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- ABSTRACT | . | N

‘The’objective of thia work was~throefofd. Firltiy, the synthelil‘of

specific monofluoropalmxtxc acxd enalogs. Secondly, an evaluatxon of

these monofluorinated fatty acxds as ’F-NMR probes of lxpxd bilayers.

Thxrdly, a ltudy of the effect of fatt; acid structure and temperature

on the orientational order. of the hydrocarbon chains through the lipid
s v

'bilayer of a biological membrane, specifically, the plasma membﬁ e of - S

‘Acholeplasma laxdlawxx B, using these monofluoropalmitic acid analogs as

A

. 'F-NMR probes._» \ S t | N -

The sxmxlar;ty in size| of the fluorxne and hydrogen atom{ the 10w
4 (

reactivity of the carbon—flu rine bond in an alkyl chaxn, ‘and the high

\
sensxthxty of °F- NHR spectroscopy suggest that the SpeC1f1cally mono—

)1

"fluorxnated fatty acids may be useful NMR probes of membrane structure.

To evaluate the possihle perturbat1-~ t the 11p1d bxlayer by- the
P ‘ﬂ’

fluorine atom, the thermotropxg.,‘%n:e' favior of a series of di—mono-

‘ fluoropalm1toy1 phosphatxdyi a&( 4 gt udxed and the':EEUlts indi~ -
| ‘ i@

m! . ,
cate that their propertxes closely resembied those of the non—fluori-,

nated analogue, dxpalmxtoyl phosphatxdylchol1ne In addxtxon, the incor-
porat1on of up to 30 mole A of various monofluoropalmxtxc acids 1nto the

membrane 11p1ds of Acholeplasma laxdlaW11 B did not adversely pffect the

growth of this organxsm. At higher 1evels of 1ncorporat1on, these
fluorxnated fatty acids progressxvely decreased growth y1e1ds, thh this

effect be1ng greatest for the isomers with the fluorxne atom substituted

“

nearest the_carbonyltgroup e fatty acid. Moreover, the levels of

incorporation of these fluorinated fatty acxdsvwere similar to_that of
palmitic’acid. Finally, the determined order parameters of the

monofluoropalmitic acids incorporated into palmitic acid-enriched _ )

L



o o | -
membranes containing various leuela of the'probes vere conatant,
suggesting the monofluoropalmitie acide eloaely mimicked the pnylical :
‘propertraa‘ofipalmitic acid in the membrane of this organilm. Taken |

} toget r, theae results suggest that these monofluorinated fatty acids
! : ' ! -
can be utxlvzed as aenutxve(and relatively non ‘perturbxng probes of
»fatty acyl cﬁaxn organization in model and bxologxcal membranes.

The aecond aspect of this work was to study the effect of fatty

acxd structure and temperature on acyl chaxn opder in a lipid bilayer.

To this end I have collectgd 19F-NMR spectra®* pf Acholeplasma laidlawii B
.memBranes containing predominantly one fatty acid plus a small amount of-

_one of a number of the monofluoropa1m1t1c acid probes. Spectra were //
collected above and (where p0551b1e) below. the ph;se transxtxon of the
! membrane lipids as well as at the optimum growth temperature (37fC).
\UFrom these apectra an orientational order paramater ,s;, was dé&ermined
. : ' for a.number of positione along the chain. The results indicate that the
,1order is markedly dependent on both-the acpldgnaln structure and the
. : @

s ’ / < : ' ‘
temperature. At the .same temperature the presence of a methyl group near

‘the methyl 9érminus of the chain decreases the average'orde;, but

increasesftge length of the plateau region relat1;e#ui 'Y,

chain sa :rated fatty acids. In contraat, the presenceg‘wi

bond d¢creases oothythe average order and the length of -the plateau

regign. Similar results.uerelobserved belou the phase transition, while

. at/a fixed temperature above the phase tranaition og the membrane ﬁipidaﬁ

— . ‘ R E
bb/kfelative to gne midpoint of the phase transition, the average order in o

the presenee of a methyl group and a t;ans-double bond increases

¥

relative to when these groups are not present. These results sUggest

i
I

that by controlling the structure of its membrane fatty aC1ds an

: . . | Vi .‘>\ . | . ."
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organism may cpnfrol both the absolute order and tﬁo order pro!ili‘of
the hydrocarbon core of its lipid biliyer. \ .

) ] ! “
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I. INTRODUCTION
onlogxcal nembranes consist prxnar11y of lipids: and protexns. Only in
the past decade, after Singer and Nicolson (1972) proposed the fluxd
mosaic model for the molecular organxzatxon of bxologxcal membranes,
have the wtrugtural'and functional aspects of the individual components
been understood'(Sing;r, 1971). A typicalicell membrane is composed of

amphipathic lipid molecules organized into a lipid bilayer, with the
i . .

hydrophilic headgroups exposed to the aqueoﬁs environment and the

,hydrophobic acyl chains intera;ting‘to form a hydrophobic bilayer core.

The proteins are "dissolved" in the lipid matrix and may be classified

as either peripheral or 1ntegral membrane proteins. Thesé two classes

»

may be ‘distinguished by the way they interact with ‘the 11p1d bilayer.
Perxpheral proteins interact prxmarxly through electtostatxc
igtefactions with the lipid headgrdups.'ln contrast, integral proteins
also exhibit larée iﬁte;actidns'wi;h fhe‘hydyqphokic core of the
bilayer; Integral proteins may be further classified as either
tréns—mehbraﬁe proteins which span theilipidAbiléyer, or proteins that

are only partially embedded into one side of the bila;er. As a

. consequence of these differences bégween periphal ?nd integral membrane

proteins, they are easily distinguished éxpe;imently._Peripheral -

prqtein; may be extracted from the membrane by gentle,sonication or Py
high salt ;onceﬁtratibns, whereas the extraction.of"infegral proteins
fequires moré vigorous ?featments such as thé use of detergents. Tﬁem
11p1d bilayer may be thought ofkas the permeabllxty barrler for the
cell, whxle the membrane protelns funct1on as actxve transport systems,
enzymes, hormone receptors and other thlngs associated with membrane

activities. ’ P
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One of the many interelting questions rlised by this model

concerns the structural and dynamxcal propertxes of the lxpxd bxlnyer.

o

An enormous heterogenexty of lxpxds have been found to exist in
membranes, indeed even within the same membraneA(Guxdottx. 1972) .
Questions as to how this heterogeneity is énvolved with the regulation

of membrane protein activity, lipid ié{ﬁractioﬁs, and membrane

properties encompass a major pdrtion of prese&t day membrane research. I

will concentrate my review ptxmarxly on - the membrane lxpxds,

specxfxcally on the organxzatxon and dynamxcs of the 11pxd molecules in

a lipid .bilayer.

&

In the past fifteen yearsia large amount of research Mas been done,
in this area with a weaith of information coming from spectroscopic
N 2

techniques (Andersbﬁ, 1978) . The maJor questxon addressed in these

studies is how the ratgs of motion of the lipid molecules are related to

the structﬁre.df these molecules. In order to address this question the

ideas of fluidity and order of the lacyl chaiﬁs in a lipfd bilayer must
be undefstoop. o ’

A great deal of.confusioﬁ in membrane research has resulted from

the ambiguity of the term "fluidity" (Schreier gg al., 1978). For an

fsotropic solution, the fluidity is definéd as the reciprocal of the

viscosity. Nithin'the confines of this strict definitibn, the concept of

L

f1u1d1ty cahnot be strictly applxed to an ani'sotropic system such as a
lipjd bilayer, which exhibits restricted motion and part1a1 orderxng of
the lipid molecules. In an axially symmetr1c system such.as a lipid
bilayer (Selter arid Chan, 1973 chhtenberg et al., 1975), tluidity is

descrlbed as a measure of the different rates of motion of the 11p1d

molecules, whxch cannot be descrlbed by one correlation txme as was the
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case for an isotropic system,,but is compb;ed of a number of different
correlation times defining the motion of the headgroups, rotation of the

acyl chains around its long axis, chain tilting within the Pilayer and

trans-gauche isomerization about carbon-carbon bonds. Thus measurements

of these different correlation times gives information about the

.dynamics of the lipids w{thin the bilhyer.

.-iw ®
* A second aspect to be considered is ‘the organization of the ;i
in the bilayer. A structural order parameter may be derived that is 3%

measure of the'average position of a particular region of an acyl chain

.

with respect to the axis of symmetry, i¥ this case the bilayer normal.

For a completely ordered biiaygr a valuesof one is assigned to the order

\ /

T oo .
parameter, Sz, which means that all the chains are in the all-trans

conformation and are arranged parallélxto the bilayer normal. A value of

. : hS
zero for Sz implies a completely "random" orientation of the chain with -

- respect to the bil;Qer normal. This ''random” conformation may be the
fesu}t o{ the isotropic averasing éf the ﬁolecples (fast motion) dr due
to the "immobilizatioﬁ“wpn the NMR time scale\of the acyl chains in a
Highly disordé%ed_sfate (siow motion) which may occur in the case of
protein-lipid intefacé}éns in the bilayer (Jost et al., 1978; Kang et -
al., 1979). Thus values of the order parameter between these two li;itsf
are a measure of the average 'deviation of the chain segment from the

"bilayer normal. This.defigition of the ofdér of a system does not

_ require any ksoyledge of the/rétgs of motion of the molecules, bﬁt»only

&

that these motions are not.isstgopicﬁlly averaged within the time frame

~ . v

of the experiment. Although the order parameter is a structural
parameter, it is not completely independent of time. If a motion is fast

enough to isotropically average particular structural conformations,

5
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then the measured order will not include any contributions from this

conformation. However, if the experiment is repeated where the time

’

scale is shorter and this conformation is not isotropically averaged,
N

then a different value of the order may be observed. Such a situation

_may arise when one measures the osder with nuclear magnetic resonance

(NMR) and electron spin resonance (ESR), and must be takgn into account
when comparing order parameter vaiues oStained using the two techniques.
A final point to ;onkider is that for a sysfgm in which Sz is

greater‘than zero, the compohents must be underéoing motional
festr1ctxon or partial ordering. The absolute value observed for the
order parameter does not contain information about the absolute rates of
motion or fluidity; however, for a particular system, such as a lipid
bilayer, an increase or decrease in the order'parameter (as a result of
a decrease or incr?ase in the températute or fhe ;ddition of choles-
terol) telLs ﬁs ?hag%the degree of motional restriction experienced by
the lipid molecules has changed (Peterson .and Chan, 1977), which in turn
will be reflected in éome‘or~a11 of the rates of motions of fﬁebripids.
Thus the relative'cﬁanges in the values of Sz observed for’a particular.
system usxng the same experimental technique will correlate with the
relatxve ;hanges in the fluxdxty, where an increase in the observed
"order due for example to a decrease‘xn the temperature, implies &hat
there has been‘a.relgtive dgcrease in- the %ﬁyidity.

o

A number of spectroscopic techniqués have, been used to study the

structure and dynamics§of acyi.chains,in bilayer‘systems.‘ln the

\

following brief review 1 préseﬁt the information that has been obtained
from these techniques as well as the advantages and disadvantages

inherent in each.



A. Infrared and Raman Spectroscopy

. Infrared and Raman spectroscopy sample the vibrationnl transitions
of molecular bonds, which occur on s time acale in the range of 10-1?
seconds. Since these times‘are much fastoifthln any of the motions
experienced by the lipid molecules (translation, rbtation, or isomeri-
zation), this technique gives us a static picture of the bilayer,“which
contains no information about the rate of motion of fhf molecules. There
is also a large amount of spectral overlap of a number of the relevant
visraﬁional transitiogé (Gaber et al., '1978), which complicates the
assignments of the spectral peaks. These problems may be partially over-
come by the use of deuterated fatty acids, where the carbon-deuteron
bona vibration can be differentiated from the carbon-hydrogen bond
(Mendelson et al., 1976);‘however,'up to this point use of deuterated
fatty ?cids have been\limitea primarily to‘siwple model systems
(Lavialle'and.Levfn, 1980; Levin and Bush, 198i; Cameron'g&_gi;. 1980).

The biggest disadvantage in the use of infrared spectroscopy is the

P

large absorbance due to water, which when present obscures the tran-
sitions of interest: Water, howevef, does not affect the raman
scattering experiment (Lippgft and Peticolﬁs, 1971). The ;dvantages of
this type of spettréscopy ;gé that it 1s ﬁon-perturbing in that pp_probe
needs to be added, and fhe vibrationdl transition frequencies are depen~
'dent‘on the éonformation ;f the fatty acid chai;s.(Gaber and Peticolas,
1977; Cameron gt al., 1980). Thus it is sensitive to the number of ¥
gauche conformers present in thé‘acyl chain, which in turn can be
related'to the degree of order in the bilayer (Trauble, 1971; Gaber and
Peticolas,\1977). These studies have shown that at temperatufes well
below the phase transit;oﬂ, wgere all_th; lipid is in tge gel state,

i



there still exists some disorder in the acyl chain plciing. indicated by
the presence of gauche and ";:nk" confbrmerl (Trauble, 1971). As the
temperature’is increased, the lvera;oynumbor of these conformers
gradually ;ncrnasel until the onset of the gel-to-liquid crystalline
phase transition. At this pdént, there is a large decrease in éhc order
of the chains and a large increase in the average number of gauche
conformers (Mendelson and Maisano, 1978). These observations agree with‘
éariier x-ray diffraction and electroh microscopic results which show an
increase in the area occupied by the'iﬁdividual chains (Engelman, 1971),
accomﬁan{ed by a decrease in the bilayer thickness (Terry et al., 1967)
~as one goes from fhe gel to the liquid-crystalline state. These resuits
are interpreted as a decrease in the average chain length due to the
increase in the number of gauche canformer; present in the‘acyl chain in
the liquid-cfystalline state.

-

B. Fluorescence Spectroscopy

¥

The pajor advantages of fluorescence and ESR spectroscopy are the
high sensitivity of these probes and the relative ease with which tbp
daia 6btained may be analyzed. In a fiuorescence polarization experiment
a’ probe-to-host lipid rati§ in the range of 1 to 500 is sufficient to
obtain/goqd experimental results. When fluorescest probes are inter-
calated into lipid bilayers, they exhibit anisotropic motion. Thus wheﬁ
one measures the decay of the polariz;tiOn of these probes, it 1is
poss;blé fo.extract the orientationa}.and motiénal'paraﬁeters of these
probes, which in turn ‘may be cofrelated to the orientation and dynamics
of the probe_environment‘(Shinitzk& and Barénholz, 1978), within the

time scale of 10°* to 10°® seconds.
.

7



These probes may be divided into three types. Probes such as
l-nnilino~8—;lpthllono (AN) or diphenylhexatriene (DPH) are lipid
soluble and freely diffusable within the bilsyer, but do not have
structures closely resembling those of natursl lipids (see fig. 1). A
locénd type is represented by n-§9—anthroyloxy)~fltty acids, iq whicﬁ
the fluorescent group is covalently liﬁkod to a fatty acid, which may
either be incorporated into a phospholipid or intercalated into the
bilayer as a free fatty acid. Thirdly, probes such as the parinaric
acids, which are naturally occurring, highly conjugated polyunsaturated
fatty acids. .

iA major problem associated with the first type of probe is that
their position in the bilayer is not known (Lentz et al., 1976). Because
these probes are freely diffusable throughbut the bilayer, differences
detected in their fluorescence méy ;eflect change; in the bilayer or may
be the result of changes in Fhe distribution of the probe within the
pilayer. Recent fesults'have indicatd that thesevérobes may preferen-
tially partition at lipid phase boundaries or around membrane proteins
(Thulborn and Sawyer, 1978). This disadvantage may be over;ome by thé
" use of the other types of ﬁrobes desg?ibed aboyg. In these.c;ses the
fluorescent group's position relative to th; surface of the bilayer is
fixed and only lateral diffusion of the probes océur,(Thulborg and
Sawyer; 1978, Lesshauer et al., 1972).'IntuitiQ;ly one might predict ‘
that the extent of perturbation introduced iggo a bilayer by a proge
will be closely related to its size. This predicts that, with the .

. exception of pafinaric acid, fluorescent probes will be more pergurbing

than ESR probes (see fig. 1). Cadenhead and co-workers (1975), however,

have shown that the amount of perturbation is not only a.function'of

b
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Fig. 1. The structure of some of the commonly used spectroscopic
probes of lipid bilayers. '
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" . size but also of ‘the relat;ve polarxty of the probe They-did studies
‘.‘u51ng a w1he1my plate f11m balance, whxch measures changes in surface
apressure and surface potentxal as a functxon of the surface area of the
’ molecular film. They showed that 12—(9-anthroyloxy) stearxc ac1d had the‘
same surface potentxal as that of stearxc acid, 1nd1catxng ‘that the
'anthroyloxy group was not exposed to the.surface but remains burxed in
Vthe hydrophobxc region of the film. Hzxed fxlms of this probe and
dipalmitoyl phosphatidylcholilnequC) in a ratio of 1:50 showed~s1gnifi?
cant negatlve devxatxons in the surface pressure when compared to pure .
d1pa1mxtoy1 PC fxlms. This suggests the anthroyloxy group actually had a
“coﬂdensxng‘effect on'the'PC fxlm, leadxng to the conclusxon that these
probes haVe.a‘narked effect on‘their microenvironment. Extensive studies
von the behav1or of fluorescent probes in lipid bzlayers have been done
A(Bladely et al., 1973; thnxtzky gt 314,197}, Shinitzky and Barenholé,
¥ 1578)‘-The results observed in'f1u0rescence'polarxzatxon experzments were
l§“\\\found to depend on the paréxcular probe used (Bladely etval., 1973) The |
. }ntroductxon of cholesterol into the lipid bxlayer due to the addition
’fof cholesterol (Butleret al.;’1970) was found to have dxfferent effects
3on various probes. Cholesterol had hardly any effect on. the apparent
: mobxlxty of 12 (9-anthroyloxy) stearxc ac1d, whereas it drastxcally '
?reduced the mobxlxty of the probe 2, 2= V1nylened1-p phenylenebxsbenzox-
: o=
jazole (VPBQ) (see fxg 1); both probes of the hydrophobxc regxon of the-
gbxlayers. In add1tlon, for the two surface probes, n- octadecylnaphthyl—
?2 amxno 6-su1fon1c acxd (ONS) and AN cholesterol was'shown to have
op}ob1te effects on their moblllty ‘Cholesterol increased the. mob;lxty
of ONS wh11e it decreased the mobxlxty of AN when 1t was present Proton

magnet1c resonance studxes have also been done in the presence of a’

i .
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number of different fluorescent probes to evaluate their effects on acyl
b} v . . . t

chain properties (Podo and Blasie, 1977). Incorporation of 12-(9-
anthroyloxy) stearic acid into dipalmitoyl PC liposomes was found to
A ‘ _ ; : ‘

seleetively increase the eheulcal shift of sOne of the methylene protons

as well as decrease the T, values of these protons. Selective line

vbroadenrng was also observed indicating that the probe reduces the

motxon of the methylene and methyl termxnal portxons of " the acyl chaxnsm

s

‘These'results agree thh'thevmolecular film studxes preV1ously

dxscussed whxch suggest this probe has a condensxng effect on the

nexghbourlng acyl chaxns when present in the bxlayer. The 9- anthroyloxy

‘derivatives’ of stearic and palmitic aC1d,.where the anthroyloxy ‘group

)

'has-beeh covalently linked to.various'positions of the fatty acid chain,

have been used to evaluate the mobility of the dlfferent segments of the

cha1n in a bxlayer (Trlley et al., 1979; Thulborn and Sawyer; 1978) .

These studies reveal that the mobllxty of the probe increases lrnearly

R

as its dlstance from the headgroup increases 'in PC lxposomes (see frg.

2)-.

C. Electron'Spin/Resonance §pectroscopy'

With the discovery of stable'nitroxide groups, the use of ESR asls'

'probe of membrane structure became a powerful techn1que (Hubbell and

McConnell, 1971). The more commonly used probes are lxsted in fig. 1,

" and are somewhat analogous to the preV1ously mentioned fluorescent

probes. TEMPO is a7freely diffusable probe similar to AN and DPH, while
the fatty acids with thexcovalently linked nitroxide group resemble the
n~(9-anthroyloxy) fatty acid'probes. When these probes are intercalated

into llpid bilayers'the§ also exhibit anisotropic motion, and from the
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diéfanﬁes betweenbthe hyperfine splittings an order parameter may be

calculated (Anderson,'IQ?B). In addition, the w{dth of the re#onanceA
iines are sensiiive.to_the rates of motion Qithin the time scale of 10°7
to 10-* seconds. Motions with ffequencies of less than 107 hertz (Hz)
‘are too,siow ;q be detected by ESR,.while.those greafer than 10’ Hz are
) isotfbpically averaged to z;ro. As'is th; case for'fluorescent probes,
Fhe ESRvprobeﬁ are very sensitivé, thus only small quantities of the
prob; are-needeq, typically of the order of one percént. )

The similaritieslbetgéen thé ESR.ang fluorgseeﬁt prgbes'oﬁtlined

i B

*aﬁove subject these probes to the same criticisms‘in terms of the amoﬁnt
of perturbation introduced into the biléyer. As late as 1975 some !
wb%kerg had concluded thgt ESR probes did pot infrodpce any ﬁajor

pe}turbatioQﬁ into the bilaybr at concentrations of léss‘than or equal

to 1% of thé[lipid.pgesent. It was thought these levels were low éhough

to preclude any perturbation due to the probe (Hubbell and .

McConnell;lé?l; Hemiﬁga, 1975). Thesé,conclusions were based on:obsef—_
vatiéns of littie or no macroscopic changes ip.the prpperties of the
lipid bilayér in response to the presence of the nitroxide probes.
Nitroxide—labelled stearic §cid intercalated into dipalmitoyl PC Iiéo-"
somes accurately repdrted fhe gel—to—lfquid crystalline phase
-'tfaﬁsition, seeh 'as an abrupt increase iﬁ‘the mobiliﬁy of the probe
(Hubbell Snd>McConnell;‘1971). In adﬁition, varying thi;|pro$e‘concen—
tration from 1% to as low as 0.02% did ﬁot gffect.the calcuiatéd'valués.
.of the order Paraﬁeter or the observed rates of motion of the probe
(Heminga, 1975);vThese experiments, however, c;nhot answer quesfidns

about the microenvironmental changes introduced 'into the acyl chain

broperties by the probe molecules. Such changes could result in
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é€rroneous predictions cohcerning the absolute and relative values of
. .

- both orientational and dy?amxcal propert1es of the acyl chgxns
comparison of the effects of the 12-nitroxide stearxc ac;d and 12— (9-
anthroyloxy) stearic acid in monomolecular films indicates that the
nitroxide group is more disruptive than the anthroyloxy grooé, Signifi-
cant increases ie’both the surface potential and the surface pressure of
the film are seen when the nitroxfde group is present (Cadenhead et al.
, 1975). These results indicate the aitroxide moiety prererentiallyvf
interacts with the aqueous surface at lower temperatures, due to the
relatively high polarxty of this group, which may result in its exc1u51on

h“

_from the hydrophob1c core when the bilayer is in the. gel state. If the

L

temperature is increased one observes an initial decrease in the surface

-

pressure exhibited by the monolayer when the”probe is present (Bell et
gl;, 1978"Cadenhead and Muller-Landau; 197&5. This is thought to oocur,:'
- because the ihcrease in temperature decreases the order og the monolayer'
which allows the probe to 1ntercalate into the hydrophoblc regxon of the
monolayer. This in turn would result in a reduction in the area ocoupxed
by the probe molecules. This conclusion is consietent with reports that

12-doxyl stearic acid preferentially partitions into the more fluid or
disorderedfreggons of the lipid bilayer (Butler et al., 1978; Oldfield
et al,, 1972). Comparison of the observed order parameter versus label

p051tron on- the apyl chaxns of dxpa1m1toy1 PC Ve51c1es reveals large
differences between the results obtalned with NMR (u51ng deuterateo
stearic acids) and ESR (using doxyl stearic acrds) (Taylor and Smith,
1980: Seelig}and Niederheréer,v1974: %utler et al., 1978). The ESR |

probes indicate that the order of the aéyl chains decreases linearly

from the carbonyl group to the me yl terminus, whereas the NMR probes
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indicate that']he order of the chains remains constant up to the
b3

10-position, - liowediby 8 rapid decrease towards the methyl terﬁinué

(see fig. 2). These results are difficult to explain in the absence of

— A

"any perturbation due to the ESR probe even in light of .the time scélg

1
°

differepces between the fwo techniques. If a motion is(f;st ;houghlto be
aQeraged on the NMR time scale but_not;the\ESR time scale; then the
additional anisot}zpic motion seén,in the Egﬁ experiment would be R
ekpeéted to-in;rease the magnitude of ;be observed order parameters
relative to those observed in the NMR expegipént. In fact one sees a
:decrease rather thén an increase in theseé®values, iﬁdicafiﬁg that these
ESR probesiinfrgéuce\a significant pefturbation into their microenviron-—
ment when incorporgted into thé'hydrophbbic region of the lipid bilayer
(Seélig-and_Niederberger, 1974) . , : 5

2

D. Nuclear Magnet£C'ReSonance Spectroscopy

‘The-disadvantages of‘NﬁR, that have restricted its use as a
technidue f§r fhe study of acyl chain order, are th; relative insensi—
tzvxty of this method and the complexity 1nvolved in tryxng to analyze
the spectra once obtained. Recent techn1caI advances have part1ally
overcome the first problem; while the theoret1cal treatment . requxred for Y
the analysis of the spectra- has become better developed in recent years

(Peterson and Chan, 1977; Bloom et al. 49&5 N1ederberger and Seelig),
! : .

1976) . ’
A"méjor advantage over the other spectral techniques is the
nbn—pefturbing natJre of the NMR probes. A number of nuclei have proven’

useful in studies of model and biological membrane systems, notably: *Hj;’

1sF; 2H; '3C; ?!P; and '°N, listed.ih.ordéf of decreasing sensitivity
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with }éspect to the NMR experiment.

The nuclei ?!P and '*N have been used to study fbe orientation and
mobility oflﬁhe lipid headgroups (Kohler and Klein, 19}7; DuFourcq and .
" Lussan, 1972), while 13C has been shown to Se potentialiy ideal for
measurements of gorr;iation times of both the headgroups‘andidifferent
regions of the aéyl chainSIQCornell et al., 1980) . However, up to very
recently the low sensitivity (.25 that of ‘ﬁ) coupied with, the lowb
natural abundance of *°C (1.2%), has limited its use as a membféne probe
(Smith, 1979). |

Of thé nuclei disted above primarily three, ‘H,w"F, and 2y, ﬂave
been used to‘;tddy the organizagion‘of acyl'chaihs:in a lipid bilayer.
Of these *H is the most sensiti?e;‘howé@@r{ it 1is ubiquitoﬁ; inilipids,
precluding its use for measurements of sggmentgl order_par;ﬁeters alohg
tﬁe‘acyl'chain. Méasurements of the average order of the chains
expressed in terms.of an order parametgr have beeh_determi&eq‘(Ulmiusisg
al., 1975), but this offers no ihsight into the differences th;f exist
in-the.ordering of different regions of the acyl chai@s.

By far the most used nucleus in these t;ﬁés of studies has been
‘déutefium;(’ﬂ). Fatty,ﬁcidﬁ may b; specifically déuteratéd so” that the
location of thg probe in the bilayer is known, and the ordeerf_spécifiE
regions of the chains may be aetermined, The firﬁt_study utilizing this
techﬁique was'ddne‘with sélectively‘deuterated dipalmitgyl PC with thp
deuteriuﬁ located at various‘positions along thg acyl chain'(Sgelig and
Seelig, 1974). It was shown that the ordering of thé‘palmitoyl chains
above the phase traﬁgition‘remained cons}ant up to 10 carbqgs from the
glycerol»backbone4followed by a rapid decrease in,the.ordef from the 
10-p§siiion to fhe methyl terminus'(;ee'fig. 2). The first applicatiop

-
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of the technique to a biological membrane was the incorporation of\
deuterated palmitic acids into the plasma membrane of Acholeglasma
laidlawii B (Stockton et al., 1975). The isolated membrane contained
approximately 7OZ ealmitate, and the order parameter“profile of thi;
membrane above its phase transitieq temperature was remafkabl& similar
.to that obserred in the‘dipalmitoyl_PC model system, fhe only difference
being a large decrease in the absolute values of the order parameter in
the'é;'laidiawii B membrane, iadiceting that this biolegieal membrane is”.
mucﬁ more di;ordered'than the model ;ystems..The seccees of»these “

experiments has led to this technique being applied to other biological

systems, notably Escherichia coli (Nichol et al., 1980; Davis etal.,

1979). The dzsadvantage of deuterium is 1ts relatxvely low sen51t1VLty
(0.41 that of 1H) in the NMR experxment. In order to obtain spectra with
signal-to-noise retxos comparable»to those obtained with fluorine under"
simiier’experimenial coqditions, approximately 4 times the amount of
eeterium would be'required. Ihes large amounts of the probe are usually
reeﬁired in the syséem under study, aﬂd typi;all&;deuterated fatty acid
enrichments of greater than 50 mole % areQemployed.

The greater sensitivity of fluorine (O 94 OleH) means that much
less of the probe must be present, thus one can determlne the order of
the membrane bilayer in a s&stem where the probe'ie not the major
constffﬁeht of the'membrane»fatty acids. The similarity in size and
react1vxty of the fluo ine atom in an alkyl(ehaln to that of"- hydrogen
suggests thaf “fluorine may be a relatxvely non- perturbxng probe of -
membrane structuree/I//date there have been stud1es done using °

monofluorinated fatty eeid prqbeS'(Birdsali et al., 1971), as well as

studies using difluorinatéd fatty acids, with the two fluorines bonded

BN
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to the same carbon atom in the alkyl chain. (Gent et al., 1976; Gent et

al., 1978; Gent and Ho,;1978); All of the work in biological systems

have been done with.difluorinated fatty acids in Escherichia coli
membrinesﬁ however, receht_reports indiéate that the difluqrinated'probe
may introduce a;lignificant perturbation into the acyl chaiq pagking ;nd
interaction; (Oldfield-gg al., iQBO;ASturtevant gi al. , 1979: Longﬁuir
et al., 1977). DSC studies of dimyristoyl PC mixtures of the difluori-
nated and non;fluorihated myristic acids indicate»that ;hg twovfxuorine
étoms may be actipg as a bpseudo—ungaturated stte in the acyl chain"
(Sturtevant et él;’ 1979). In additioﬁ; observations of the 6rder

deuterium NMR in the presence and the absence of the

/

parameter from;
. difdﬁorinated pfobe indicated that this_sub;titution introduces a local-
.&isordering éf the acyl Fhains, which was observéd as a 307 decrease in
the calculated deuterium order paf;méter in the region of the difluofo‘
group (Oldfield et al., 1980).

In su;mary, each.df the techniques discussed. above have some limi-
tations. Clearly the most versatile are the fluorescent and ESR probes,
which ;equire thé presence of very small amounts of probe. Howévér, one
must always be‘éwape of the pérturbét}bn introduced‘intﬁ the system when
using these probes. The NMR probes are much less sensitive tha; either}
the fiuofescent or ESk probe;,'wﬁicﬁ mékes‘them impractical .to use
uniess iglativ;ly large amounts of the progg'may be infroduéed into the
systeﬁ undeg study. Nevertheless, the non-perturbing natﬁ;e of thgse
proﬁes make them ideally suited for ;¥udies of the‘acylichain}order,
where evén small perturbations méy‘lgga to e;ronéous results.

The purpose of this work is to look at the effect of acyl chain

A

" structure on the order of fatty acid chains through the lipid bilayer in

1
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the membrane of A. laidlaﬁii B, using a s;ries of monofluorinated
palmitic acid analogs as NﬁR probes. The approach used is to incorporate
a number of structurally different fatty acids into the pla;ma membrane
of A. laidlawii B along with a small amount of one of the fluorin;ted
fatty acids. When this organism is cultured in the presence of avidin, a
biotin-binding protein, endogenéus fatty acid synéhesis is aboii;hed
(Silvius and McElhaney, 19783). Under these cbnditioqs thélorganism
readily'incorporates_exogeneous'fattQ acids into its plasﬁa membrane,
,thﬁs the membrane may be made hoﬁogeneous with respect to its fatty acid
compositihn for a number of‘different fatty acids (Silvius et al.,
1980). If a small amount .of one of the monofluorxnated palmxtlc acid -
p:gbes is added along w;th a partxcular exogenous fatty acid, then in
principle the or@er parameter prof11; sharacteristic of that e#ogénous
fatty acid may be aetgrminéd. |

s
"With this in mind I have sYn;ﬁﬁsized a series of monofluor;nated
palmiti; acid'analo;s to,use as NMR probes in this system. Fluorine was
chosen because of its high sensitivity in the NMR experiment as well as
1ts similarity in 51ze»and reactivity to hydrogen in an alkyl chaln,
with Ehe expectat1 n that. this substitution will introduce very 11tt1e
perturbatxon into t 1layer To test this assumétxon I have also
carried out experiments using a number of different approaches to

evaluate the magnitude of the perturbation induced.by the substitution

of a single hydrbgen by one fluorine atom in a fatty acid chain.




11. MATERIALS AND METHODS

A. Materials

Growth Medium for Acholeplasma laidlawii B: Bacto peptone, bacto

[y

" heart infusion broth and bacto yeast extract were obtained from Difco
Laboratories (Detroit, Mich.). Fatty acid-depieted bovine serum albumin,
a product of Miles Biochemicals (Elkhart, Ind.), was further delipidated

-

‘following the procedure described.by Chen (19@7). Avidin was supplied by
Sigma (St. Louis, Mo.) and penicillen G was ;;tained from Ayerst
" Laboratories (Montreal, Quebec).

Chemicals: All fatty acids used in:this study were products of
either Nu—Chek prep (Elysi;n, Hinn;) or Analabs (North Haven, Conn.).
Diéalmitoyl phosphatidyl;holine (PC) and glycerophosphorylcholine
¢admium chloride adduct, a precursor used in the synthesis.of the PC's,
;ere products of Sigma (St. Lo;is, Mo.). The precursors used in”the syn-
tgésis of the monofluorinated palmitic acid derivatives weré products of
éither Aldrich Chemicals (Milwaukee, Wisc.), Fisgher Sciéntikic |
(Edmontoq, Alta.) or K and K (Irvine, Calif.). Tetr;butylamﬁoniumViodidg

and silvér monofluoride, used in the synthesis of tetrabutylammonium
fluoride, were éroducté of Aldridge and ICN Pharmaceufic;Ls, Inc.
(Plainview; New Yofk){ respéctively. All chemicalsrused were reagent
grade. The organic sql§énts used were all redistilled and anhydrous
solyents‘ were prepared as described in Vogel (1956) . All gases were
products of Union Carbide of Canada (0ékyille, bnt.). Inorganic reagent§
used in chemical synthesis and buffers were, pfdducts of Fischer
Scientif}c or Baker Chemical Co. (Ph;llipsburg;'N.S.) and were of

reagent grade or higher purity.

19
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Chromatography Supplies: Gas-liquid chromatography (GLC) columns

composed of 10% diethylene glycol succinate on Anakron B were products
of Analabs. Bio-Sil A, used for.column chromatoérnphy, was a product of
Bio-Rad (Mississauga, Ont.). Silica gels G and H, used in analytical and
preparative thinflayer chromatography (TLC), were productlwof Hacheréy,

Nagel and Company (Germany) .

\
i

Organism: Acholeplasma laidlawii B was originally obtained from
<

Dr? G. Edwards (Wellcome Research Laboratories, Beckenham,‘England).

B. Methods

Growth Conditions: Acholeplasma laidlawii B was grown statically

at 36°C .in Razin media prepared as Aescfibed by Silvius and McElhaney
(1978b) . 12 grais of bacto hear;‘infusion brbth together with 5 gramg.
each of bacto éeptone and bacto ye#st extract were dissolved in 200 ml
of distilled water, #cidified to pH 4 with HC1~andbextracted twice with
50 ml of chlo;oforh.'The solution Qas made up to one liter by addition

of distilled water, 3.7 grams of Tris-HCl was added as a buffer, and the

»

solution was titrated to pH 8.2 with 40% NaOH. The media was autoclaQed '
‘and stored at 4°C (up toithree months) until used. The day before

innoculation the media was supplemented with 0.4% weightlby_V01ume (w/v)
lgpid-depletea bovine serum albumin, 0.25% w/v‘gIU;ose and 10°

" I.U./liter of penicillen G. 2.5 mg/liter of avidin was also added where
; . ! N

stated. Exogeneous fatty acids were added to the growth media to a final

: concentration of 0.12mM. The fatty acid mixtures were fl{st dissolved in

0.2ml of ethanol before added to the media.

Preparation of Membranes: Membranes were pfepared as described by

Pollack and co-workers (1965). Cells were_harvested‘in late log phase by
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centrifugation for 20 minutes at 10,000 g. The cells from one liter of
ﬁedia were washed onge in a solution of 0.154/} NaCl, 20 mMg -mercapto-

ethanol and 0.05 M Tris-HCl1 at pH 7.4 (-buffer). The cells were resus-
pended in 5 ml of g-buffer, diluted into 290 ml of distilled water at

37°c, and incubated for 30 minutes, resulting in cell iylil. Unlysed

cells and cellular debris were pelleted at 8000 g for 8 minutes. The

supernatant was then centrifuged at 30,000 g for 40 minutes to pellet

the plasma meéembranes. The membrane pellet was washed once with 1/20

e
B-buf fee &geh fltbﬁﬁendedhin one ml of 1/20 B-buffer éontéining 95%
deuterium oxide for nuclear magnetic resonance (NMR) or DSC etudies.
Lipid Eilﬁ!ﬁ&t?ﬂi Lipids were extracted from whole cells or

isolated membranes following basically the procedure described by Bligh

and Dyer (1959). Washed whole cells or'ceil membranes“were' elleted and
SSO4 and

0.02 M Tris-HCl at pH 8.0 Qrbuffer).'To this was added 20 ml of methanol

resuspended in 8 ml of a solution of 0.154 M NaCl, 0.01 M M

“and thé solution was incubateé at 50° for 30 minutes to solubilize the
lipids and denature the proteins. To this solution 30 ml of chloroform
(CHC13), 25 ml of water, then 50 ml CHCl were added sequentially with
Qigorous shaking after each addition. The upper aqueous phase” was eis-
.carAed and‘khe CHCI3 fraction was applied to a silicic acid column. The
column was‘washed with four volumes of CHCl3‘'to remove neutral lipids
and caratenoids, and the eluant discarded: The pola: lipid fraction wes

eluted from the column wi;} methanol and concentrated in vacub.

Fatty Acid Amalysisf The fatty acid composition of the total

membrane lipids was detegmined by GLC as described by Silvius and
I )
" McElhaney (1978b). Isolated lipids were dissolved in anhydrous methanol

(up to 10 mg/ml) containing 3% sulfuric acid and alldwed to react for




two hours st 60°C. Three volumes of water were sdded and Lhe fatty acid
methyl esters were extracted into two volumes of hexane. The samples
were concentrated under nitrogen, dissolved in a small volume of hexane
( 100 ul), and nnalyzod‘by GLC, using a Hewlett-Packard 5700A gas
chromatograph. The signal from the ionization detector which is propor-
tional to the mass of the ;futing compound, was coupleq to a

Hewlett-Packard 3370 B integrator for analysis.

Differential Scanning Calorimetry: DSC samples were prepared by

vortexing known amounts of lipids with distilled wate{ at 50-60°C for
three minutes. DSC was performed with a Micro-Cal MC-1 high-sensitivity
. v
differential scanning calorimeter using a heating scan rate of
30°C/hour. The areas of the peaks were det;rmined by tracing the peaks,
cutting the traces out and weighing the paper. Each peak was done at
least three times and the area taken as the average value obtained.
These values were calibrated with the amount of heat absorbed. The final

concentraf&onmof phospholipid in the samples was determined by quanti-

tating the amount of esterified fatty acid present using GLC in the

S
T

presence of a fatty acid internal standard.

Nuclear Magnetic Resonance: Samples of membranes for NMR analysis
were suspended in 1/20 B-buffer containing 95% deuterium oxide as
previously described. Spectra were collected using a Bruker—270 MHz
spectroﬁete;rat a fluerine resonance frequency of 254.025 MHz, using

\\-\\_qﬁadrature detection at s spectral wiﬁ&hﬁgﬁnijo,ooo Hz. Where spectrg
<! :
were collécted at diffprént temperatures for the same sample, the
temperéture was allowed to equilibrate for 30 minutes before spectra
were collected. Temperatures were accurate to ~1°K. Typically 2.5x10¢

scans were accumulated for samples in which the membrane lipidsfwereyin

]
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the liquidfcrystalline state ( 2 hrs), and 1.25x10% scans‘when‘the gel
state ( 8‘hrf).v8a?ples were pulsed for 15 usec folloved,by a 20 usec’

'tecefver blanking oulre; Anbecquisition time of 200 msec QaS’used and

,J

the . free 1nductxon decay (FID? was dxgxtxzed 1nto 4 K data poxnts. TheL
R FTD': were collected in blocks of 5000 scans’ whxch were averaged

'togfther to'give ‘the final block-averaged FID whxch was stofed on a .
¢
ﬂcomputer dxsc for enalysxs. Where the fxrst two or three poznts of the

FID were scrambled by pulse breakthrough " they were.llnearly extraf»

polated to zero txme before fourxer transformatxon of the FID. Under R
. Cor

‘these condxtxons the spectra obtaxned reqﬁxrggxonly zero- order phase

corrections to grve the final spectra w1th good baselxnes. Typzcal»Jgi

b

s1gna1 to-no1se ratios, of 30 to- 1 were obtaxned when a line broadenxng
- of - 50" Hz was. applxed to the FID 5. Spectra collected at’ 188 217 and

376 333 MHZ were obtaxned usxng sxmllar exper1mental cond1t1ons

« C. Synthesis of FIUOrinated,tipids

I. Fluorxnated Fatty: Acxds"

-

Hono-fluorxnated fatty acids of the form CH (CH ) *CHF (CH ) -COOH
"where m+n‘13 were synthesxzed from the correspondlng keto- acxd methyl
esters followxng 3 modxfred procedure of B1rdsa11‘and co—workers (1971)
The keto aC1d methyl ester was select1ve1y reduced to the hydroxy ac1d
lmethyl*ester W1th NaBH4 The product (yield 901) was purified by
sxlxcxc aczd column chromatography and concentrated in xgggg The
-hydroxy<der;vative was mesylated.using methane sulfonyl'chlorrde in the
‘lpresencelof‘triethyl.amine, and the mesylatedlfatty acid methyl ester

was extracted into CH2C12, concentrated in vacuo, and used thhout

< .
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acetonitrile in the presence of five equivalents of dry tetrabutyl-

amm&nium fluoride and reacfed for three days at room temperaturé under
anhydrous condffiong; This reaction yields 30—401 of a saturated
mqnofludrinafed fatfy acid meth&l ester. The ugsaturated by—produét f;fm
. _ _ | o ) o ‘
was oxidizgd'following tﬁekprocedure of Von Rudloff (Christie, 1973),
" and the monofluorinated fatty acid méthy1 ester'was i;olated by
acid-base extraction,»Eoncentrated>ig ygégg and‘crystalliied twice, once
. from #cetqne ahd ogg;kfrom hexane; at -20°C. The purity was-estimated':o

: , , : g c o
be greater than 991 by GLC an? analytical TLC. The methyl ester was

hydrolyzed to the

3

free'fatty acid in distilled methanol in the presence

~of 0.1 normal KOH (Silvius.and'ﬁcElhaney, 1978b) . The chemical synthesis
of monofluorinated palmitic acids is!summarizea in Figure 3. =~ ~ 4 “ .

‘The s&nfheﬁis of the keto-acid methyl esters followed exactiy the

pré;edure of ﬁubﬁeil and MCConnell‘k1971) fof the 5f,8—,10—,.and
12;f1uo;£nated ébeéies.‘The‘pre¢ursor.reqq;red for the'synthesis of the
lﬁ—keto-acid méthyl éétgr via this pathway were not soluble‘ih Eh;

“reaction solVe;ts,'so an‘alfe;nate method was used for th;s analog. Tﬁe .

lithio anion of the ethyl ethylnylcarbinol dissolved in liquid ammonga

was coupled to-11-Bromo—undecanocl in which the primary alcohol was
protected with dihydropyran in the pfésence of a mild acid catalyst (Ame

and Covell, 1963), as follows:

: . ‘ OH .
This product was hydrogenated at 50 pounds per square inch (PSI)

: ‘ CH ., CH,, CH- Br- (CH,) VA W S
( -C= + Br- e Y
3CH,CH=CECH + Br-(CH,) | ;-0 ‘ ,
OH : . © NH, (1) T
! ’ '
H,CH, CH-CEC- (CH,) , .0~ - \ -
CH 4CH, CH~C=C~ (CHy) | ;-0 i) )

of hydrogen gas in the presence of platinium oxide as a catalyst,

deprotected in methanol in the presenéé of an acid catalyst, and




25

NaBH : -

CH3(CH2)m—g-—(CHz)n—g—OCH3 W CH (CH)

Experlmentcl Yield =

H3
o H : CH,S0,C1 0=9=0 O @
-— — '» -_—f - —-——————-—-——-’
CH, (CH,)_-Ci-(CHy)_-C-ocH, LN CH, (CH,)_~Ci- (éuz) ~0CH,
: ' Experlmental Yield = 98%
| 9 " TBAF g @
CH,(CH,) bH -(oHy) Bocn, 282 > CH, (CH ) -tn-(cu,) _-E-ocn
3 TCH,CN 3
' Experlmental Ylgld,= 30-40% .
, @ NaOH | | g
- Y =C~ __—--__-—-—-> ) -CH-~ -—C—-
CH3(CH2)m£H (o), C-OCH,  ~—= A0 e, (CH,) L ey, ~t-oi
Experimental Yield = 93% '
e, - ‘ , :

Fig. 3. The synthetic'péthway used to synthesize the monofluoro—.
palmitic acid derivatives from the corresponding keto—acid methyl
esters. ' o ‘
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oxidized to l4-keto palmitic acid using three equivalents of K Cry O

.

dissolved in acetone at 0°C.

II. Synthesis gf Fluorinated Phosphatidylcholines:
The di-monofluoropalmitoyl phosphatidylcholines (PC's) were

synthesized according to the procedure of Patel et a1.'(1979). The fatty

e

acxd vas reacted thh dxcyclohexylcarbodxxmxde in dry carbon tetra-
chioride overnxght at room temperature to produce the fatty acid anhy-
dride.»This'was reacted with the cadmium chloride adduct of ‘glycero- C ' o

phosphorychollne in. an equal volume solution of - dry benzene and . s %

- -~ e
dimethylsulfoxide in the presence of 4- pyrolxdxnylpyrxdxne, whxch acts ' ' 5
as a catalyst. The products were purified by 5111cxc ac1d column .chroma-

.

tography to remove free fatty acid, and preparatxve TLC u51ng silica gel

v

G and the solvent ‘system 50:50:4 methanol: chloroform: ammonium

hydroxxde to remove the lyso- phosphatldylcholxne preseﬁ%goThe isolated

<

PC Wwas greater‘than 997% pure as'determined by GLC and analytical TLC.

D. Theory of Lineshape Analysis " .
B : A
! 1 23 v ' 7

For a fluorine atom in an alkyl chajin undergoing aniéotropic

‘motion, the relaxation has contributions .from both dioolar and chemical
shift anisotropic (CSA) mechanisms. If it is assumed that these relax—
- T coet B

'ation_mechanisns are independent, then it is possible to derive expres-
sions for ‘each that will describe their contribution to the observed
lineshape.

The chemical sh¥ft (o) of a sﬁin'undergoing anisotropic motion is
) . L Y L ’ . ”
defined by G=0;+2/3 oa(;aCOSZe-,l) . -

. ~ : 2 : ‘




where 04 is the isotropic chemical shift and
Oa=( g1 ¥

2 (011311 * 09250 *033833 - |
For a 11p1d bilayer the motion of the lipid molecules is axially sym-‘
metr1c‘or sz'i 33s and o, may be expressed in. terms of one 1ndependent
order parameter and a constant, (0)-0.), which defines the maximal dif-

ference in the chemical shift due to the CSA, or,

0g=(0)=0)Sz o C()

In this case, the observed resonance frequency,Vsis defined as:

\)‘=\)1—2/3 (O"» "“OJ-) Sz\)o <3CO§_.__E.&.——1—) . (3) ‘

where'V- is the isotropic“frequency and V, is the'instrumental fluorine
frequeney The angle ) is‘hefined ae the aﬁgle the acyl ehains IOngAaxis‘
makes with respect to the axis of symmetry in the bxlayer, that being

the b1layer normal. ‘ ‘

’ For large Vesxcles (>>250 ), where t£e>tumb1ing>rate is slow with
respect td the NMR time scale, the or1entat1on of the bilayer W1ll be
randomly d 1buted5with respect to the applied magnetic field. In this

-

case a powder type spectrum will bevobserved'where for each value of ©

there corresponds an unique resonance line atV . A probability function

p(V) may now be defined such that p(V)dV is the probability of‘a‘spin

haviﬁg a resonance frequency between V andV + dy.

p<9>=[—2<v-vl> ]”2 @
A 2/3(0“ -0.1) Sz\) '

2
\ L
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For dipolar relaxation the spin hamiltonian is time dependent because of .

molecular -otion@d)(t ) may be. separated into a time-independent term

and a ’time-dependent.;tﬁe;m (Bloom et _;_;14,1975)

Hg (£) =CH+[Hg (£) - (g D) o

-

DN

For all cases where <Hd)= 0 the line shape contribution of .d(t) will
be dominated by {Hg>. In the case of large vesicles (+>250 A in
di;meter), (Hd> = 0 and therefore the experimental lines\'hap'e will be
governed by <Hd>..This ferm is composed of an angularly iﬁdeggndent
pa?t (inferﬁipolg.interactions),(Hd>i , and an angulg}ly:dependent part
(i{:terdipole“interat_:tiAons),(Hd>e , or; <Hd>=<ﬂd>i+<ﬂd>e

CHgDg=CHaDof 3cos26-1
‘ 2 (6)

if one defines A=<ﬁd>, bo=<HaD; Al=<Hd>ej

then AéAO+A1<3éoéze—1)

> (7)

k.21

. If it is assumed that the dipolér contribution is averaged by the same

Vinere,

molecular motions as the CSA then we can say P

i 26-1\s. |

A4 7 . o4
If each resonance line,v , has a/;;aﬁsitlon probability I(y) and each

-

-

resonance line centered at\)i"is approximated by a normalized Gaussian,

fhen

/ 4 R W et e s Lt R
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I(v—v )>=1_ 1 exp -( v')z:l- ‘ (9')
. 21 B 2A2 . '

The observed lxneshape S(v) is descrxbed by I(v-v ) weighted by the

‘probability of fxndxng a resonance line at‘v defxned byla(v) over all

.

possxble orientations (Nxederberger and Seelig, 1976).

p
f o SR .

" S('.v)='/-‘ I(v=v') p(v') dv' 1o

A computer program has been written (see Appendix 1) to calculate

theoretical lineéhapes according to eq. 10, which allows for the esti-
. ) “

‘mation ofwthe order parameter, Sz.
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11I. EVALUATION OF THE USEFULNESS OF HONOFLUORINATED.PALMITIC ACIDS K

NHR.PROBES OF MEMBRANE STRUCTURE

A, Introduction |

Fluorxne was, chosen as an NMR probe because ef its high sensiti-
V1ty in the NMR experiment and 1ts similarity in sxze and re;ctxvxty to
hydrogeﬁ in an alkyl chain. This etom may also be incorporated into
specifie poeitions of an acyl chain following established chemical .
reqfeion petﬁways (see Materials'and Hethods for deﬁeils). Thus these
pr;bes offer the possibility of being both very sensit;ve and ipeeific
probee of acyl chain organization in lipid bilayers. The éirst Qeestien'
to be addressed is the amount of pertu?bation infroduced‘into the aEyl
chain order by the presence of the fluerine afom. In the case of the di-
fluofineted fatfy acids; the assumption that sﬁb;titution of two
hydrogen atoms with two fluorine atoms is an innocuous change has
recenfly been called in to quesFion (Sturtevant et al., 1979; Oldfieid

3

et al., 1980). These workers' results iﬂq}cate the difluoro group
' 7i

exhibits some properties of a site of unsaturatioh in the acyl chain.

Thi's observatxon agrees with NMR experxments in wh1ch the order

parameter, measured with specific ly deuterated fatty acids, decreased

by approximately 30% in the région of the'dxfluorO'group cbmpared to
when this group is not present. Thus 1t appears that this . probe d1srupts
the local acyl chain packing; however, this pertu;batxon is much less
than‘thatlseen with-othee'spectral probes such as ESR or flﬁorescent
probes.

In order te evaluate the effect of the monofluorinated fatty acids

o ‘.

I have taken three approaches. Firstly, I have carried out,studiee,

/

& a0
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similar to tho?e done with the difludringted'fatty acids g& Sturtevant
and co-workers (1979), to compare the\therﬁotropic behavior bf di-mono-
fluoropalmitoyl PC with those of dipalmiédyl PC, using high-sensitivity
DSC.,Secqndly, the effects the biosynthetic incorporét&on of variou;
quantities of these probes on the growth‘bf.é;tlaidlawii B, as well as
the ability of this organism to distiﬁgui;h biochemically between
flugrinatéd ;nd non—-fluorinated palmitic acids; h#ve beeﬁ investigated.
Finglly, using *’F-NMR spectroscopy, I haye(determined the O{Aer para-
meters,.using these.monofluorinated probes, of}the plasﬁa membrane
lifids of this organism, enriéhed with palmitic acid, in order to
compare these values to thé previously reported ofder pérameters
§btained for this system by ?H-NMR using specifically dguterated
palmitic acids (Stockton et al., 1977). I have aiso varied the levels of

these probes to determine the dependence, if any,.éf the measured order

parameter on the concentration of the probe in these palmitic acid—

"enrikhed membranes.

B. Results and Discussions

Thermotropic behavior of di-monofluoropalmitoyl PC's and mixtures

of these and dipalmitoyl PC. -

The di-monofluorapalmitoyl PC's were synthesized ahd-sampies of

‘ these were ﬁrepared for DSC studies as described in Materials and

Methods. Three fluorinated analogs were used in these studies, with the
fluorine atom located at the 5-, 8=, or l4- position of the fatty acid

chain. The temperatures of the main transition (Tm) and the pre-tran-

sition (TP) for the di-monofluoropalmitoylAPClswarewListedﬁinJJable 1.

In each case the Tm'is lower than that obgerved for dipalmitoyl PC;’The

K



Table 1
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. The thermotropic phase transition properties of the pure di—monofluoro-

palmitoyl PC's. y

.

Lipid Tn’C TpOC AHcal Kcal AHvH Kcal C U S AHvH
: : mole mole AHcal

5, 5-di~monofluoro- 34.9 29.1 5.8*0.25 1608 28
palmitoyl PC ' ~ )
'8, 8-di-monofluoro~  39.6 22.1  6.5:0.3 38019 58
palmitoyl PC ) :
14,14-di-monofluoro~ 40.1 29.1 8.8+0.35 30015 34
palmitoyl PC
dipalmitoyl ‘PC 40.3 35.0 . 8.3%0.3 108

900+45

. s
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largest decrease is‘seen when the fluorine atom is in the 5-position of
the acyl ckain{'where the Tm was 5'4° lower than the Tm of dipalmitoyl
PC. The decrease in the Tm's for the 8— and 1l4- dx-monofluoropalmxtoyl
PC's were 0.7° and 0{2° respectively, indicating the fluorine atom
pérturbatién decreases as the pos};ion.of the gubstitﬁtionwmoves toward -
the methyl ferminﬁs of tHe chain. Th; corresponding tr;nsition curves
are shown in figure 4, The transition curves of the fluorinated lipids
are broade; than those of Aipalmitoyl PC, indicﬁting that the presence
of the fluorine atom decreases thé cooperativity of the transitioﬁ. In
the ca;e of a lipid bilayer ghe ;ooperativé.unit size (CUS) is_definéd

as the number of‘lipid molecules acting together as a single unit when

the bilayer undergoes-a thermotropic transition such as from the gel to
the l1qu1d-crystallxne state (Staékowskx and Gruenwald 1980) . The CUS
is emplrxcally defined as the ratlo of the Van't Hoff enthalpy (AHVH)
which is a measure of the sharpness of the transition (Habrey and
ASturtevant, 1978l: over the calorimetric gnthalpy (AHcgl), wh;éh is a
measure of the heat absorbed By tﬁf molecuies_due to the transition;ﬁThe
Cus determinédufor the fluorihated lipids are listed in Table 1. Each of\
these lipids exhibits a decrease in thei?VCUS as compared to the noﬁ-
.fluorinated,species, with the greatest effect again observed when the
'fluorine atom i; located in the 5-position. The cooperativity is léast
affected Wheégthe fluorine atom is towards the m;ddle.of the cgain.
These observations suggest the presence of the fluorine atom tends to
disfupt'somewhat thé écyi chain inferactiogﬁ\ip the‘bilaYgr. ) N
The transitioﬁ curves also show there is a mafked decrea;e in the"

Tp's ‘in the fluorinated lipids, with the largest decrease (12°%) observed

when the fluorine atom is in the 8-p051t1on of the chain. The
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pre-transition is thought to be associated with a structural trans-

formation from a one dimfnsional lamellar, where the hydrocarbonmchains

2

are fully extended and filted with respect to the bilayer normal, to a

: /
two dimensional lattice/ in which the lipid lamellae is distorted by a

|
periog?c ripple (Janiaq et al., 1976). This conformation is stable
between the Tp and theETm temperatures of the lipid. Thg 5- and
lb—flﬁorinated ;nalogsleach how a 6° decréasg in the observed Tp's.

* However, the continuediexiltqnce of the pre—transitipn, whi;h is found

\ Lo L .. . )
only in relatively pure phosphqﬁip1ds containing straight-chain

saturated fatty acids,}is taken as evidence that these fluorinated

1
|

anaiogs closely mimic t?e physical behavior gf palmitic acid.

The results also ;hdw a change in the enthalpies of.thg mainhtr;n—
sitions of these 1ipids1gompared to dipalmitoyl PC. A Aecrease of 30%
and 22% in the'enthalpie; of the 5- and 8-fluoro analogs, respectively,
is observeq) while in contrast the,14—f1uoro analog had ; slighFly
higher enthalpy value, approximately 6%L. Compargsqn of these results
with those obtained by Sturtevant and -his co-workers (1979) for the
diflubrqmyristoyl PC‘; suggests that the monofluorinated fatty acids

introduce much less perturbation into the lipid bilayer. In the presence

~

of the difluoro group, the énthalb}'was found to increase by a ﬁéktog’oﬁ

two, and the Tm's varied frdm the corresponding non*fluorinatea lipid by

+4,7° when the fluorine atoms were in the 4-position to -7.7° when they

'

///were in the 8-position of thk l4-carbon chain.
B ‘\ '

An excellent method to determine the extent of'petturbation intro-
. ‘ . . .
duced into the bilayer by the fatty acid probes is to examine the

thermotropic behavior of mi%tures of the fluorinated and non-fluarinated

PC's. If the perturbation i# minimal, then one would expect to see



nearly ideal mixing of the lipids as well as transition curves similar
to those observed for fhe pure lipids with respect to their shape and
calculated enthalpies. The transition curves of various mixtures of each
of the substituted lipids with dipalmitoyl PC are :ho@n in figure 4.
From these curves it is apparent that the lipids exhibit close to ideal
mixing, with the major effect of the fluorine atom being a decrease ‘in
the cooperativity af the tr;nsitions. The Tm's of the di-5~monoflu6ro—
palmitoyl PC - dipalmitoyl PC mixtures lie between the Tﬁ's of the two
pure PC's. in contrast, for nixtﬁres containing the di-8-monofluoro-
palmitoyl PC the Tm's are slightly lower than the value of the pure
fluorinated species, whereas for the di-}hrmonofluoropalmitbyl PC
mixtures essentially no change in the Tm‘values was observed. It is
interesting to note the transition cure for the pure 8-fluoro analog
exhibits-a slight assymetric shoulder that disappears when thé lipid‘is
mixed,;ith dipalmitoyl PC. In all cases the cooéerativityrincregses in
the presence of dipalmitoyl PC,'indicating that no 1ater;1 phase separa-
tion of the two lipids is occurring in the mixtures. The transition
properties cglculated for these mixtures are listed in Table 2. Ip Fhese
mixtures one might expeét to obsgrve tﬁe largest yerturbation effects
when the ratio of the two lipids -approaches one-to-one; however, at this
ratio thg Tm's.and the enthalpies‘ofvthe mixtures aré approaching the
values ob;e(yed for the dipalmitoyl PC. The bigggs? differenc€s§%€t

observed when the fluorine atom is in the'5-po§itioﬁ, as before,* but the

difference in fhe enthalpy iﬂ;less than 2 Kcal/mole. Under these

conditions, whin the fluo ﬂliﬁgkbm is located in the 8“positioh . the
enthalpy difference is les

”

1 Kcél/mole, while no difference was

seen when it was in the l4-position of the fatty acid chain. The pre“.

- ) -



Table 2 : , S

T

The thermotropzc phase transition properties of mixtures of the di-mono-
fluoropalmxtoyl PC's and d1pa1m1toy1 PC. '

la) Mixtures containing 85% by weight of di-mono-
fluoropalmltoyl PC and 15% by welght
dlpalmitoyl PC. ‘

!
—
* Fluorp-lipid: present ° Tm C TpOC’ AHcal Kcal AHVH Keal C U S AHVH

in tHe mixture e mole mole g AHcal

T e

s,sti4monof1uoro— 36.6 . 28.0 6.0£0.25  222%10 - 37
palm@toyl PC ‘ ' N ;

8,8-di-monofluoro-  39.1 23.4 6.9%0.3- 476224 69
palmitoyl PC : ) »

. 14,14-di-momofluoro- 40.4 34.1 8.5¥0.35  382:20 45
" palmitoyl PC v ' o ’ -

B

Gp

v

.

b) Mixtures . contalnlng 50% by weight of dl—mono-
fluoropalmltoyl PC and dlpalmltoyl PC °

Fluoto-lipid 'present Tm°C Tp°C AHcal Kcal AHvH Kecal C U S AllvH
~in ‘the mixture - . ‘ . mole . mole ‘AHcal
5,5-di-monofluoro-  38.7 28.4 6.5%0.3  358%18 .~ 55

palmitoyl PC . ' . R ( ' ~ .
'8,8-di-monofluoro-  38.8 - 25.5 7.4%0.35 - 555¢28- 5
palmitoyl PC S ' 4 :
©14,14-di-méhofluoro-  40.0 29.7 8.3x0.35  564%28 68

palmitoyl PC.




transition is present in all of the mixtures, es one would expecf-af the -
) pfesence of the flu;rxne results in only minor perturbatzons ‘of the |
'bxlaye;; If we again compare these observatxons to ihose obtaxned with
thevd1fluor1nated der1v;t1ves, it may be concluded that the monofluori-
nated ecids are much less perturbing.yln the case of the difluerieated
 acids, large deviations in the enthalpiesvand therTm's, ;s well as the
existence of laferal éhase separations of the difluorinated and the {

corresponding non-fluorinated PC's, were observed’mhen similar mixing

studies were done.(Sturtevéntogg al., 1979). ' ' o/

Growth Studies with Acholeplasma laidlawii B

Cells were euLtured in lipid-depleted media supplemented with.

various ratios ‘of palmitic acid and monofluorinated palmitic acids in
. the absence of aV1d1n, following the procedure descrxbed in Materials )

vand ‘Methods. The total amount of 16:0 fatty acid 1ncorporated into the

' Pplasma membrane: lxpxds remaxned constant at approxxmately 75 to 804 of
the total fatty acid present (see fable 3). Agiwas the case with the DSC
expeflments, the fluorinated fatty.acids J;;d in’these studies were
pr:marxly the 5- ,8 , and 14- fluor1nated analogs The results show that

the growth of thzs organxsm is unaffected unt11 the fluoropalﬂ;tate

exceeds SOZ of the ‘total palm1tate present, where the total palm1tate‘
4 . A

-~

AL

co;responds_toothe fluorppalmxl;c acid plus® ‘the palmitic acid present~
(see fig. 5). Aone this amount one’observes a progressive decfeaSe»in
the cell yield as determined by the absorbance—o% the CUlture at. 450 nm
against a suxtabﬁe blank (McElhaney and Téurtelotte, 1970) The_largest
effect was seen when the f}uor;ne.atom was in the S*posxtxon of the .

fattyeacid chain, with the magnitude of the decrease in cell yieig

“.”ﬁecoming progressively smaller as.the fluorine atom position moved-

?
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Table 3 o R -

The fatty'écid composition of ﬁ; laidlawii B membrangs'froﬁnéglls
~cultured :in m§d33 supplemented with 85% palmitic acid and ISiqof'one of
the mono-fluorinated palmitic acid analogs. ‘ o : '

v ‘ Féfzy Acids in membrane (%)
Fatty acid ' '

supplement 12:0 i4:0 16:0 Fiuordfl6:0 IS:O 18:1 njd.*
16:0 (coptrol). 2.1 12.8 77.5 2.4 1.0 3.5 ’
5-Fluoro 16:0 2.2 9.8 68.5 1q.8v" 2.8 0.8 5.1
8-Fluoro 16:0 2.1 114 66.7 g6 2.0 1.0 8.1
10-Fluoro 16:0 3.1 10.4 65.7- 0.4 2.1 L9 7.5
12-Fluoro 16:0 2.0 11.6 66.4 9.9 2.4 1.2 5.6

" 14-Fluoro 16:0 2.0 12.0 +65.1 11.0 2.1 1.7 5.1

- . , s

Values determined by GLC .

n.d. Not determined, in this case no single fatty acid
represented more than 17 of the total fatty acid

present. o - ;

»
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' toward the methyl terminus of the chain. It was also found that the
ratio of the‘fluoropalmitic'acid to palmitic>acid incorporated into the
membrane lipids corresponded to the ratio of these fatty acids added to

the‘growth media, indicative that the organism does not biochemically
distinguish between the‘monofluorinated and non—fluarinated palmitic
acids.
vPaimitic acid cannet supéort growthbqf rhese cells in the aresence

"of avidin, a potent inhibitor of de nove fatty acid biosynthesis
(Silvius and McElhaﬁey, 1978b) ; however, a Qariety'of rﬁrqctarally
different fatfy acids can‘support-excellent growth‘in the presence of
av;d;n, resultxng in plasma membranes homogeneous thh respect to their

. fatty acid composition (S11V1us and McElhaney, 1978b) In light ‘of these
observatxons, I have grown.cells in the presence of aV1d1n in medxa
sppplemepted with a monofluorinated palmitic acid (or palm;txc acid as @
eontrol), together with a second fatty.;cid capabI; of supporting good
growth when added alone. Tﬁe resultsﬁobtained for‘a variety of different
\fatty acxds indicate that under these condxtlons the presence of the
fluoriné~atom had 11tt1e or no effect on cell yield up to ratios of &
one—-to-one of the fluorxnated palmitic ac1d to the other exogenous fatty
acid (fig. 6). In addxtxon, the level of 1ncorporatxon ‘of the fluoro-
paimitate in eacﬁ case corresponded to the level of 1ncorporatxoq,of Of%’\

palmitic acid into the membrane in the control experiments.

Nuclear Magnetic Resonance Experiments R

‘Samples were prepared as described in Materials and Methods. The
first approach was Lo determxne the orientational order parameler
prof11e of A. la1dlawx1 B membranes enrxched with palmitic acid (70-80%

palmitate) containingfappreximately 10% of one of the fluoropalmltate_

Ly
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probes. Tasie 3 lists the.fatty acid'compositéﬁn of_tge membranes
enriched w;th these fatty ncxds. These exper;ments were done to compare
the order parameters obtained thh "F NHR to those ob(axned with 2?H- NNR
in the same system~xn which the membrane lipids were enriched with |
specifically deﬁterated palmitic acid probes (Stockton et al. 1977). The
results obtaxned with the dxfferen; probes are presented in fig. 7. The
“order parameter profxles'of these membranes are ;1m11§r, thh‘%he major
difference observed in the absolute values of the order param;ters. In
the plate;u region, from carbons 2 to 10 of the acyl chaxn, the *°F-NMR-
dete;miﬁed order pafameter_xs less than those observed thh 2H-NMR, with
values of 0.18 and 0.22, respectively. Beyond the~i0—poSition the values
‘converée, with the valués for the 14-posi§ion with both probés being the

..

same within gxperimentalverro:; The deuteriumiorder ﬁar;meters were
derived from the QUadrapolarAspliftihgs>d;e soleiy to the lipids.in’the.
liQUid*crystalline‘state ;tﬁ42°Ci At this tempera}ﬁre a small pdrtion of
>the lip;d is in the gel state,4but the gel lipﬁd only decreases the
xnten51ty of the 51gnal of the lxquxd crystall1ne lxpxd and not the
quadrapole splxttzng from which the order parameters are derived. The
.fluofine order parametérs were obtained at 45°C where essgﬁtxally all of
the membrane'lipid is in fhevliquid-crystalliné st;te (see fig. 8). This
figu;e also shows that the‘phage~transition.éurve for palmitate-enriched
membranes«conﬁéining a one*tb-bne ;atio of fluoropalmitate and palmitic
acid is es;entiélly identicai toc that of\palmitate-enfi;hed memﬁfanes
that have no‘fluoropalmitatempfesent. The !*F-NMR order param;§§rs were
determined By a curve fitting procedufe;'therefore.thg}oﬁserved Qalﬂe

includes a contribution from the gel state lipid if any is present. The

‘differenCes observed in the values determined by the two probes may be



o1t

k3

2 4 6 8 10 12 14 16
* _ CHAIN POSITION "

!3.

: Fig. 7. The order parameter profiles obtainedwith specifically
deuterated palmitic acids, (open circles) taken from (Stockton et
al.,1977) and monofluorinated palmitic acids (closed circles) "incor-
porated into palmitic acid-enriched membranes of A. laidlawii B
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Fig. 8. Phase transition curves of palmitic acid-enriched
_membranes from A. laidlawii B ‘cells. Top membranes containing 40 mole %
* monofluoropalm1txc acid. Bottom membranes contaln1ng only palmitic ac1d
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because the presence of the fluorine atom resglts in a slight decrease
in the order of the acyl chaies in the region of the fluorine atom. This
effect has been reported for the difluorinated fatty acids, where the
local order is decreased by approxxmately 30% around the dxfluoro ;roup
(Oldfield et glL,,1980). A second possible reason for the difference in
the two sets of values may be the>temperature difference in the two
experiments; The fluqrine_spectra were collected at 45°C, three degrees

. {
higher than the deuterium spectra. Thus one might expect the

liquid-crystalline liéfd to have slightly more thermal energy, resulting
in a small decrease in the order; however, a th;ee‘eegree difference

does not appear te be enough to explain this difference in the plateau
region, where sma}l changes in temperature within the reéipn:of the
liquid—crystallinenstate does not result in significant chaeéee in the
observed order parameter values..An example of this is seen in fig..25
in\which18:ltenric;ed membranes have identical order‘parameter profiles
at 34%and 37°C. The fact that the largest absolute difference in the two
sets of valees occurs;closest to the,geadg;oup, whereas the valuee
oEServed forwthe positions near the methyl terminus are more nearly the
same, is eonsistent with preQious iiﬁBth indicating that the.flporine
atom is most perturbing when ‘it Es spbstifuted into tﬁe 5-position of ai»
' the.fatty ecid ehein. However, the»relative change in theyorder |

parameter determined from each nucleus remains constant for all

positions along the chain.

Overall, the two probes are in excellent qualitative agreement in
reporting the order parameter profile through the bilayer. There is also
good quantitative agreement between the different techniques in terms of

“the absolute values of the order observed. The difference that is
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ob#erve& indicates that the pfesence of the fluoflne‘atom'near the polar
headgroup results in a relatively small perturbation of the acyl chain
order, expressed as a decrease in the observed order parameter for this
region of the membrane bilayer.

A second approach'updertaken was to determine if the order
parameter-ﬁas inflﬁenced“by the amount of fluorinated palmitate present
éh palﬁitic acia-enriched membri?és. One would not expecththe ratio of
{luoropalmftate-to palmitic acid in these membranes to affect the
observed V;lues of the order. The results in‘figure 9 indicaté this to
be the case for thg,5; and 1l4—-fluorinated analogs of palmitaté above the
; phase transition (45°C), in the region of the phase transition 37",
and bflow the phase transition (20°) (see Appepdix B for the
corre‘ponding»spectra). Rithin the error of the experiménf, the observed
order pa;ameters remain constant fog membranes containing_frém 5% to.502
of the fluorinated'probe. |
C. Conclusions

Taking the'gg;ults presented in this chapter togethef with the
fesults observed with the difluorinated fatty acids, the p1cture that
emerges is that the monofluorxnated fatty aC1ds introduce only a small
| ?erturbation into the acyl chain order °f_? lipid bilayer. This pertur—
bation is mark;dly less thanvthai causéd Sy the difluerinated>species as
seen by DSC‘and NMR experiments. In all of éhélstudies that were done,
the greatést effect was‘obsérved when the ;luoriné substitution was-near
the carboxyl group of the fatty acid. When the substitution was located

close to the methyl termxnus, very 11tt1e or no dxfference was exh1b1ted

as compared to‘the case when the fluorine atom was not .present.
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Fig. 9. The dependence of the order parameter on the concentratxon

of either 5-or l4-monofluoropalmitic acid’ in palm1t1c acid-enriched
membranes above and below the phase transition (45°

tively) and at the growth tempegéture of 37°C.
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and 20° respec-
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The ease With which the fatty acid composition of the plasma mem-
brane of A. laidlawii ‘B may be manipulated to produce membranes con-

taining predominantly one fatty acid, together with a small amount of

one of the

aropalmitic acid probhl, afforal the opportuﬁity‘to
determin .'ve and quantitatiye effects of a number of struc-
turally different fatty acids.on the order profile and the ablol;te

values of the order parameter in a biological membrane, keeping in mind

4 : , ‘ ,
the presence of some perturbation due to the presence of the monofluori-

Hated palmitic acid.
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IV. THE EFFECT OF FATTY ACID STRUCTURE AND TEMPERATURE ON THE ORDER OFJ

$

THE ACYL CHAINS IN ACHOLEPLASMA LAIDLAWII B MEMBRANES AS SEEN WITH

1*F-NMR

A. Introduction

Membranes contain a number of structurally different fatfy acids.
These differences inplude Qariafion in the chain length, from ;s short
as twelve carbons“to twgnty carbons_or.more,'differencgs in the number

Q

and location of double bonds, and in some cases the presence of a methyl

B

. branch near the methyl terminus of the fatty acid chain. There are some

clues as to the function of these different fatty acid structures; for

examplé, it has been observed that the phile state of lipids in

membranes influence the activity of proteins and the transpdrt of meta-
‘ Y ‘ ‘ .
bolites across membranes (Fox and Keith, 1972). It has also been

reported that the activity of some membrane-bound enzymei is dependent!
3 - N k

on the presence of cis—double bonds (Rothfield ‘and Romeo, 1971). 14

“addition, it is known that acyl chain structure plays aycrucial,rofe in

Ve
e i

maintaihing tHe membrane bilayer in a physiologically active state by

modulating membrane fluidity (Overath et'al., 1975; McElhaney, 1974).
' v : .
Despite these observations, the role of the numerous different lipid

- 1
classes, as well as the fatty acid heterogeneity present in biological
- P .

membranes, is not well understood. Only a few fatty acid classes have

been studied in terms of their effects on the orientational organization

of acyl chains in lipid bilayers. Theliqst extensively studied have been
ithe stfaight—chaiﬁ saturated fatty acids, in particular 16:0 (Davis,

1979; Seelig and Seelig, 1974; Stockton et al., 1977). The order - °

parameter profiles of this fatty acid in both PC bilayers and bioiogical

. N
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Iodel systemé for h;ologxcal membranes. The effect of a cis—double bond

o : ‘ . < e 51 -,". §

embranes-are similar (see flg 2) xndicating that PC bilayers are'good'

[

‘on the order of acyl chalns in.a bxlayer has alao been studied (Seelig

@

]

%nd Seelrg, 1977) In contrast to the stralght chain saturated Fatty ’ B
c;ds, whxch show a plateau regxon from the 2 posrtxon to the 10
o:xtxon of the chaxn, the presence ‘of the czs-double bond causes a

local increase in the order of the nexghbourrng fatty acxds in the

|fegion of the double bond There xs also an overall decrease in the

hydrocarbon orderxng throughout tpe bxlayer. Thus chaﬂges in the fatty

M

acid structure not only*affect the absolute order of the bxlayer, but

o L »

also’have marked effects on the relatxve order of dxfferent regxons of

the fatty acid chains. These_observatxons have led us to consxder vhat

‘the effect‘bf other struétural features of fatty'acids’haye on the

;kB Resultd\;nd Discussion

‘homogeneous membranes contarnxng a varrety of structurally dxfferent

hydrocarbon order in a bxologzcal membrane. To this end we have cultured ?5;

[

\‘\laxdlawxx B cells in the. presence of avxdxn to obtarn fatty acid-

e

fatty acids, along with a small amount'of one of the nonofluoropalmitic

‘acrds as a probe of the acyl chain order, with the hope of garnxng some

»'§tud1es.‘

) .
1nsxght into-the structure—functxoﬁ relatlonshxp of other fatty acids 1n

i membrane brlayersr o - . . , . /_

Fatt Acxd Composrtxon of the Hembranes Used in these 19p- NMR

Coa
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o

GLC vae monofluorznated palmxtxc aC1ds, in which the fi rine atom wagf -

4- Y

substxtuted at the 5- ,8 ,10-,12-, or lé-posstxon of the alkyl ch 1

o

4

were used as "F-NHR probes in these studxes. Small amounts (8-11 ole

Z) of - each of these probes were 1ncorporated 1nto the membrane of A.

laidlawii B cells along thh one of five dxfferent fatty acxds capable

of supporting good growth of this organxsm in the presence-of avxdxn,:
n]mely pentadecancic acid (15:0), lai-methyl—pentadeca‘hoic acid (16%)',

1 -methyl*pentadecanoic1acid>(16:Oai), L;ang-Q—hexadecanoic'acid

' 47 L
‘(16 ltA’), and 21533‘9-octadecanoic acid (18:1tA’?. Thevfatty acid

composxtxons of these membranes are listed in Tables 4 through 8 ‘Avidin
has been shown to almost‘completely xnhxbxt fatty acxd metabolxsm in
this organxsm (511V1us and McElhaney, 1978b). Of the above listed fatty

acids, four (16'01,‘16'0a1, 16'1tA’ ‘), together thh the fluori-

nated probe, accounted for 96 7-99.. .i _ wlfof the totaI fatty acxd

B3

present in the membrane. fhe other fatty acids found most lxkely orxgx
nate from the,media which, al%hough it is extenvaely def11p1dated,
stillvcontains,small amounts of residual fatty acids; a small amount‘of

endogenous fatty acid synthesis may alsg occur. Cells cultured'in'the

*,

presence of. av;dxn and supplemented wzth 15 0 show slxghtly hxgher back—

@

ground levels of fatty aC1ds.,In these membranes, 15:0 and the fluQI1

-

nated probe account for 93 3 to 96. 0 mole Z of the total fatty aC1d The

£

i

background fatty ac;ds present are composed pr1mar11y of even—cha1n

saturated fatty aC1ds of the type synthesxzed by A. laxdlawxx B cells,
suggestxng that a slxghtly higher amount of endogenous fatty aczd
synthesxs is occurring in these cells (see»Table 8)t However, levels:of
48:1 are‘also increased, and since‘this Organism cannotfsynthe;ize
unsaturated fatty acids, it also appears the’exogenous;fattyﬂacid‘n»‘

s

@
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Table'4

33

Fatty Acxd Composition from Hembranes of Acholeplasma laxdlawxx B Cells

Presence of Avidin.

e

G

" Fatty acid

. Supplemented with 90% 16:0i and 102 Fluor

a@ :0 and Grown 1‘

 Fatty Acids in membrane (%)3

4]

18:0 18:1°
“supplement . &4 .
B e ) i

5-Fluoro 16:0+16:0i 0.6 10.0 87 1.2 1.1 ’

“g-Fluoro 16:0+16:0i  -- 10.2  * g8 6 0.3

' 10-Fluoro 16:0+16:0i 0.7 9.9 86 1.9 1.6

12-Fluoro 16:0+16:0i+ -+ 2.7 ' 8 L7 0.4

14-Fluoro 16:0+16:0i 0.3 10.6€ ~ 87 1.5. 0.7

) ’ & ‘:g? ) .

)

here

the fatty acids listed do not represent 1004,

other minor fatty acids were present that were not identified.

\ These

accounted for legs than 0.2% of the total fatty
acids with no individual éme at levels greater than 0:.17%.
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Table 5 " A ' ¢

Fatty Acid Composition from’ Membranes of Acholeplasma laxdlawxx B, Cells
Supplemented with 90%- 16:0ai and 10% Fluoro*16 0 and Grown in the

Prese

nce of Avidin.

@

Fatty acid’
supplement

il

Fatty Acids in membrane (Z)a

16:0 Fluoro—l16:0 16:0ai 18:0 18:1

 ;54F1uor6 16:0+16:0ai

\
3

8-Fluoro 16:0+16:0ai

10-Fluoro 16:0+16:0ai

~ l4=Fluoro 16:0+1§;0ai.

12-Fluoro 16:0+16:0ai

0.8 9.8 ¢ 8 2.1 1.3
0.7 10.0 g9 0.3 -
0.2°  10.4 . 88 0.7 , 0.7
0.4 10.8 88 0.5 0.3
0.9 9.6 8 . 1.6 0.8

?See'table 4 foqtnote,



55

Table 6

Fatty Ac;d Composxtxon from Membranes of Acholeplasma laidlawii B Cells
Supplemented with 90% 16:1tA* and 10% Fluoro-16 :0 and Grown in the
Presence of Avidin.

Fatty Acids in membfane (Z)a

Fatty acid

eupplement . 16:0 Fluoro-16:0 1p:1tA® 18:0
5-Fluoro 16:0+16:1tA® = 1.2 9.0 . 88 1.8
8-Fluoro 16:0+16:1tA° -~ .10.0 © 88 1.8
5 oe . Lot
R 10-Fluoro 16:0+16:1t&971 1.0 11.0 86 Y 2.0
12-Fluoro 16;0+16:1tA° = 1.0 0.0 87 2.0 t
P 14~Fluorg 16:0+1@:1£A9 - 8.1 90 1.6

85ee table 4 footnote
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+Fatty Acid Composition from Membranes of Acholeplasma laidlawii B Célls'
Supplemented with 90% 18:1tA’ and 10% Fluoro-16:0 and Grown +in the

Presence of Avidin.

Fatty acid
supplement

Fatty‘Acids in membrane‘(%)a

16:0 Fluoro-16:0 [8:1tA’® '18:0

5-Fluoro 16:0+18:1tA°

'8-Fluoro 16:0+18:1tA°
10-Fluoro 16:0+18:1tA°
12-Fluoro 16:0+18:1tA°

{4-Fluoro 16:0+18:1tA° .

0.5 8.7 90
0.8 10.3 88
1.1 9.4 89
0.4 - 11.6 88

0.6 -~ 10.6 89

0.9

0.4

0.6

- aSee table 4 footnote

LY
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Table 8 -

Fatty Acid Composition from Membranes of Acholeplasma laidlawii B Cell

Supplemented with -90% 15:0 and 10X Fluoro-16:0 and Grown in the Presence
. of Avidin,

]

o .

Fatty Acids'in membrane (Z)a

.." ’) ‘. ,\; : : . :
) . Fatty -acid 12:0 15:0 16:0 Fluoro-16:0 18:0 18:1

supplement
. ’Q

5-Fluoro 16:0+15:0 0.6 87 1.7 8.5 0.2 2.0

‘¢ g_Fluoro 16:0+15:0 0.2 87 1.6 8.7 0.9 0.7 ¥
. lo-Fluoro 16:0+15:0 1.0 84 1.0 9.7 1.0~ 0.8
12-Fluoro 16:0+15:0 0.5 83 1.3 11.0 1.1 2.4
14-Fluoro 16:0+15:0 0.4 88 1.4 8.0 0.8 1.2
o 8gee table 4 footnote
A -
1¥{;

bk W
ol



incorporation is also elevated."Since cells :‘ﬂ&ﬂemented with 16:0 will
not grow jn_the ﬁresemce of avidin, 15:0 represemts the upper chain
iength limit of the straight-chaia saturated fatty acids capable of sup-
porting growth at 37°C (Silvius and HcElhaney, 1978a) .. Thus growth in |
the presence of 15:0 may be subobtimal growth, and fhe cells may compen-—
sate by a small but increased amount of endogenoﬁs fatty acid sYntheaie;
even in the'presence of the inhibitor‘avidin; Nevertheless, in this case
and the others, the major fatty acid (generally 86-91 mole %) in'the
memerane is the one of interest, and it appears that~the order.parameter
values obtained by !’F- NHR reflect prxmarxly the characteristics of the
major fatty acid present, rather than those of the monofluoropalmxtxc

' aciqi'yrobes’. ' E R N |

An Evaluation of the Methodology Used fer the Determination of the Order

»

. Parameter.

The Hat%rials and Methods eeetion comtainé the theoretical
derivation usehhto generate the fheoreticai lineshapes ueed'to fitlthe
vobserved spectra to obtaim an.order parameter value. This derivation is

based on the work of Niederberger and Seelxg (1976) and Gent and Ho
.(1978) There are four parameters to consxder in fxttxng the theoret1c31

'~

lxneshapes to the*observed spectra, namely CT QL) A Al , and Sz. .
Although the chemxcal shift tensor for the CHF group has not been
determined, the value of G%r—qL', the maximum chemical shift anxsotropy
for the fluor1nated acyl chaln, assum1ng axial symmetry, may be approxi-—
mated from&model compounds, 1n thxs case teflon, to be 118 ppm (parts
per million) (Hehring et al., 1971; Gent and Ho, 1978). This value of

(Q.QQ_) was used in the curve fitting program. Experimentally, it was

observed that up fo’ZOZ_changes in this value did not significantly
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change the observed Sz values, likely Secauﬁe the major effect of this
.parameter is on'thé extreme boundaries of the lpgétral iine.

Tﬁe seconé parameter,Ao', represents‘the angularly independent N
dipoiar relaxatibn, or in molécular terms, the inter—chainﬁint;ractiqn
of the ;;tty acids in the bilayer. For membrane lipids in the liquid-
vcrystallinebstate, the translational diffusion of the‘lipids is fast
enough to average these interactions to zero (Bloom et al.; 1975). In
the gel state this motion is no longer fast enéugh to completely avefage

[

this motion, and Ao takes on positive val

s measured in Hz. The effect
,of the development of positive Ag values is)an overali broadening of the
‘ linéshape, parficul#r}y in the regiom oI the central spike of ‘the
s;ectruﬁ (see fig. 10), with a pfogressively,smaller effect in the
régioﬁs more temov;difrom the central spike. It is.only this parameter
that significantly affects this regiop of the lineshape, thus it is tﬁe
broadqe;s of the central spike in Ehe experimgnt§1 spéctra that
.frimatily dete?mineé tbe value of Ag..

The third parameter listed;AI : is a measure of the angularly
..d;pendént dipolar relaxation or the intrh*chain interactiéﬁ of the fatty
écidﬁ in the bi};yer.'This paramefer is> constant, but its effect oﬁ thé
lineshape is pédulated b; the value'6£ Sz (see page 28 , equation 8 ).-
"For small values of Sz, thevterm containingﬁg makes a relatiyely small
confripution to the lineghabe, wheregs when Sz increases the effect of

‘the A, i;erm markedly increases.. 'I“he valﬁue" of Ay was appro\ximated by
co}le;ting spectra of identical sa;ﬁies at Aiffefent magpetic field
;trengths. The ghe@ical shif?/éhisbtropic relgxati@nlcomponeat is . -
d;pendent,onlthe-magnetic field’strqutﬁ, while ghe dipol#g.r:T:;ETibd

component 1is ﬁot.“Theréfdre, as #he field strength increéses the

Y \
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10,000 Hz

! 1

Fig. 10. The effect of changes of 4 0 on the theorletical iineshape -
of the calculated spectrum. Sz was set at 0.15 and A; was setat 20,000
Hz. From the bottom spectrum to the top spectrum the values of 4, were
0, 50, 100, 150, 'and 200 Hz respectively.
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spectral line will become broader, however the value of A, will remain
constant. At a given temperature the value of Sz will also remain‘con-
stant for a given membrane sample. Using these constraints I determined

the best theoretical fits of spectra collected at 37°C and 45°C at field

strengths of 188.217 and 254.025 MHz, from 16:0-~enriched membranes

©

containing 5-fluoropalmitic acid (seg fig. 11), and temperatures of 20°C .

i

and 37°C at field strengths of 188.217, 254.025, and-376.333 Miz for
membranes enriched with 16:1tA’Qcontaining‘léffluoropalmitic acid (see
fig. 12). fhe values giving the best fif, using the above criteria, are
given in Table 9. The’£est experimentai spectra observed were tﬁosé pol;
lgcteé/:?\254;025 MHz follo;gd by those collected at 188.217 MHz in
terms of being able to phase the specfra and the signal-to—noise ratio
obtained. With this in‘mind, a value of'Z0,000‘Hz was selected for the
value of Ayewhich is biased towards the theoretical fits obtained at the
twovsmaller.figld strengths. Changes of 10% i; the Yalue of DAyresult in
comparablé changes iﬁ Sz;:however, this value was used in alifsubsequent

»

lineshape analyses. for determihations of Sz. Any error in this value

would resylt in an overestimation or an underestimation of the order

parameter values. This errbr, if present, isvthougbt to be-relatively

small, because of the close similafity between the Sz values obtained
5 ’ ‘ i

using the deuterium and fluorine p;obés (see fig. 7). The variation in

the 'values listed in Table 9 lie within the experimental error since

v .

slight differences in experimental temperatures and in tge»character— o

istics of the different NMR spectrometers used could have resulted'in

the small changes in the observed 4, and Sz values.
‘The'only adjustable‘pérameters used. to fit the observed spectra

‘ - .
with the theoretical lineshape were ), and Sz. As previously mentioned,

L '
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Fig. 11. The NMR spectra of membrants enriched with 16:0 ‘con-
taining 5-fluoropalmitic acid at field strengths of 188.217 MHz at 37°C
(A) and 45°C (C) and at 254.025 MHz at 37°C (B) and 45°C (D).
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Fig. 12. The NMR spectra of membranes enriched with 16:1tA°
contaln1ng 14- fluoropalm1t1c acid at field strengths of 188.217 MHz at
20° (aA) ‘and 37°C (D), at 254.025 MHz at 20° (B) and 37°C (E), and at
376.333 MHz at 20° (C) and 37° (F),. : :
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Table 9

The Best Parameters of Fit D;tarninod for 16:1tA’~and 16:0-enriched

«, Membrane Samples at Different Field Strengths.

O

[N

)

a) 16:1tA’~enriched membranes containing l4-mono- & . <
fld@ropalmitip acid as a probe :

» ﬁigld Strength

, 0 ‘A1 Sg A0 A‘ Sz ‘ A0 & Al Sz

37 0 20,000 0.06 0 21,000 0.064 50 22,000 -0.08

20 0 22,000 0.13 0 20,000 0.12 50 23,000 0.1

@%f ' &

b) 16:0-enrich#d membranes containing S—monofluofo—
palmitic acidy ,as a probe ¢

-

Field Strength-

A ‘ . ,I*J | o
!ﬁELle_Mﬂz 234,025 Mz . 376,333 MHz »
°c A sz A
- C 0 Al Sz 0 ‘A; R Sz » .,
45 - 0 20,000 0.164 0 20,000 O0.176 . n.d.
37 0 20,000 0.215 O 20,000 0.216 nd. .

Some difficulty arose in trying to determine. the values at
©376.333 MHz due to the extreme broadness of the spectra.
Eectra of the S5-monofluoropalmitic acid were not obtained

while those of the 14—monof1uoropalmitic acid-enriched mem-

*branes contained a residual broadening as exhﬁbited by the

increase in the A, values which likely resulted from

field 1nhomogenaeity across:the broad spectra._ —_




the prxmary effect of changea in A is in the w;dth of the central apxke
o the npectra (aae fx;. 10). In contraat the -aJor effect of changes
.'xh Sz are on the "wxn;a" of the lpectra, avay from the regson of the

,vcegtral spxke (seo fx;. 13). The non-overlapprn; nature’ of the effects

' of theae two. pa@a-etera means that the value of each is unxque and con—
. § .

~ l&

: foed to a narrow range (t 101 or 10::) for each of the obaerved exper;-

‘mental spectrae e RN o -

" The’ Effect of Fat;y Ac;d Structure and Temgerature on the Order

fv}Parameter Profxle of Achol_g;alma laxdlawxx B Hembranes. .

The_prder parameter profoe: obtaxned at. the optxmum ;rowth

”ftemperature of 37 C for 16 O-Onrxched membranes 1lolated from cell:

cultured 1n “the: absence of av;dxn, and for 15:0-, 16: 01—; and 16 Oax-en—'

o rxched membranes from cellt cultured zn the presence of avrdxn, are

~h-dep1cted in fxg. 14, The order profxles show marked varxatzon dependzng
on the ma;or fatty acxd preaeht in the membrane. The three fatty ac:ds
15: 0 163 01,s and 16 Oai are each 15 carbons in length with 16: Ox haV1ng

8 methyl group in the 14‘posztxon~and 16: Oai a methyl ‘group. in the

’ t 13 posxt:on of the acyI chaxn At 2 constant temperature the average

‘jerder through the bxlayer decreates in the order 16 0>15 D>16 0i>16: Oax
fThxs obaervatxon agrees wzth the thermal transxtzon mxdexnts (Tm) of
'fthese membranes, where 15 0~enr1ched membranes have a- Tm-36 7 .while vr; 

v16 01 and 16 Oai have Tm values of 21 8 ‘and 4.1°, respectzvely (levxus

and KcElhaney, 1978a) These resulta also agree thh the xde; that o
"flu:drzxng" fatty acxds,‘deflned as those thh relatxvely low melt:ng |
1 | B
vpoxnta, are more dxsordered than fatty aczds uxth relatxvely hxgh

i

’.meltzng poxnts. Thur the abaolute order 1: decreased in the presence of

e R \‘;.
1‘ i i
.\ ‘

.~ - - |
. - Vo . I

a -ethyl ;roup naar the methyl ter-xnua.



. Fig. 13'1‘he effect of°increasing Sz on the theoretical line-

éhape where (from bottom to top) §z=.05, .1, .15, .25, .3, and .4.
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" Fig. 14, The order.profiles’gf,stéﬁight—chain saturated and methyl
branched fatty acid-enriched membranes at the growth temperature (37°C).
Solid line ® (16:0),-solid line O (15:0), broken line e (16:0i),

broken ‘line O (16:0ai). . * ' S . R ' ’
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/‘ 1so-branched (16 01) fatty ac:d markedly decreases the steepness @f the

k]

T A second observatzon 'is that the order profxle through the bxlayer

is also altered when a methyl branqh & present (see also fxg.‘15)

- w

this case, the’ presence of a methyl branch extends the plateau region of "

the order profxle relative to that observed with the straight-chain

‘ fatty acids: The antexso-branched fatty acid (16P0a1) exténds thxs

region to the 12*pos1txon of the cha1n at both 37 and 20 yo wh11e hhe

J

slope of the order profxle béyond the plateau regxon at 37° It 18

1mportant to note that the measured order parameters are those of the .

e
probe fatty acid, thus the presence of the methyl branch “tends to

1ncrease the order of ne1ghbour1ng fatty aC1ds in -the regxon of the
methyl group relatxve to the other reg:ons of the acyl chaxn when

compared to the case observed with the unbranched fatty acids. The same
. ‘ , o

" conclusions concerning the'relativefdifferences in the order profiles of -

these fatty acids may be made'when all of .the membrane lipids are in the’

1iquid—crystalline state (see fig. 15). In.these.experiments the NMR

‘spectra were collected at a temperature 15° -above. the<midpoint70£ the

\

membrane phase transxtxon (Sllvxus and McElhaney, 19783), whxch is

'assumed to represent 3 condxtxon where the dxfferent membrane 11p1ds are

in the same physxcal state. Under these conditions the presence of a
methyl branch agaxn resuPts 1n\bn 1ncrease in the Iength of the plateau

gto the sterght chaxn fatty acxd however, there is a.
IR\

bxlayg ‘compared t¢ the,straight-chain saturated ﬁatty_acrds, are
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<1é?s order than prg

_observat;ons concernxng

e

aotually more ordered under. similar thermodynamiC'conditions.

We have also looked at the effect of: a trans double bond on the

acyl chain order in these J%“branfg At
16), membranes enrxched thh fdity acxd f KN ni.a'trans-double bond

(16: ltA’ 18:1tA®), are less ordered than membranes enrzched with satu-
|- oo

rated fatty acids “(15:0, 16 0) This is also cons;stent with the ‘ ”*

.

‘observed values of, the phase transitxons of the membranes, where the

unsaturated fatty acxd-enrxched membranes have the lower»Tm values
. "hvb
"(Silvius and HcElhaney, 1978a) In contrast, the order observed in the

¢

16: ltAg-membranes is higher than the order seen for the 18 ltAg-enrlched'

membranes, which one would not expect using the criteria of the observed -

Tm values (Tm 16: 1tA’-6 Z ,, Tmi 18 ltA =20.1°). The reason for thrsf

result is not clear, but is lzkely due to the dxfference in chazn length

between the probes and the 18 le’; whxch does not exxst in the gE;e of
the ﬂs~1uy . Thxs dxfference in chain length may .result in "free spaces
in the region of the methyl term1n1 of the shorter probe fatty ac1ds‘

whzch results in a gecrease in’ the order of the probe molecules. Davxs

and co-workers (1980) have shown that ‘the. Tm s of m1xed-ac;d (saturated-

-

questibn of the ef‘ %
\ . *1%;‘

ferences in chaxn'l'

(IR

literature.

°temperature (see fig.

on the, T valu gy the non—mixed BC's. This
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At'the Srowth'temperature the presence of the Esagl—dpuble bond at
the 9-pdsitioa oé the chain tends to decrease the_length of the plateau
region of the membrane bilayer (lee fig. 16). This is mach more apparent
When one’eompares the order profiles of these unsatufated‘fatty acidsbto
the order profiles of the saturated fatty acida when ;11 of the membrane

lipids are in the_ lxqu1d—crysta111ne ;tate (fxg 17). Tﬁgt where a

amethyl branch near the methyl terminus of a fatty acid 1ncreases the

length'qf the plateau regibn, the presence of a transbhfuble bond
‘. “\.v .
decreases the length of the plateau region. !

Under conditions where the membrane lipids are assumed to be in -
Eimilar thermotropic (liquid-crystalline) states (15°C above the Tm), it
is seen that the fatty acid>16:1tA’ has alhigher_aVerage order than

v

e1ther of the saturated fatty acids (16:0, 15:0), while the membranes

enriched with 18:TtA’ have an average order 1es; than 16: 0- but greater
than 15:0-enriched memb;anes. These dbgﬁrvat%ogs contrast with the
studies of model membrane systems in whéeaft;eheffect of a cis—double
bond on the order of the bilaier aas observea. In.this'caae,lthe

cis—double bondvihcreaged‘the local order of the probe molecules, while?

our results indicate 'a trans-double bond decreases the local order. .In

5

; »Q?dditibn, it was also found that the averaé%vorder‘of the system was:

'fnereaQEd in the presence of either pre of doﬁbie bond compared to the -

’order observed with a saturated fatty acxd when the bxlayers were 1n

b
ey T

“similar thermotropxc cond1t10ns (Seelzg and Seelxg, 1977)

Fxgures 18 and 19 i.ow the order profxles of these various, mem-
Al

branes at temperatures below their phase transitions (15:0, 16:0,
18:1tA®, 16:0i) or.at 5°C for 16:1tA* and 16:0ai. For the latter two
. - . d - .

cases the phase'trahsitiqn begins ‘at temperatures below 0°C. The




0.25 T J J ' ' '
0.20 } | P
S;
' 0.15 ]
0.10 | ]
0o5- . B BN
L i 1 — — | a
“T. CHAIN POSITION

¥
W ~ W
v %:.*Flg. 17. The order profiles of straxght cham saturated and
- trafs-unsaturated. fatty acxd-enrxched membranes at 15°C above the Tm of
- the membrane lipids. Solid line- @ (16:0) at 45°C, solid line o (15:0)
-at 5 ?C, broken line @ (16 LtA ) at 20° C and broken lme o (18: ltA )
'at 34 C.

&



74

0.7 - ll' T l‘ T T ' 1

0.6 -
05 .
Sz )
- 04 1
o3 . -
\\' ,
o2 o
, Lol -
. 1 1 %F 1 ; 1 1 1
2 4,6 810 12 14
: o CHAIN POSITION

q

©

Fig. 18.gThe order profiles/of straight-chain saturated and methyl
branched fatty acid-enriched membkanes at a temperature pelow the phase
transition for_16 0, -15:0, and 16:0i, and at 5°C for 16:0ai. Solid line
¢ (16z0) at 20°C, solid line O (15:0) at 25°¢C, broken line O (16 0i) at
10°C, and broken line e (16: Oax) at 5°C.
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' Fig. 19. The order profiles of straight-chain saturated and
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freezing point of‘Dzo is spproximately 4°C, therefore tai lowest
temperature -that spectra could be collected Hitheut freezing the sample
was ' 5°. | | , -“(ﬁ‘\ | ‘.
In fig. 19 oniy 16:0ai-enriched membranes are not below their
- phase transition temperature. Under.these conditienq the straight-chain
fatty acxd-enr;ched membranes have the greatest average order; however,
the plateau regxon is no longer preaent beyond the 5-position of the
acyl chains, where the order profxle indicates an: 1ncreasxngly larger
decrease in the order beyond this position of the chain. For the 16:0i—
' enrtched membranes'in which all the lipids are in the gel state, the’
‘plateau region is still present. Thus, as was the case above uithtthe
pha;; transition, the methyl brapch acts to maintain the plateau region
' .

and'increaies the order»of'the chains towards the methyl terminur rela-
‘tiﬁe to the other regidns of the chain, In the case ef the 16:0ai—
enriched membranes, where the phase state of the lipids is‘mixed, the
profile does not conform to what was previously observed.,There<is'do
plateau.region;Peyond the 5‘position.of the chain, similar to the
straight-chain fatty acid profiies;;hogever, in the region of the methyl
_érodp there'is a marked increase in the order relatiQe\to when this
group is not present,.which is consistent with the preeiouslytﬁentioned
results. |

» The‘results optained for the nggi-unsaturated fatty acid-enr;ched
membranes are presented in fxg. 18. In this case the 18:1tA° membrane
'11p1ds are in the gel state while the 16: ltA’ membrane lipids are in the
region of their phase transxtxon. The average order of the saturated

fatty acids 1s‘greatef1than for either of the unsaturated fatty acids.

In the region of the doubke bond there is an increase in the relative”
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order, which is more apparent in the 18:1tA’ profile. Thus the effect of
the trans—double bond is to increase the steepness of the ;rldiontvgf
o
the order profile through the billy;rQ
Figures 20 through 25 represent the order plraneter¢prpfiles of

membranes, enriched with different fatty acids mentioned above, at dif-

ferent temperatures; specifically above the phale'tranlition, at the

Y

optiuum growth temperature, and where possible be}ow the phase tran-

'sxtxon, ‘to directly c*e the effect 'of t‘emperature on the order -pro-L |
file of the individual fetty acid species. For the saturated fatty acxds
1(£igs. 20 and 21), the length of the plateau region tends to decreale as

the tpmperatyre is decreased, with the plateau region the longest when o

N
.

the membrane lipids are.in°the liquid-crystalline stabe. As\Ké\the'taiep
with all the fatty acids studxed there is also-'a steady increare iu the
absolute order at each position of the chain as the temperature Qa;
decreased. Thie same trend is observed-when a trans-double bond is

present, in that the gradient of the order profile increases as thejﬂ“h
; . . . . E o

temperature was decreased; hewever, in this case>a plateau region
observed at any temperature beyond the 5-posxtxon of the chain i;Jwﬁu
figs. 24 and 25). This is opposite to what is observed 1n m;mbranaa
enriched with methyl branched fatly acids, vhere thrs group tqhdl to
vma1nta1n the presence of the plateau regxon, partxcularly in the case of
the 16:Oi—enriched membranes (see fxg. 22): The results observed with
the 16:Oei-euriched_meubr;nes (see £ig. 23) indicate that in the region
‘of the phase transition, whereﬁthe,membrane lipids:are in a mixed phaseA
_stftv;'the plateau region is‘not present. However, the results seep w?th:
R

the 16 0i- enrzched meﬂbranes below the phasge transxt1on suggest that the

plateau region would reappear i the 16 Oai -e-branes when all ﬁh

b

ot o ' |
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lipids were in the gel state. This preéfﬁtion could be tested by

obtaining the order profile of the 16:0i membranes in the region of
‘their phase_traﬁsition, where one would predict that the plateau region

would'not‘be present according to the above hypothesis. v

C. Conclusions o , T - Tk
. R : .
The results presented in this chapter attempt to address three

questions raised in Chapter 1. The first questioén concerns the potential
usefulness of:A, laidlawii B as a biological system to stddy the effects
of variousAfatty‘acid structures on the organization of the membrane

lipids in the\hydrocarbon core of the bilayer..This orgardism contains

only one membrane, the plasma membrane, whic"s easily isolated from

the rest of thé‘cellulgr_compﬁhents (Silvius

al., 1977). In addition,
. ’ . . - . " . -
~a method for manipulating the £d¥ty acid composition of this membrane \\\\
LT ~ o "\
has been determined such that the number of differeat lipid species

. present may be reduée§ from hundreds to approximately fivé,‘which vary'

.

only in the structufe of their headgroups (Silvius et al., 1978). I have

found that this organism'will also incorporate monofluorinated fatty

acids with liétle'or,not effect‘op tée ceils, and by coﬁbiﬁing tﬁese'
oEservatibns it is possible to obtain membranes consisting of almost
entirely of one type of fatty acid together with alsmall amount of the
fluo;inated fatty aﬁid to use as an NMR prdbe. The reéults fo date sug;
gest that, by usiné this system, a wide v;riety of fatty acids may be
studiéd to'defermine their effects on the acyl chain §r£anization in a
biplégicallsystem. t | -

The secand'questidn involves the method used for the determination:

~

of the order pafameﬁer values from the -observed spectra. A primary
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assumption is that the value of the parameter A; is independent of the
temperature. Studies done by Niederberger and Seelig (1976) indicate
that this number has L small temperature dependence when thgorgtical

liheshapes are generated for ?2*P-NMR spéctfl of phospholipid bilayers;

however, the variation of this value over the temperature range studied
is smaller than the error introduced into this value when determined

using the procedure described in this chapter. Therefore, the value of
- / . . '

A1 is assumed to be conitant in this Etudy. An absolute error inseither?
of the values(dg,-0;) or A, would result in a constant absolute error in
the measured order parameterk in which all of the Sz values reported

. 1

would be either overestlmate& or underqstimated; but would not affect

. . \ .
‘the relative values_of Sz det%rmined for Lhe membrane samples. These are

. .
y,bs

the only two fixed parameters that mnght be 1vbgect to this type of

systematic error. The s1m1lar1ty af ﬁéd;a:dﬁgxégrameter values d¥ler-
Y

mined usxng H-NMR and !®F-NMR_ in t?ﬁ Stnfxcgl system (see Chapter 3)

suggests that any error of this k1nd, if present, is relatxvely small.

The final point to consider is the effect the fatty acid structure

has on the order of the membrane bilayer. From these studies it is clear
that the structure of the fatty acid has a marked effect .on the acyl

chain organization in a bilayer. Although the fatty afids looked at in

this study répresent only a small number of the numerous different f?tty;

T
%

acids found in biological membranes, some general conclusions concerning
the effects of‘étructure on the order may be made., If the sfraight*;hain
saturated fatty acids are used as a reference to compare the different

. | AN
types of fatty acids, then the additi ‘Qf a methyl group near the

methyl terminus of the chain tends to maintain and extend tﬁe plateau

region above and likely below the phase transition of the membrane
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lipids, and as a consequence decrease the order gradjent through the bi-
laye'r. Serndly. if we accept the a‘sserti‘on th;t. at 15°C above_the phase
transition.midpoint and at a temperaturé just below the onset of the
phase transition the membrane‘lipids'are in'similar thermotropic states,
thep above the transitioﬁ the methyl group increases the average order,
while Selow tge tr;n;ition it decf%;ses tﬁe average order of the ncyi
chains relative to‘the straight-chain fatty acii;( In contrdkt, the
introduction of a Esggi;double bond markedly’dggre;;eg the plateau
region of’the chain, resulting in ah‘increased gradient of order tﬂrough
the‘bilayer. These results, together with those found by Seelig and
Seelig (1977), suggest that the cis- and 353254doub1e bond have the
opposite effect oh the local order;ng of neighbouring acyl chains but
the same effect on the average order of the bilayer. Thiy both increase
_ the order under similar thermotropic conditionsabove the phase tran-
sition, but the Egigi-doubl; Béﬁd'acts té.decreise the loﬁal o;de;iﬁg‘of

the chains, whereas the cis*double bond acts to increase the local

ordering. The effect of the cis-double bond on the ordey ®f gel).state
4 . i . : . s ;‘M ; :

lipid has not been reportgd; however, our results with fha~@ﬁ g -double’
bond indicate that, as was the case with the methyl group, the average
order is §OW‘1ess than that 6bserved in the}stréight—chain saturated

'enriched—membranes. All of these results suggest that an organism may

1

p—

not only control the fluidity of its membranes by var&ihg the fatty’ acid

structure of its ﬁembranevlipids (Saito and McElhaney, 1977), but also
. ‘ &
the magnitud% of the acyl chain orientational order as well as the

S

gradient of order, through the lipid bilayer.
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VI, APPENDIX 1
The computer program ‘given below is wr;tten in basic, and was used to

{ v

generate the theésetxcal lxneshapes to fit the experxmental spectra and

determ1ne the order parameter values, Sz. ‘This program, wrxtten by . Dr._

&y

" Brian Sykes, follows the theory descr;bed in chapter 2. '
"100 dxm 5(513) v(lOl) p(lOl) d(513),q(2048),98$(3) k7$(3)
’ 1ro’a;m £(513) -
120‘dim e(;01) L ;‘ | .
130 let d3=-.00008
140 let ¢=2000 ';: SRS S o
L 150 let 17=2 ) L | S
‘i60.priﬁt'"write the!desired ntettb file‘xix xxx"
170 input K75(0),k75(1) o
180 Let 17-17+1 )
190 ¢ call bdefxne (17,%79) .
o o ZOQ/prznt "what xs°the field strength in hertz"'
/ | 210.1nput vo
| ‘ N 220 print Awhat is‘the'sweegrwidthv(+/r)"
239 input t | ' N
1240 print "what is the value of AO"
© 250 input do~ ,
: ZéOtprint "what is the value of dl"
: <[ 270 input a1 i

280 printb"what.is the value of sl"

Cu 290 input-sl
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300
310
320
330
340
360
370
380
390
400
410
420
430
440
450
460
470
480
490

500
510
520

530

51

550

560

570

‘f‘i-";u' °I"--‘|.

Jet n9=2048 <

let a=0 C T T
£

‘call fread(17,q,352)

call fread(l17,q,2048)

call faint (n9,1)

let h1=48.828

let h2=(50000-t) /h1
let h3=2%*t/200 v |
let h4=h3/hl
for'y‘lyto 201

let h5=ﬁZ+(y-1)*H&
let q(y)'qths)

next. ;

call fknob(k2,1)
call fknob (18,2)
let vl=d3*vosl

let cl=1.5%abs (vl)
f;r jél to 100
let.v(j)-fl*vl;(j-l)*cl/loo

let ﬁ(j)‘l/sqr(l—zéi(j)/V1)

lei d(j)=d0+abs(dl*si*v(j)/vl)
ne%t'j L - ,,_jl—
for‘;=1 tov261 | |

let s(i)=0 .

let £(i)=t=(i~1)*t/100

for k=1 to 100

Tet el= ((£(D)~v () *(£ (1) ~v () / 2% (044 (1))

-



S

580

"590

600
610
620

630

640

650

660

670
© 680
690

700

710

720

730

740

750

760

770

780
. 790

. 800

810

-~ 820

830

840

if e1>20 then 626
let el=-1%el R
let k3=el+log (p(k)/d(K))
let s :)Fs({)jexp (s3)
nextzi -:\cﬁ; '

print s(i),

next i

for i=0 to 200

let d(i)=s(i)*k2%c
next i

for y=1 to20l-a

iet q(y)‘q(y+é)

féxt y |

fq; y=201-a to 201' R
let q(y)=0 “
ngxt L4

go to BzQ |

for y=a+l to 201

let e(y)‘g(&-a)
next"y.

forv&;l to a

let e(y)=0

next y

f;r y=1 to“261

et q(y)=é(y)'

next y . |

'cali fdisp (q,201,3)

N
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850
860
870
880
890
900
910

«

920

930

940
950
960
970’
980
990

1000

1010

1020

1030

1040

1050

1060

1070

1080

1090

1100

1110
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call fknob (59,1).
if‘abs(s9*k2)>2 the$'910. o ¥ | S
call fdisp (d,201,3) |
$ali fknob (19,2)

if abs. (19-18)>2 then 960,‘
go to 840

for i=0 to 511

let d(i)=s(i)*s9*c
ng;t i 0'

let k2=s9
go to 8B40

input u$ ’ ; ‘ ‘ i I
call fknob (19,2) . l#,
let 18=19 | "

if uS="sr" then 1110

if u$ '"é"'theg 840 - /
if uS="z" then 1280

if u$="t" then 1600

if uS="cp" thén 1170 .

if u$="sf" Eii? 1140

i us=pE" 88 1260

if»u$="na" then 160

if uS="s1" then 1080

print "what is the no. of poinfs to shift spectrum left"
input a o \»A |

go to'686

print "what is the no. ospoints to shift spectrum right"



3

1120
, %130
1140
1150
1160
1170
1180
1190
1200
1210
\1220

1230

¢

1240 inputs sl =

1250
'"jdo
1260
_are"
1270
1280
1290
1300
1310
1320
1330
1340
1350

1360
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input a
.go to 750
print "what is the new scaling factor" . - g -
input ¢

go to 650 ¢

print "the previous values of dQ,dl,si,Qere";dO,dl,sl.

print "indicate the desired new value of dO"

print "beside the first ? (return) the new value of dl"
Fad ! ‘ -

print "beside the second ? and the new value of sl"

print "beside theAthird.?""

input d0 V ' .v . .
o ) a - =

input d1 - ‘- - ‘

go to 460 1260 print '"the values of d0,dl sl are

,dl,sl
print "the values of d0,dl,sl

.

;d0,d1l,sl; "respectively"

gé to 840

for y=-1*t to t step t/100 .

Tet 5(201—100*(y+t)/t—.8)=y k ‘ B
next y

let éss(o)="hzﬁf
call fscale (g,6,201,1) ‘ ‘ | (/?
call fscale (d,6;261,1) | ) o L
let s(201)=t

‘let d(202)=q(202) -

print "how maney inches would you like the x-axis to be"



" 1370
1380
1390
1400
1410
1411
1420
1430
1440
1450
1460
" 1470
1480
1490
1500
11510
1520
1530
1540
1550
1560
1570

. 1580

1590

1600

1610

‘input zl

let 5(202)=-2*t/21

call plots |

1311 fexis (0,1,p8$,2,zl,0,t,*é*t/zl,5;3)

print "&b &ou'wapt<onryltheoretical curve plotted”
print "yes (1) or no (no)"

input 22

if 22=1 go to 1460

éall‘fplot (0,3,5,-3)

call fline (s,q,201,1,0,0)

call fdplot €0,2,-3)

call fline (s,d;201,1,o,o) | , o
let c4$"'d0"" » ’

let c2$="d1=;

let ¢3%="s1="

call fsymbol’(0,8,.125,c9§,0,3)>

call fnumﬁer (.25,8,.125,d0,0,8,4)

call fsymbol (0,7.75,.125,c2§;0,3) '

call fnumber (.25,7.75,.125,41,0,10,8)

call Esymbol (0,7.50,.125,¢3$,0,3)

call fnqmber'(. 5,7.50,.125,51,0,8,4)

print "do you.w nt to do a new analysis (1) or "
print "gerqina e (" |

input-b"
if b=1‘th§n 160

end
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¥ ' . VII. APPENDIX 2

This appendix gives the NMR spectra collected for the membrane samples *

discussea in‘this.work . The first six pages contain the spectra of
memb?aﬁes enriched with 16:0 in the absence of avidin supplemented with
increasing amounts of either‘5§r 14-f1ﬁoropalmitic acid. The ;emaining
spectra afe of the~ﬁembfane samples enriched with the various fatty

acids looked at in this study, and whose order parameter profiles are

given in chapter ~four.

R
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" 6000 Hz

: 8 .
16:0=engriched membranes from cells grown in the absence of
avidin containing approximately (from bottom. to top) 5,15,25,
and 50.mole % of 14-monofluoropalmitic acid at 450¢C
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6000 Hz - “

16:0-enriched membranes from cells grown in the absence of
avidin containing approximately (from bottom to top) 5,15,25,
and 50 mole % l4-monofluoropalmitic acid at 37°C
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16:0-enriched membranes'from éells grown'in’fhe absence of
avidin containitg approximately (from bottom to top) 5,15,25,
and 50 mole % l4-monefluoropalmitic acid at 20°¢

o
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6000 Hz

16:0-enriched membranes from cells grown in the absenge of £
avidin containing approximately (from bottom to top) 5,15,25, ©
and 50 mole % of 5-monofluoropalmitic acid at 45°C
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6000 Hz
—

16:0-enriched membranes from cells gfown in the absence of
avidin containing approximately (from bottom to top) 5,15, 25
and 50 mole % of 5-monofluoropalmitic acid at 37°¢
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16000 Hz
—s

16:0~enriched membranes from cells grown in the absence of
avidin containing approximately (from bottom to top) 5,15,25,
and 50 mole % of 5-monofluoropalmitic acid at 20°C
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6000 H:
v

©

16:0=enriched membranes from cells grown in the absence of
avidin containing from bottom to top; 5,8,10,12, and 14 mono-
fluoropalmitic acid '(approx.l10%) at 45°C



hr g

; 16:0-e’ririchec} membranes from cells grown in the absence of
~-avidin containing from bottom to top;5583105125and 1§~mon¢—

fluoropalmitic acid (approx. 10%) at 37°C
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7

16000 Hz
.. . )

£l

16:0-enriched membranes from cells grown in the absence of
~avidin containing from bottom to top; 5383105125 and " 14~mono-
fluoropalmitic acid. (approx. 10%) at 20°C
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A

_ 15:0-enriched membranes from cells grown in the presence of
avidin containing from bottom to top;5;8;5105125and l4-mono-
fluoropalmitic acid (approx. 10%) at 50°C '

2
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6000 Hz
—

15:0-enriched membranes from cells growﬁ in ;he Presence of
avidin containing from bottom to ‘top;5385107125and l4~mono~
fluoropalmitic acid (approx. 10%) at 379C. o

iy
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~

!

16:0i-enriched membranes from cells grown in the presence of
avidin containing from bottom to.top;5383105125vand 14-mono-
fluoropalmitic acid (approx. 10%) at 37°C - ’

°

N
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16000 Hz

o -

3

15:0-enriched membranes from cells grown in the presence of
avidin containing from bottom to top;5;8glO3127and l4—mono-
fluoropalmitic acid (approx. 10%) at 25°C
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6000 Hz

16:0i~enriched membranes from cells grown in the presence of
avidin containing from bottom to top;5383105125and l4-mono-
fluoropalmitic acid (approx. 10%Z) at 25°C ‘

<
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16000 Hz
—

16:0i~enriched membranes from cells grown in the presence of
avidin containing from bottom to top; 585105125and 14—mono-
" fluorepalmitic acid (approx. 10%) at IOQC :

83
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¢O00Hz
—

L8

16:0ai-enriched membranes from éells\grown in the presence of
avidin containing from bottom to top;5;8;105125and 14~mono~

fluoropalmitic acid (approx. 10%)  at 37°¢
o i _ o

.
-
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6000 Hz

*

. o - _ , |
16:0ai-enriched membranes from cells grown in the presence of
avidin containing from bottom to top;5383105125and 14~ mono-
fluoropalmitic acid (approx. 10%) at 20°¢C
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16000 Hz
_

16:0ai-entiched membranes from cells grown in the presence of
avidin containing from bottom to top;5387105125and 1l4~mono-
fluoropalmitic acid (approx. 10%) . at 5°C
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6000 H:z

16:1£A9-enriched membranes from cells grown in the\presence
avidin containing from bottom to top;5383105125and T4-mono-
fluoropalmitic acid (approx. 10%) -at 379¢

~
-

of

117



1y

16:1tA9—enriched membranes from cellsbgrown in the presence of
avidin containing from bottom to top;5583105125and l4-mono-
fluoropalmitic acid (approx. 10%) at 20°C

e



16000 H:z )
—

16:1tA9

—enriched membranes from cells grown in.the presence of
avidin containing from bottom to top;5385105125and 14—

mono-
fluoropalmitic acid (apprc.. 10%) at 5°C

J/
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i
.b’- \ . - . . . ‘ .vﬁv
'18:1tA%enriched membranes from cells grown in the presence of
avidin containing from bottom to top;5383105125and l4-mono- -
 fluoropalmitic -acid (approx. 10%) at 37°C C
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6000 Hz
p—d

s
(
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lB:ltAQ-eériched‘ﬁembranes from cells grown in the presence of -
avidin contgining from bottom to top;35;85103125and l4-mono-

fluoropalmitie acid (approx. 10%) at 34°C
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16000 Hz
—

o

18: ltA9 enrlched membranes from cells grown in the presence of
avidin containing from bottom to top; 5583105125and 14—mono— v
fluoropalmitic acid (approx 10/) a|: 20°C '
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