatlonal order on. headgroup class amongst A. Iaidlamii
B glycerollplds Such generallzatlons may. not apply in the
‘mfgel state, where the den51t1es of acyl cha;n and headgroup
-“packlng become moLe pronounced and 1nterdependent. Indeed,
},wlthout even con51der1ng the respectlve gel- state | |
StabllltleS of the 1nd1v1dual classes of glycerollpbds
present in A IaldlaWII B, the1r heterogenelty alone could
H'constltute a barr1er to complete or1entat10na1 orderlng
The 60 KHz spllttlng whlch appears in the gel state
SV’H NMR spectrum of A. IaldlanI B enrlched with deuterated

fatty ac1ds has been 1nterpreted as 1nd1cat1ng that the acyl ‘

\ .
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 chains stil} retain considerable motional-freedom atAlow

temperatures (Smith et\a] l979). These authorstconcluded
that at temperatures ]USt below the llpld phase tran51t10n
the acyl chains have assumed an all- trahs conflguratlon and

that only'"rotatlonal dlsorder resultlng from rapld

-rotation about the long molecular axis, ‘and not trans gauche.j

1somerlzat10ns, reduce the observed quadrupolar splxttxng
. o
from the theoretlcal maximum of 126 KHz to the observed -
60 KHz. The 1nterpretat1on has been challenged by Plnk and

Zuckermann (1980) “who p01nt out that the results of Raman

scatterlng studles 1nd1cate that there are a non- negllglble

,number of gauche bonds exc1ted in the gel- state of pure

PC's. From con51deratlon of a theoret1cal model of a
blologlcal membrane these authors concluded that the

gel stat; *H-NMR: spectra in A. IaldIaWIl B could ‘be . 1nter—‘.t

'vpreted as 1nd1cat1ng the . occurrence of thans gauche

1somerlzatlons in addltlon to rotatlonal dlsorder 1n the

*gel*state

NMR- der1ved orlentatlonal order parameters are _"\

modulated by whole chaln tllt as well as by tFans gauche )

1somer1zat10ns at 1nd1v1dual chaln segments (Petersen and

-

.Chan ’1977). A .straight- chaln, saturated fatty ac1d in. the ’

Call- trans conflguratlon‘ exper1enc1ng only rotataonal

,dlsorder and/or fluctuatlons in the or1entat1on of the long""

'molecular ax1s, should not manlfest a grad1ent of dlsorder'

should decrease SmOl eq'

along its 1ength 51nce t11t1ng of the entire acyl chaln

at all poslt1onsj The'{’F NMR o
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<

order profiles observed at_300°K indicate that at
temperatures just below the l1p1d phase transition f
gradlent of disorder is still present,‘lmplylng that the
-acyl chain has not‘aSSUmed;an all-trans-configuration =~
regardless_of thekcontribution of whole chain fluctuations

to the average order parameter. While the obSerQation of an
order gradient'precludes the existence.of an ail?trans

' conflguratlon ‘the " converse, that the absence of an order
grad1ent 1mpl1es the all trans state, does not hold A
populat1on of gauche 1somers d1str1buted w1th equal
probablllty or. dlffu51ng rapldly along ‘the acyl chaln could

' N
'dlminlsh Smo, homogeneously, as observed at 279°K 1n A

laidlawii B v1a 'R~ NMR. ‘
It is 1nterest1ng to note that fewblf any dlfferencesi
’in or1entat1onal order can be dlscerned between 11ve cells,'
‘membranes and polar 11p1ds Studles of orlentat1onal order
;n 1solated»blologrcal membranes would therefore, appear:TU
:fbe directlybapplicable to. the‘51tuat10n in_whole‘cefls. it
: is equaliy signfficant that the absence of:fntegraiemembrane‘:
protelns had’ho effect upon Smo,. Whlle it,has been clear
}‘for some t1me that values of Smo| obtalned by ?H NMR |
.;technlques are nearly 1dent1cal whether obtalned 1n model or.ﬁ_
;. bxologlcal membranes 1n the-llqu1d crystall1ne state (Seellg
“*;‘and Seellg,'1980) thlS p01nt had not been demonstrated for
; 5,"F NMR techn1ques.ur_ ' . 2 h '4‘~.>d : :” ._“ d
S Jarrell et al (1982) 1nvest1gated the: zH NMR spectra f"f

>,of A laldlaWIl B whole cells, membranes and lxplds enrlched
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with deuterated'myristic acid, while Kang et al. (1981)

» compared "H-NMR spl1tt1ngs in A laidlawii B membranes and
'extracted llpldS enrlched with deuterated myrlstlc acids.
These authors were able to discern lltt e difference in the
jquadrupolar spllttxngs obtalned in cells, membranes or
llpldS These results are in agreement w1th our conclu51ons.
concern1ng the appl1cab111ty of studies in 1solated lipids
‘and membranes to the membrane lipid- organ1zat10n in. 1ntact
pcells Furthermo%e, both 2-H-NMR and '’F-NMR results agree’
that the presence of membrane proteins does little to alter
~the range of conformat1ons avallable to membrane fatty acyl
.{chalns in the llQUld crystalllne state. ThlS apparent lack
of. influence .on 11p1d order by membrane protelns may be the
'result of the relatlvely low prote1n/11p1d ratlo in A. )
:Ialdlanl B compared to the rat1o in model systems where
»some effects are dlscernlble-(ﬁang et al., 1981){ Thev
..:lateral segreoation of intrinsicgmembrane prote1ns into
proteln rich domalns, whlch can be observed by electron
m1croscopy 1n A IaldlaWIl ‘B membranes cooled below the
vl1p1d phase tran51t10n temperature (Sllv1US and McElhaney,
1980) further suggests that, in the gel- state, bulk |
hmembrane 11p1d conformatlons should not be, and as. concluded
from "F NMR data, are in fact not partlcularly 1nfluenced

‘3

'1by membrane protelns.
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An Isomeric'S€ries of cis-Octadecenoic Acids “

The cis-double-bond occurs widely in biolooical
membranes and:nas been the subject of recent ?H-NMR studles
in béth mode 1 (Seelig and'Seelig, 1977-oseelig and
Waespeesaréevié, 1978) and b1olog1cal (Rance et al., 1980)
membranes. These studies 1nd1cated that conformatlonal ordef\
was‘reduced,in the presencekff CiSiunsaturated acyl chains
relat1ve to saturated acyl chains’ when measured at the same
temperature When compared at the. same temperature relative
to their respectlve l1p1d phase tran51t10n p01nts, the
Cls unsaturated acyl chalns dlsplayed nearly 1dent1cal or a

somewhat greater degree of orlentatlonal order than

<,

stra1ght chain saturated acyl chalns -suggest1ng that the ;
‘conformatlons available to- saturated and unsaturated acyl
'chains in the-llqu1d crystalline state were nearly
identical. It waS'concluded,that a local organlzatlonal
perturbation“ induced by the'cisrdoﬁble bond determ&nes the
Rroportlon of gel and llqu1d crystalllne 11p1d The nature
of thls perturbatlon remains i1l deflned As p01nted out by
Barton and Gunstone (1975) 51mp1e gel state cha1n packlng
R con51derat10ns seem 1nsuff1c1ent to explaln the relat1onsh1p
between the*temperature of chain meltlng and the p051t10n of
a cis- double bond along an: acyl chaln. |
~ The avallablllty of a serles of p051t10na1 1somers Qf ﬁ?
ldCIS Qctadecen01c ac1d (Gunsxone and Isma11 1967a) ’coupled
g wlth‘the ab111ty@to rapldly screen a range of fatty acid

-:gtructures v1a "F Nﬁﬁ led me to undertake a stematlc
S 4 . ' B : ’ - . ' N 3 ) . . .
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\survey of therrelationship between lipid orilentational order
and the position.of a cis-double bond in membranes of the
orgahrsm A. Taidlawii B.

The '*F-NMR spectra of membranes of A. faidlaWii B
enriched with small amounts of one of a‘series'of positional
1somers ef monofluoropalmitic acid, plus one of a series of
positional Isomers of cis-ectadecenoic acid ranging~from-A4
through A15 1nclu51ve, were acqu1red at a variety of-
temperatures and analyzed in terms of conformational order
parameters. It was demonstrated that whlle orlentatlonal
order was very 51m11ar in the l1qu1d crystalllne state |
regardless of double bond p031t10n, 51gn1f1cant dlfferences_‘
. in;chain ordering were manifeStvin the gel—state with
different éités of uhsaturation. These’resﬁlts suggest that,
eth in rhe denSely paeked gel—state; regions of the fatty
acyl chains differ in the1r susceptibilities to
'eohformat1onal pertqrbatlon. Nevertheless, normallzatlon of
_the Smo1 values with respect to the geI to liquid- |
Jerystallfne phase transition indicated thatvthe lipid phase
" state remainS‘the’preehinent determinant of overali'»
Qrientarion'order - ‘ |

The fatty ac1d comp051tlons of membranes of A.
Iaidlaw1l ‘B, enrlched w1th each of the isomeric CIS octa‘e
decen01c ac1ds studled rare llsted 1n Table 4 for the B
typlcal case of coenr1chment W1th 8F16 0 When other

‘ .

' monofluoropalmltlc ac1ds were substltuted s;mllar resultsf_'

.were,Obta1ned, In’al} cases the~productsv0£ de'novo fatty

. x
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»
\acid biosynthesis in A. laidlawff B;'speciflcally 12;0;
14:0, 1630 and 18:0 (Saito et al., 1977),'contributed(4
‘ minimally to the membrane fatty acid'composition,_reflecting
-the effects of 1nh1b1t10n with av1d1n (Silvius .and
McElhaney, 1978a) In turn the comb1nat1on of fatty ac1ds N
prov1ded exogenously together generally accounted for more
“than 90% of the total membrane fatty ac1ds present pevels.

of enrichment were greatest when'the phy51cal properties ofr

N\
\

the particular. cis-octadecenoic acid presented the least
challenge to the organlsm s ablllty to grow;(81lv1us and_
”MCElhaney, 1978a) The membranes enr1ched W1th 18: 1cA7 ASE
‘ AQ, 410 or A12 conta1ned s1gn1f1cant quant1t1es of 16'1 in
’addltlon to the fatty ac1ds prov1ded in supplement. Slnce A‘
Ia;dlawtl B can neltheb blosynthe51ze nor degrade

' unsaturated fatty ac1ds, it must be assumed that th1s'

}}mlnant" -was concentrated from background leVels in the

N

} (saito et al., 1977). .

\»,

,‘The rat1o 18 ch/xF16 0 present in the membrane llplds.

;erally corresponded to that or1glnally prov1ded

~

;ogenously,_1nd1cat1ng that, as demonStrated prevlously

- N

&cDonough et al., 1983 Macdonald et al., 1983) thef”n.

ionofluoropalmitlc acxds are readlly 1ncorporated by A f,fh\_'

AN

ff ;Ialdlanl B The generally hlgh levels of supplement

corporatlon and 1ow levels of. background de novo

.101 nthes1s would 1nd1cate that the.ieported order?

’?pvparameters represent almost exclu51vely the effect of°the'

’;fVCIs octadecen01c ac1d of 1nterest upon the or1entat1onal
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order of ‘the monofluoropalmitic acid probe.
< The position of the phase‘transltion of the polar
lipids extracted from each'membrane sample‘employed were

determlned ut11121ng DSC Representat1ve endotherms are
R
1llustrated-1n Flgure 15. The endotherms were typlcally

'somewhat asymmetr1c and 51m11ar to tran51tlon endotherms of

A. laldlaWIl B membrane llpldS reported prev1ously from this

laboratory For- any partlcular 1somer of cis- octadecen01c7

acid' the Tn .of the membrane polar 11p1ds varled only 1°kto
2° C over the range of monofluoropalm1t1c acids ut1l1zed
Although tran51t10n enthalples were not calculated in: each
| t'case; where estlmated OH was approx1mately 80% of that of
| the correspondlng dl-octadecenoyl PC (ﬁarton and Gunstone,:
1975). Values of AT‘o_go'were in. these casesfln the range of
d6° to 11°c, 1n good agreement with values reported : - e
prev10usly from this laboratory for A Ialdlawrl B membrane‘
11p1ds hlghly enrlched w1th a variety of fatty ac1ds " ”
(S1lvrus et al., 1980) F1gure 16 1llustrates the varlatlon
' of Tm w1th the p051t10n of the CIS double bond along the-
elghteen carbon chaln. qpe T ’s of the correspond1ng ”
jsynthetlc di- CIS octadecenoyl PC s (Barton and Gunstone,
1975) are 1ncluded for comparat1ve purposes In both cases
the Tm s were mxn1mal when the CIS double bond was located
near the center of the acyl chayﬁ and 1ncreased K |
progre551vely as the double bond was relocated towards.ifv, g"fl
e1ther the carbonyl headgroup or the methyl term1nus of the ”

-hu,acyl chaln. The alternatlon of the meltlng p01nts exhlblted

g
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Tm vs SITE OF UNSATURATION ;
A 333 Y T L T T T P T 60
» °K . e——e 1,2-DIOCTADECENOLYL- $n- GLYCERO- °C -
ol 3- PHOSPHORYLCHOL INE 10
O——O0  ACHOLEPLASMA LAIDLAWH
TOTAL MEMBRANE POLAR LIPIDS
313+
303k
293+
283}
273}
263}
1 253F )
N A i i A i ) A 1 1

0.2 4 6 8 10 12 14 16 I8

e POSITION OF UNSATURATION
Figure 16: Variation of Tp with the position of the site of cis- y

unsaturation in A. laidlawii B to‘ta‘l membrane polar lipids. ' The

4

data on di-cis~octadecenoyl-phosphatidyl cholines was taken from

Barton, P.B. and Gunstone, F.D. (1975) J. Biol. Chem. 250, 4470-

4476. Open circles, A. laidlawii B total membrane polar lipids;
closed circles, 1,2—dioétadecénoyl—ﬂ-glycero—3—ph_osp{,’ljﬁrylchblines.

The brackets represent the values of 48T]0-90- E &

ke
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by the;fatty acids themselves (Gunstone.and Ismqil,,1967b)
was not observed. Values of T, for the A. Jlaidlawii B
membrane polar lipids were consistently greater than those
of the corresponding di-cis-octadecenoyl PC's. This effect
may be attributed to the presence'in the‘A. Jaidlawii B
membrane lipids'of 104 to 20% of the generally higher-
melting point monofluoropalmitic acid as well as to

differences arising solely as a result of the glyeerolipid

_headgroup composition of ‘A. laidlawii B membrane lipids.

{*F-NMR order profiles were acquired at a variety of
temperatures for each‘isemer’of ¢cis-octadecenoic aeid from
A4 through A15 inclusive. These order profiles are
1llustrated in Figure 17. At 310°K all isomers exhibited the

progre551Ve decrease of or1entat10nal order “with its

decline- towards the methyl termini of the acyl cha1ns, which

1s characteristic of the order prof;les.obtalned\by other
techniques,”such as ?H-NMR, at temperatures above theegel to
liquid- crystall1ne phase transition (Seellg, 1977; Stoekton
et al. 1977) &Wov1ded that over the’ range of temperatures
studied the membrane; lipids remalned in the 11qu1d-
crystalline state, the shape of the order profiles remalned'
relatively constant with decreasing temperature, whlle~

overall orxentatlonal order,lncreased marg1nally. This

situatioh can~be seen to apply particularly to the cases of
" the A9 and ISE 1pomers and similar results have been

.obtained prev1ously u51ng both ?*H- NMR (Seelig and See11g,

1977) and ' *F-NMR (Maqdonald et al., 1983) techn1ques In

£

-

s

4
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that the "F NMR order proflles obtalned at 310 K - where in
each case the membrane llpldS would have assumed the llquld-f
crystallxne state - were hzghly 51m11ar regardless of the
p051t10n of'the site of unsaturatlon, there was.no evidence

- of the local orderlng effect of a cis- double bond upon a
nelghbourlng saturated acyl chain as reported by Seellg and B
.Seelqu(1977). However since we report order parameters
only for every second methylene segment thlS finding is not
'part1cularly surprls1ng When the temperature range which

was employed overlapped into or entlrely encompassed the gel
to llgu1d—crystall1ne phase transition, there was a dramatic
increase in-overall orientational Order'with decreasing
‘temperature and the order proflles for d1fferent isomers of
cis- octadecen01c ac1d began to acqu1re dlstlnct d1551m1— e
,larltles At 279° K the lowest temperature employed only 8
four of the CIS octadecen01c ac1d enrxched membranes. #
contalned large quantltles of gel state 11p1d and these_
corresponded to lsomers w1th pos1t10ns of unsaturatlons
‘_nearest either the carbonyl.headgroup"or the~methyl termlnus
'lof the acyl chain. | d o o i |

The order prof1le, in the gel state, of membranes
l)enrlched w1th 18 cA4 was almost flat w1th 1nd1v1dual values
“of Smo‘ approachlng 0 8 1nd1cat1ng a hlghly ordered state
% with all methylene segments exper1enc1ng an approx1mate1y
hequal degree of dlsorder In contrast, the osder proflle of
_membranes enr1ched w1th 18 1cA15 ‘when obtalned at 279 K,

P

1nd1cated that a:gradlent of dlSOdef Stlll ex1sted w1th
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Swmot varfing from 0.86 nearestathe carboxyl headj;jup to

terminus.,

approximately 0.5 near the fatty acyl chain meth
3

A 51m11ar gradient of dlsorder remalned at 279° K 1n
,membranes enriched w1th 18: 1cA14 In addition, a_comparison

~ of .the order'profile at 279°K in the case of enrichment with
18:1cA5,‘with the'order the profile’obtained at 295°R in they
case of enrlchment with 18'1cA15 again tends to indicate
that the dlsorder gradient 1is much ‘more pronounced in the
gel state when the site of unsaturatlon is near the methyl
terminus of the acyl cha1n than when it 1s near the carboxyl
headgroup, since at these temperatures these two 1somers are

!
in approx1mately equal phy51cal sfates thh respect to the

gel to. llquld crystalllne phase tran51t1on
The effects of . CIS unsatura ion on molecular order in.
the llqu1d crystalllne state havé been studled in both model

*

|
and,blologlcal membranesa Seeilg and . Seellg (1977) compared
cha1n of POPC w1th its .

the orderingd0£~the.palmitrc acy
eQUivalent in-bPPC Qia ’H;NMRr‘Achough a 1oca1 orderlng

‘ueffect of the CIS d0uble bond couldnhe’dlscerned in the
order proflle of the nelghbourlng paimitic acyl cha@n,‘the

head to tall dlstrlbuthn of order parameters was generally

”slmllar 1n the presence or absence of‘an adjacent cis-double -

.

"_r_bond When compared at the same temperathre; the'palmiticb
tfacyllchalns in DPPC were overall more ordered than ‘the - M‘
)rpalm1t1c aCyl chaxn 1n POPC Th1s result could be d1rect1y
”related to, the lower l1p1d phase tran51tlon temperature of

h POPC ( 5 C) relat1ve to DPPC (41 8 C) However,,when“ |

.



compared at a constant'temperature relatine to their
respectiye‘phase transition temperatures, the ,palmitic acyl
chains of DPPC were overall ]ess oPdePed than those 1n 'POPC.
Thus the CIS ‘double bond restrlcted the range of
conformatlons availlable to the adjacent acyl chain and this
characterlstlc was evident only when the ‘two systems were
compared under conditions nhere they were‘sdbjected‘to the
samelaverage molecular forces.

The quadrupolar spllttlngs of spec1f1cally deuterated
sn- 2 oleic acyl ‘chains 1n POPC exhlblted a sharp minimum at
the C-10 p051t10n the locatlon of the Cls double - bond
-(Seellg and Waespé Sarcev1c,»1978). ThlS observatlon could
be explalned in terms of an average 1nc11nat10n of the
CIS-double bond of 7-8°% with respect to the bilayer normal.
When corrected for thlS geometrlc con51deratlon, the order
parameter proflles of the unsaturated sn-2 acyl chaln were
very 51m11ar to thosevof the saturated sn-1 chain or POPC.

Gally et g];”(1979)_incorporated speCifica;ly
denterated oleic acids into:the membrane iipids of a fatty
‘ acidfadxotroohrof-E. Coli'anJSObserved the same sharp |
A’minimum in the positional,debendencedof thé'quadrupoiar
| spllttlngs at the C 10 posxtlon that vas observed 1n the
model POPC system. Rance et-al (1980) demonstrated that the
i'or1entat1on of the rlgld c;s double bond 1nferred from the
quadrupolar spllttlngs in POPC and E coll was manlfest as .
©owell in. membranes of A. IaldIaWII B enr1ched W1th

’spec1f1cally deuterated ole1c ac1ds.
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The *H-NMR studies agree then that -in the liguid-
'1crystalline state, 1n both model ang bioiogical membranes,
the shape of the order proflle 1s relatlvely constant, ,
-whether it be the oleic acyl chain after correctlon for
deometrrc considerations or a neighbouring palmitic acyl
chain. Moreover, specifically dedterated elaidic ac}l’chains
incorporated'into ?EPC_exhibit an order profile very similar
to POPC or DPPC (Seelig.and Waespe—SaréeviE, 1978) . Although
it is possible to discern the effects of specific structural
substituents upon the shape.of the order profi}e in the ‘
liguid-crystalline state via 1*F-NMR (Macdonald ef al.; .
1983) as well as by *H-NMR (Seelig and Seelig, i977), these
changes are small when compared - to the temperature
Sdependence of the order parameters. It seems likelydthat the
,plasticity of the liqufdferystallgne state is sufficient to
accommodate a diversity of fatty acyl structural
vsdbstitutents without seriously aftecting‘tte head-to-tail,
gradient of configurational probébilities; The present‘
observation that, provided the'A- TaidlaWiivB membrené.
11p1ds were in a liquid- crystall1ne state, the ' ’F-NMR order
proflles were ‘similar regardless of the partlcular 1somer1c
cis- octadecen01d ac1d present lends further credence to
this conQIUSion.d | | | |

:Further’tO'this point, it‘is‘instruetive to note that -
the‘pesitidnai:dependence of the‘quadrupolar splittings |
‘obtained with spec1f1cally deuterated fatty aC1ds =

‘1ncorporated 1nto nemat1c, smect1c or cholesterlc

\\\”
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liquid-crystal hosts display a head-to-tail gradient of
‘orientational order similar‘to-thatYObserved in a lipid
bilayer (Forest and Reeves’, 1979; Covello et.a?Q, 1983;
Davis, 1983; Alcantara et al., 1983). Here the common
denominator 1s a preferred orientation of the molecules
along a particular axis, and chain‘motions‘whicn would alter
the orientation of the entire acyl chain or a portion .
thereof are necessarily_restrictedvto those which are

concerted or Cooperative. An -acyl Chain experiencing overall

isotropic reorientations manlfests ‘a gradient of multiple

internal rotations (e,g thanS gauche 1somerlzat10ns)iwhxch
acoumulate in‘frequency in a llnear'fash1on from the centre
of mass (the polar headgroup) towards the methyl terminus
(Brown et al., 1979) It is the 1nterplay of these two -
forceé&ln the lipid bllayer, restrlctlon due to preferred
.'orlentatlon Vs progre551vely accumulatlng 1nternal |
;'reorlentatlons, whlch is manlfest in the observed bllayer
‘_orlentatlonal order proflle. In the 11qu1d crystalllne
state, tPanS gauche 1somerlzat10ns and t11t1ng of the acyl
' chalns are (relatlve to the gel- state) highly probable»and.
”chaln packlng restrlgtlons much‘less severe. ThUs it isvnOt

usurprlslng that acyl cha1ns in ‘the llqu1d crystalllne state B

'{‘are able to accommodate structural substltuents 1n any

pOfthQ of tﬂf‘cha1n w1thOUt markedly affectlng ‘the head to- "

'd;tall range of avallable conformatlons when their motlonal

freedom 1s so great to beg1n w1th 4
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In the gel-state, fatty acyl chain-packing densities

increase substantially and the restriction of acyl chain
: oy ,: A T » ) o
1reedom 1S Severe ‘Thus the orientational order

‘hf straight chain saturated fatty ac1ds approach
ilcal maximum in the gel- state whether measured
’

(Allegrini et al., 1983) or ''F- NMR Oné mlght
:?thatdthe inclusion of structural,substltuents wh1ch
rbed the atyl chain packing and relieved the~- |
,yiction'of,motional.freedom Qoold manifest this_effect
fthe'orlentational order profile.'The gel;state'order:

\files of membranes'enriched with 18-1cA14 or°18ETcAT5

f;ethyl termlnus of an acyl chaln it perturbs the cha1n
' pac”ing in the gel state suff1c1ently to permlt a

-

sub -ﬂntlal 1ncrease in mot1onal freedom in 1ts 1mmed1ate

yl;‘ “ ThlS can be most read1ly appreclated when it 1s‘L'
_that the "F NMR gel- state order proflles of A
:IaldlaWIl B membranes enrlched w1th palmztlc ac1d ‘are.
characterlst1cally flat w1th any re51dual dlsorderlng be1ng

evenly dlstr1buted along almost the ent1re length of the

’acyl chaln. When the cis- double bond 1s located near the

-cate that when'a CisS- double bond is located prox1mal to )

: N N

acyl chaln carbonyl headgroup, there is. l1ttle ev1dence of a

local 1ncrease ‘in mot10na1 freedom but rather there 1s a "
decrease in or1entat1onal order at all chaln segments

".relat1ve to the comparable 51tuat10n in palm1t1c

ac1d enrlched A IaldlaWIl B membranes. Th1s observatlon can

be most readlly 1nterpreted 1f 1t Ls assumed that the
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A}

portion of the\acyl chain'posterior\to theuCiS-double bond
1s tllted w1th respect to the bilayer normal and experiences
an approx1mately equal and small degree of dlsorderlng at
each chain p051t10n due to tPanS gauche 1somer1zatlon. This .
c1rcuﬁ$tance further suggests that the acyl chalns are less
suscept1ble to packlng perturbatlons in the reg1on near the
~carbonyl headgroup than near the methyl termlnus Therefore,
even in the gel- state the strlngency of packlng
restrlctlons ls sub]ect to varlatlon across the wldth of the
bllayer. This conclu51on 1s supported by a ’H- NMR study of a .
mixture of deuterated palm1t1c ac1d and lysophosphollpld |
(Allegr1n1/et al 1983) 1n wh1ch-1t was reported that
:although quadrupole splittings approached the theoret1ca1

" maximum in the gel state for cha1n segments C 2 to c- 13 at

p051t10ns further towards the chaln termlnus orlentatlonal

L order st1ll decreased progress1ve1y and substantlally

Flgure 18 compares the cha1n average order parameters
efor each 1somer of CIS octadecen01c ac1d at the reduced
temperature, T,. ThlS comparlson hs 1ntended to normal1ze
pthe data w1th respect to the gel to l1qu1d crystalllne phase
,‘tran51t10n 'S0 that effects aftrlbutable to dlfferences 1n o
L DB .
“the phase tran51tlon temperature can: be e11m1nated or at
'least m1n1mlzed (Seellg and Seellg,p1980) The chaln average

ﬁ'order parameters 1n F1gure 18 all fall w1th1n a relat1vely

narrow band, 1nd1catzgg that all 1somers assume approxl--

mately 51m1lar states of orlentatlonal order at equal values eg“'

f°£ reduced temperature,-regardless of the p051t10n of thed‘d =
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""site of unsaturation. The avefage order increased slowly as
Fhé temperature decreased towafd the lipid phase transition
(T, = 0), began to rise exponentially as thnt transition was
traversed and plateauég at Spmo = 0.8. Although a direct
comparison of the average order of all isomers at all values
of reduced temperature is not possible'with these data, 1t
can be discerned that, in the region 0 < T, < + 0.12,
isomers with double bonds situated near the centre of the
fatﬁy”acyl chain are genéraliy more ordered than those
isomers with sites of unsaturation further towards either
the carboxyl headgroup or the methyl terminus of the fatty
acyl chain. In addition, the differences‘noted earlier in.

the order profiles of A4, A5, A14 and A15-isomers are

manifest, particularly at T, = -0.04.

Isomeric tﬁans-Octéaecenoic Acids
Th§ﬁ§ﬁans-double bond, although not a cgmmon or usuélly
even é,nggural constituent of biological membranes, has
nevertbéless b%en of interest in the experimental
mipipdlation of membrane fatty acid composition. Fatty acids
containing sites of trans-unsaturation are capab;e of
supporting the growth of unsanu:ated fatty acid auxotrophs
of E. coli, can;bé incorporated by Mycoplasma capricolum and
A. Iaidiawii B to the extent that their membrane lipids are
virtually homogeneous with respect to the%é fatty acids, and

apparently are able to support normal membrane functioning

in these circumstances (the effects of membrane lipids on
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growth and membrane activities has recently been reviewed,hy
McElhaney; 1982a). The tPans—double bond provides an |
intermediate level of fluidity between Satureted and
cis-unsaturated fatty acids. (for a‘recenturevrew, see
McElhaney, 1982b).

In.this section I extend studies of‘the-orientatiggg}
order of MFPA's incorporated into the membrane lipids of. 4.
IaldlaWIr B in the presence of fatty acids contalnlng
various structural and pos1t1onal substituents to the cases
of three positional isomers of trans-octadecenoic ac1d}

The '*F-NMR orientational order parameters of A.
laidlawii B membranes enriched with Smail emounts‘of one of
‘a series of positional  isomers of MFPA pins~iarge amounts of
one of the trans- octadecenoic acids 18:1t86, AS or AT1> were
obtalned at temperatures correspondlng to either the 11qu1d-
crystalline or the gel-state. The resulting b1layer order
profiles provided evidence of specific local effects of,the
trans-double bond which could be correlated w1th the
position of the site of unsaturatlon in elther of the'two
phase states. Normalization of the orlentatlonal order data
with respect to the calorimetrically determined gei'to |
liquid—crystalline phase transitions then permitted a
comparison of the overéll temperature.dependence of .
orientational order in the presence of . tPanS unsaturation
with that observed in the presence of other structural

substituents. A coherent picture of the manner in which the

trans- unsaturated spec1es affects the b1layer stablllty

(;‘L;//“R
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emerged when these 5pe¢ific local and general overall .
éffects were considered togéther.

" Table 5 lists the fatty acid composition for each case
of supplementation with a particular combination of isomeric
tPans-Q;tadecenoic acid.plus isomeric monofluoropalmitic
acid; Thelmembrane fatty acid profiles were highly simillar
" regardless of thé position of the trans-double bond or of
the anofluorpfsubstifuent. The exogenously supplied fatty:
acids generally”aCCOUAted for 90 to, 95 mole %'of the

—

membrane fatty acids with the products of de novo

biosynthesis (12:0, 14:0, 16:0-and 18:0, Saito et al., 1977) -

' accounti;g for the reméindef. The proportion of trans-acid .
to monofluoro-acid pcovided in the supplement was retained
in the A. Iéidlawii'B mémbranes.

Figure 19 iilustfates the gel to liquidfcrystalline“
phase transition endotherms-obtained by DSC for the membrane
lipids of A: laidlawii B_sUpplemented with 85% 18:1tA9 plus
15% monofluoro-16:0-for each particular monofluoropalmitic
acid employed. These phase transition énaotherms are quite
distinct from those reported breviéuslymfrom this laboratory
for A; laidlawii B membraneplipids'highly enriched)with
particular‘iatty aqias (e.g, McDonough et al., 1983), .in
that the presence of two separate thermotropic-eventsﬁcould
be discerned. The lower témp%réture transitionl(T})
accounted for 60 to 65%'yhiIe the hjgﬁgr temperature -

transitfon (T,) accounted for 35 to 40% Qf'the,total

“enthalpy. The separation df the two transitions (AT,-T;) was l'

T

Cat
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Y

Table 5B: Composition of A, laidlawil Membranes Enriched with

various Proportions of Elaidic Acid Plus Palmitic ‘Acid

Mole ¢ Fatty Acid

AN

Sup?lémenta 12:0 14:0 . 16:0 18:1

100% 18:1ts9 | ' 0.4 0.5 ,. 0.9 98.2

908 18:1¢n 4_10%.16:0 0.3 0.2 11.3 < 88.2

80% 18:1tA9 + 20% 16:0 0.3 0.1 20.0 79.6

70% 18:1t49 ¢ 308 16:0 0.3 0.1 30.7 68.9

60t 18:1t049 + 40% 16:0. 0.4 0.1  39.6 59.9 :
50% 18:1thH9 + S0% 16:0 0.3 0.1 49.8 49.8 '\

4Pinal fatty acid concentration was 0.12. mM.
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largest'when the monofluoro~substituent was near the
carbonyl headgroup or the methyl terminus and smallest when
the monofluoro substltuent was located near the center of
the acyl chain. These characterlstlcs the presence of two
separate thermotropic events, their relative enthalpies, and
?ﬁ, the dependence of their separation on the position of the
monofluoro substituenth were;observed for each of the three
isomeric'tPans—octadecenoic acids employed.
-, Table 6 'summarizes the‘calorimetric data for these
,\membranes and includes, for comparison,idata previously
repOrted by silvius et al. (1980) for fatty acid-homogeneous
A. Taidfawii B membranes and PC's'(Siivius and McElhaney,
1979) conta1n1ng varlous traris-octadecenoic acids. The P2/P1
‘ratlo for 18:1A9 reported by Salto,et al. (1977) suggests
that trans-octadecenoic ac1ds are six trmes as likely as
/palmltlc ac1d to be esterlfled at the sn- 2 p051t1on of the
glycerol backbone of A. Ialdlawri B membrane,llplds. Th1s“‘
epreference 1s suff1c1ent to suggest “that when the supplement
is 85% 18'1tAx plus 15% yF16'O ~the membrane llpxds contaln
approxlmately 30% of a mlxed acid spec1es (yF16 0/18 1tAx)
and 7@% of a dl—ac1d specxes (18 1tAx/18 ltAx) Since the
“.lower temperature tran51t1on (T,) observed here most closely
'corresponds to prev1ously reported values of the pllase"~
tran51tlon temperatures of A..IaldIaWIl B membranes or PC s
conta;nlng tPans octadecen01c ac1ds, 1t would seem
: »

 reasonable to. suggest that thlS tran51t1on could be

attributed to a d1 ac1d spec1es,,wh11e the hlgher o
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temperature transition (T.) could result from the presence
xof a somewhat immiscible mixed- ac1d specxes contaln;ng a
generally'higher melting monofluoropalmitlc*ac1d. This
sqggestion 1s further SUpported by the observation tnat the
proportion of the enthalpies of the two transitions,’
AH,/DBH,, was genereliy 65/35, roughly corresponding to the
eXpectedprooortrons of the difacid;;ixed;acid species udser
these conditions. | /
.»However reasonable these arguments might seem” the
possibility rhat beadgroup immiscibility as well as acyl
chain 1mm15c1b111ty contrlbuted to the obserVed phase
separatxons cannot be excluded DSC endotherms of A.
Jaidlawii B lipids are generally somevhat asymmetric

i

(McElhaney, 1982b) and the individual headgroup speciesuin
Aﬁjlaidlawii B membr;;es, when isoleted, exhibit
‘significantiy different and sometihes complex phase
"behaVi0ur (Silvius et all 1980), suggesting that tbe
asymmetrlc tran51t10ns observed with total A. Iaid)awfi’B
11p1d extracts may be composites of unresolved 1nd1V1dua1
glycerolipid species tran51tlons It 1s noteworthy as well
that the d1fferent1al thermal analy51s (DTA) endotherms for
A. IaldIaWIl B membrane 11p1ds hlghly enr1ched w1th 18:1tA9,
show. the presence of two d1st1nct thermotroplc events
(McElhaney, 1974) ., Moreover, 1t 1s genjablly held that
1mm15c1b111ty or1g1nat1ng in the. fatty acyl chalns can be

v correlated w1th the dlfferences 1n meltlng temperatures of

the spec1es 1nvolved (Mabrey and Sturtevant, 1976) It does
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not seem a priori that the melting temperatures of a
di-18:1tAS soecies and a mixed‘io:0-18:1tA9 species should
be sufficiently difterent as to lead'to the extensive phase
separation observed here. However; McBlhaney (1982b) has
‘pOIHted out that subtle structural features as well as
differences in T affect phase state mlsc1b111ty in model
membranes.
| In an'attempt to distinguish the effects of headgroup
vs.acyl chain immiscibility I obtained the DS& endotherms at
a number of scan rates (10°, 5°, 2° and.1°/min) of membrane
lipids of A. IaldlaWIl B conta1n1ng varlous ratios of 16:0
_ to 18: 1tA9 These endotherms are 1llustrated in F1gure 20
for scan rateS<of 5°C/min. At all proport1ons of 16:0 tested
(0, 10, 20, 30, 40~and 50 mole % 1620 in T8.tA9)v
separate thermotroplc tran51t1ons could be discerned. ‘With
1ncrea51ng amounts of 16:0, three changes were noted
Firstly, - the temperatures of both the lower temperature (T,)
and higher temperaturev(Tz) tran51t10n 1ncreased by
approx1mately 7°C and 14°C, respectlvely, as the ;
concentration of the hlgher meltlng palmltate wa% §;kreased
‘over the range 0 to 50 mole %. Secondly, the separatlon of
the two tran51t10ns AT, Tz, orogre531ve1y 1ncreased from 'QE '
' about 4°C at 100 mole % 18-1tA9 to almost 11 C at 50 mole %
i6;0, Thlrdly, the proport1on of the total tran51t10n
ﬂenthalpy attrlbutable to the hlgher temperature transx€§on,‘

-~

Tz, decreased from approx1mately 50% at the 1owest

‘-;_?qﬂentratlon of 16:0- to less than 30% at the hlghest
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Figure 20.- DsC endotherms of membrane lipids’ of A. laidlawii B

supplemented with various proportions of 18:1t49 plus 16:0 illustrated

for scan rate of S°K/min.

18:1£49; B - 90%.18:1tA9 + 10% 16:0; C - 80% 18:1t49 +

D= 708 18:1ta9 + 308 16:0;
18:1t49 + 50% 16:0.

(---}, interpolategd baseline.

E - 60% 18:1tA9 + 40% 16:0;

=

A - 100%
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concentratlons of J6:O. These observations were'independent
of the scan rate at wh1ch the endotherms ‘were obtalned
1nd1cat1ng that there were no’ k1net1c llmltat1ons on the

rates of the phase tran51t1ons which mlght obscure the true !
.y ﬁa

1ncrease by approxlmately 5°C from the lowest to the h1ghest

phase behav1our although the temperatures of both the

lower- and higher- temperature tran51t10ns appeared to.

scan rafe, due to 1nstrum%ntal heat flow l1m1tat10ns .
Con51der flrst the p0551ble dlstrlbutlon of the two ' ‘ T

fatty acyl spec1es, 16:0 and 18: 1tA9 among the major llpld

classes of this organlsm Saito and McElhaney (1977)

'observed that although differences 1in the fatty ac1d

comp051t1on of the glycollpld VS the phosphollp1d membrane
:componentsocould be dlscerned when endogenous fatty ac1d
[blosynthe51s was predom1nant under cond1t10ns of high’

B enrichment with exogenous fatty ‘acids these dlfferences :

vdisappeared Thus, we would-expect that at eachvratlo of

16: 0/18 1tA9 tested the fatty ac1d comp051t1on of each offi O T
the ma]or membrane polar l1p1ds of A IaJdIaWII B would be |

'approxlmately 1dentlcal and would reflect the rat1o of

16: 0/18 1tA9 prov1ded exogenously. Furthermore, the P2/P1

hratlo of 18 1tA9 relat1ve to 162 0 reported by Saxto et al

L(1977) was approxlmately 6 for each of monoglucosyl |

| d1glycer1de (MGDG) dlglucosyl d1glycer1de (DGDG) and

phosphat1dy1 glycerol (PG) and was: practlcally 1ndependent

of the proportlon of the two fatty ac1ds compared We would

Q

;ffurther expect, therefore, that at each ratlo of 'ji’,7 T
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16:0/18:1tA9 and for each of the major polar lipid
components, the palmitic acid chains will be preferentilally
esterified to the sn-1 position and that the proportion of
mixed-chain (16:0, 18:ItA9) and di-acid (18:1tA9) speciés
will vary directly as the ratio of‘16:0/18:1tA9 provided
exogenously, from 100% di-acid species a£ 100% 18:1tA9% to
100% mixed-acid species-at 50/50-16:0/18:1tA9. These various
po{nté inditate that a priori we wduidfexpect little {
difference in the fatty acid composition or pqsitional
distribution of fatty acids within any of the major polar
lipid components of A. laidlawii B under theseqexperimé;tal,
conditions. |

Consider next the expected changes in the polar lipid
composition as the ratio of 16:0/18:1ta9 i% Qaried. The
ratio (MGDG N DGDG) /PG has been reported to be relatively
invéfiant with altered fatty‘acid composition generally
averaging about a vélue of 3 (Silvius et al., 1980). In
contrast, the ratio MGDG/DGDG was found to be highly
variabie, equalliga 0.86 at high’ levels of 18:1tA9 and
‘increasing markedly as the degree of sqturation was
increased (Silvius et al., 1980). Therefore one expects the
neutral lipid ébmposiiion to change from predominantly DGDG
Cay, 100% 18:1tA9 to predomi;xantly MGDG at 50% 16:0/50%
18:1tA9. It can fuf;her Se noted that the neutral lipids in
~general and DGDG in particular displaf complex phase

behaviour in DTA studies of isolated lipids and melt at

temperatures up to 10°C higher than the overall membrane

|
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lipid phase transition (Silvius et al., 1980).
14
Turning then to the DSC endotherms we obtained with
different ratios of 16:0/18:1tA9, we observe effective phase
‘ ‘4

separation at all proportions. Assuming 100% di-acid species

N
#

at 100% 18:1tA9 and 100% mixed-acid species at 50% 16:0/50%
18:1tA9, 1t mugt be concluded tﬁat headgroup immiscibillity
is responsible for the observed phase separations under
these conaitions, since little fatty g%id~compositional
heterogeneity should be expected. Since the temperaturé of
\both the iower—temperéture and higher-temperature
transitions increased as the pfoportion of 16:0 was
increased; 1t is apparént that this fatty acid was readily
incorporated into the polar lipid species responéible for
both transitions. Since the entﬁalpy of the higher-
tempergfure transition‘éecreased relative to the lower-
temperature transition as the proportion of 16:0 increésedf
while it is expected that the ratio of MGDG/ﬁGDG should
increase greatly undeg the same conditions, itlis not
unreasonable to concﬂhde that the kigher temperature

!

transition is attributable to the immiscibility of the
generally higher-melting, DGDG species. This conclusion
further suggests thét headgroup immiscibility is responsible

for the thermotropic behaviour of membrane lipids containing

i
t

85% 18:1tAx plus 15% yF-16:0. Thus the monofluoropalmitic
acids are probagly‘not particularly enriched in the polar
lipid species responsible for either the lower- or higher-

temperature, transition but are most likely evenly

-
e X -
> . EY 4
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distributed among all species, as concluded previously from
direct experimentation (McDonough §T§al., 1983). As a basis
for comparison among the various isomeric trans-octadecenoic

studied here, I have therefore used the centre of the entire

’ [ ]
phase transition rather’ than“one or the other of the two

distinct thermotropic events.

' SF-NMR ordef profiles are illustrated in Figure 21 for
each of the three isomeric trans-octadecenoic acids studied
at temperatures above (310°K), just below (289°K) and well
below (279°K) the gél to liquid-crystalline phase
transition. In the liquid-crystalline state at 310°K, the
oraer profiles were quélitatively similar for each isomqgic
trans-octadecenoic acid, with a region of relatively |
- constant order preceding a region of progreséively declining
order towards the methyl terminus of the acyl chain.
Nevertheless, it was possible to observe a local disordering
effect of the trans-double bond in the '’F-NMR order profile
as reported previously (Macdonald.et al.,:19§3)..fhe order
profile of 18:1tA6 most closely resembled~that’of a
straight—chain saturated fatty acid such as 15:0 or 16:0.
Given the inequality of the penetration into the bilayer of
the sn-1 and sn-2 esterified acyl chains and the fact that
the methylene segment nearest/the carbonyl headgroup wére
not‘monitored} this result is not surpriSing. Furthermore,

/

it is expected that chain-packing densities’ should increase
| :

substantiall# nearer the lipid polar headgroup so that local

2

~ordering or’éisordering-effects of particular substituents

[
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should be less readily manifest. The local disordering
effect of the trans-double bond was most apparent 1n the
case of 18:1tA9 put was also apparent in the order profile
obtained 1in the presence of 18:1tAll. Seelig.and

Waespe Sarcev1c 1978) described the *H-NMR order, prof11e of
1—16:0, 2-18:1tA9 PC and found no differences between the
order profile of the elaidoyl chain and that of a palmitoyl
'chain in DPPC. However, the same may be said of (the
Cis—douhle bond after correction for geometric
cohs&derations, despite its local;ordering effect on a
heighbouring chain (Seelig and Seelig, 1977{.

hAt:a temperature just below the phase transition

‘(289°K), orientational'order increaseo substantiaily at all
p051t10ns for all isomeric trans- octadecen01c acids. Despite
the predomlnance of gel state 11p1d at this temperature the
~values of the order parameters had not’ yet approached the

13

theoretlcal maximum of 1.0. In addition, a head—to—tail.

'3

gradient in orientational order was still apparent at 289°K.

The much qreater disorder of the 1B:1tA9 isomer at 289°K may

‘ be 51mply due to the fact that, at this.temperature,

membranes enriched wlth this isomer were closer to thelr

phase tran51t10n ‘than either of the other isomers (see

.Table 6).

At 279 K each of these membrane preparatlons were well

below thelr respectlve gel to llqu1d crystalllne phase

Ttransitions. The order.profrles at 279°K were characteristic

of a highly ordered lipid state with individual values of

\



Smo1 approaching but not achieving the theoretical majimum.
Despite this unifornly high ordering, the order profiles
indicated that, even far below the phase éransition, in the
presance of a trans-double: bond a head-to-tail gradlent of
orientational order still existed. In keeping with the
previously reported conclusion that certain strnctural

~ substituents more readily manifest a disordering effect 1n
the'gel—state when they are located further from the
carbonyl headgroup of'the.fatty acid,.it could be discerned
. that the head-to-tail gradient. of order was more pronounced.
in the presencé of 18:1tA9 or A11 than in the presenoe of
1é:TtA6{ In fact, the gradient of order in the presence of
18:1tA11 was. greater than that of 18:1tA6 even at 2B89°K.
Thus the trans-double bond was apparently able to somewhat
‘dlsrupt or prevent the assumpt1on of a uniformly h1gh1y
ordered state. This effect was therefore manifest- as a
gradient of disorder that remained in the gel-state. It 1s.
pertinent todnote that the gel-state order profiles of
stra1ght chain saturated fatty acids obtained by *H-NMR
'(Aliegrlnl et al., 1983) or '’F- NMR are relatively flat,
~with'very little head-to- ta11 decrease in orientational
order. This disruption due to a trans—double bond is,
‘however, much less pronounced than that observed in the
gel- state in the presence of a cls- double bond The .
_implication’is then that the decrease in. the temperature of -
the phase tran51t10n in the presence of a cis- or e

tFans double bond may be qualltat1vely correlated with the

~
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extent of disordering in the gel state attrrbutable to a
particular suhstituent.v

‘.Figure 22 compares the chain-average order parameters
for each of the three isomers of trans-octadecenoic acid at
the reduced temperature T,.. The value of T, was calculated
ueing the temperatures corresponding to the middle of the
entire phase transition listed in'Tahle (s as Tw. When this
comparisondwas made; it became apparent that the_
‘tPans-octadecenoic acids hehavéd very.similarly’as a class
.with respect to the phase transition. In the liquid-
crystalline state.2verall order increased in an approxi-
matelyvlinear fashjon with increasing proximity to the‘phase
transition. Once the center of the phase transition was
traveréed overall order increased rapldly byt only
approached maxlmal values when the phase transition was
greater than.90% complete When an analogous comparlson was
" made of the overall order of an isomeric series of CIS“octa—
decenoic ac1ds at a reduced temperature, the dependence of
order on the phase transition was nearly identical to that
observed with isomeric trans-octadecenoic ‘acids in
Figure 22 Thus, the lipid phase transition appears to be
the preeminent effector oé%bverall order 1ndependent of the

”conflguratlon of the double bond (crs or. tPans) or its.

locatlon along the acyl chaln
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Methyl‘Iso— and Anteiso~Branched Fatty Acids

The methyl iSO~ and anteiso-branched saturated tatty-acids
are found as components of the membrane lipids of many
prokaryotic microﬂ!ganisms_and in some higher organisms, and
ate the predominant fatty acyl species 1n a variety of
bacteria (Polgar, 1971{ Kaneda, t9?7). Branched-chain fatty
acids are able to support the growth of several unsaturated
fatty acid auxotrophic bacteria apparently by mimicking the -
properties of unsaturated fatty acids (Rodwell and Petersen;
1971; Silbert et al., 1973; Silvius and McElhaney, 1978al).
Boég model nembtane (silvius and McElhaney, 1979, 1980a) and
natural membrane (McElhaney,'19741'Blume~et a].; 1978;
Silvius et al.,.1980) syetems exhibit'decreased gel to
liquid- crystalllne phase. tran51tlon temperatures, relative
to membranes contalnlng stralght chaln saturated fatty
acids, when they are enrlched in branched- chain fatty acyl

‘ spec1es Desplte their widespread occurrence and their
probable role.as membrane "flu1d1z;ng agents analogous to
the Cis-unsaturated fatty acids, it is only recently that
the physical pfoperties of methyl—branched‘fatty acids have
begun to réceive attention. Monoiayer.studies of PC's
contalnlng methyl branched chain fatty acids 1nd1cate that
lso-branchlng and partlcularly antelso branch1ng reduce the
temperature of -the 11qu1d expanded to liguid-condensed
tran51t1on and also increase the area occupled per ‘molecule

“in the<liquid~¢ondensed state (Kannenburg et al., 1983).

Differentialiscanning'calorimetry (DSC) studies have
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demonstrated that PC's containing methyl-branched fatty
acids‘inlexhibit complex phase behaviour (Lewis et al.,
1984). The multiple endothermic events observed calori-
metricaaly correspond to solid-solid as well as golid-liquid
thermotropic transitions of the methyl branched chain- ’
containihg PC's. Fourier transform infrared (FTIR) spectro-
scopic studies indicate that these solid-solid thermotropic
transitions may have properties in common with both lhe
subtransition and the pretransition exhibited by linear
saturatealPC's (Madec ét»al.,'19é4). Fluorine-19 nucleér
magnetic resénance (' *F-NMR) spectroscopic studies of
membranes of A. laidlawii B enriched With\methyl branched-
chain fatty acids'ha§e shown that, in the liquid—cryétalline:
state, .these fatty acyi/sgecies have an apparentIEVera1i -
ordering effect on a monofluoropalmitoyl nuclear spin"probe
(Mqédonald et a].g 1983). To déte, the effects of'methyl
branched-acyl chains on cqnformation in the hydrocarbén
‘interior of the lipid_bil%yer.in both.the gel-state and the
liquid—crystalline state'ﬁave not been investigated. Towards
this end I initiated ''F-NMR studies of A. laidlawil P
' ﬁembranes hiéhly enrichedfih either‘a étraiéhf—chain
saturated,ha methyl fso-branched or a methyl anteiso-
branched fatty acid plus small QUAntitigs of various . !
isomeric monofluoropalmitic acids as;nuclear sp;ﬁ ﬁrobes.

‘ Tabié 7 iists,the fatty acid composition for,each_case
of enrichment wiﬁl@eithe; }5:0J116:Oi.of 16:031 plus a
barticur%r'isémefic,MFPA.11n all cases.the'fatty‘acidS,
| IR T 2N |

i{
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'prov1ded exogenously accounted for greater than 99% of the
membrane 11p1d fatty ac1ds The products of de novo fatty
‘acid biosynthesis in A. laidlawii B (12:0, 14:0, 16:0 and
%8:0 Saito et al., 1977) were conspicuously absent as.
expected for cells grown in the presence of avidin, each
1nd1v1dually accounting for no greater than 0.1 mole % of
the total membrane fatty acids. Wlth the exceptlon of cells
enriched with 15:0, the ratio of the two fatty acids
provided in the supplement was carriednover reasonably well
into the membrane lipids, indicating little if any‘/
selectivity touards either of the two fatty acyl>species.
However, 1n the case of enrichment with 15-0 the mole % of
monofluoropalmitic ac1d found in the membrane lipids" was
51gn1f1cantly less than that provided exogenously S1nce
15:0 represents the upper chaln length limit of the llnear
saturated fatty acyl. famlly which will support the growth of
A. laidlawii B in the presence of avidin (SiIV1us and
McElhaney, 1978a), exten51ve incorporation of longer linear
saturated fatty ac1ds such as monofluoropalmltlc acids would
be detrimental to the maintenance &ﬁgaﬂﬁroperly fluid
5membrane and'hence to cell grOwth and viability. Therefore,
the organism mayq/selectively 1ncorporate proportlonately |
.sgbwer monofluoropalm1t1c acids. Regardless, the levels of
monofluoropalm1t1c acid 1ncorporat10n were adequate in all
cases for the acqu151t10n and analysxs of "F NMR spectra,

DSC: endotherms of the A. IaldlaWIl B membrane polar

‘,11p1d fract1on were obtalned for each case of enrlchment
B B . . )
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with a particuiar isomeric MFPA plns either of 15:0, 16:0i
or 16:0ai. Figure 23 illustrates the DSC endotherms obtained
in the case of enrichment with 16:0i for each ot the
isomeric MFPA's employed. The endotherms were typically
broad, somewhat asymmetric and'generally similar to,these
reported previously by thisilaboratory for A. laidlawii B

membrane lipids (McDonough et al., 1983). The variation in

.T, from isomer to isomer of MFPA was minimal, generally

being less than iT°berom the average. Table 8 summarizes

-the*calorimetric data for all cases of enrichment-studied

v .

here and prov1des, for comparative purposes, prev1ously
reported thermotroplc data for PC's (SllVlUS and McElhaney,
1979,.1980) and A. laidlawii B membrane lipids (Silvius

et al., 1980) containing‘essentially {00 mole % 15:0,»16:0i
and 16:0ai. It is evident from thiS'tabie that-the éei‘to

11qu1d crystalllne phase transition temperature was somewhat

“higher for the A. Jaidlawii B membrane 11p1ds than the

corresponding phase transition temperatdre in the PC. The
presence of approx1mate1y 10 mole % MFPA in the A. Iaidfawii

B membrane lipids further increased the phase tran51tlon

temperature of the "A. Jaidlawii B membrane lipids, as

expected for these ‘higher-melting fatty acids. Nevertheless,
the same trend of progre551vely decrea51ng phase tran51t10n
temperatures from 15:0 to 16¢ 01 to 16: 0a1 was ev1dent in the

PC' s,_A. IaldIaWIl B fatty ac1d homogeneous membrane 11p1ds

¢ o

| and;A IaldIaWIl B. membrane lipids conta1n1ng small amounts :

oprFPA{s‘as‘Well.
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Typical experimentéﬁ ' *F-NMR spec;%a of a MFPA
incorporated into the membrane lipids of A. laidlawii B and
the corresponding simulated spectra are shown 1in Figure‘24
fo; A. ]éidlawii B membranes containing 6F16:0, plus one of
either 15:0, 16:0i or 16:0ai, at teﬁperatures both above and
below the particular lipid phase transytion. The values of
ths/input'paramgters required to simulate the spectra are
shown asg well. TheAgxtensive broadening of the '’F-NMR
spectrum which occurred upon decigasing the temperature
through@the gel to liquid-crystalline phase transitién 1s
readily apparent. It is clear as well that the '’F-NMR |
spectra were édequately simulated at all temperatures and in
both the gel and liquid—crystalline phases. An examination
of the ratio A¢/Smo: in the gel-state '°*F-NMR spectra
indicates that at approximately equal temperatures below
their respective lipid phase transitions, these different
acyl chain struétures have assumed gel-states which exhibit
» markedly different‘physicél behaviosr. The methyl branched
chain-containing membranes failed to achieve the highly
orientationally ordered gel-state exhibited by linéar
: éaturated fattj acyl chains, despite a cdmpa:able’or greater
“increase. in fheqvalue of Ao,'indicative of the decreased
rate of 'lipid létéral diffusion in the gel-state.

Figure 25 depiéts the f’f-NMRiordér profilés of A,'
laidlawii B membranes enriched with.either 15:0, 16:0i or
16:0airobtained over a range ézztemperatures spanning the

gel to iiquid;crystalline phase transitions. These
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Figure 24: Experimental and simulated F-NMR spectra of membranes of
A. laidlawii B grown in the presence of 15 mole % 6F16:0 plus 85 mole %
15:0 (284, 301 and 310°K), 16:0i (269, 284 and 301°K), or 16:0ai (254,
270 and 186°K). The %umbers in brackets représent the temperatures,

from top to bottom, at which the experimental spectra were acquirqs.,
i
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temperatures were chosen to permit comparisons at certain
values of absolute temperature as well as at certaih values
of the reduced temperature (see below) above or'beIOwythe
particular phase transition temperature. In the liquid—

crystalline state, the ' *F-NMR order profiles exhibit a

region of relatively constant;order followed by a decline in

orientational order towards,the methyl end of the fatty acyl

" chain. The effects of methyl iso- or anteiso-branching on

the "'F~NMR order profile were marginal ih the liquid-
crystalline state, although a local ordering effect of
methyl-branching could he discerned as a decrease in the

< .
steepness of the terminal order gradient by comparison with
the linear saturateo situation, aslreported previously
(Macdonald et al., 1983). The elasticity of the fatty acyl
cha1ns in the l1qu1d crystalllne state should permit them to
accommodate the presence of structural‘substltuents such as
a methyl iso- or anteiso-branch’withoot drastically altering
the Character of the orientational order profile; It has
become 1ncreasxng1y appaa;pt that the order profile is

relat1vely refractory to change in the 11qu1d crystalline

 state desplte_alteratlons to fattytacyl chain chemistry.

/=

Previoualy, "F-NMR reSults have demonstrated that the
hydrocarbon chaln or1entat1onal order prof11es 1n membranes
of A. Ialdlan) B are h1gh1y 51m11ar in the l1qu1d—

AN

crystall1ne state whether those membranes were enrlched with

stralght chaln saturated fatty ac1ds 5uch as 15 0 or 16: 0 or

" -

*.any of an 1somerlc ser1es of CIS octadecen01c ac1ds-or

;
1

¥



166

trans-octadecenoic ac1ds or with methyl- branched fatty acids
such as 16:0i or 16:0a1. Results obtalned with, specifically

deuterated fatty acids via *H-NMR also indicate;that-thé

.

liquid-crystailine order profile is relatively invariant

[ ] o

despite changes 1in fatty acyl structure. The 6rigptational
order profiles of PC's containing 5isfunSaturated fatty
acids were very similar to those obtained with trans-

unsaturated fatty acids after. correction for geometric

I3

considerations apd these were in turn very similar to the

t

order profiles of Straight~chain saturated fatty acids

.

(Seelig and Waespe- Sarcev1c, 1978). These results were
conflrmed by *H~NMR stgﬂles in E. coli (Gally et al., 1979)
and A IaldlaWIl*B (Stockton et al. 1977, Rance et al.,

1980) The one’ exception to thlS general1zat10n appears to

’

be the cyclopropyl r1ng-subst1tuted fatty acids where, even

after correction for geometric considerations, the *H-NMR*

" order profiles in both model (DuFourc“ét‘aI 1983) and

blologlcal membranes (Jarrell etfal., 1983) 1nd1cate that

;{

“2f§s a far greater degree

the cyclopropyl substltuent experl
of orientational orderlqg than any other port1on of the
fatty acyl chalny

W1th decrea51ng tempetrature, or1entat10na1 order
1ncreased slowly and the character of- the order prof1les

remaxned relatively constant unt11 the 11p1d phase ’-héé‘ :
EE RN

: 11p1d 1ncreased overall order 1ncreased pro: ¢

order profxles in the presence of d1fferent
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structures began to acquire distinct Qissfmilarities. With
the straight-chain acid, 15:0, a.high degree of.ordering was
achieved with individual values of Snmo: approaching the
theoretical maximum. In additien, it can be discerned t hét
the gradient o; order so prominent in the liquid-crystailine
~ state (i.e., at 333°K, the value of Sno: at the 14-position |
wae approximately 56% of the value at the 6 pbsition) was
nearly absent in the éel—state‘fi.e., atVZBOfK, the valueyof
'Smo. at the 14-position was over Qb% of the value at‘the
6‘positionf Coneequently.the configuration of the "MFPA
‘chaln in the presence of 15:0 1in the gel state may be

fhv described as highly ordered, approach1ng but not as yet
"aéhieving an all-trans conformation with any residual
"gauche rotational ;;;mers d1str1buted w1th approx1mately
equal probab111ty along most of the length of "the fatty acyl
' chaln. ' P-NMR gel state order profiles of A. - laidlawil B
~membranes h1gh1y enr1ched with 16 0 were also charac—
teristically flat with. 1nd1v1dua1 values of the order
parameter approach1ng the theoret1ca1 maximum. Allegrihl

et al. (1983) studled the gel-state H- NMR spectra of spec1-

»flcally deuterated palmltlc acids- m1xed equ1molar w1th

i 1- palmltoyllyso PC ‘These compounds together assume a

»

1h‘b11ayer structure, most probably v1a the formatlon of a

functlonal dlmer of lysophosphollpld and free fatty acid.
The free deuterated palmltlc ac1d experlences a h1gher o

~vdegree of rotat1ona1 freedom in the gel state than would

DPPC whlch perm1ts the character1zat1on of: 1ts f

,s.
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cohfigpration in the gel-state in terms of orientational
order parameters. The values 0of Smo: obtained in the
gel-state nearly approached unity for positions C-2 to C-13
and thereafter soaewhat decreased towards the acyl chain
" methyl terminus. Fluorine and deuterium technigues
apparently agree regarding the conformation assumed by a
,1inear saturated fatty acyl‘chain in the gel-state.

The inclusion of a methyl-branch substituent had two

immediately apparent consequences for the gel-state order

profile of'ﬂFPA. In the presence of either a methyl iso- or

~

1

anteiso-branched fatty acid in- the gel-state, a large head-
to-tail gradient of orientational order remained, analthe
everall erder achieved at comparable temperatures below the
lipid phase tran51tlon was significantly .less than was
observed in the presence of the linear, saturated 15:0.

The gradient of order which remained in the gel-state
in the presence of hethyl,branchedfcpain sybstituents
indicates‘that these'structufES.are capable of disrupting
the gel-state acyl chain_packing in their immediate
”viéihity. A similar gradient ef.order was observed via
1 'F-NMR in the gel—statefin the presence of isomers of cis-‘

tadecen01c acid with the site of unsaturatlon near the
methyl termlnus of the acyl chain. Since the "F NMR order
prof1les in the gel state in the presence of isomers of C,s;
octadeceno1c acid w1th the 51te of unsaturat1on near the
carbonyl headgroup resembled those obta1ned in the gel state

‘in the presence of 11near, saturated fatty ac1ds,'1t was

I
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concluded that, even in the gel-state, a head-to-tail
gradient in the stringency of packing restrictions was still
present. The results obtained here with methyl iso- and .
anteiso-branched fatty acyl species confirm that structural
substituents located near the fatty acyl chain methyl
terminus are eapable of locally disrupting gel-state chain
packing.

The second consequence of the inclusion of methyl
branched structures, which is that the everall order
achieved 1n the gel-state:was far less than was achieved 1n
the preéence of 15:0, 1is more readily apparent when the
;chaln average order parameters are plotted versus the
acquisition temperature for the three cases of enrlchment
with either 15:0, 16:01 or 16: 0a1, as showﬂ in Figure 26.
~’The chain- average order was again 51mp1y the numerical
;.average of the five values of Smo, obtained at any one

. . - ;
temperature for any one case of enrichment, While such a
dataﬁreduction wihi obscure’differehces in the characters uf
the order profiies, it does provide a convenient measure of
overali orientatienal order ‘in a'given situation. Several
important features are illustrated fn Figure 26. At a
temperature which wa®e above the lipidkphase transition o£
all three enriéued membranes, the overall order‘was '
"éenerally very Similar‘regardless of the particularifatty.
acyl cha1n structure exauiued For any one measurlng
_temperature at whlch aLl f&tty acyl chain structures were in

. ~ : ’
" the llqu1djcrysta111ne state, overall” rder was an ,'
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approximately linear function of (T - T,) and was relatively

independent of the particular structure examined. For —
example, at 310°K, for the case of "16:01, Smo:‘= 0.207 ;hile

T - T, = 9°C, and for the case of’16:0aa, Smo1 = 0.193 while

T - Tn = 23°C. Therefore, overall order generally increased

with increasing proximity to the lipid phase transition. The
slope of the (T —-Tm) dependency of the\oVerall order
increases.with“decreasing temperature so that at 310°K the
‘effect is redly quite minimal and, as was pointed out
above, the overail order observed‘at 310°K was quite similar
reggrdless of whether 15:0, 16:0i or 16:0ai was examined;‘Xt
a)sufficiently high temperature overall order should’ become
indepenoent of (T - Tm)_and depend only on the measuring
temperature, provided one is obaerving exclusively the
liquid-crystallineDsbate. P

As the acqu1s1tton temperature was lowered the overall

or1entat10nal order increased ptofoundly in a g1ven case of

enrichment when, and not untll,\the part1tular 11p1d phase
i LN )

- transition was encountered. Clearly the lipid phase

Find

transitionbwas the greatest single‘affecter of orientational\b 2
order‘regardiess of the particular fatty acyl chain |
‘structure or the absolute temperature of the phase %
. tran51tlon. Nevertheless, membranes conta1n1ng methyl
'branched chaln fatty ac1ds appeared to be 1ncapable of
‘assumxng a gel state as hlghly ordered as - that observed 1n

the,presence~of 15:0. . L L
: EEERER T RS o B
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This effect is again apparent when the orientational
order data are normalized with respect to ‘the particular
phase transition temperature via the introduction of a
reduced temperature{,Tr.oFigure 27 depicts the chain-average
order parameter as a function of the reduced.temperature, |
T, . for each'case,of enrichment with either 15:0, 16:01 or
16:0ai. The T. (A. laidlawii B homogeneous plus MFPA) data
‘.of Table 8 were used to calculate T . All fatty acids showed
a marked increase in orlentatlonal order as the proportlon
of gel state 11p1d=1ncreased 1nd1cat1ng aga1n that the
lipid phase tran51t1on was the preeminent affecter of”
overall orientational order. Nevertheless, at equal values
of T, below the lipid phase transition, orientational order
decreased in the progression.15;0e> 16:Oif> 16:0ai.‘

- Ev1dent1y these methyl branched subst1tuents were capable of
'dlsruptlng geI state chaln pack1ng in more than a local
sense~and,v1n fact prevented the assumptlon of the ogerall
highlyiordered nearly all trans state characterlstlc\ f.
stralght cha1n saturated fatty ac1ds in the gel state.;It is
1nformat1ve to note that the temperatures of the- 11p1d phase
transxtlons 1n the presence of these fatty acids decrease in-
vthe same progre551on as the1r relat1ve overall order in the !
’gel state, that ise 15 0 > 16 01 > 16 0a1. -The 1mp11catlon

\

" s then that gel state dlsorderlng or 1nstab111ty leads to a
o |
'Vlower 11p1d phase tran51t10n temperature and that '

v

alteratlons to gel staﬁe stabil1ty can be produced by

, _alterlng fatty acyl cha;n structure..,fd':f;.yi R

\
. ‘\.‘v
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- branched cha1n fatty ac1ds (Haest et al.,

»f~ijC s conta1n1ng methyl ISO'-

174

There are a number of lines of evidence which indicate

that methyl branched chaln fatty acids assume & loosely

packed gel state. Natural membranes enrlched W1th branched—
. Ny
chain. fatty acids exh1b1t unusual X~ ray dlffractlon-; -

.prqpert1es below the1r phase tran51tlon temperatures (Haest

et al 1974- Legengre et al. 1980) The sharp 4, 2 A i-r~vf" “a
reflection, which is assocuabed wlth reflect1ons from the
R

..closely packed hydrocarbon chalns in gel- state 11p1d

replaced by a broader reflect1on w1th a spac1ng of 4. 3 -":
., 4 R in these membranes. Pig paqcreatlc phosphol1pase Az,"
wh1ch cannot hydrolyze gel- state phosphatldylglycerol 1n A.
IaldlaWIl B ‘membranes enrlched with stralght cha?n saturated‘,j

or unsaturated fatty ac1ds, can attack this phosphol1p1d 1n

membranes enrlched in, branched cha1n fatty a&lds at §7 ’

P

atemperatures well® below the 11p1d phase tran51t10n (Bouv1er

et al 1981) Moreover the lat ral seqregat1on of 1ntegrali’_’

a“ﬁ
membrane protelns into prote1n rﬁch%domalns, whlch is ﬁﬁﬁt"

o

- normally observed.by freeze fraéture—electron m1croscopy at‘\\\
[ :
. temperatures below the 11p1d phase tran51tion/ does not R T
af T '*[_ .
. occur 1n A IaldlaWIl B membranes artlflc;ally enrached 1n e

74: Silv1us and

g McElhaney,11980) Fxnally:fmonolayer studl%s_rnd1cate that }sj.;fn

i;et al.h 1983) ‘Thus the results‘obtagnedjtn the pr*sent'
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study confirm those obtained in earlier work.

It is evident in,Eigurer27 that, at values of T, above
the lipid phase transition, the overall order decreasea in
the -progression 16:0al > 16:0i > 15:0. This obserJation
suggests.that these meihyl branched-chain fatty acids assume

- ' ‘ v
a more highly ordered liguid-crystalline state than does a
linear saturated fatty.acid.!This result was previously
rationalized in terms of Yatty acyl chain-packing effects
arising from differences in the cross-sectional area —
occupied by these different chain structures. (Macdonald

et al., 1983). Recent monolayer studies by Kannenburg et al,

(1983) indicate, however, that methyl-branched.and llnear“

N
saturated fatty acids occupy approximately equal cross-
# : N ¢

sectional areas in the monolayer in the 11§u1d expanded

o

state. Packing con51deratlons seem 1nsuff1c1ent to explaln

the more highly ordered liguid-crystalllne.state assumed by

these methyi“branched structures at equal values of ﬂ}. The

simplest,explanation may be that at-equal values of“’I‘r >

. _F . . ° .
“one is actually making comparisons across a wide range of

: {
absolute temperature. From Figure 26 it can be seen that, at

310°K, 15:0, 16:0i and 16:0ai are almost equally ordered. As
the temperature is decreased the orientational order of ,

first 15:0 and then }6:01 rises dramatically as: the lipid

phase transition 1s encountered ‘However, 0ve{/the same

X

temperature range and in the. absence of any phase change,

the orientational order in the presence of "6 0a1 1ncreases

~.

progressively and significantly. This dependence'of

L



e ,
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orientational order on absolute temperature 1n the liguid-
_ crystalline state offers the most probably explanation for ..
the apparently hlgher orderlng of methyl branched-chain

fatty-acids at constant valu§¥‘of Tr > 0.

A Comparisen of cis and trans Monounsaturation and Cyclo-
‘propane Ring Substitution

Cxclopropaneegatty acids are common Rembrane lipid

_ - . |
constituents in many gram-negative and a few gram-positive

r
H

.o - ‘ . . . . <
bacteria (Christie, 1970; 1973). Biosynthes1s of the cyclo-
propane ring occurs by the introduction, via S- adenosyl—
meth10n1ne, of a methylene bridge across the double bond of

a cis-unsaturated homologue. Cyclopropane fatty acids have
» s . . .
been postulated to be more stable replacements for

unsaturated fatty acids (Christie, 1?70; Cronan and Vagelbsh
1972). Generally, in those Organisms\in which they ar’e

f%pnd,'the proportion of cyclopropane‘fatty acids increases

at later stages of growth. o

\

The overall physical properties of cis-cyclopropane and

cis—unsaturated substituted lipids are'rather similar. The
molecular packing of lipids containing, cyclopropane fatty'
acids and those containing monounsaturated fatty acids are
alike (Cullen et a] 1971), as is their thermotropic phase
behav10ur (Cronan et al., 1979; Siiﬂius and McElhaney;

- 1979). HoweVe} recent *H NMR studies indicate that the
\cyclopropane ring constltutes a barrier to propagation of

.

motlon along the acyl chain and is, at least 1n thlS sense,
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distinct 1in 1ts behav1or from that of the Ccis- -double bond

e ° ’

' »

(Dufourc et al., 1983; Jarrell et al 1983 DufOurc et a)
. N L}

1984 ). These resplts suppOrt,the'hypothesis'zhat cyclo-
- propane fatty ac?ds4are‘essociated with inereasedvorganf—’o
zational stability in the membrane, while simultaneously
permitting’a degree of "fluidity" censistent with-p;oper

.membrane functioning. o

In orderAto moré_diteetly combaré thevptoperties of *

cycioprepane ring and monounsaturated substituted fatty
acids'in"a lipid bilayer, A; Iaidléwif B membtanes were |
enrlched with cis- or trans cyclopropyl fatty acids
(19:0cp,cA9 19: Ocp tA9) end cis- or trans- unsaturated fatty
'ac1ds (18 1cA9, 18:1tA9) plus small amounts of one of .the
isomeric serles of monofluoropalmltlc ac1ds As prev1ously, .
the thermotroplc behav1or of the membrane llplﬁs was deter-
1ned y1a DSC Table 9 lists the fatty ac1d comp051tlon for
each case efﬁenrlchment with elther 18:1cA9, 18 1tA9_ :
192 Ocp cA9 or 19: Ocp tad plus a partlcular isomeric MFPA in
all cases the.fatty acids prov1ded exogenously accounted for
greater than'approximately 97% of the membrane lipid fatty
aéidet The ptodpcts of de noyo fatty acid biosynthesis»in A
‘laidlawii B (M2:0, 14:0, 16:0 and 18:0, saito et al..
\}977) contraputed m1n1mally to the overall membrane lipid
fatty ac1d composition, as expected for cells grown 1n the
_presence of avidin. In general the ratio of the two fatty .
acids prov1ded in the supﬁfg;ent was fa1thfu11y reflected in

the-membrane.lipid;fatty acid composition. However, some

L ’ -"
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preference for the hlgher melt1ng MFPA s may be manlfest'in

those cultures supplemented w1th the low meltlng fatty ac1@s R

¥
L

¢

18 1cA9 and 19 Ocp cA9 ThlS may be an attempt by the"

organlsm to compensate for the»"hyperflu1dlzxng effect of

these fatty ac1ds on the membrane lipids. :c: ‘. - »;: :}

: g FlgUfe 28 1llustrates endotherms obtalned in the casé‘ ‘%7
of enr1chment wlth 6F16 0 plus one of the partlcular fatty .”i
| aC1dS of- 1nterest These endotherms are typ1Cal in- that for “?
R

cases of" enrlchment w1th other 1somer1c MFPA s, the overall

A

‘¢hapes of the endotherms were 51m11ar and the T (or T,,., s) 2 )

var1ed by less than +1 C about the average for that partl’

o . o

cular case._In the case of membrane 11p1ds enr1ched with

- ‘ elther 18°ch9 or 19: Ocp cas, a s1ngla, broad somewhat

asymmetr1c tran51tlon endotherm“was observed Most fatty

' ac1ds, when 1ncorporated 1nto membranes of A 7aIdIanl B \
manlfest this type of 11p1d phase tran51t10n endotherm
(McElhaney, 1974); In contrast, the trans1tlon\endotherms
obtalned w1th those membrane 11p1ds enriched w1th 183 1tA9 or f
19 0cp,tA9 ‘were composed of two partlally resolved B

2

tran51t1ons. Such. phasé separatlons were observed prev1ously
‘ 1n A I;idIaWIer-, membrane 11p1ds enrlched w1th 182 1tA9
| p; and seem to be. attrlbutable to l1p1d head group 1mm1s— f
v"t c1b111ty. Clearly the trans—conf1guratlon of e1ther the
monounsaturated or cyclopropane r1ng substltuent 1s
R assoc1ated w1th more complex phase behav1or of A‘ IaidlaWIlf;ﬂ;o

"'B' membrane 11p1ds,'sxnce both structures lead to

' observable phase separatlons. Generally, the mlsc1b111ty of
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in such a fashlon as to lead to the calor1metr1cally

181
) . '

the components of a mixture|of lipids decreases as the
. .

.difference between their phase transition temperatures

increases (Mabrey and Sturtevant 1976). In A. IaidlaWijrB
there ex1sts the addltlonal compllcatlon that l1p1d head
group comp051txon 1s altered under conditions of supple—

mentation with different fatty acyi spec1es (silvius et al.,

11980) . Were it hot for the fact that membrane lipids - >

en;1ched w1th a very low- meltlng fatty ac1d (e.qg., 1831cA9'
or 19 Ocp cA9) plus a relatlvely hlgh meltlng fatty ac1d
(e. g. MFPA) showed no dlspos1t10n towards phase separatxon

one mlght be tempted to 1nvoke fatty acyl ghaln 1mmxs— L

c1b111ty as leading to the'observed phase separatlon in
" membrane lipids enriched Qith 18-1tA9 or 19:0cp,ta9 plus

AMFPA S1nce thlS explanatlon is untenable and since similar-

-

hase separatlons are observed in ‘mgmbrane 11 1ds whlch are
p ?f P

.

99 9% enrlched w1th 18-1tA9 1t can only be ‘suggested that

" the 11p1d head group comp051t10n of A, IaldIaWIl'B alters

under condltlons of enr1chment w1th tbese trans- Tatty‘€C1dS

1observed phase separat1ons. More detalled 1nvestlgat10n into-

the 1nteract10ns among the glyco-‘and phosphol1p1d species: -

_;of A. Ia)dlaWIl B w11f be requ1red before thlS p01nt can be

¥

e

e

clar1f1ed R 1. ' . ' L - S ;fn ft-‘\§\\

Table 10 summar1zes the caiorlmetrlc data ﬁbr these

"variou5ﬂcases of enrxchment Brlefly, the m1dp01nt of the

':gel to 11qu1d crystalllne phase tran51tlon (Tm) was always'

lowest when the structural substltuent elther :
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atdle o Calorimetracally [)\‘((,’\Xﬂ«ltu'«f Gealo e iyt stadbane Phove e
Transition Parameters for }’\A l)l(jl']‘wll BoMemtir g Dol baoads - o
Enriched with Variods Tsomeric. M{f/‘\'u Plu. Dne 50 Bt
' 18: l’,‘»q, 18:1¢29, 19:0cp,t v or i9:den, oY
- S _“,ﬂ“m,ﬂeee o - S
Phase Transitlan Poarameters (°K)
Suppidereent {0, 12mM Total) P B
v S b F . PR . -
. Tl TZ ’II_IA' im L l-90
CUB0% 18:1en o+ 20% 6F1620 - 293.6  304.4 10.4 299 18.6
' . o 8F16:0  293.1 ° 301.2° 8.1 295. 17.6
o 3 10F16:0 295.0 302.4 7.4 296.9 16.8
+ 12F16:0  293.9-. 302.1 8.2 296.0 . 16.4
. 14F16:0  295.9  305.1 3.2 297.6 7.4
. ’ X o
B0 1diq, e o+ 208 6Fl6:0 2973 308, 2 L0.y 300. 8 17.7
+ " 8F156:0 296 .4 307.3 10.9 300. 17.86
+ IOFIG:O‘ 297.9 307.2 9.3 3p2.8 16.8
+ "12F16:0 299 .1 309.6 10.9 3jo2.4 16.7
+ 14F16:0 300.5 310.3 9.8 302.8 17.3
BOw 16:1c + 208 6F16:0 -- - -~ 251.3 5.6
) "+ " TBFl6:0 -~ -- -- 253.6 4.8
+ 10F16:0 “- -- -- 253.4 4.4
+ 12F16:0 - -- -- 253.3 4.3
+ 14F16:0 -- -- -- 252.6 4.0
80% 19:00p,c/9° + 6F16:0 -- -- -- 258.9 6.0
. . + 8F16:0 -- - - 257.9 5.8
. + 10F16:0 -- -- -- 257.7 6.1
o+ 12F16:0 -- -- -- 259.3 5.3
T+ 14F16:0 -- -- -- 258.4 5.7
a .
Ty corresponds to the makimum of the lower. temperature transition:. .
b T, corresponds to the maximum of the higher temperature. transition. .
1-T2 torrespondSvto.th&gke erature separation of»Tl and Ty. - .
d Tm correspoﬁds to the temperature at which the éransxt;on wasfSO%'com~ -
plete R . . ' ‘A . : . ¢
’ ‘ " SR ¥ L

e
8T)1g-90’ corresponds to the temperature range over which the transxtxon
passes from 14% to 90% of complet1on 2
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monounsaturated oOr cyclopropanepkingaféssumed the CcIs "’

configuration. The T,'s of the two lipids with ci's

structural substituents‘(18:1cA§Lr19:0cp,cA9) were very

<

. - '//,, . } i .
similar Js were* the Tn's of the two lipids with tqus
. :

structural substituents:(18:1tA9, 19:0cp, t49), although the
lipids éontaining the cyclopropane ring subStituent (either
Cis or tPanS) always melted seyeral degrees higher than the

‘lipids containing the monounsaturated substTtuents (elther

" Ccis or trans). Values of AT1o.50 were in the range-5°-10°

~

for 18:1cAS and 19: Ocp cA9 and of the order of 15° -20° for
a4

18 1tA9 and 19: Ocp tA9, in good agreement ‘with values of

Ty, -~

AT,O-go prevlously reportedgfrom this laboratory for A.
ldidlawii B membrane lipids (SllVlUS et al., 1980)
The precedlng calorlmetrlc data were, obta1ned w1th ]

™~

membrane polar l1p1d samples resuspended in ethylene glycol
A .
water, 1:1 (v/v). Whlle this has the~advantage of

eliminating the excess water trans1t1on mhlch m1ght

¢
o

otheryise obscure the lipid phase transition endotherm, it‘
1s p0551ble that the presence‘of ethylene ‘glycol mlght alter
Jthe thermotroplc propertles of the A laldlawtl B membrane
l1p1ds. For example, it has been known for some t1me that
;ethylene glycol can ralse the observed Tm of phosphatldyl—
chollnes (PC's) conta1n1ng unsaturated fatty ac1ds but has B
little effect on the Tm of- ?C S conta1n1ng saturated fatty

Flgure 29 compares the DSC

acids (van Dl]k et al 1976
}endotherms ofrA. Ialdlawii membrane 11p1ds enriched w1th
" either 18:1cA9; 18:1tA9.p ':(grown in: the absence of

\
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Figure 29: Lipid phase transition endotherms obtained by differe tial

" scanning calorxmetry of the membrane polar llpld fractlon from A. laid-
lawii B enriched with A - 18:1c89; B - 18:1tA9; and C - 16:0. The
vlower éndotherms were obtained: in the . -presence of 50% ethj@?ne qucol.y'
The scan rate was 5° /mln.‘ The dashed line corresponds to the inter-

polatgd baseline. v \,
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avidin) and resuspended elthef in the presence or absence of

'vethylene glycol. Clearly, there are few differehces in the

thermotFoplc behav’lur of these llplds attrlbutable to

ethylene glycol and.certa1nly no systemat1c‘Vncrease_1n Tm

‘at. lower phase transitibn temperatures in the presence of

ethylenefglycol S \F("

%yploal experlmental 4 *F-NMR spectra of ‘6F 16+ 0

A1ncorporated 1nto the membrane llplds of A. Ja:dlawrf B in

the presence of 19:0cp,tA9'or 19:0cp,cA9 are shown n. -

:Figure,30’ along vith the corresponding'computer-generated

‘51mulated spectra The values of ‘the 1nput parameters

7 requlred to 51mulate the spectra are shown as well These

,"F NMR spectra were vaulred over a range of temperatures

o wh1§h spanned the gel to 11qu1d crystalllne phase trans1t1on‘f “

-~

- of these membranes. The exten51ve broaden1ng of the ' ’F-NMR

s ectrum wh1ch occurs upon decrea51ng the temperature

‘through*the gel to llqu1d crystalllne phase tran51tlon 1s

read1ly apparent as 1s the fact ‘that the spectra retaln

o

Ftemperatures well below the 11p1d phase tran51t10n. At all
:temperatures and in both the gel state and the 11qu1d~

"crystalllne state,'th "’F NMR spectré?&ere adequately

t

'sémqlated u51ng a model whlch assumes axlally symmetr1c

ﬂibmotlons of the 11p1d molecules.

In the presence of 19 0cp,tA9 over the range of

&

Tﬁgtemperatures tested Smo, 1ncreased from approxxmately 0 19

0

‘Ifat 320 K to O 75 at 270 K The value of AQ rema1ned constant
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*‘Figure 30 Experimental and simulated " F-NMR. spectra of membranes R

380 mole t of A - 19<kp tA9 ‘and B - 19 0cp,cA9. Qpe ‘simulated spéctra
“are indxcated in. dashed Ixnes superlmposed upon -the experim#ntal B
';'spectra.‘ The values of the computer xnput parameter Ao (iQterchaln o
*dipolar broadening) and’ Smol (molecular order parameter) are 1nd1cated a

. 1
) .
N P
- “ ; “, ‘.
° B . o
~ (
TEMP - 270°K _ ‘ 'TE'MP-240“K‘--
o A <1000 Hz : : . A =400Hz
Swl 079 ' ol ‘ E .
£ 25 .0 25. 5
S Hz xlOr'4 } :
e : . v
* 19

of A. laxdlawil B.grown in the presence of 20 mole ¥ 6F16:0- plus
sl

R

L ted e T e ,
“for.rme;simula‘e specrra.v Le e AT G

.l
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at- 100 Hz untxl the llpld phase tran51t10n ‘was encountered

and thereafter rapldly 1ncreaSed reachlng a value of *i‘ ),'

‘1000‘H2‘at‘270?K.,This 1s the same depéndence of Smo}_and Ao

J\

¢ o

upon temperature and membrane'Lip{d_phase;State which is
. . . : ‘ . v.‘ N . - - ‘ ' : . e . . . . ‘ M )
observed with most'fatty acid'enrichéd A.ilaidlaw1i~3

membranes In marked contrast to th1s 51tuat10n was the

v .

‘ dependence of Smo, on temperature and membrane lipld phase

state'ln membranes of A IaléQaWIl B enrached.w1th
co L N N '
19:0cp, CA9 Heref,Smo| 1ncreased from approx1mately 0. 16 at

310° K’ to only O 36 at 240° K, a temperature almost 2Q C R ,h

below the correspondlng membrane l1p1d phase tran51tron

Over the same temperature range, Ao, ‘the 1ntermolecular

N

O

'1nteractlon 1nd1cator 1ncreased from 100 Hz. to only 400 Hz

It does not in. fact requ1re a quantltatlve ana1y51s of the

"F NMR spectra to dlscern that thewspectra obtalned in the’

8

greater mot10na1 averaglng than the correspondlng gel state

af spectra obta1ned in the presence of 19 Ocp tA9 ThlS p01nt

'-‘.I"th

.may be ascertalned qualLtatavely by a v1sua1 compar1son of '

i

"

-

Flgure 31 deplcts the "F NMR order prof1les of "A.
IaldIaWIl B f:membranes enr1ched w1th elther 18 1cA9

18 1tA9 19 Ocp cA9 or 19 0cp,tA9 obtalned over a range oS

tran51t1ons. In the 11qu1d crystalllne state, 1nfall cases

of enr1chment the order proflles were very 51m11ar,_show1ng

gel state 1n the presence of 19 Ocp cA9 reflect con51derably

@.

¥

W’

“o_ .

the. spectra. 3(-;";;5¢* e o e };Q,_» '5\\“f*tf"i57"5:‘

temperatures spann1ng the gel to l1qu1d crystalllne phaSe';rﬁ

a reglon of approxlmately gonstant or1entat10na1 order ~ftf‘“d”

fqir;;t:_:,jg~:.;>-isx
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Figure 31:- 19F_NMR orienéatLOQal order profiles of membranes of

A. laidlawii B grown in the presende of 20 mole % various. monofluoro-
palmitic acids plus 80 mole % of A - 18:1tA9 (279, 284,(’289,”294, 299,
304 and 309°K); B - 18:1ca9 (240%, 2507, 266*, 279*, 279, 289 and
310°K): C - 19:0cp,ta9; (270, 280,. 290, 300, 310 and 320°K); or D -
19:0cp,cA9 (240%, 250*,0260", 270*, 280%™, 280, 290, 300 and 310°K).
The numbers in brackets represent ‘éﬂtemperatures at which the order
profiles, from ¢op to bottom, were%thuired. The asterisk represents

the presence of 50% ethylehe glycol. !

%
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preceding a decline in orientational order towards the
methyl terminus gf the acyl chain. Since the presehce of a
cyclopropane ring or a double bond on an acyl chain adjacent
to the MPFA Had little if any effect én the orientational
ordering of the MFPA, it must be concluded that .in the
liquid—crystalline'state the two fétty acyl chains
expefience a degree of indepgndencewsufficiant to negate any
influence of structural substituents in'one acyl chain upon
the orientaﬁional order of the other. Previous '{F—NMR
fesults have demonstrated’tﬂat the orientational order

. - L] . ¢ . ‘
profiles of the MFPA chains in membranes of A. laidlawii B
are!highly similar in the liquid-crystalline state whether
those membranes were enriched with straight-chain saturated
fatty acids such as 15:0 or 16:0 or aﬁy of an isomeric
series of cis-octadecenoic acids or tréns-octadecenoic acids
or with methyi—branched fatty acids such as 16:01 and 16:0ai
H-NMR results also generally indicate that the order
proflle is relatlvely invariant to alteratlons in fatty acylv
structure in the liquid- crystalllne state as dlscussed
previously. The one exception to this generalization appears
to be‘the cyélopropane ring where[ even after corréczzbn for
geometr1c cons1derat10ns, the ?H-NMR order proflles in both
model (Dufourc et al., 1983) and biological membranes
(Jarrell et al., 1983) indicate that the cyclopropyl substi-
tuent’experiehces a far greater degree of orientational
‘ordering than'ény other:portion of the fatty acyl chain.

Nevertheless, when a deuterated palmitic acyl chain adjacent
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to a cyclopropane ring containing acyl chain was mOftfgged
by *H-NMR, the observed order profile gave iittle ifzéhy
indication EE%* ﬁ;e> .
influenced thewgrdgying of the palmitate chaln (Dpfourc

et al., 1984). It would appear then, from both ''F- and

v

' *H-NMR resulti? that the elasticity of the fatty acyl chains

in‘theVliquid—crystalline state permits them to a;commodéte
the presence of structural SUbstituents without unduly 5
altering the character of the orientational_order profile.
With decreasing temperature, grientational/order
increased slowly and the character of the order profiles
remained relétively constant until the iipid phase
transition was encohnteted. As the proportion of gel-state
lgbid increased, overall orientational ordér increased
mafkedly and the order profiles in the presence of different
fatty acyl chain structures became increasingly dissihilar.
Consider first the cases of 18:1tA9 and 19:0cp,tAS. At
a temberature of approximately 290°K, in both these
enrichm€nt situations, the membrane lipids have all but
completely assumed the gel-state. Reflectingbthis condition,
the values of Sno:1 at fluor}ne positioﬁs closer to the fatty
ac&l,chaiﬁ carbonyl head group indicated a pronounc?d
ihcrease inggiientational ordering. ﬁevertheless, at
fluor1ne p051t1on§ near the fatty acyl methyl terminus, the

o

increase in the value of Smo, was only relat1vely marglnal
)

This dlspar1ty between the manner in which or;entatlonal

L

order near the carbonyl head group and near the methyl

Ao

e’ neighbouring cyclopropyl substituéntvhad



any, head-to-tail gradient of order in the gel state. It

@ .
terminus altered with the inceeased proportion of gel-state’

lipid was then manxfested~as a pronounced head-to- tall
gradient of orientational order in the presepnce of 183 ltA9
or L9:0cp,tA9.\At temperatures sufflplently below the lipid
gel to liquid-crystallige phase transition, the degree of
orientational orderihg ;as at all positions uniformly high,
although;a residual ordering gradieat could still be
dlscerned Consequently the conflgurat1on of the MFPA chain
in the gel-state 1n the presence of elther 181 1tA9 or
19:0cp, tA9 may be descrlbed as overall hlghly ordered
approachlng but not achieving an all- trans configuration

with a residual head—to—tall grad1ent of‘orlentatlonal

ordering. To pul these observations 1in perspective, 1t

should be noted-that in the presence of straight-chain

. Q )
saturated fatty acids such as 15:0 or 16:0, the
orientational order of the MFPA's increase approximately
uniformly at all fluorine positiomﬁ‘with increasing

proport1ons of gel-state 11p1d and there remaans little, if

7 N o ,:/

would appear that the trans- cyc10propane r1ng or the tPanS*'

[

monounsaturated structural substituents were able to d1srgpt

the, gel-state packing of the fatty acyl chalns, constltutlng

a barrleryto the assumptlon of a more highly ordered acyl

 chain conf1gurat1on, wh1ch in turn is reflected in an order

Ry

gradlent in the gel state.

©

Turning next to the cases of 18“1cA9 ahd 19:0cp, cA9 it

can be seen that these structural subst1tuents lead to
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highly unusual gel-ﬁtate orientational_order profiles‘of the
'MFPA's. The orientational order at the six position tn the
presence of these substituents in the géT‘state was always
Jess than that observed at the eight positionl suggesting
that the MFPA chain' is forced. to bend around the bulky cis-
cyclopropane\rlng or &is- double bond 1n the closely packed
gel-state, or that these SUbStltuentS are unable to pack
closely ingthe gel-state thus permitting the MFPA chain a J

&

greater degree of motlonal freedon in their immediate
. .
locale Slnce the MFPA chain should preferentlally dlStrl‘

o

bute to the sn-1 p051t1on of the glycerollp1d backbone in
btheapresence of 18:1cAY9 or 19: Ocp cA9 Lby analogy with 16 0,
Saito et al., 1977), and given the phy51cal inequivalence of
the fatty acyl chalns esterified to the Sn 1 and the sn-2
position, it is not surpr151ng that the greatest effect of a
Structqral substituent located a: the A9,posxt10n\on the

i

sn-2 chain should be manifest at. the C-6 position o}hthe
sn-1 Chaln. Previous '’F-NMR results have 1nd1cated that a Wx,
cis- douBle bond located near the methyl term1nus of the
',fatty acyl chaln can locally disrupt gel- state cha1n packlng

- {(as -do methyl iso- and antelso~branch structures) but that
| gel- state cha1n packing den51t1es were suff1c1ent to '
i0vercome any local d1srupt1ve effect of a cis- double bond
located near the carbonyl head "‘group of the fatty acyl
chain. The present resultS\xnd1cate that structural SUbStl‘

tuents located near the center of the acyl chain are also,

capable of dlsruptlng gel state cha1n packlng and 1ndeedh

o
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when the overall ordering achieved in the presence of'5uch
struCturesois considered this w0uld appear to be the mos?
‘eff1c1ent position from which to 1nfluence gel state
"orderlng Overall, the degree of orderlng achieved in ‘the
'~ presence of 18:1cA9 or 19:0cp,cA9 was much lower than that

.obtained in. the presence of 18-1tA9 or 19.:0cp, tA9. Thus‘the
configuration of the MFPA chain in the. gel state in- the . '
presence of #8:1cA9. or 19: Ocp cA9 may be descrlbed as h;ghly
dlsbrdered apparently reflecting both local and overall
d1srupt10n of the den51ty of gel state fatty acyl cha1n
packlng | |

The;"F%NMR spectra of A. 'lafdlawii B membranes .
enriched with either 18r1cA9_or 19 Ocp,cA9 were acquired 1n
the'presepce of 50% ethylene glycol at temperatures of 270° & ’
or lower in order t preventisample free21ng It has already
"been noted that the resence_of 50% ethylene glycol had
11tt1e if any effect on the thermotroplc propertles of A
'S

Ialdlawrl B membrane llplds, whether those lipids were »

'enrlched with- 18 1cA9 18 1tA9 or 16: 0 It seems unllkely

,rvthen that - the presence of ethylene glycol unduly 1nfluenced

“the p051t10n of the membrane 11p1d phase tran51tlon durlng
acqu151tlon of the_"} NMR spectra at temperatures ‘below

270 K The:"F NMR spectra of A laldlaWIl B membranes.
’Aenr1ched w1th 20% 6F16 0 plus 80% 18-1tA9 at 279 K were
1dent1ca1 whether acqu1red in they presence or absence of 50% .

thylene glycol 'so that ethylene glycol 1ts\l$ did not

‘prevent the membrane 1lipid fatty acyl cha1ns from assumlng a

Q
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~hlghly ordered, nearly all trans-configugation (data not

'shown) The '’R- NMR order proflles of A. ’]aldlaWIl B

/membranes enr1ched with either 18:1cA9 (¢r 19: Ocp cA9) were

obta1ned at 279 K (or 280 K) in the prese ce or absence of
\ .

’\

‘50% ethylene glycol As shown in Flgure 31, the order

s ¢

proflles at’ thlértemperature were essentlally identical
kwhether*obtalned wlt&_or w1thout ethylene glycol. These’
various observatlons strongly suggest that the hlghly
d1sordered gel state assumed in the presence of 18~1cA9 or y
19: Ocp cA9 is unrelated to. an§~effect of ethylene glycol,
'but rather is characterlstlc of the influence of the’ CIS-

cyclopropane ring. and the cis- double bond qun the motlonal

3

‘freedom of the MFPA probe in the gel state.

Further 1n51ghts into the c0nsequenees of the ;nclu51on
'of cis- or tn@ns cyclopropyl r1ng or monounsaturated substl—

tuents can be ga1ned by a direct comparlson ‘of . the overall

or1entat10nal order of the MFPA probes at a partlcular

l

Vtemperature in the presence of a partlcular structural

Al

subst1tuent The chain- average order parameters are plotted

‘fversus the acqu151tlon temperature in Flgure 32 for the four

.

t cases of enrlchment w1th elther 18:1cA9, 19: Ocp cA9 - 18: 1tA9

- or 19 0cp,tA9 Several 51gn1f1cant features become ev1dent

i

vfrom Flgure 32. At %10 K a temperature above the l1p1d
f“phase trans1t10n of all four types of enr1ched membranes,‘
2overall or1entat10nal order was generally very 51m11ar'
'Eregardless of the part1cular fatty acyl chaln structure

. ’ &
exam1ned For any one acqu1s1t10n temperature at whlch all



195

e
£
>

Q 'O
g &

CHAIN AVERAGE Syo
_2
=

0201

340 o0 260 270 280 250 300 310 320
'TEMPERATURE , (*K)

Figure 32' Cﬂain average orlentatlonal order versus’ acquisition

temperature for ennchment w1th cis and _tr:_arﬁ cyclopropane ring and

unsaturated‘fatty acids. The chain average order was calculated as

described in’ the."te'_xt'.i Open circles, 18:1tA9; open squares, 19:0cp, tA9;

closed circles, 18:1ct9; ‘closed __sqh.ér_es, 19 :0cp,ca9: ;
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. . t ' A
fatty acyl chain strudtures are in the liguid-crystalline

P
acyl chain structure and 1s an approx1mately inverse linear

state, overall.drder'is relatively indeiendent of specific

function of (T - Tw) (1.e., order decreases as proximity to
the llpld‘phaSé transitionvdecreases, or as T = Tnm
increases). In keeping with this observation it can be
~discerned that\at 310°K the overall order 1n the presence of
18:1cA9 or.19:0cp,cA9 was approx1mately 0.14 ([T - Tl =
50° Cj,-whlle in the presence of 18:1tA9 or 19:0cp, tA9
overall order‘was approximately 0.17 ([T F'Tm] = jO°C).»This»
effect is of course quite small and at sufficiently‘high
temperatures,overall frder should become independent of -
(T - Tw) . . | | - |
As the acqu151tlon temperature was lowered overall
or1entat10nal order increhsed in a linear fashlon until the
membrane lipid gel to liguid-crystalline phase transition.
was enéountered In'the case of membranes enriched with

'18-1tA9 or 19: Ocp tA9, between 300°K and 290°K the overall

»order began to 1ncrease markedly, accurately reflecting ‘the

. pos jition of the calorlmetrlcally determlned 11p1d phase

transltlon. Nevertheless even at temperatures below the
lipid phase transition, thevfazty acyl chains.evinced

v substant1al dlsorderlng and: only at temperatures well below )
the phase tran51t10n was the hlghly ordered nearly ' )
all- tFans conformatlon approached In addltlon,'it~is

_ev1dent that the cyclopropane ring and the double bond, when .

in- the trans conflguratlon, behaved more or less 31m11arly
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with respect to the lipid phase transition in terms,of their
effedt on the overall ordering of the MFPA prohes;,These;
same points can be made concerning the cyclcpropane»ring and
the double bond:when in the CIS conflguratlon The overall
order of the MFPA probes 1ncreased in an approx1mate1y
11near fashlon w1th decrea51ng temperagure in the llqu1d—
.crystall1ne state and the two structural substltuents
affected the or1entat10nal order of -the MFPA probes approx1—
mately equally. Nevertheless, it can be dlscerned that the
MFPA's in the gel state in the presence-of these str:ctural
substltuents when in the Cis conflguratlon dxd not achieve
the same degree of overall ordering as when in the trans
configuration.,.

Figure 33 depicts‘the‘chain—average order parameter as
a function*ot the reduced temperaturg,'Tf;kfor:each case of
enrichment with 18‘1CA9' léfocp cA9 18 ltA9 or 19:0cp, tAS.
‘In the presence of the two fatty acids 18-1tA9 and
19: Ocp tA9 the overall order of the MFPA s showed a

'profound 1ncrease at the temperature of thecL1p1d phase‘

v;tran31tlon (T 0), 1nd1cat1ng agaln that fhe liprd phase

¥

“1tran51t10n was the preemlnent affector of overafl or1enta-

tlonal order. Both- fatty acids again behaved more br less

‘g~

'51m1larly with respect to T, although 51gn1f1cant

- d1fferences Ain the overall order between 18 1tA9 and

19 Ocp, tA9 were evident at values of Ty < =0.05. Whether
’these dlsparltles reflect real dlfferences in the response’

'of the tPans cycloprOpane rlng and the tPans double bond to

1

\
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Figure 33. :*Chain average orxentatlonal order versus reduced tempara-

rated fatty acxds

f‘descrlbed in the text.

closed circles,.

18: 1cA9

i

ture for enrlchment with cis and trans- cyc10propane ring and unsatu-

The cham average order and T¢ were calculated as

Open circles, 18: ltA9- Open squares, 19 0cp,tA9
closed squares, 19 0cp,c_\9. :
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~the gel- state or whether they result from dlfferences in the
s _
dlstrlbutlon of the MFPA's between the two calorlmetrlcally
observed phase tran51t10ns in the presence of these trans .
.‘structures cannot be unequ1v0cally stated However ’infa'v
prev1ous "F NMR study of an isomeric series of trans octa-
decen01c ac1ds values of the cha%n -average order in- the

.

b_presence of 18: 1tA6 or 18-1tA11 approached 0. 75 at a value
‘of Trpé —0.10; 1nd1cat1ng that the dlfferences ‘between e
"19:0cp;tA9 and 18:1tA9€1n the gel-std&te may be more apparent
~than real. | a |
It 1s clear from Flgure 33 that in the presence of 'the
fatty ac1ds 18: 1cA9 and 19: Ocp cA9 the MFPA's did- mot show
9the sharp 1ncrease in overall order upon encounterlng the
111p1d phase tran51t10n that was ev1dent in the presence of
h 18'1tA9 and 19°0Cp ta9, ‘and that the overall order achleved "
tn the gel- state, at values of T where the trans acids were
_ approach1ng an all trans conflguratlon, 1nd1cates that the .
'Cls ac1ds remalned hlghly d1sordered Ev1dently these -
';’structures when in- the CIS conflguratlon are capable of
dlsruptlng gel state acyl cha1n packlng 1n both a 1ocal and
‘.overall sense, effect vely preventlng or act1ng as a barrler
to the ready assumpt1on of an-all trans conf1gurat10n of the
ddacyl cha1ns in. ‘the gel state. If the temperature of the. :
Qmembrane l1p1d gel to: llquld crystalllne phase trans1t10n 1s

"u'v1ewed as a measure of the stablllty of the gel state, then

‘ gel state dlsorderlng or 1nstab111ty 1eads to.a lower phase'fﬁ

g tran51t10n temperature. The 1mpl1cat10n 1s-then that

S
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specrflc fattyvacyl structural substltuents alter the
stability of the gel- state through dlsruptlon of gel- state
| acyl chain packing and henceylower.the llpld.phase K
. transition temperature The»same interpretation*has been
used to ratlonadlze the relat1ve overall gel- state orderlng
bof stralght cha1n saturated versus methyl iso- and é%%EIso—i
branched.fatty acids and thelr respect;ve membrane lipid .
phase tran51tlon temperatures e |

It is further ev1dent from Flgure 3b that 1n theo
*lidu1d—crystalllne‘state:(l.e,, Ty >+O);“at_comparable
values of Ty thoseAmembranes enriched Qith‘the lover-
| meltlng fatty ac1ds 18'1cA9 or 19 Ocp cA9 were more h1gh1y
ordered than those enrlched w1th the hlgher meltlng fatty
,Nac;ds 18 1tA9 or 19: Ocp tAB ThlS same relatlonshlp, that
is, the lower ‘the 11p1d phase tran51t10n the hlgher the
overall order qt eQUal values of T > 0 ~has been observed

fus1ng tIF- NMR in A IaldlaWIl_B membranes enr1ched with a

1mult1tude of var1ous fatty acyl structures. L1qu1d-

5, crystalllne state packlng con51derat10ns seem 1nsuﬁf1c1ent

to expla1n thlS relat1onsh1p, 51nce monolayer stud1es

51nd1cate that most fatty acyl structural ypes occupy 5
/

“d*'approxlmately equal cross sect1onal areas 1n the llqu1d—

Y

'“”4;expanded state (see, fOf example: Ka"“e“bufg et al., 1983)'

13 3"

"ffIn ‘the’ absend@‘of a phase change, order 1ncreases 1n a more e

'or 1ess 11near fashlon w1th decreas1ng temperature,yas can
' ]
-be ascerta1ned from Flgure 32 When 1t/15 noted that at a »

'”value of Tr'§,+0 05 one 1s compar1ng the order of 18 1tA9 'f

&
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(or 19:0cp,ta6) at'approximately 310°K with the order of:.
d°1cA9'for 19'ch tA9) at appronimately 270°K iy”can be
taken that the dependence of order-on absolute temperature

1n -the liquid-crystalline state is suff1c1ent to account for

the'observed dlfferences.

’An.0verview of the Relationship Between Fatty Acid

Structure, Orientatfonalddrder; and the Lipivahase

Transftion | | | | .
In»this final -section, 1 would like"to"extract ffom the

order parameter data whatever generalltles ex1st concernlng

the relatlonshlp between fatty ac1d structure, orlentatlonal
. R,

order and the temperature of the gel to 11qu1d crystalllne

‘phase transition.

The immediate consequence of altering fatty.acyl‘chainvv

structure is that -the temperature of the gel to liquid-~

. crystalline phase transition is altered. Are the aiterations

A

B . e
in;Ta‘Which ocdur in model systems,.such as PC multllayers,

[ 9
upon substltutlng partlcular fatty ac1d structures, fa1th—"
fully reflected 1n the more complex blologlcal system of A

IaldlaWIl B? membranes7 Flgure 34 compares d1rect1y the T

-reported hereln for membrane 11p1ds of A IaldlaWIl B made

homogeneous w1th respect to part1cu1ar fatty ac1ds and the
p

Tm’reported by varlous laboratorles for ‘PC: model membranes

.contalnlng the same partlcular fatty ac1ds Whlle the»..'

correlat1on between the two sets of data 1s good 1t 1s not

exact. L1near regre551on analy51s 1nd1cates that the )
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Figure 34: Correlation of Ty (A. laicdlawii B) with Ty (PC). The Tp
(PC) data were taken from Silvius (1982). Mrelation function
fits a line with slope of 0.875 with & line gorrelation coefficient

.of r=0.93.
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rcorrelated data fit a line with a slope egqualling 0.875.
Thus the A. ]aldlaWIl B membrane lipids generally
experience an order-disorder transition at a higher ‘
temperature than the corresponding PC, end the differential
becomes more pronounced at lower values of TL. This
differential cannot be entirely attributed to the presence
in the A. laidlawii B ~ membrane lipids of:10 to 20 mole %
" of the generally higher melting MFPA. A similar correlatlon
analysis performed by-Silvius (1979) 1nd1cated that the
correlated data fit a line with slope equalling 0.91. There-
fore the same characteristics are displayed by A. laidlawi i
B "homogeneous" membranes contein%ng no MFPA. It may well
be that A. Laidlawff B membrane lipids are intrinsically
higher melting than PC. A study by Silvius et al. (1980), in
which the A. laidlawii B membrane 11p1d headgroup spec1es
were 1solated and their 1nd1v1dual thermotroplc propertles
characterlzed demonstrated that the two neutral glycolipids
MGDG and DGDG displayed phase transtt1on endotherms 10-15°C
highe£ than the major phospholipid species of A. laidlawi i
B, PG, which behaved similarly to PC's. The important
conclu51on 1s, nevertheless, that the effects of particular
fatty acyl structures upon the thermotropic properties of
sYnthetic systems are reflected 1in A.,Ialdlaw:t B membrane
llplds. g )
It has been demonstrated in the present studies that in

the l1qu1d crystalllne state the shape of the fatty acyl

chaln order profile of the MFPA's is relat1vely 1nvar1ant to
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changes in»the particular fatty acyl structure with which
the A. Jaidlawii B w‘membrane lipids are coenriched. The
’hydrocérbon chains of the lipid bilayer in 1ts fluid state
are permltted a wider range of motional freedom and on-the
average, occugx,iar greater cross-sectional areas than
characteristic of their condition in-the gel-state. It
follows that individual hydrocarbon chains experience weaker
interactions with their neighbours, that they become to é
degree more 1ndependent of any influence of one chaln upon
another, and that the 1ntroductlon of structural
‘substituents should little ‘affect the,cond1p18n of an
adjacent hydrocarbon chain. Statistical-mechanical models of
hydrocarbon chain motions and confofmationelﬁn a lipid
bilayer successfully expldit this situation and tfeat inter-
actions between chains, including chains esterified to the
same glycerol backbonef as a "mean field" interaction
composed of average repdlsive (steric) and attractive (van
der Waals) forces (Marcelja, 1974; Meraldli and Schlitter,
A‘1981§, b; Dill and Flory, 1980). Does it therefdre follow
that the '°*F orientational order parameters can be |
characterized in terms of "average" forces in the llqu1d-
crysfalline state, independeht of the details of particular
st;uctUral'substituents and, what are those forces?

For each of the 21 different fatty aeyl chain
structures-stddied; the value of Smo: was determined at both

279°K and 310°K. In Figure 35 the value of the chain-average

Smo: Obtained at either 279° or 310°K for a particular case
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Figure 35: Chain average orientational Brder at aAconstant temperatufe
versus Ty for each fatty acyl 'structure. The data at 310°K (ciré;es)
fit a line with slope=7 x 1074, y’intercept=v0;03 with a linear corre-.
lation coefficient of r=0.77. . Thé data at 279°K (triénéles)'fjt“ﬁ_

line with slope 32 x 1074, y’interce?t Z0.63 with a linéar~¢orfe1ation

s .

coefficient of. ¥=0.60.
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y
of enrichment ls plotted versus the correspondlng Tn of the
particular A. laidlawii B membrane l1p1ds At 310°K all

*data points fall more or less on a stra1ght line with a
slope near zero. At this temperature, in_all but one of the
cases of enrichment; the membrane lipids hare‘assumedfthe
llquid~crystalline state. Therefore at 310°K oxerall order
ls practically independent of the particular’fatty acyl
structure, and proximity to the phase tran51t10n has only a
minimal 'influence on relative order. At 279 K about half of
the 21 dlfferent fatty acyl chaln struttures studled were in
)the llqu1d—crystalllne state and.the'remainder,hadAassumed
the gel-state. Thoée'structures which retained the liquid-
crystall1ne state at 279°K displayed the same linear

' relationship between overall order and Tm, agaln apparently

'1ndependent of the particular fatty acyl structure, as was
observed at 310° K, although the slope of the line was more
positive- This obServat1on suggests that grox1m1ty to the Tp
has a greater influence upon relat1ve overall order at lower

) temperatures. When the acqu151tlon temperature was below the
Twm of the membrane lipids, overall inqreased rapidly and |
relative order became lncreasingly dependent upoh'the
partlcular fatty acyl structure. | '

The effect of proximity.to the Tn upon overall
‘orientational order is more dlrectly obtalned when the

"chain?average Smo 1 for a particular case of enrichment is

plotted as a function. of (T Tm) as in’ Flgure 36, where T is

the[acquisition temperature. Again, at 310°K, overall order
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Figure 36: Chain average orientational order ‘at'a constant temperature
“versus (T- Tm) for. each fatty acyl ‘structure. The data at 310°K (circles)
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~ lation coefficient Of T= =20.82. -The data at 279°K (trlangles) fit a line
" with s1ope=-44x10‘4, y 1ntercepg—0.30 with a linear correlation coeffi-

cient of r=0.81:
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" was an approximately linear funetion‘of (T-T,.), apparently
independent.of the particular fatty acyl structure. At -
279?K,‘pr0vided (T~-T,) 2 0, overall order was linearly
related to the proximity to T, and the dependenoe was aQain
more\pronOUnced'than at 310°K. Belou (T-T.) = 0, order
:increased'rapidly}aelthe proportion‘ofrgel-statellipid;
increased.

. The presentations of thejdata.in'Figuresf35 and 36
“,suggest‘that in the IiQUid-crystalline state, orientational'Y
-order at any one temperathre is relat1vely 1ndependent of
fatty acyl structural substltuents ‘and depends more ‘on

average forces such as prox1m1ty to the lipid phase
tran51t10n. Furthermore, the strength of this dependence is
Tunctlon of temperature Therefore, the follow1ng

’equatlons describe the relatlonshlp between orderlng, S, and P

T, and (T-Ta),

S=yrrTm+»bvy - o m

Al .

'S = n(T-Tw) * C I \ 2]
rprov1ded T 2 Tp. The slopes m and n, and the interceptS'b
“and C/r are tunctaons of the aCQU151t1on temperature T and ’
}can be estlmated by - 11near regre551on analys1s of the data
‘;at 279 K and 310 K Further valuesyof the slope and
v1ntercepts were obtalned for 1ntermed1ate temperatures by

‘analy51s of the order data for varlous fatty acyl structures
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obtained at 2907 300‘and 3203K. The dependence o{ the slopes-
m and'n, and of the intercepts b and c, uponLthe acquisition\
‘tempgrature T are illustrated-in Figure 35 flor the eituation
T 2 Tn. To a good approximation all four‘guantitiee are
iinear funetions of temperature. At sufficiently'high
temperatures the overall order is no longer a fUﬂCthﬂ of Tm

-

‘or T- Tm since the slopes tefid toward zero. AIn the case of A.
»

laidlawii B - membrane 1up1ds, this occursbat about 320 K.
Above thlS temperature 6verall order should be 51mply a
dlrect functlon of temperature, 1ndependent of T, or T-T,
Thus the merger of-the values of the- 1ntercepts b and ¢ at |
320° K reflect this 1ndependence. The temperature dependéhce
of the four quantleﬁge in the temperature range 280 K to
320°K may. be eXpreeeed~approx1mately as linear functions and.

el

these are:

~t . . ) '
‘m= —8.5.x:50‘d;T +0.027 S €Y
n =1'+12;0 x 10°*+T - 0.038 - [4]
| b- o0.0191-T-5.958 [5]
" = -0.00357-T + 1.298 L | (6]

.n.
|

where m and b and n and9c; are-the slope '‘and y interCeptvof
the. dependence of Smo, on Tm and (T ~Tm) ‘respectiveiy) while
'T 1s the acqu151tlon temperature 1n °K Prov1ded that
T 2 Tm, the order parameter data of Figures 35 and 36 may. be
'poredicted approxlmately for any fatty ac1d structure u51ng

.the above equatlons and- knowledge of Tm and T
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" The success of the preceding treatment of the

orientational order in the liguid-crystalline state as

simple functions of temperature and'proximity to’the phase
transition, ssent1ally 1ndependent of ‘the structure of the
partlcular fatty ac1d cannot be translated to the

gel state -Both. the shapes of the order proflles and the

"relat1ve overall orderlng in the gel state vary w1dely in

the presence of dlfferent fatty acyl structural

substltuents This p01nt is most effectlvely portrayed in

Flgure‘38 where the cha1n average Smo1 is plotted as a -

“funct1on of the reduced temperature, T, for dlfferent fatty

acid structures. Lncluded . are representatlves of the llnear

’saturated fatty. acids, cis- and tPanscmonounsaturated and

methyl iso- and antelso branched fatty acids. The CIs— and
trans- cyclopropane ring- conta1n1ng fatty ac1ds are not shown
for reasons of clarlty, 'since their behav1our w1th respect

to T has already been shown ‘to be nearly 1dent1ca1 w1th

,thelr monounsaturated homologues Thus Flgure 38 contalns

repreSentatlons of the effect of the 11p1d phase tran51t10n

on &he or1entat1onal order of the MFPA s’ 1n the - presence of

tfatty acyl spec1es from each of the naturally occurrlng
classes of fatty ac1d It*is evidernt that at’ an equ1valent
'i,value of the reduced temperature below the normallzed phase

',tran51t1on (e g.,~Tr = -0, 10) d1fferent fatty ac1d

structures assume m&rkedly dlfferent degrees of overall

:orlentatlonal orderlng F1gure 39 111ustrates the dependence

of overall orderlng at a constant value of T s 0 upon the.

- . 5
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- a new concept Monolayer studles have long 1nd1cated that
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T. of .the corresponding fatty acid—enriched A. laidlawii B
membrane .lipids. As the T decreased overall orientational

order decreased ThlS observatlon suggests that dlfferent

fatty acyl structures exert thelr 1nfluence upon the -

‘temperatures of the phase trans1tlon by affectlng the

stablllty of gel statd’chaln packlng of course, this is not

at equrvalent surface pressures, l1p1ds containing 'such

fatty acyl structural substxtuents as CIS and tPanS doublef

bonds or cyclopropane rlngs or methyl branches occupy larger_

7cross*sectlonal areas in the’ l1qu1d1condensed state (Chapman

et al.;vlgéé' KannenbUrg et al., 1983) .Xcray'diffraction
y .
studles have demonstrated that spec1f1c structural

‘substltuents such as the methyl antelso branch can affect

'gel state packlng (Bouv1er et al. >1981) In fact 51mply

exam1n1ng molecular models of var1ous fatty acyl structures

Vedemonstrates the d1ff1culty of closely packlng such o

structures as cyclopropane r1ng conta1n1ng fatty ac1ds.

~1In Flgure 39 the overall or1entat10nal order as a

bfunct1on of Tm is also plotted at a. constant value of Tr ZVOf;

(i e., 1n the llqu1d crystalllne state) In contrast to the
T S
51tuat1on at Tr < O it 1s observed that overall order o

di.decreases as a functlon of 1ncrea51ng Tm._Slnce fatty acyl

-chaln structure and hence chaln packlng conS1derat10ns seem

\to have llttle bearlng on overall order 1n the" llquld-'

]

crystalllne state,‘the orlgln of thlS effect is not

- 1mmed1ately obv1ous. Three s1mple equatlons ‘are pertlnent*f
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S =mln+ b . o ) (1]
S = n(T-Tp) +c ' : (2]
o | | S T
6 = (T~Twn)/Tm = T | | - - (7]

By straighttforward algebraic manipulation _the follow1ng
equation is found to relate the order; S, and the reduced

\temperature,’Tr:

(b=g) ,
[8]

Sig(ols

o
H
=

Since m, ‘n; b and'c can be expresseddin=terms ot temperature
‘ alone, this equatlon descrlbes the temperature dependence of
the or1entat}6hal order at any one value of Ty é‘o.‘
-Substltutlng for the appropr1ate values of m, n, b and c,
this relat1on predlcts that at T = +0 05, the ratio of the
l ‘,valurs of S at 310 K and 280° K should equal ‘ |
S310 = o0.743 .
-g;ggf , . .

- The actual value of S310/Szgo obtalned from F1gure 39 1s
O 75 This 1mp11es that the slope oﬁ the S versus. T data at

‘a constant Tr of +0 05 can be attr1buted entlrely to the

'v,effect of temperature on order 1n the 11qu1d crystall1ne‘

state and that it is unnecessary to 1nvoke any pecullar
property of the fatty ac1d in the l1qu1d crysta111ne state.

The reason that a more ordered state is observed for those

"
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membrane’ lipids undergoing a phase transition at lower
temperatures is that they are then 1in a liquid—crystailine
staée at a lower temperature.

The data in Figure 39 suggest a further consequence of
destabilizing the gel-state. If the disruptive influence of
a particular structural substituent is.greaf enough there
will be no observabie phase transition in the lipid bilayer.
At some temperatures the differencéslin the S versus Tnm
dependencies at Ty = -0.10 and Tr %&f0.0S will vanish and
there would then be no difference iﬂ ordering between the
two states and by definition no phase transition. .

Consider an isoiated acyl chain in an all-trans
configuration. As the temperaturelbegins to increase, first
one andnthen anothef methylene segﬁent is excited to undergo
tPanS/gauche'isomerization. There 1is nothihg abrupt ab&ht
‘the increase in the probébility of rotational isomeri%ation.
It increases more or less progressivély with increasing
temperature; Now consider the same acyl chain gaﬁged Smongst
its neighbours in the gel phase of a lipid bifayér& Were a
particular methylene segment to rotate into a gauche t
conformation, it would "burhp" int§ a nefghbouring chain. In
order for the rotatiénaliisomerizatiOn to occur, the
gmethylene segment on the neighbouringcchainmmust undergo a
gimultaneous rotational isomerization. It is this necessity
. for cooperative O:Jconcerted conformational change that
leads to the abruptness of observed libid‘phésélransitions.

When these essentially steric restrictions are relieved,
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when the fatty acyl chains do not 1interact So closely 1in the
gel-state, rotational isomerizations occur more readily and.
the;efore at a lower temperature. In extreme cases there 1s
no calorimetrically observable phase transition.

In attempting to.model the r%}ationship between chain
interactions and‘the temperature of the lipid phase
transition, it might first be assumed that the thermal
energy required to destabilize gel-state chain packing will
be proportional to the m;nimum interaction energy (E;) of
the chains, as defined by Shapiro and Ohki (1974). These
workers‘calculated theoretical values‘of E, for hydrocarbon
chains of various lengths from 2 to 18 carbons in an
all- Qﬁans configuration with a constant interchain distance,
d. Secondly, it will be assumed that, to a reasonable
approximatioh; the total interactioh’energy for a chain
contafning some structural substituent such as a doublé—
bond, a methyl brancg or a cyclopropane ring, can be
estimated as the sum of the 1nteract10n energ1es of the two
conStituent all-trans segments For;example E, for 18:1cA7
chains would be. equal to the sum of Eo for a heptane segment®
plus E; for an undecane segment. Implicit w1th1n thls ‘second
assumption is a third; that the presence of a structural
substituent will not alter the interchain spacing, d. The
model descrﬁbed above is essentiall§ that-prqposed by Barton
and Gunstone (1975) o ' : . : o -

In order to test thlS model the minimuQ'intéraEtion

energies_were-Calculated for various. types of fatty acyl
€ ’ » . , FALEY <

!
v

A

-
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‘chains using the data of Shapiro and Ohki (1974) and plotted

versus the corresponding PC phase transition temperature,

3

using the data compiled by Silvius (1982) as shown in Figure"

40. For the straight-chain saturated family of fatty acyl
chains, the relationship between increas;ng values of E,
with increasing chain length and urogressively increasing
values of Tm'is guite pronounced. Thie reletionship |
establishes the validity of the ficst assumption, thatvEO
and T, are directly related. Within any one family of fatty
acid structures sUcn as the fSO*branched, anteisd-branched
or CiS-moncunsaturated, the same relationship between
increasing values of Eo with increasing'chain length %DJ
increasing T, holds. However, it is abundantly clear that
when‘compafing across families of fatty acyl structures the
same relationship between Eo and T, does not pertain. For
exampie, altering a straight—chain to an iso- and then an

anteiso-methyl branched and then to a cisA9-monounsaturated

- .structure drastically reduces the T, without any comparable

o decrease in Eo. Similarly, altering the position of a

CIS -doubYe bond along the length of an 18 carbon chain has a

profound ffect upon Ten but 1s of only marglnal consequence

to ‘the value 6f Eo. This failure of the model to account for

)f>the relat1onsh1p between specific structural substltuents
~and T, must lie w1th1n the second or third assumpt1on

5 Assuming for the moment that the interchain spacing, d,

;emainsrunaffécted by the presence of fatty acyl structural

‘substituents, it can then be inferred'that Eo total is not

3
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MINIMUM INTERACTION POTENTIAL (kcal/mole)
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Figure 40: Minimum interaction energy for various families of
fatty acid structures versus the temperature of the lipid phase
transition of the corresponding PC. Values of E, were Calcuiéted
using the data of Shapiro and Ohki (1974). Tp (PC) data were ‘

» compiled by Silvius {1982). Straight-chain saturates-closed circles,
-‘methyl iég—branched-opén squares, anteiso-branched-closed squares,
cis-A9-monounsaturates-closed triangles, isomeric cis-octadecenocates-

open triangles.
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equal to but is less than the sum of the interaction
energies of the two constituent all-trans segments. That is
10 say that, the structural substituent perturbs the local .
kchain packing in such a fashion as to reduce the interaction
energy of methylene segments above and below‘its position
along the chain. In order to correct the E, values, it would
“be necessary that a methyl Jso- branch perturp up to 2
methylene segments, a methyl anteiso-branch perturb up to 4
methylene segments and a crsA9 -double bond perturb up to 9
‘methylene segments 1in total. \
If instead‘it_is.assumed that the presence of
structural.substituents in an acyl chain alters only the
interchain distaﬁce) d, then it must‘be“inferred that the
Quantity_d varies in thelorder straight-chain < fso— |
ubranched < anteiso-branched < cis-monounsaturated, sihce'Eo
decreases with increasing interchafn distance. Moreover, the
, positfdh of the structural»substituent‘must also influence
the value-of dwiu:prder to aCcount for the 18:1ce}—daL3+‘,r\*\
-havfpg“its greatest effect when'Iocateéf;ea;\tﬂe/center of f
the acyl chaln. | | |
The_"F NMR or1entat10nal order studies descrlbed

hereln support the contention that spec1f1c structural

substituents Have both local and overall effects on fatty

acyl cha1n packing, partlcularly in the gel- state. The local
perturblng effect of structural substltuents can be observed
in the gel—state '*F-NMR order proflles of A. laidlawii B

membranes containing‘a variety of fatty acid structures.

1
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Similarly, the relative overall ordering in the gel-state
observed via "F-NMR (CiS-monounsaturated < anteiso-
branched < lso*branched < straight-chain) is exactly that
expected 1f the relatlve 1ntercha1n distances inferred from
,

the above model are correct It seems most reasonable that'
the”shortcomlngs in thlS 51mple model of the relatlonshlp
between chain 1nteract10ns and T reside in the failure to
account for both local and general overall effects of
spec1f1c structural substltuents.upon chain-chain inter-
actions When these Con51derat1ons are -taken into account,
the relatlonshlp between cha1n 1nteract10n energies and T
is’ most satlsfactory | |

When examlned from the perspective of biological
relevance, the‘gene;allzed-p1cture of the_relat;onshlp
between fatty ac1d structure, orientational order and 11p1d

phase state which has been presented in thlS last SeCthﬂ

. raises several p01nts of further’ s1gn1f1cance At 310°K, a

plot of Smo, versus Tm or (T-Tn ) 1nd1cates that those fatty'
ac1ds which most decrease the temperature of the phase
tran51t10n dlsplay the. lowest overall or1entat10nal order.,
_Although in absolute terms the dlfferences in orlentatlonal
order are small, in percentage terms there ex1sts ‘an
approxlmately 25% dlfference in orderlng between the most
.and the least ordered 51tuatlon. Thus a consequence of
lowerlng the 11p1d phase tran51t10n temperature is to |

'dlsorder the 11qu1d crystalllne state at phys1ologlcal

temperatures.,It has been estlmated that at some p01nt an.
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excess1ve1y dlsorderedﬁhembrane will begxn to dlsplay
negative phy51olog1cal effects
1t does not appear to be a straightforward proposition
to define afhniqoe degree of ordering below which the
membrane flplds may be said to be. "hyperflu1d" With-
1ncreas1ng temperature, in any.one case of enrlchment w1th a
partlcular fatty_acrd, orlentatlonal order decreases 1n'a
more or less linear fashlon. There 1s,then no temperature
above which order abruptly decreases. Defining a.
‘"hypertluid" point will therefore reqpire-coordinated
physiological and physical experimehts.'ohedsuch e#perimeht
might entailvmeasurementsrof,growth ratés and'yields at
different_temperatores combined'wrth an emaloatioh of
pembrane lipid orderihg ghderﬁcohditiohs of'enrichment.with
potentially hyperfluidizfng fatty'acids.. |
| .Conciuding Remarks
There are few research studles wh1ch prov1de

‘unequ1vocal answers to all the questlons env1saged upon
.the1r 1ncept10n, whlle it is to be hoped that those answers“",~
which were obtalned should ralse new and s1gn1f1cant
questlons‘requ1r1ng further research ~conclud1ng, I would
11ke to address what 1 cons1der to be the area of most

o _
uncertalnty regardlng the outcome of th1s research as well

~as to 1nd1cate promls1ng paths of 1nvestlgat10n whlch follow;

. irom the results obtalned
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 The two areas of ambiguity'whioh could most affect the

conclusions drawn from these studies are the estimated value

of the maximum chemical shift anisotropy for a MFPA in an

all-trans configuration, and the assumption of effective
axial symmetry in the gél—state. Although these two.points
were treated on the basis of sound theoret1cal ‘
considerations and indirect experimental observat1ons, there
is no replacement for direct experimentation. In fact a

single experiment should be able to resolve any doubts

concernlnq both questlons A study of the or1entat10n'

dependence of the chemical Shlft in macroscoplcally orlented
multi—layers of MFPA—containlng.l1p1ds.should prov1delthe

answers. If the position of the'fluorine resonance line was

3

st111 or1entat10n dependent at temperatures below the 11p1d
phase tran51tlon (i.e., a <3cos*9 1> dependency) then the
assumptlon of effect1ve axlal symmetry in the gel- state

would no longer be an assumptlon. Furthermore, the value of

:”(oll ‘l)mak could be measured dlrectly from the position
: of the fluorlne resonance 1ine at or1entat1ons of 0° and 90°
'idof the orlented mult1layers w1th respect to'the magnetlc
'fleld Resolut1on of these questlons would 1mmeasurably

“‘,strengthen the conclu51ons obta1ned in- thls research.

Turnlng to those questlons ralsed by the outcome of

hthese studles, 1t ‘can be 1mmed1ate1y stated that of all ‘the-
--gllterally hundreds of p0551ble fatty acyl structural h
‘gcvarlants, only a: few representatlve structures have been

'd'1nvestlgated The controver51al questlon of the effects of
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fatty acyl chain length on volume versus area in a lipid
bllayer may well be amenable to study via ''F-NMR. The
conformation and dynamics of many naturally occurring fatty
acid structures such as polyunsaturated‘and pqumethyl?

. branched residues remains at best uncertain- Furthermore, . .
many of the naturally occurrinc fatty acyl species such as |
methyl-branched chain fatty acids exhibit.multiple eﬁdo-
‘thermic transitions when incorporated into Pé's, in‘addition
to a gel to»liquidfdrystailine phase transition. It would'bef
of particular interesf to ascertain wbether the disordered
gel-state exhibited via"’F?NﬁR in membranes of A. laidlawii
B enrlched with methyl-branched fatty acids corresponds to
a particular 1ntermed1ate gel state in the homologous PC.

Of more immediate biological concern are the physical
consedUences ofsﬁhyperfluidityt, referring‘to‘a.temperature
at which a l1p1d bllayer becomes incapable of corrett .
functlonlng At what degree of acyl chain dlsorderlng does
this satuatlon prevail? "F—&MR'results suggest~that at
higber‘temperatures ordering?is arfunction.of temperature

‘_alone, be1ng llttle 1nfluenced by elther fatty acid or head-

‘“group structure, at least for A. IaldlaWIl B membranes.

'Does a 11p1d bllayer membrane become "hyperflu1d“ because
the temperature has exceeded the ab1P1ty of an orgau\sm to
1nfluence bllayer stablllty structurally’ How does the

v:"hyperf1u1d p01nt" vary from 11p1d structure to 11p1d

v'ystructure?

LN

3
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A‘further potential for ''F-NMR studies of lipid.
membranes lies”ih\the as yet largely unexploited ability to
simultadeously'and‘independently monitor the physical state
of both-membrane lipids and proteins when the two are.
fluorine 1abelled.'The entire field of lipid-pro;ein
interactions is burgeoning and such a capability shouid

prove useful.



REFERENCES

o

Abragam, A. (196J)_Thé Pninciple§ of Nuclear Magnetism,

Oxford University Press, London.

% .

Alcantara, M.R.,-Correia.de Melo, M.V.M, Paoli, V.R. and

vanih, J. A. (1983) J. Coll. Interface Sci. 93, 560-561.

»
) . . «

o o

+
c

Allegrini, P.R., Van_Scharrenburg, G.,. DeHaas, G;H, and

Seelig, J. (1983) Biochim. Biophys. Acta 731, 448-455.

Bangham, A.D:, Hill, M.W. and Millér, N.G.A. (1974), in
Methods in Membrane Biology, V. 1, (E.D. Korn, ed.),

. Pleﬁum}Press, New Ybrk,rpp; 1-68.

a 3 ) )
'ﬁfBar;on,VP;G. and Gunstone, F.D. (1975) J. Biol. Chem. 250, .

| 4470-4476.

| LR ‘ - L _
'Birdsall,'N;J.M.,-Lee,jA.G., Levine, Y.K. and Metcalfe, J.C.

&

226



227

‘{, Burnell, E.E., MacKay, A.L., Nichol, C.P., Valic;

, and Weeks,G. (1978) Biochemistry 17, 5750-5762.

., Burnell, E.E., Valic, M.I. and Weeks, G. (1975)

“Chem, Phys. Lipids }4; 107-112.

Blume;ﬁA.; Dreher, R. and Po;aila,.K,,(1978) Biochim.

T

‘Biophys. Acta 512, 489-494.

Bouvier, P., Op Den Kamp, J.A.F. and Van Deenen, L.L.M.

ot

(1981] Arch. Biochem. Biophys. 208, 242-247.

SR A RN S
Bretscher, M.C. (1973) Science 181, 622-650.

\

. Brown, M.F., Ribéifo,-A.A;;and Williams, G.D. (1983) Proc.
r‘_‘«' ) < o

oo



\ ‘ : . 228

Nat]. Acad. Sci. USA 80, 4325-4329.

£

¥

3
ST
AN

Brown, M.F.;aSeelig, J. and Haberlen, U. (1979) J. Chem.

Ry

Phys. 70, 5045-5043,

Browning, J.L. and Seelig, J. (1980) Biochemistry 19,
o » ’ ’ .
,.‘\ o

1262-1270.

/

"_ Buckingham, A.D. athMcLaughlih, K.A.'(1967)vih PPogPeSS in

NMR»SpeCfnoscopy, V.. 2, Peggamah_Press, New York.

'Bu1dt,_G; and.Seeiig, J. (1980) Biochemistry.
‘ , .

v

BUrnell,'E.El,_MacKay,'ArL;,.Roef§D.C. and Marshail;'A.G.",-«

\

(1981) J. Mag. Res. 45, 344-351.

¢ ol

Y
3

- Campbell, R;F;,.MeiroviQQQ,éE;rédd Freed, J.Héi(1979).gr v

. B . R st .
' Phys. Chem. 83, 525-534. . .~ . T
LT o o T : Lo
| : ' s c L

FE .
 Chapnan,D. (1968) -in Biological Membranes (0. thapman, ed.)

R



229

Academic Pres,s', New York, pp. 1'_89—295..

Chapman, D., Owens, N.F. and Walker, D.A. (1966) Biochim.
- Biophys. Acta 120, 148-1055.

_ Chen, R.F. (1967) J. Biol. Chem. 242, 1973-1978. . sy

Christie, W.W. (1970) in Topics in Lipid Chemistry (F.D.
" Gunstone, ed.), V.

»

1, Wiley, Toronto; pp. 1-50.

vChristie,,W:W.'(1973):in.prid Analysis, Pergamon Press,
oxford, p. 10. -

C Y

o"

.ft;COhe};R-A‘ (1972) Natune 236 39 43
_ "\ 3 o
“I-J . ‘3 e . .

.'_COVelid,"., Marcondes Helene,&M E. aﬁafﬁéevés}”L.WQ (1983)';ffw:;’m
d Am Chem Soc: 105, 1469 1473 S jﬁ

.

Cronan, J.B.y S3r., Reed R., Taylor, F.R. and Jacksan, M B
“ (1979) d Bagterlol

P AR
R

118 121.



230

Cronan, J.E., Jr. and Vagelos, P.R. (1972) Biochim. Biophys.

%

[

Acta 265, 25-60.

Cullen, J., Phillips, M.C. and Shipley, G.G. (1971) Biochem.

J. 125, 733-742.

A,

Davis, J.H. (1969) Biophys. J. 27, 339-358.

- %
Davis, J.H. (1983) Biochim. Biophys. Acta, 737, 117-171,

Davis, J.H., Jeffrey, K.R. and Bloom, M. (1978) J. Mag. Res.

29, 191-199.

De Kruyff, B., Van Dijck, P.W.M., Goldbach, R.W., Demel,
R.A. and Van Deenen, L.L.M. (1973) Biochim. Biophys.
Acta 330, 269-282.° |

[}
i

i ‘

-Dill, K.A. and Flory, P.J.(1980) Proc. Natl. Acad. Sci. USA

77, 3115-3119,



231

DuFourc, E.J., Smith, 1.C.P. and Jarrell, H.C. (1983) Chem.

Phys. Lipids 33, 153-177.

DuFourc, E.J., Smith, I.C.P. and Jarrell, H.C. (1984)

Biochemistry 23, 2400-2409.

~ |
Engelsberg, M., Dowd, S.R., Simplaceanu, V., Cook, B.W. and

Ho, C. (1982) Biochemistry 21, 6985-6989.

Esfahani, M., Cavanaugh, J.R., pfeffer, P.E., Luken, D.W.
and Devlin, T.M: (1981) Biochem. Biophys. Res. Comm.

101, 306-311.

Farrar, T.C. and Becker, E.D. (1971) in Pulse and.FOUPieP

Transform NMR, Academic Press, New York, pp. 46-65.

1

Forrest, B.J. and Reeves, L.W. (1979) Chem. Phys. Lipids 24,

183-192.

" Gally, H.U., Pluschke, G., Overath,*P. and Seelig,'J..(1979)

Biochemistry 18, 5605-5610.



232

Gent, M.P.N., Armitage, I.M. and Prestegard, J.H. (1976) J.

Amer. Chem. Soc. 98, 3749-3755.

Gent, M.P.N., Cottam, P.F. and Ho, C. (1978) Proc. Natl.

Acad. Sci. USA 75, 630-634.

\ {
Gent, M.P.N., Cottam, P.F. and Ho, Cc. (1981) Biophys. J. 33,

211-214.°
Gent, M.P.N, and Ho, C. (1978) Biochemistry 17, 3023-3038.
Griffin, R.G. (1981) Methods Enzymol. 72, 108-174.

Griffin, R.G., Ellett, J.D., Mehring, M., Bullitt, J.G. and

Waugh, J.S. (1972) J. Chem. Phys. 57, 2147-2155.
Gruen, D.W.R. (1982) Chem. Phys. 30, 105-120.

‘Gunstone, F.D. éhd ISmail, I.A. (1967a) Chem. Phys. Lipids

1, 209-224.



233

Gunstone, F.D. and Ismail, I.A. (1967b) Chem. Phys. Lipids

1, 264-269.

Haest, C}W.M., Verkleij, A.J., deGier, J., Scheck, R.,
Ververgaert, P.H.J.T. and Van Deenen, L.L.M. (1974) °

‘Biochim. Biophys. Acta 356, 17-26.

a

Hentschel, R. and Spiess, H.W. (1979) J. Mag. Res. 35,
157-167. | |

’ »

_ ‘ - , o ,
Higgs, T.P. .and MacKay, A.L.«(1977) Chem. Phys. Lipids 20,

105-114. ’ ' .

Hitchcock, P.B., Maéoh, R., Thomas, K.M. and Shipley, G.G.

(1974) Proc. Natl. Acad. Sci. USA 71, 3036-3040.

1

Hubbéll, W.L. and McConnell, H.M. (1971) J. Amer. Chem. Soc.

93, 314-326.

Jacobs, R.E. and Oldfield, E. (1981) Progress in NMR

Spectroscopy 4, 1137136.



234

"Jain, M.K. and White, H.B. (1977) Adv. Lipid Res. 15, 1-60.

o

=N | | N

Jardetzky, 0. and Roberts, G.C?i. (1981) in NMR in Molecular

Biology, Academic¢ Press, New York, pp; 539-580. ‘ .

-

Jarrell, H.C., Butler, K.W., Byrd, R.A., Deslauriefs, R.,
Ekiel, I. ahd‘Smith, 1.c.p. (1982) Biochim. Biophys.

Acta 688, 622-673%.

>

a

Jarrell, H.C., Byrd, R.A. and Smith, I.C.P. (1981)\Biophys.

J. 34, 451-463.

Jarrell, H.C., Tulloch, A.P. and Smith, I.C.P. (1983)

Biochgmistry 22, 5611-5619.

Kaneda, T. (1977)\Microbiol, Rev. 41, 391—418.

)

Kang, S.Y., Gutowsky, H.S. and Oldfield, E. (1979)

 1Biochemisth 18, 3268-3272.



235

Kang, S.Y., Hinsey, R., Rajan, S., Gutowsky, H.S.; Gabridge,
‘ Q
M.G. and Oldfield, E. (1981) J. Biol. Chem. 256,

1155-1159.

Kannenburg, E., Blume, A., McElhaney, R.N. and Poralla, K.
. . . i ] .

(1983) Biochim. Biophys. Acta 733, 11i-116.

\ /

4 .

Kimmich, R., Sthnur, G. and Scheuermann, A. (1983) Chem.

Phys. Lipids 32, 271-322,
Lee, A.G. (1977) Biochim. Biophys. Acta 472, 237-344.

Lee, A.G., Birdsall, N.J.M., Metcalfe, J.C., Warren, G.B.
and RoBerts, G.C.K. (1976) Proc. R. SOC.‘Lohdon; Ser. B

193, 253-274.

Legendre, S., Letellier, L. and-Sbechtér, E. (1980) BioChim,fj

- . . .

',‘4*.

. Biophys. Acta 602, 491-505.

Levine, Y.K., Birdsall,ngJ;M.; Lee, A.G. and Metcalfe, J.C.

(1972) Biochemistry 11, 1a16-1422, . . . =



236

Levy, G.G. and Peat, I.R. (1975) J. Mag. Res. 18, 500-521-

»kpewis, R.N.A.H. and McElhaney, R.N. (1984) Biochemistry (in

_ press).

‘Longmuir, K.J., Capaldi, R.A..and Dahlquist, F.W., (1977)

Biochemistry 16, 5746-5755.

~Mabrey, S. and Sturtevant, J.M. (1978) Methods Membr. Biol.

9, 237-274.

Macdonald, P.M., McDonough, B., Sykes, B,D.\bnd‘McElhaney;

“R.N. (1983) Biochemistry 22, 5103-511i.

L8

. MacKay, A.L. (1981) Biophys. J. 35, 301-313.

Madec, C., McElhaney, R.N., Lewis, R.N.A.H. and Mantsch, H.

. (1984) Biochemistry (in press).

4

Mani{ﬁgf,'q;‘14969)‘Mfcn9bios;z,j525—131i’,_'



R 237

¥4

Marceija, S. (1974) Biochim. Biophys. Acta 367, 165-176.

" Marsh, D, (1980) Biochemistry 19, 1632-1637.

Marsh, D., Watts, A; and Smith, I.C.P. (1983) Biochemistry

22, 3023-3026.

' McDonough, B. (1981) M.Sc. Thesis, University of Alberta..
o . - . B c )

McDonough, B., Macdonald, P.M., SYkés,-B.D.-ahd McEihaney,

oy

R.N.: (1983) Biochemistry 22, 5097-5103.
 McElhaney, R.N. (1974) J. Mol. Biol. 84, 145-157.

: ,McElhahej('Rfo,Aisaza).Curpént-Topics;ih,MEmbﬁ} and Transp.
17, 317-380. | B o

&

L)

Ay

_ McElhaney, R.N. (1982b) Chem. Phys: Lipids 30, 229-259.



238
> )
McLaughlin, A.C., Cullis, P.R., Hemminga, M.A., Hoult, D.I.,
Rada, G.K., Ritchie,ﬂg.A., Seeley, P.J. and Richards,

R.E. (1975) FEBS Letters 57, 2130-218.

Mehring, M., Griffin, R.G. and Waugh, J.S. (1471) J. Chem.

-

Phys. 55, 746-755.

Meraldi, J.-P. (1981) Chem. Phys. Lipids 28, 227-239.

Meraldi, J.-P. and Schlitter, J. (1981a) Biochim. Biophys.

Acta 645, 183-192. =~
.

Meraldi, J.-P. and Schlitter, J. (1981b) Biochim. Biophys.

Acta 645, 193-210.

/I {{'.‘ <@

- Metcalfe, J.C., Birdsall, N.J.M., Feeney, J., Lee, A.G.,

Leving, Y.K. and Partington, P. (1971) Nature 233,v

L4

199-200.

" Morgan, G.T. and Walton, E. (1935) J. Chem. Soc. 290-293.

e

L}



o239
.

Nichol, C.P., Davis, J.H., Weeks, G. and Bloom, M. (1980)

\

Biochemistry 19, 451-457.

v

1

| . L )
Niederberger,.- W. and Seelig, J. (1976) J. Amer. Chem. Soc. e

=

- 98, 3704-3706.

Oldfield, E., Gilmore, R., Glaser, M., Gutowsky, H.S.,'
Hsung, J.C., Kang, S.Y., TsooE. King, Meadows, M. and
Rice, D. (1978a) Proc. Natl. Acad. Sci. USA 75,

4657-4660. / - )

Oldfield, E., Lee, R.W.R., Meadows, M., Dowd, S.R. and Ho,

c. (1980) J. Biol. Chem. 255, 11652~11655.

¢
oldfield, E., Meadows, M., Rice, D. and-Jacobs, R. (1978b)

Biochemistry 17, 2727-2740.

Pearson;'R.H;’ahd Pascher, I. (1979) Néturé 281, 499—5014

v T : .
B ’/ R "

‘Petersen, N.O. and Chiq,'s,l.a(1977) Biochemistry 16,

L 26571-gg67.




V-
e

N | ' . 240

v _ ;
Pink, D.A. and Zuckermann, M.J. (1980) FEBS Letters 109,

5-8.

-“»

pollack, J.D., Razin, S. and Cleverdon,¥R.C. (1965) J.

Bacteriol. 90, 617-622. /

post,.J.F.M., de Ruiter, E.E.J. and Berendsen, HyJ.C. (1981)

'FEBS Letters 132, 257-260. . o .

Post, J.F.M., James; E. &nd Berendsen,,ﬁ.J.C.‘(1982)AJ. Mag.

1

Res. 47, 251-263.

Rance, M., Jeffrey, K.R., Tulloch, A.P., Butler, K.®W. and
smith, 1.C.P. (1980) Biochim. Biophys. Acta 600,

245-262.

.Ranée, M.;‘Smith,>i.C.Pf and‘JarrelL,‘H,CL%§1983) Chem.
phys. Lipids 32, 57-71. S
Razin, S. (1975) Prog. Surg. Membr. Sci. 9, 267-312. f

»



N

e

e
241

" \'/ '
Rice, D.M., Blume, A., Herzfeld, U., Wittebort, R.J., Huang,

T.H., Das Gupta, S.K. and Griffin, R.G. (1981) in
Biomolecular Stereodynamics (D.H. Sarma, ed.) V. 2,

Adenine Press, New York, pp. 255-270. .

Rodwell, A.W. and Peterson, J.E. (1971) J. Gen. Microbiol.
68, 173-186. |

|

Saito, Y. and McElhaney, R.N. (1977) J. Bacteriol. 132,

485-496.

-

Saito, Y., Silvius, J.R. and McElhaney, R.N.'(1977)‘J.

Bacteriol. 132, 497-504.

' ) o ) \f@f

saupe, A. (1964) Z. Naturforsh, A19A, 161-171.

Schindler, H. and Seelig, J. (1975) Biochemistry 14, .

€

st B

&

fana seclis, 3. (1974) Biochenistry 13, #639-4845.

PN



Seeligqg,

Seelig,

Seelig,

Seelig,

- Seeligq,

242

and Seelig, J. (1975) Biochim. Biophys. Acta 406,

H

and Seelig, J. (1977) Biochemistry 16, 45-50.

9
(1977).Q. Rev. Biophys. 10, 353-418.° .

.
[N

. ‘and Browning, J.L. (1978) FEBS tetters 92, 41-44.

7. and Seelig, A.. (1980) Q. Rev. Biophys. 13, 19-61.

/

Seelig} J. and Wéespe-Saréevié, N. (19785 Biochemistry 17,

3310-3315.

4

~ Shapiro, E. and Ohki, S. (1974)»d1:CoJloid.IgtenfabeﬁSci;}l'

47, 38-49. N 7

7Silbert, D,é;,gLadanon, R.§. and:Honegger; JZL.“(1973)'

. Biochim. Biophys. Acta.311,.349-361.. -



243

Silvius, J,R. (1979) Ph.D. Thesis, University of Alberta.

Sllv1us, J.R. (1‘982) in "Lipid—P'r'oteiri_Inter‘action's (p.C. oy
Jost and O. H Griffith, eds.), V. 2, Wiley-Interscience,

New York, pp. 239-281.

A

» .

Silvius, J.R., Mak, N. and McElhaney, R.N,,(198D) Biochim.

 Biophys. Acta 597, 199-215.

. | | A :
'Silvius, J.R. and McElhaney, R.N. (1978a) Can. J. Biochem.

56, .462-469.

Silvius, J}R. and-McElhaney;‘R.N. (1978b) Nature 272,

645-647.

Silvius, J.R..and McElhaney} R.N. (1979).Chem. Phys. Lipids

25, 125-134.

-~

“ ]$11v1us, J. R and McElhaney. R. N..(i98651Chem. Pﬁys; Lipids"1 -

26 67 77 S



244

Singer, S.J. and Nicolson, G.L. (1972) Science 175, 720-736.

Skarjune, R. and Oldfield, R. (1979) Biochim. Biophys. Acta

556, 208-218.

Smith, 1.C.P., Butler, K.W., Tulloch, A.P., Davis, J.H. and

Bloom, M. (19]9) FEBS Letters 100, 57-61. _ .

lStockton, G.W., Johnson, K.G., Butler, K., Tulloch, A.P.,
A v
Boulanger, Y., Smith, I.C.P., Davis, J.H. and Bloom, M.

(1977) Nature 269, 260-268.

Stockton, G.W.,‘Po;naszek, C.F., Tulloch, A.P., Hasan, F.

- and smith, 1.C.P. (1976) Biochemistry 15, 954-966.

Sturtevant, J.M.,'Ho, C. and Reimann, A. (1979) Proc. Natl.

Acad. Sci. USA 76, 2239-2243. ' .

Van, S.P., Birrell, G.B. and Griffith, O.H. (1974) J.

M@g.Res. 15, 444-459,

-



245

van Dijck, P.W.M., de Kruyff, B., Van Deenen, L.L.M., de
Gier, J. and Demel, R.A. (1976) Biochim. Biophys. Acta

455, 576-587. @

¥

Wennerstrom, H. and Lindblom, G. (1977) O:“ﬁev. Biophys. 10,

67-96. ' . Y

Wittebort, R.J., Schmidt, C.F. and Griffin, R.G. (1981)

Biachemistry 20, 4223-4228.

Zaccai, G., Buldt, G., Seelig, A. and Seelig, J. (1979)

J. Mol. Biol. 134, 693-706.



