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. ABSTRACT

F R I
' : o o The aims of this work were twofold: first, to generate a biologi— :

: \,

Vo ‘cal membrane system in which the lipld fatty acyl compos1tion can be gar—

i
s
ied essentially at w1ll, and to~study the relationship of lipid proper-
< 4
. S 7. ties. to membrane functlon in such a system, and secondly, to synthe31ze

I

~.‘ 'and characterize some - novel phospholipids which prov1de valuable model

v . o ,\
© ‘ -

systems whose behaVior is relevant to that of the. lipid361n the b101001—,

~cal membrane studied o T @
y . . ,

LI

, Toward theﬁformer,Objective, I have develOped a simpie method for
) : o -

, “ 'converting the simple cell wall less prokaryote Acholeplasma laidlaw11 B

NN : ’

S0 oo . ,?_into a total fatty ac1d auxotroph using avidin to completely inhiblt de
.J o 'novo fatty ac1d @ynthe31s and chaimr elongation 1n vivo. Cells thus -

treated can grow well when a@y of a Wide variety of fatty ac1ds are add—_'

X - ed to the culture medium, and 1f a Singie fatty ac1d is added, the cells
3 - Y. /

incorporate it into their membrane‘lipids to the extent of 95+/ of the

i‘.i / ‘total lipid acyl chains 1f the fatty acid. can support cell growth . The

cellular growth—Supporting.ability of a fatty-ac1d appears to rest on
B T e o S . ) .

:its physical: and not its metabolic properties. Fatty acid homogeneous

G .vmembranes or membrane lipids,'obtained from cells grown w1th aVidin plus
. X Uy B :’. '/" oL ‘:-
any of a number of single fatty acids which are. good growth substrates,.

e ! e

%xhibit a markedly sharper lipid phase transition by differentlal ther—

mal analySis than do normal membranes or: membrane lipids, which ‘have a

heterogeneous fatty'acyl composition.' The protein andxlipid head*group‘

'composition of fatty ac1d homogeneous membranes varies somewhat depend—
i
_ing on the nature of. the lipid acle%halns but a variety of experiments

.indicate that such variations are unlikely to produce changes of a

ERE .

<t

,\v . - V'_‘,‘"-



g

qualitative nature in the phys1cal beh ior of the membrane lipids The -
.potentlal for manipulation of llpid fatty acyl charns -and phy51cal bro—

perfies in- the A) laidlaw1i B membrane has been used to study the physi-‘
caf basis of the membrane llpld effe;ts oh the temperature dependence Jof :3

a membrane enzyme activity, the (Nat, Mg2+) ATPase, which appears to. func-"
, tion.as an osmoregulatory catlon pump in vivo. T My results, analyzed in
the light of an.extensive theoretical ana1y31s‘of Arrhenlug plot behayi—'
.or, suggest that the ATPase' s catalytic act1v1ty is$ not altered by

changes in the lipids,arOund it so long as they are in the liquidvcrys—’v”

talline state, but that a membrane lipid phase tran51tlon occurring on ‘

cooling the membrane can cause the boundary llplds Q\\the ATPasevto-en—“

( .
ter a gel—llke state and thereby to inactivate the enzyme. o

i
b

wofking toward the second objeetive noted abOve,?that of develop}

. ' - .
.ing and characterizing good pure-lipid model systems for the fatty acid-

vhomogeneous'A. laidlawii B membrane, I synthesized a number qf?brahched—
chain, odd—chain saturated, monounsaturated and eyéloprogane fatty;aeids
and their phosphatidylcholine (PC) derivatives. I then’bharfcterizedf
the thermotroplc behavior of the fully hydrated pC' s by differential
thermal analysis. By studying the effect of acyl: cha1n length and struc-
ture on the thermotropizlbehav1or of hydrated diacyl PC's, I have been
able to draw various concluslons regarding the nature of the acyl chain
packing in the gel state and regarding the function of various'types of
methyl—branched.and,alicyclie lipid‘acyl chains in membranes,}xFinally,

I have shown that the gel-to-liquid-crystalline phase transition tem-

peratures of pure PC's and of A. laidlawii B membrane lipids of like fat-
ty acyl composition correlate very well, indicating‘that”the lipid acyl

‘chain interactions in the two Systemslare fundamentally'similar and that

vi
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. CHAPTER 1
INTRODUCTION.
F. .

The detéfminatidn of the equiiibrigm or time*avéraged'ﬁolédular
structures of biological assemblies has long béen; and gonﬁinﬁes to be;
a.méjor emphaéis éf éontemporary~research in molecular‘biology. A new
area of intérest, which a numbgr‘of researchers are bégiﬁning‘to explore,t
iis tﬁe stﬁdy of the dynamic (i.e:; time-dependent) aspects of molécular

» aﬁd supramolecular strﬁdfure. . The reason for this currént interest in
mqlecular’dynamics is twofold. First, a st;tig, precise‘spétial déséfip—
tion of a system's ’struétdre' is actually an;average>bver.many instan-
tanébué configurations and as such gives a gompletevdeécribtidn’of the

v i ‘
system's State only when informatiqn about -the rates and amplitudes of
fluctuations about this average 'structure' (i.e;,rﬁhé'dynamic properties.
vathe‘systemj‘is added to it. Secondly, almost ali of the bigiogiéallém

‘ impo;tant functions o macfo— or shpramolecular systems‘are ;ime—degen;
dent and therefore have their basis in the dynamic properties. of such
systems.“ Just as tﬁe'structufes of large'molecular asseﬁblies can be
related to the structures of their constituent molecules, so the time-
Qgpendent functions of the assemblies can be rélated to ;he~pemporal

g&}gctuations in'the statgs»df.their‘ﬁolecular comanenps.. Therefore, a
kﬁowledge of &olecular dynamics is required‘Both ﬁo fu;ly definé thé‘
'skatei of a system (i.e., its structure over time, as weil és o§ér space)
and,to‘analyze the_ﬁolecular origins of the system's dynamic'properties.
The addition of the dimensibn of molecular dynamics to more classical
.deas of 'structure' promises to transfozgﬁour ways of‘concép.tualizingr

(33

and invesfigating the nature of biochemical systems, and nowhere is this
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" more true than in the field of membrane blology The development of

powerful yet. adaptable experlmental technnques for the study of molecular
dynamlcs in membranes, and of complementagy experlmental s&stems which

are at once relevant to blologlcal systems and amenable to sophlstlcated
1

. physical studles, is one of the major chaLlehges faqhhg membrane workers

‘today. It is this challenge and ‘'some current effortsrto meet it, that

\
x

shall form our primary 1nterest and prlmary obJectlve in thlS the51s and

in the work to be descrlbed in it. - : SO
Any study of fluctuations of molecular arrangements about the
7, .
average ‘structure must begln by establlshlng what is the. natu}e qf this

Ly

’ average . In the case of membranes, recent work has largely resolved

thls latter questlon, as the follow1ng short, review will indicuate.

After many years of debate, . certaln basic aspects of‘membrane equi-

, llbrlum structure are now widely agreed upon The lipids and prOteins

in most membranes appear tq‘be arranged in-an amphipathic lamellar struc—

‘ture, with a rather nonpolar, almost anhydrous inner layer flanked by
two layers of more polar, hydrated structures which are in contact with

the aqueous phase. The apolar layer contains the fatty acyl chains of

the membrane lipids (whiclare arranged in a bilayer), the hydrocarbon

moieties of sterols or isoprenols, and many'Of‘the hydrophobic, but few
- of the hydrophilic, amino acid residues -of membrane proteins.. By con-

trast, the surface layers contain the lipid_phdsphate ester groups, sugar

’ 1 9
and amino acid residues of lipids_andﬁproteins, andvsubstantial quantities

of water and 1norgan1c 1ons (for reviews, seeSlnger and Nicolson, 1972
Bretscher, 1973; Singer, 1974;'Gulik-Krzywicki, 1975). If we neglect
the transverse asymmetry of ‘many membrane components (Rothman'and Lenard,

1977; Bérgelson andearsukov,‘l977),'the basic amphipathic lamellar



i

‘"‘.,rtion between these states in pure lipid—water systems has been exten51ve—"f

A~

structure of membranes seems to belan equilibrium configuration of the
highly amphipathic molecules that comprise them. Most membrane lipids,
along with many membrane proteins, when isolated and reconstituted in <

excess water will spontaneously form lamellar bilayer structures very

similar to those found in the membranes’ from which they were derived

 (Bangham et al., 1974).

Most of the lipids, ‘and many of the protein components of membranes,

‘do not appear to be strongly ordered orvmotionally_hindered Within the

plane of the membrane (Edidin, 1974). This finding has led to the cur-
rently popular cdncept of the membrane as a two—diggnsional solution in
which protein and lipid molecules ¥z Qﬁd‘dﬁffuse fairiy freely in directions
parellel to the membrane surface_(§inger and Nicolson, 1972). The lipids,

being smaller and more plastic than the proteins, can be considered to

be the 'solvent' in such a system, and for this reason considerable at-

tention‘has been paid to the influence of lipid properties on the struc-

" ture and function of the membrané as a whole. W1th1n a biologically rel—

evant range of temperatures (roughly -5°C to +80°C), most membrane lipids
form bilayers in excess water and can exist in two states: a gel state,

in which the acyl chains adopt an extended, all-trans-methylene config-

‘urgtipn and are srrenged strictly in parallel arrays (Gulik~Krzywicki,

.'vl975); and a liquid-crystalline state) in which the acyl chains are still

\

' highly ordered neer their attachmentd to. the lipid glycerol or sphlngo—bb

sine backane but are quite disorlented and rapldly mobile, near thelr T $oe

[

methyl terminl, exhlbiting a so—called 'fluldity gradient' (Hubbell and

AchConnell '1971; Séeliy and Seellg, 197457 Lee et al., 1976) The.tran31~u,h- G

'.'.

<

1y investlgated it 1$ mod)?htely-cooperative (i.e., 1nvolve5'the coupled;



simultaneous melting of domains extending‘ever tens or hgndreds of lipid
molecules) and is thought by many workers to be a typical first-order’
traneitiOn (Mabrey and Sturtevant, 1976; Lee,”l977).: This Ehase transi-
tion can be induced by changes in temperature‘(thermotropic), in tae
%?ter eontent of the system (lyotropic) or in the ionic content of the

medium (ionotropic), and the transition in excess water (which is the

t,biologically relevant SSSEZT\QEE\be influenced by divalent cations, pro-

teins, sterols, and a number of lipophilic compounds of pharmacological

importance (Seeman, 1972; Trauble and Eibl, 1974; Lee, l977a,b). A a con-

sequence of these influences, and of the heterogeneous lipid composition

of biological systems, the lipid phase transition in natural membranes

'is often broad (usually some temns of” degrees wide). Interestingly,'ther—

motropic changes in lipid progerties are often observed just below or

P

within the range of acceptable growth temperatures for a variety of or-

_ ganisms, suggesting that such changes ﬁay}be of biological importance

(McElhaney, l974;,Cronan and CGelmann, 1975).

While the properties of'the membrane lipid 'solvent' have'been ex;
rensively studied (and are, in some cases, understood), less ia knowa
about the structure and lipid 'solvation' of membrane proteins, although
some useful basic principles are beginning to emerge from recent work.
Membrane protein structure appears to conform rather closely to the de-
mands'of its highly anisotropic, inhomogeneous lipid 'solvent',‘burying
polar functions and exposing hydrophobic amino acid side-chains &n the
membrane's apolar layer while exhlbltlng more conventlonal features in
the polar surface layers (Capaldl, 1977 Guldotti l977 Slnger, 1977)
Membrane protelns may preferentially gssociate with certain lipid classes

(e.g., anionic lipids (Boggs et al., l977a;b Jost and Griffith, l978))
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nd m require such-lipids for proper function.(Sandermann, 1978; De

Pont et él;) 1978). The fboundaryi lipid in contact with 'inte%ral'
‘membrane proteins (loosely, those proteins which penetraﬁe into éhe a=
polar layér and are not siﬁbly adsorbed to the polar surface) appearszto
qiﬁfer iﬁ,its properties from the 'bulk' lipid (most notably, it is less
'mobilé (Jost et al., 1973)), although the exact extent and ﬁature of the
difference is controversial. » : ' N
With these findings about membrane 'structure'in mind, we now re-
turn to thé prgblem of;ﬁkudying membrane dynamics. In;contraét to the
advahces just described iﬁ the study of equilibrium structures in mem—
branes, the dyénmic propertieé of membrane molecules are muﬁp more pobrly
understood. For example, no experimentally verifiea molecularvmodel for
transmembrane subsﬁrate transport by a membrane %arrier protein hasbap—
‘

peared #o date in the literature, yet the structure of a membrane proton

transporter, the purple membrane protein of Halobacterium halobium, has

been determined to a resolution of roughly 7’&‘by elect;on diffraction
(Unwin and Hgnderson, 1975; Henderson and Unwin, 1975). This lack of
information ;egérding molecular d&némics is a‘serious obs;écle to our
understanding of membtane function, for an»appreciafion of the transient
features of membrane structure is essential to‘gn,ﬁnderstanding of*trgns—
poft, enzyme activities, regulatory processes and‘a host of other time-
' v : ~
depgndent phenomgna"that occur in membranes.
One vefy.important part of the study of membrane molecular fluctu-
ations is the analysis of the dynamic properties of membrang }ipids and
of their i&flﬁengé 6n'the,fuﬁctional propérties‘of membranés. In this
study, we shall Bé concerned'mainly with the_developqent-of suitable .

methodologies for the study of this létter‘aspect of membrane properties.
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- basic phy51cal 1nformatlon about lipld properties and functions 1s de

Such methodologies may also, of course, aid more conventional 'structural'

2

studies. As we shall see, both the phy51cal techniques used for the

study of membranes and membrane lbplds, and the model systems from whlch

rived, will need to achieve a greater level of sophlstlcatlon in order
to furnlsh useful rigorous results in the area of biological membrane
' BN

lipid dynamics.

Two types of studies can furnish useful information regar&ing Iipid

dynamic propertles and their effects on membrane function. The first

type of study monltors thé behav1or of the lipids themselves and usually

.

requires ‘the 1ntroduct10n of some sort of’ probe molecule ‘to ‘achieve a

‘ sultable signal strength or select1v1ty for detailed 1nterpretatlon of

P

the results. This type of study is llmlted at present by the ablllty of
the experlmenter to rlgorously 1nterpret the complex results normally
obtained, since the molecular motions of 1nterest are generally hlghly
anlsotroplc and are characterized by multiple correlation times or time
constants. Such experiments often require_large amounts  of- physical da-

ta or extensive simulation studies in order to extract the lipid motion-
al or copformational properties from the data. As well. it is always im-

such experiments to d1st1ngulsh what aspects of the llpld

pr s behav1orbare truly representative of the llp!d behavior and what

aspects are 51mply artefacts unique to that probe. The second approach

to study membrane lipid effects on membrane dynamlc properties observes

the lipids indirectly, monltorlng 'some characteristic function of the

i

‘membrane (e.g., glucose transport) under different conditions in which

the lipid physical properties vary. In membrane lipid studies, the 11~

pid properties are usually altered by manipulating the temperature and the



llpld comp031tlon and monltoring ‘the effect of the lipid phase trans;tlon
‘ on the. proceSS of interest (Cronan and Gelmann, 1975' Linden and Fox,
1975). This approach has been useful because the dlfferences between
‘gel~ state and. 1liquid- crystalline lipids are: very substantial and have
been fairly well deflned, at least qualltatlvely, by a varlety of exper1-f
mental approaches (Ladbrooke and Chapman, 1969; Lentz et al. al., 1976; ﬁeid-
erberger and Seelig, 1976 Gent and Ho, 1978; Gabe __E l s l978a) When
the differences in’ the lipid comp051t10n and/or phy51cal propertles are
-more subtle, llttle ba31c 1nformatlon 1s avallable for use 1n 1ntér;%et-
ing the experlmental results, thch must therefore be dlscussed on.a
largely phenomenologlcal basis. The.challenge of inducing membrane llpldv
changes whlch are of sufficient magnltude to allow ready 1nterpretat10n
Vof thelr effects in, terms of model=- ~system physmcal reSults, yet whlch

are not so great as to force the system past the point of" normal biologi-
cal‘functloq,.ls an immense one and has not often been successfully met.

’ The study of membrane llpld dynamlcs and of thelr effects on’ mem—~
brane functlon is therefore llmlted by two factors the ablllty of physi-
“cal techniques to observe and deflne the llpld behavior, and the ablllty
of the investigator to manlpulate the comp081tlon and phy31cal propertles
. of the lipids in a systematlc, well deflned manner As a survey of
avallable technlques for monltorlng llpid dynamics and for manlpulatlng .
llpld compos1tlon in varlous systems will reveal these llmltatlons have
become progre531vely less Severe over‘the last few years .'AS'we shall
see,'lt should be p0581ble in prlnc1ple to obtaln hlgh-quallty analyses_
‘of llpld dynamic propertles 1n membranes, and of their role in various
membrane procesaes .80 long as proper efforts are devoted to developing

suitable membrane model systems for this’purpose. To“understand what

-



constitutes;aqksnitable"membrane system, we. muSt'consider.the types of "
phy51cal methods available for probing membrane 11p1d dynamics.

| The motions of membrane l;pids typically exhibit correlation times
(which roughly correspond to the average' time required for rotation
thrOugh‘argiven angle or'translation thrOugh a-given distance) in the
range of lO—lO sec (for single—bond rotatlons and v1brat10ns) to several
seconds (for lateral difqulon of integral membrane proteins) Since
the techniques used to observe‘these motions mdst usually possess a tem—
poral resolution greater than or’roughly.eqnar”to the time‘constants‘for
the processes of‘interest it is not Surprising that spectroscopic meth-
ods have proven most useful 1n'this area of membrane research ’ Other
techniques,-such as differential scanning calorimetry (DSC) (Ladbrooke

and Chapman,'l'§9; Melchior‘and‘Steim;'i976) and X-ray'diffraction (En-
gelman,vigfi) arevnseful tOr‘monitoring lipid phase transitions but . fur—
nish little useful information regardinthhe motional properties of 1i-.
quid crystalline llplds.} Three types of spectroscopy have proven very
iuseful for studles of membrane 1p1d dynamics:_ magnetic resonance, vib—,
rational spectroscopy and_flno escence relaxation techniquqs. Let us
briefly consider the capabilities and limitations of each teChnique'in
tnrn.‘“; 2

In magnetic resonance experiments, a static magnetic field splits
the energiesﬁof the 'various spin states of an eiectron;or'certain atomic
" nuclei (hereafter called simply a 'spin'), and the 1nterstate‘tran51t1on3'
of ‘the 1nd1v1dual spins_ Sum to give net changes in the .bulk magnetizatlon
of the sample when a fluetuating transverse magnetic field perturbs the

system from eduilibrium (bee eteal., 19743 James, 1975). The relaxation

of the. bulk magnetization after such a- perturbation is characterlzed by



Té measurements:are supplemented with the results of more*sophist4cated‘

“systems.

two time constants: Tl, the rate of transition between spin‘state53{and

T2, the rate of relaxation ofhtheynet transverse magnetiiation)iﬁducba‘

by the fluctuating field. For certain nuclei of interest to membrane -

biologists‘(lH'and ;Bé,Ffor example), both Tl and T2 are sensitiue‘to

molecular motions. Under favorable circumstances, one can determine the

dominant contributions, to-the magnetic relaxations and deduce the time :
constants for one or more types of molecular motions. "If simple T& and
: : T : P

Y

experiments (multiple—irradiation‘experiments,vfor example (James/ 1975

Y o |

. : " |

Yeagle et al., 1977)), ‘a considerable amOunt of 1nformatlon abouu mole—

\ ; \
5

cular motion. in membranes can be obtalned Ce rtaln spins (unpalred nit-

19 31 «f-

\roxide electrons, 'H, F and P, for example)\can‘also furnlsh more or

) .

.less readlly 1nterpretable 1nformation regardlng m%lecular orlentatlon

\

"and the anisotro' of molecular motion i rlented or unorl nted bila er
na the « Py ; ? y

N

Y

Along with these capabilities, magnetic resonance studies have onewi

major drawback: ,they;furnish a great deal of information compressed in-

to a single linewldth or Tl value. The great challenge invsuoh studies l

L4 8]

is to break down the overall spin relaxation processes .into their vari-
o ' A

. . B . L e

ous contributing mechanisms.' The difficulty of this task is well exem—
pllfled in the case of the n1trox1de spln labels_ whose‘spectre in hem—_"
~branes were long rehdered readlly 1nterpretable only through the use of,'

~a model whlch is now thought to be lnvalid (Mason and Polnaszek 1978)

1f one con51ders thls dlfflculty, plus the conslderable controversy sur—

\

,roundlng the- questlon of the ‘extent of perturbaéipn of a spin label €

P

probe's env1ronment by the probe m01ety s bulky structure (Cadenhead and

Muller—Landau, 1975), it may seem rather Surpr1sing that membrane workersfv
. o

< . . o
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continue to employ sﬁin labels in their studies. The explanation for
the popularity of this method is{ however, simple enough: ESR is great-
iy mor; sensitive than isayMR, requiring only about one one—thodéahdth;
.of the spiné needed teo generate a macroscopically detectable nuclear mag-
netization, and small samples,-or sampleé'with liﬁitéd numbers of sites
to be reported by the probe, have thﬁs generally been th; natural pre-
.serve of the ESR tecgﬁique. Recently, however, the adyent of signal-
averaging Fourier—tranéform NMR (Lee et al., 1974; James;\l975), and of
detection systems capable of coliecting a larger portion of the total
- ‘ .
spin relaxation than has previously been possiblé, has enhanced the po-
tehtia;.éensitivity of the NMR téchniqué to a point where sample size
need not be a primary fact;r.in choosing the type of probe té be used in
magnetic resonance experiments. "The ideal magnetic resonance techniqué
for membrane liﬁid studies would be sensitive enough to detect a signal
from a few milligrams-of membrane apd selective enough to aliow a one-to-
one assignment of the resonances detected to the Various‘éhemicaliy dis—
tinqc.spins generating them. It would also use normal membrane lipids, or
compounds of. essentially identical structure, as probe molecules, would
provide informationvon both molecular o;der and molecular motion, and
would allow the ready chemical synthesis of appropriate probes where
necessary. The closest approaches to this idegl at present are ZH quad-
rdpqle resonance and 19F—NMR, but'l?C—vand 31P—NMR will also prove use-
ful in certain cases.
Whiie magnetic resonance methods in the solid state probe molecular
mot?ons and orientatibﬁs, vibrational spectroscopy probes the structure

and conformation of molecules. B The basis of the utility of vibrational

spectroscopy (i.e., infrared and Raman spectroscopy) in studies of mole- -~

t

3

o

= . “
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cular conformation is the dependence of vibrational transition frequen—'
cies and probabilities on‘the distribution of the resonating~atoms in
space and on the bonding energies among the various atoms. As certain
vibrational modes may involve a large number of nueiei (the 'acoustic-
band' resonance of-all-trans polymethylene chains is one such example),
it is'possible\to examine the conformations of large segments of the
molecule(s) of interest by measuring the frequencies and intensities of
molecular infrared absorbance or Raman scattering (Yellin_and Levin,
1977; Gaber ét al., 1977; Koyama et al., 1977). Lasar—Raman scattering
methods: have recently become popularvfor studies of simple lipid or lip-
id-protein systems, providing an ensemble average of the instantaneocus
conformations of the molecules. COnsiderableCetfort has been devoted to

assigning the various frequency bands to various vibrational modes, and

. on this basis the dlstrlbutlon of all-trans segments, of- gauche confor-

mations, and of 'kinks' (g t é- conformations (Trauble, 1971)) in the

lipid methylene chains have been estimated (Yellin and Levin, 1977; Gaber

et al., 1977). Wallach and his coworkers (Verma et al., 1975; Verma and

Wallach, 1976) have used Raman scattering effects to detect a thermo-
tropic change in the structure of the membranes of erythrocytes and

lymphocytes. The great advantage of the lasar-Raman technique is that

it can directly furnish information regarding the transient conformations

: 3 : , L L
of structural units in the lipid molecules which are larger than single - -=
methylene segments or phosphate groups. The disadvantages of the method
include a lack of information on the lifetimes of the moleeular oon%or— .

mations (it 'is a 'snapshot' technl ue) and the considerable overlap of
P q

,certaln frequency bands of interest - w1th adJacent bands (although thlS

latter problem may sometlmes be clrcumvented by the use of- deuterated



lipids (Gaber et al., 1978b; Mendelsohn and Maisano, 1978).

A third use;ul meﬁhod for investigating membrane lipid ﬁotions,
fluoresgence spectrosaopy,-g;veé results which largely reflect the re-
orientation and diffusion of the probe ﬁéleculeé. ‘Since few types of
molecules in membranes are strongl§ fluorescent (tryptophan is one nota-
ble exception)} it is usually nedessary to incorporate an éxtrinsié Erobe
into Ehe‘membrane in fluorescence studies.\ Fluoreseent,lipid probes are
of three tygss: lipo%hilic or amﬁhipathic molecules largely unlike nat-—
ural lipids in structxre, such as 1,6-diphenyl-1,3,5-hexatriene (DPH).
and 8—anilinonaphthalene—l—sulfonic acid (ANSA) (Jacobson and Papahadjo-
poulos, 1976; Andrich‘and Vanderkooi, 1976); natural lipids with an un-
.natural fluorescent moiety'attached, such as the anthroylstearic acid
probes (Cadenhead et al., 1977); and conjugated polyene fatty acids,
subhﬁas o~ and B-parinaric acids and their phospholipid derivatives
(Sklar et al., 1975; 1976). While fluorescence intensity measurements
can be used to monitor lipid phase transitions, Such:méasureﬁenﬁs aré of

. 4 , ,
little use in determining the absolute values of any useful motional

parameters for the membrane lipids:  ‘Fludrescence.depolarization.measure-, -

/ ST
ments,- by contrast,.can in principle furnish cénsiderably more useful

v b D PE— -

‘ dé@é'(Shihi?gﬁy éﬁaiéé;engdié;'i9%8)L  Eince-th; probééility ofjexcité;
" tion ;f’affluére5cént pfobe b§‘a'poiafized;beaﬁ of iight is maximal whéﬂ
ihé‘eiecfrig:Vécﬁdr:of'the'béam ié;ﬁaraliél to the molecular transition
moment , the-population of mdleqples excited by a rapid pulse of polarized
light will have a net preferenfial orientation along the axis of polari-
zation of the light beam. This net orientation of the excited molecules
~will decay pq\somé eernt, due to ;andom mo;ecular mo%ions,’between thg"

time of abégtbtibh and the ‘time of emission of the exciting photons; the

12



~cases be related to a membrane Jmicroviscosity'. In general, however,

beam of emitted photons will terefore be less polarizeo the greater the
\ ; .

extent of molecular tumbling du%ing the lifetime of the excited state.

If a satisfacrory model for the%molecplar tumbling is available, and if
the excited-state lifetime is k&own, e rotacional correlation time (or
cimes, if'cbe motion is anisotropic) can be calculated and can in some

N

the motional and viscosity para@eters extracted from fluorescence depo-
larization experiments are highf model—depehdent'(Kinosita et al., 1977;
Chen et al., 1977; Dale gE_gli, p977). An adeqoate model of probe motion
is probably more regoily derivable for a highly elopgated, roughly axial-
ly symmerric probe, such as a parinaric‘acid (which—is likely to align
itself parallel to the lipid acyl chains), than for an 1rregularly shaped
probe such as Nephenylnaphthylamlne (NPN), whose motlons and orientation

are much'more difficult to predict. More direct measurements of lateral

(as opposed'to rotational) diffusion rates are possible using fluores-

o

bleaching (FRAP) (Axelrod et al al., l976 Koppel et al-, l9Z6;;Smirb_and‘;~v

face density or .the rate. of recovery of the equilibrium probe surface

(dens1ty after rapld local depletion by a hlgh 1nten51ty light flash
FCS and. FRAP will probably prove to be the most useful fluorescence

'methods for obtaining qoaﬁtitative information on the motional proper-

ties of membrane molecules, but even in this case, the preparatlon of .

‘,‘-:>'q._v .

”sultable, rellable fluoresaent llpid probes .may pose a major dlfflculty

This brief overylew oﬁ the.avallable‘physlcal methods for monitor-

.ing;membrane lipid.dynemics;should provide ample evidence to support:the

conclusion that no ideal membrane lipid probe technique currently exists.

- cence correlation spectroscopy (FCS) or fluorescence recovery after. photo, s

rew.

“McConnell, 19232,_Wh1oh,measure the temporal fluctuatiopsiof pgabéLsG;ALf“vjl" o
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‘env1ronment 1n preference to the others present in.a membrane system.

: 14
e d

While this fact alone is scarcely cause for despair, there is a more
fundamental problem which is common to all of these probe techniques ano
which -may limit their potentlal for hlgh—resolutlon studies inm membranes
Thls latter problem stems from the compllcatlng effects on measured

probe signals that arlee when multiple environments are present. in the

system of interest. Unless the probe employed - is extremely selective

for a single environment or gives readily distinguishable, resolvable

- signals when present in each of the different environments, the spectro-

scopic signal that the probe generates will represent a complex summation
of signals from various local domains. In this latter case, the decom-

position of the overall signal into its components, or even the extrac-

tion of an 'average' parameter which has some‘physical meaning .at the -

v

molecular level, may be difficult if not impossible. This probleém is

-

-matched by the equally serlous p0551b111ty that a probe may report one

o . o "., .- . : o

f

'If thlS select1v1ty is- not adequately accounted for, serlous errors in.
experlmental 1nterpretat10n can result ;From‘the'above con51derat10ns,
‘1t can be appreclated that the currently available or foreseeable phy51—

cal methods for problng membrane llpld dynamics can be most useful (i.e.

can yield the most reliable data) when the membrane lipid domain is as

close to being a single, homogeneous phase as proper membrane function
will permit.

. . . ST . . . .
Slnce>m1croenv1ronmental,homogenelty usually requires homogeneity

in the chemical composition of a molecular ensemble, it is not surprising

that many workers, wishing to avoid the problem of multiple microenviron-.

ments in the lipid system under study, have carried outyi great number

of physical studies on pure dipalmitoyl phosphatidylcholine in aqueous



.
dispersionéi Unfortunately, a direct éxtropolaﬁion‘from such a syétem
to, for example, a.HeLa cell membrane is, at'beét, tenuous.. A mode pee-
ful membrane model would combine a simple lipid composition with a dJemon-
strable'biolog%cal acﬁivityv Three major approaches have been used to
obtain systemé of this laqter fype: membrane-réconstitution, in vitro.
modificatlon of membrane lipid, and iﬁ X%§%>(me;abolic) manipylation of
lipid composition. As the following br;éf review will dgﬁonstrate, each
.~

approach has its own strengths and limitations.

The most satisfactory method for Obtaining a membrane-like system
of very simplq composition ;s to splubilize and then isolate a single
protein or protein complex from the membrane, using any'of a vé;iegy of

treatments to weaken the interactions of the membrane components with

one another, and then to reconstitute the isolated protein with a single

bilayer-forming lipid. This approach‘has proven quite successful for

several proteins, ihcluding notably the Ca2+—ATPase of sarcoplasmic reti-

+

. +
culum (Hesketh et al., 1976), the (Mg2 ,Na+,K )-ATPase of eukaryotic cell

v

membranes (Hilden and Hokin, 1976), cytoéhrome b_5 of microsomal membranes

976), and the mitochondrial cytochréme oxidase (Vik

fDufOurcq et al.
»'and-Capaldi, % 77). While reconstitution studiés are likely to consti-
tute an important bréﬁch of membrane research for some years. to come,
they suffef from certain basic drawbaéks. ’First, the tertiary structure
of the reconstituted protein may ﬁo longer be the same as that of the
native membrane-bound species; a numger oflrecent studies have déﬁon—
strated that protein structure can be quite plastic even under conditions

usually assumed to be 'benign‘ (Clarke, 1977; Nozaki et al., 1978). An

15

alteration of enzyme activity or regulatory properties. in a.feCOné:itq;e&'ﬂ

system cannot automatically be attributed‘to the effect of *the lipid



environment, for rigorous cont;ols ere necessany’to ensure that the pro-
tein structure has not oeen.irreversibly.altered during solubiliiétion
and reconstitution. Secondly, the composition of the reconstituted sys—
tem.may be made so simnle that certain accessory elements that influence
the system's function in vivo may oe omitted.‘ Again, the simple reten-
tion of the gross properties of the system when reconstituted does not
guarantee thst its structure is native in all respects. Thindly, it is
often dfﬁficult to ensure complete removal of the membrane-disrupting
agene from the reconstituted system ano tnus to svbid undesiraole side
effects of the disrupting-agent. For'example, residuel sodium deoxy-
cholate in aAreconstituted (Mg2+,Na+,K+)—ATPase apperently abolishes the
anionic lipid dependence of-this enzyme‘(Mandetsloot_egjgl;,.l978).
Finally, many interesting but comp}ex:cell functions"(e.g;, growth or
differentiation) are simplyvimpossible to transferitoha reconstituted
system, at least at present. In soite of these draubacks; the feconSti—
tution method remains the only currently available general.method by
which llpld proteln 1nteract10ns, and their functional consequences, can
be studied at high resolution.

If homogeneltf of proteln composition is not. required in a study
of membrane dynamie propertles, it 1s sometimes possible to alter, and
in some cases to simplify, the lipid composition of the membrane in vitro

without disaggregating it. Among the methods by which such alteratlons

may be achleved are phospholipase treatments (Roelofsen and Zwaal 1976

I

Bevers et al., 1978 De Pont et al., 1978), phosohollpld or. Sterol ex— -

-
- a

l-uchange (Zilversmlt and thhes, 1976 Deuticke andvRuska 1976, Kahane

:'ﬁand Razin, l977)r and membrane fusion (Houslay et al* 1976 Poste and ;{Ql:

”,Papahadgopoulos, 1976) Phospholipase degrédatlon of spec1fic llpldS ~¥';

PR . o . 1- e M e e e ~ LA e . o S R AT TR .




‘has been used to demonstrate a spec1fic lipid requirement for several .

membrane enzymes such‘as-the:eukaryotic (Mg2 Na ,K ) ATPase (De Pont et '

'pholipases to modify membrane lipids lS limited however, for .many phos—(w .

alf' l978)J Certain readily available llpOlyth enzymes, such as phos—.”

pholipase D and phosphatidylserine decarboxylase, can convert one diaeyl

17

phospholipid species to another witHout" further degradation to membrane- . .

disrupting species such as lysolipids. The potential for use of phos—

holipolytic enzymes do produce membrane—disrupting species or require

some form of membrane perturbation (Such as cellular ly31s ‘or’ the use of

,n,,‘n» P

detergents) in order to modify a significant fraction of the lipids; Phos~ .

pholipid or sterol exchange or membrane-vesicle fusion can simplify the O“

membrane lipid composition only if the reservoir of lipids in the donor
system is very large, so that the intrinsic lipids of the acceptor mem-

brane are diluted to negligible levels. }b date, the transfer efficiency
. . /'
of these processes has generally proven “too 'low to accomplish major lip~

.

id replacements in samples of appreciable size, although this is a tech-

nical problem rather than a fundamental limitation of such procedures.
More serious are the problems of wholly separating the lipid donor and
acceptor systems after interaction has occurred, and the possibility of

undesirable intervesicular transfer of membrane components other than
. \

lipids (Enuch et al., 1977). It appears at present that in vitro lipid

modificatiOn methods will prove yseful for altering the lipid head- -group

f51mplifying the membrane lipld comp051tion or for drastically altering

4 -

the 1ipid fatty acid composition f::
The third major method for manipulating membrane lipid comp051tion

1s the An . v1vo manipulation of the lipid metabolism, and thereby the

T e e

'Hand the sterol COmpOSltlon of the membrane but will be of little use.for o
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lipid composition, 6f a living organism. A net‘simpllfieation of the
cellular lipid compositionvis achieved when synthesis of a nonessential
lipid speeieslis fnhibited‘or when a pathway generating a variety of lib;

id species'is inhibited and a single exogenous species is msed to replace
the normally heterogeneOus complement of endogenously‘synthesized spec;

ies. Relatively few studies have appeared in which the synthesis of a

yi;partlcular phOSphOllpld or sterol ha§ been 1nh1b1ted w1thout substltutlng_‘ .

a lipld spec1es of- related ‘structure in order to malntaln cell v1ablllty

o

Cseegghoweyer;,Astln and Haslam, 1977 Ohta and Shibuya, l977 Chen et

t

._ al., 1978). It has been possible in -some systems to largely or wholly '

inhibit endogenous fatty acid synthesis and to replace at least a portion
of the fatty acids normally found in the membrane lipids with a single

exogenous acyl species. This technique has been most successful in sim-

-plifying the. fatty acid composition“of certain microorganisms, notably

o

Escherichia coli (Baldassare et al., 1976, 1977), Saccharomyces cerevisiae

,(Astin et al., 1977) and Mycoplasma strain Y (Rodwell, 1968; Rodwell and

Peterson, l97l). Recent results with cultured mammalian cell lines have
also indicated a considerable potential for simplification of lipid fat-
ty acyl composition Oy in vivo modifications in these systems (Horwitzv
et al., 1978). Enrichments of membrane lipids in a single fatty acid

e .
species to the extent of > 90% of the total acyl chains have been achiev-

@,

'ed’ hSing,a limited~number of exogenous:fatty acids, in E. coli and

h_“MycoElasma strain Y although the llplds of the former organlsm can be

hlghly enrlched in only a few c1s—monounsarurated fatty ac1ds and the

_latter organism requ1res large ‘amounts of membrane cholesterol. for .

oo e PN
: . . ﬂ. S o
- ConE S 3

growth In splte of thelr llmltatlons, these advances 1llustrate the o7~

)

V,potentlal of 1n v1vo 11p1d modlficatlon methods for generatlng membranes
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whose lipid composition is simple enough to be amenable to rather sophix-

A

ticated physical studies of membrane lipid properties. ’ L \

- . . .- ’ . ) \ \.

_The.preceding survey of available experimental methods'for prob%ng(
. R !

‘membrane llpld dynamics and for modlfylng membrane llpld comp051tron |

)
\

leads to the: conclusion ‘that at present there is no phy51caL technlque\

A

\

\

which 1s perfectly Sulted to the study of blologlcal membradss and no
natural membrane - systEm whlch is perfectly su1ted to examination by physr

N

cal technlques‘ Unfortunately, thlS problem has led many physical blo—”
chemists to study pure lipid4Water systems instead of membranes, while
many more blologically oriented workers who apply phy51cal technaones to
. membranes produce’” very qualltatave and uncritlcal 1nterpretat1ons of the
data obtained. It would clearly be helpful to membrane workers to have_
as a model system a‘biological’membranerwhose‘lipid composition is suf-
. ‘ :
f1c1ently 31mple and readily. manlpﬁlable to allow the propertles of the

lipids to ‘be examlned in. detall by phy51cal methods The 1nformat10n de—

rived from studies on such a system; comblned when-necessary'with infor-

mation from studies of the isolated lipids in aqueous dispersion or re-

constituted with membrane proteins, could furnish considerable information,

not only on the dynamic properties of membrane lipids, but also on the
utility and the‘weaknesses of various physical probes of 1lipid properties
when applied to biological membranes. Such information would be of incal-
culable value in interpreting the results of studies which attempt to cor-
'relate membrane physical probe data with membrane funotion in more com-
plex systems. | |

i The 1deal organlsm for such model studles of membrane lipid- proper-

:tles would be wholly 1ncapab1e of the synthe31s of llpld precursors (e g.,

fattywac1ds; Squalene or choline) but would readily incorporate any such



precursors, or preforred llﬁids,'ihtohthe'ﬁehbrane'when'they were exogen- :
_pusly $9P§liedu‘vA’more realdstle'objective would he~to éenerate'avmcm4”
.branelsystem having & small numher-of lipid components whose‘structnre

cduld be varled almost/at will within awminimal set of constraints im-.

posed by the ablllty of warlous llpld species to support- propermmembrane
funttlon and cell"growth The obv1ous‘start1ng point for developlng Such’ .
a 'llpld s1mp11f1ed' membrane system 1s an organlsm whose llpld metabol—
i\ ism is falrly 51mple, whose membrane(s) can ‘be ea51ly 1solated and 1f
‘necessary, separated from one another, and whose llpld requlrements stem
malnly if not wholly'fromvlts need to generate simple membrane llplds .

A good choice of organlsm in view of these criteria is the simple, cell

wall- less prokaryote, Acholeplasma laidlawii B, which, along with E. coli,

already provides the most readily manlpulable plasma membrane system cur-

rently avallable (McElhaney and T0urtellotte, 1969 McElhaney, 1974

‘Salto and McElhaney, l977) ;;}':'ﬂ’i*'7(”' \;H

\ "y
The overall obJectlveof the present work 1sxto help to bridge tgg -
\\ Voo

gap between the 1ncrea51ngly sophistlcated studles of the physical pro- \ .
perties of pure lipld—water systemS’whlch are now beipg reported-by'a
number of laboratories, and a large number of interestfhg but highly.

qualitative and sometimes nafve studies of the physical properties of

lipids in, and their effects on the functionalvproperties of, the intact

membraneSJOf.living cells To thisvend "I have developed a method by

which the fatty. acyl composltlon of the membrane llplds of A laldlaw11 B

can be manlpulated over a w1de range -and '&dn be made essentlally homogen—
eous in any of a number of fatty acids, and I have evaluated the function
of a ‘large variety of fatty ac1ds in Supportlng cell growth when enrlched

: to hlgh levels in the membrane of this organlsm This system for link-



i

1ng phy51cal and blologlcal studles of membranes and liplds ‘has beéd"EJ;v

tended in the. phy81cochem1cal dlrectlon by synthe51zlng and character—>A

121ng pure ‘diacyl phosphatidylchollnes whose ‘acyl chalns or their homo-
B -

logues, can also be 1ncorporated to hlgh levels ‘in the llplds of A. lald— SRR

. lawiiB. Certaln physxcal propertles (the gel to= llquid crystalllne
phase transition parameters) of these llplds in aqueous dlsper51on have

been evaluated as have the tran51t10n temperatures and mlxlng proper-.

ties of fatty ac1d homogeneous lipids 1solated from A. laidlawii B. The
'lipid-simplified' membrane. system has. been extended in the blologleal
dlrectlon by studylng the effect of membrane fatty acid comp051tlon on
cell growth in a detalled and. systematlc manner and by 1nvest1gat1ng the
 effects. of llpld phy51cal properties on the- act1v1ty of a key membrane
r*enzyme, the (Mg ' Na ) ATPase, and the mechanlsm by whlch these llpld ;

effects are exerted on, the enzyme The results obtalned from these R
j“:~-"- - . Ce e LT , :
studies 1nd1cate that the 'llpld 51mp11f1ed A laldlaw11 membrane sys—,»\~“

'A_tem-has a con51derable potentlal for use in 1nvest1gat1ng and correlat—
‘ing the physical and the- b;ologreal~propert1es‘of a cell membrane‘in

much greater detail -than has'prevlously been possible.
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" CHAPTER 2

. MATERTALS AND METHODS -

- The methods descrlbed in ‘this chapter are. thége" whldh were used 1n :»;__
the blologlcal aspects of my the31s work _ The methods used for the syn-

thesis of fatty acids and phosphatldylchollnes are descrlbed in Chapter 5

Materials .

Biochemicals - Straight- chaln saturated ‘and unsaturated fatty acids

‘were - obtained - from Nu -Chek Prep (Elysian, Minn.), whlle commercial cyc-

lopropane or’ branqhed—chain;fattywacidsTWEre*prdduets”of‘Analahs'(ﬁorthﬁ"

Haven, ‘Conn.). L-a- dlpalmatoyl— and’ d10leoylphosphatldylchollne L-a-~"

'—glycerophosphorylchol1ne (cadmlum chlorlde adduct), av1d1n, ATP . (sodlum =

'houls, Mo ) and were of the hlghest purltv avallable Bov1ne serum al-
! ‘bumin - (Fractlon V fatty ac1d poor) was obtalned from Mlles B;ochemlcals S

.(Elkhart FInd ) and was further dellpldated by the procedure of. . Chen

AN REY

(1967) : Bacto péptone Bacto- heart 1nfus1on broth and Bacto yeast ex—

tract were products of Difco (Detroit, Mich.). Cerulenln was the gener-

OuS‘glft of-Dr Satoshi Umura (Kltasato Instltute, Kyoto, Japan) who also

»the51s of fatty ac1ds and phospha

furnlshed us w1th a small sample of CM—SS

ganlc ChemlcalS'— The: varlous organlc reagents ‘used in the syn—

ylchollnes were obtalned from Flsher
Y

ker Chemlcal Co. (Phllllpsburg N.J. )

Sc1ent1f1c (Edmonton,*Alta ),

~'Aldr1ch Chemlcal Company (Mllwauke s Wlsc ) or K & K- (Irv1ne, Calif. ) and

~ were all of reagent grade or hlgher purlty Ac lene gas was’ obtalned

. from Unlon Carblde of Canada Ltd. (Oakv1lle, Ont ). Cirrasol'Was.a gift_

22



" solvents were of reagent grade and were routinely redistilled prior 'to

-

use.’

Inorganic‘Reagents -~ Anhydrous ammonia, hydrogen chloride‘and hyd=-

rogen gases were products-of Unior Carbide Canada Ltd. Common salts and

buffers'were obtained from Fisher Scientific Co.; Baker Chemical.Co. or

' Koch-Light Industries (Colnbrook, U.K.) and were all of Teagent grade.

Halogens and metals used in organic syntheses were purchased from Flsher

501ent1f1c Co. and were 'Flsher Certlfled' grade

T

from .Bio-Rad (MlSSlsauga, Ont ), whlle 5111ca gels G and H were Obtalned.f"

from E. Merck (Darmstadt C.F.R,).v Ihese»adsorbents were washed with ;,:ﬂ

o " -

l.chloroform*and‘methanol then drled to remove any organlc contamlnants

col succinate on Anakron) were obtalned from Analabs, while the gases’
used (ultra hlgh purlty hydrogen, zero;gas grade air and prepurlfled
grade hellum) were products of Unlon Carbide Canada Ltd.

g,

S

Methods

Organism and Culture Conditions - Our isolate of Acholeplasma laid-

+

lawiji B was originally obtained from Dr. G. ff. Edwardsu(Wellcome Re-

search Laboratories;”Beckenham, U.K.). The delipidated growth medium
was prepared &s described elsewhere (Silvius and‘McElnaney, 1978Y and
was” supplemented with 0.4% (w/v) bovinefserum albumin, 0.25% (w/v) glu-

cose and 105 I.U./ligre of penicillin G (all as sterile solutions) prior

to inoculation of-the’medium. Fatty acids were added as solutions in a.

' small quantity of ethanol (< 0.3% of the culture volume). Cultures were.

23

- from Imperial Cheg%cal Industries, Ltd. (Manchester, U.K.). All organic:
E : - . .

Chromatggraphlc Adsonbents - BlO Sll A (200 400 mesh) was obtalned f

wnrior to:use . The gas chromatographlc columns used (lOA\dlethylene gly-—-:”_i” T
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grown statically at 36°C, and cell. growth was monitored turbidometribally

 by absorbance at 450 nm (Maniloff, 1969) Cells were harvested by cen-

trlfugatlon at 13,000 x g for 15 min at 4°C in a Sorvall RC2-B centri-
fuge, using a GSA rotor.

Membrane Isolation - Our procedure was basically that of Pollack

et al. (l965a). Cells grown to late log phase were harvested as just

described resuspended in one-half culture volume of 'B -buffer' (0.154 M
NaC1l, O. 05 M Tris, 20 mM B-mercaptoethanol, PH 7.4) and recentrifuged.

The cell péllet was resuspended in one-fifth of the original culture vol-
ume of warm (35°) distilled water by vigorous trituration. After incuba-

tion at 35°C for 30 min, the suspension was centrifuged at 8,000 x g for

10 min to remove debris and whole cells, then the supernatant was centri-

fuged a. 30,000 x g for 30 min using a Sorvall SS-34 rotor. The membrane
pellet was wasged once by recentrifugation from a volume of twenty-fold.

diluted B-buffer equal to the vqlume‘of distilled water used to lyse the

u

cells. This procedure typically yielded 30 - 50 mg of membrane protein

>

from 1 £ of cell culture.

Lipid Extraction - Our ﬁethod is a modification of the method of

L&

Bligh”and Dyer (1959). The sample of interest (whole cells or isolated
membranes, contalnlng up to 100 mg of protein) was suspended in 8 ml of

'a-buffer' (0.15 M NaCl, 0.02 M Tris, 0.01 M MgSO,, pH 8.0), then 20 ml

4
of méthanol was added and the mixture was warmed to V50°C for a few min-
utes to denature the protein. Chloroform (30 ml), a-buffer (20 ml) and
chloroform (40 ml) were then added sequentially, shaking the mixture well
after each addition. The phases were then allowed to separate, the upper

(aqgéous.methanol) phase was aspirated off, as was the interfacial mate-

rial, and the.lower (chloroform) phase was applied to a column of Bio-SilA
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(5 —N20 gm) pa?ked in chloroform. The column was eluted with 5 column
volumes of chlorof&rm to yield the neutrélilipids, then with 5 volumes
of methanol to yieid the polar lipids. In most experiments (e.g., gly-
cerolipid fatty acid analysis) only the latter fraction was retained,
but in som& DTA experiments, both the neuﬁral and polar lipids were col-
lected together. iEvaporation of the organic solvents in vacuo yielded
the purifieé lipids, which were redissolved in the minimum quantity of

‘

benzene or chloroform/methanol (2:1, v/v).

Fractionation of Polar Lipids - A. laidlawii membrane lipids can

be fractionated into neutral lipid, glycolipid and phospholipid compon-
ents by eluting a column of Bio-Sil with 20 volumes each of chloroform,
acetohe and methanol, according to the procedure of Vorbeck and Marinetti
(1965). However, we found that the résolution of élyco— from phospho-
liéids by\this method was not always comﬁletg, and we thereforelcarriea
out most of our polar lipid fractionations by thin-layer chromatography.
Lipid samples of 0.5 - 20 mg were applied to 5 x 20 or 20 x 20 cm plates
of silica gel G or H (0.5 mm thick) for synthetic phospholipids. The
plates were developed with 70:25:5 (v/v/v) chloroform/methanol/water

(for A. laialawii lipids), or 50:50:2.5:2.5 (v/v/v/v) chloroform/methanol/

A . ]
water/conc. NHAOH (for synthetic phospholipids). After the plates were o

developed,. they were exposed briefly to I, vapor to visualize the lipid

2

spots, which were then scraped off with a razor blade. The gel scféped

from the plates was packed into a small chromatography column and eluted

evaporation of the solvent. If recovery of the lipids from the plates.
was not required, fhe‘bliges were sprayed with - a 3% solusion of chromium

o [ q” ) : . ) P - '
trioxide in 60% (w/w) Equeoﬁjaguiggric acid, then charred ¢ a hot plate

2



to'reveal the lipids as brown-to-black spots.

Lipid Fatty Acid Analysis - A lipid sample (up to 2 mg) was heated

to 70° with 1 ml:of 5% methanolic H2504 for 1 hr (for free fatty acids

v Tl Lo

‘f,or‘lipids“éontaininé cyclopropane acyl species) or 2 hr (fof:othef coﬁ— "

plex lipids). The cooled reaction mixture was mixed with 2 ml of dis-
tilled water and twice extracted with 1 ml hexane, which was dried

(Na 504) and evapdrated under N, to yield the fatty acid ﬁethyl esters.

2 2

These aere analyzed by gas chromatography onAcolumns of 10% diethylene

glycol succinate on Anakron.in a Hewlett-Packard 5700 A gas chromato-

_graph. The signal from the flame ionization detector' (which is propor-—

tional to the mass of the organic components in the effluent) was fed !
into a Hewlett-Packard 3370 B integrator and displayed on a Hewlett-—

£
Packard 7128 A strip-chart recorder.

Gel Electrophoresis of Membrane Proteins - Membrane samples were

dissolved in a buffer containing 1% sodium dodecyl sulfate (SDS), 1%
B-mercaptoethanol, and 50 mM phosphate (pH 7.0), thén heated at 45°C

for 60 min. Roughly 25 pg of protein was applied to a 6 x ZO x 0.3 cm
slab gel of 8% polyacrylamide équilibrated wi;h a buffer containing 6 M
urea, 0.157 SDS and 30 mM phosphate pH 7.0. The gels were electro-
phoresed using broﬁophgnol blue dye as a tracking dye, then stained with
Coomassie blue and destained, as described by Weber and storne (1969).
Gels were sca%ned at 596 nm on a Gilford model 250 spectrophotometer and
the staining intensity (absorbance) was continuously recorded as a func-
tion of poéitién in tbé gel.

- '.Différential Thermal Analysis (DTA) of Lipid Samples - Samples of

5 - 15 mg of pure lipids were dissolved in 0.5 ml of warm benzene, which

was rapidly frozen and lyophilized to give the lipid in a powdery or waxy

3
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form. This was packed into capillary tubes, mixed with 50% (w/w) dis-
tilled water or, in a few cases, 70% (w/w) of 30% aqueous ethylene glycol,
and hydrated by repeated warmlng and centrlfugatlon of the sample from
one end of the (sealed) caplllary to the other.(Ladbrooke et al l968).
After a homogeneous opaque dispersion was obtained, the tube was broken
in two and the half of the tube containing the sample was placed-in the
sample chamber of a DTA cell fqr a DuPent 900 Thermal ‘Analyzer, using
glass beads in the reference chamber. Samples were heated or cooled at
rates from 2° - 20°C/min (depending on éhe nature of the exgiriment);
transition temperatures were normally determined at scan rates of 3°/min

(for synthetic phospholipids) or 5°/minf(for A. laidlawii lipids).

Assay of the A. laidlawii Membrane ATPase Activity - The 'standard'

procedure was as follows: isolated membranes (0.05 - 2.0 mg of protein)

 were incubated with 1 mM ATP, 50 mM Tris, 50 mM NaCl and 15 mM MgsO, at

pH 7.6 in a total volume of 4 ml or 10 ml. At fixed time intervals,
0.5 or 1 ml aliquots of the digest were withdrawn and mixed with 50 or
100 ul, respectively, of 5% aqueous SDS, which completely quenched the
ATPase activity. The samples withdrawn were assayed for inorganic phos-
phate by reaction with Cirrasdl and acid ‘ammonium molybdate as described

by Atkinson et al. (1973).

Protein Assay - Samples of membrane containing roughly 5 - 50 pg

of proteln were made up to l ml w1th distilled water after addition of
50 ul of 0. 4/ aqueous Triton X-100. The samples were then assayed for
protein by a modification'bf the procednre of Lowry et al. (1951) as

described by Hartree (1972). Crystalline bovine serum albumin was used

to prepare standard protein solutions.

‘



CHAPTER 3

TOTAL REPLACEMENT OF THE NORMAL LIPID ACYL CGROUPS OF A. laidlawii B
i

. BY .EXOGENOUS SPECIES,- AND EFFECTS ON CELL GROWFH - °~ ~ -~ = -

Background

Most free—living érganisms can synthesize long~chain fatty acids
de novo from short-chain alkanoic acids anq acetate (Wakil, 1970; Volpe
and Vagelos, 1976). This capability allows the organisﬁ to generate a
'background' of endogenously produced faﬁty acids whith compete with an
exogenously supplieq-fatty acid for incorporation into membrane lipids,
making it virtually‘impossible'to entirely replace the normal fatty acid
species of the orgaﬁism's membrane lipids with an arbitrary exogenous
sﬁecies in vivo. As it is highly désirable to manipulate the membrane
.lipid fatty acid composition as widely as possible in order to widely
vary membrane lipid properties (and to observe the resulting effects on
membrane function) in vivo, membrane Qorkers have used two majbr approaches
to reduce or abolish the capacity of various organisms for de novo fatty
acié synthesis in vivo. The f{rst approach is’a genetic one, using ‘or-
éénisms with mutations in one or more of the genes egntrolling fatty acid

~

metabolism, and has been‘used with most success to construct strains of
E. coli which are deficient in any or all of the pathways for fatty acid
oxidation, gg_ggxg'synthésis of fatty acids or synthesis of unsaturated
fatty acids (Silbert, 1975). The second approach is a chemical one,
using specific inhibitors instead of genetic lesions to pfbduce the same
end results. Because specific and nontoxic inhibitors of fatty»acid syn-
thesis have not been generally available, the chemical app?bach has been

used less commonly than the genetie approach with prokaryotes, on which

LN
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most lipid-manlpulation studies have focdsed to date. Nonetheless, the

AAAAAAAA

which are difficult. to manipulat@ by genetiec means'-(e.g.3 tn the Myco- = o . = -
AR ENNES RN B AR I U I R R I L o

a7 e \‘a

plasmas), and the search for specific inhibitors of fatty acid synthesis
in vivo clearly merits attention from membrane and lipid researchers.

To date, two compounds, cerulenin and, avidim,” have .generally proven--

useful as inhibitors of fatty acid synthesis in a variety of systems, in-

cluding both microorganisms and tissue culture cells. Cerulenin, a fun-

gal antibiotic which inhibits the 'cohdensing enzyme' of the de novo bio-

synthetic pathway (Figure 1) '(Omura,. 1976), hasfbeenAﬁsed most- success-

‘ , Do
fully in vivo in prokaryotes such as A. laidlawii (oral strain) (Rottem

and Barile, '1976) and B strain (Saito et al.;vl977a, 1978)), Staphylo-

coccus aureus“(Altenberﬁ, 1977) ande. coli (Goldbefg Eﬁ_él;,vl973; Buttke -
and Ing}am, 1978). Ho&ever, cerule;in is cos;ly and chémically labilg,
and it does not wholly abolish.fatty acid synthesis at subtoxic levels

in any organism yet tested.  Therefore,vits usefulﬁéss in‘lipid‘manipula—
tion is samewhat limited. Avidin is a smqll protein which binds with
very high affinity to biotin, an éssentiai cofactor for the acetyl-CoA
carboxylase reaction of the de novo fatty-aqid-biosynthetic patﬁway, as
illustrated in Fig. 1 (Volpe and Vagelos, 1976). If ah organism required
biotin only for this re;ction (or'at least for~no other reaction vital to
the normal metabolism of the céll) and'was auxogropﬁic for this coenzyme
as well, then avidin, by sequestering biotin in a nonu;ilizable form,
would strongly and specifically inhibit fatty acid synthesis by that or—
ganism. While many prokaryotes are biotin prototrophé,'maﬁmals are not,

and avidin has been used with considerable success to inhibit fatty acid

synthesis in mammalian tissue culture cells (Hatten gﬁ_al., 1977; Horwitz
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-et.ai., 1978). A few other antlllpogenlc compounds have been found to

1nh1b1t fatty acid’ blosynthe51s in certain organisms. Ohno et al. (1974)

have reported that N N dlmethyl 4—oxo 2 trans-dodecenamlde (CM—SS) 1nh1—~

g bltsefatty ac1d productlon in yeast probably by 1nh1b1tlng acetyl CoA

S PN o @

carboxylase, although 1t ‘also inhibits ‘amirno ac1d transport at useful
dosages. a—Chlorophenoxyisobutyric acid (CPIB) has been reported to

1nh1b1t fatty acld and polyprenol synthesis in Tetrahymena erlformls

(Nozawa, l973) : These last two compounds have not been used as w1dely
as haye'eetulenln or avidin, however, and neither has been used to modi-
ty membrane lipid compgsition for studies of the lipid role in membrane
functionu o S,

As outlined in the Introduction, my goal in this study was to com-

pletely abollsh the synthe51s of fatty acids by A. la1dlaw11 B in v1vo,

’so that the membrane lipid fatty ac1d c0mposltlon could be modified over

a range comparable to that attainable with pure—lipid or reconstituted
lipid-protein systems. Since mycoplasmas in general are quite refractory
to genetic manipulation, in part because they form polykaryons (Smith,
1971), I chose to .use chemical treatnents to achieve this goal: To this
end, I tested the effeets of a number of substances on fatty acid synthe-~

sis by A. laidlawii B. When avidin was found to be an excellent inhibi-

tor of fatty acid synthesis and chain elongation-in this organism, °I made

use of the opportunity thus afforded to manipulate the membrane 1lipid

B
>

acyl chain compositionratfnill.to investféate;the effeet of the acyl
chain composition on cell growth. This iatter study is the most thofough‘
and rigorous of its kind in any system to date and sheds new light on the |
relationship of membrane lipid structure to membrane and cellular func-

tion.
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Experimental Results and Implications

Chemical Inhibition of Fatty Acid Biosynthesis - Potential inhibi-
tors were screened for usefulness in vivo by culturing cells on media sup-
plemehted with elaidic acid (0.10 mM) or palmitic plus oleic acid (0.05/

0.05 mwM) with various levels of the inhibitor, comparing the cell érowth

under these conditions Withiéhat of‘culturengtowﬁ,bn media
bitor but without fatty acid. A useful inhibitor would be gxpected to
‘dégreagé EelI‘g;owth in the absence of exogenous fatty acidé (reflecting
a lack of fatty acids réquirea for membrane libid'synthesis) but.wéuld
have no effect on cell growth in the presence of- fatty acids suitable for
the synthesis of membrane lipid species compatible with membrane function.
My choice of elaidate (18:ltA9) and palmitate (16:0)/oleate (l8:ch9) as
'suitable' ekogenous fatty acids was initially no more than an educated
}guess based on previous lipid-manipulation studiés with this organism
(Saito and McElhaney, 1977); happily, these choices were shown to be cor-
rect by my subsequent studies (vide infra). Using the screening method
just outlined, I rejecﬁed a number of halogenated analbgues of short-chain
fatty acids (including iodoacetgke, 3-chloro-, 3-bromo- and 3-iodopropie-

nate and 3-bromobutyrate) as well as CPIB and 4-pentenoic acid. Three

s

compounds, cerulenin, CM-55 and avidin, were selected for further study.
To quantify the inhibitibn of fatty acid syn;ﬁesis by a given com-
pound, I resorted to direct analysis of the fatty acid composition of the
meﬁbfane lipids of cells cﬁltured with a de novo biosynthetic primer, an
exogenous long-chain fatty acid and varying leQels of the cqmpound‘of
iﬁterest. The exogen&us 1ong—chéin acid was always elaidate (lS:ltAg),

isopalmifate (16:01) 6r”palmitélaid§te (lé:ltAg), all of which support

normal cell growth when they constitute essentially all of the membrane

ith the inhi- .



1{pid“aéyl chains, as we shall see below. The primer was normally pro-

pionate (350);‘isobutyrate (4:01)'bf isovalerate (SEOi), all of which

are wel;—utilizéd by the de Egyg_biosynthetic system -of A. laidlawii B
(Saito et al., 1977a) to give end-prdducts which are easily identifiébleM'
by GLC. A§ the concentration oflinﬁibitor increases, thé intracellular’
steady—stéte ratio.of these de novo end-products to the ggqggqpusvfattyA
acid will fall, and the levei of the exogenous spéties‘in the total mem—

’ braqg lipid-acyl groups will rise at the expense of the -endogenous spe-
cies; This étfett is shown for CM-55 at three’ temperatures in" Figure 2.
Note that only at 21°¢ (where cell yields are only about one-third of
‘maximal) déés CM-55 reduce the Qé.EEXQ biosynthetic output to negligible
levels at sﬁbtoxic concentrations (<l5 pg/ml). In Figure 3, the results

of a similar experiment using avidin at- 35°C are shown. It is clear from

"a comparison of the results with CM-55 and with avidin at 35°C that the

latter is the inhibitor of choice for A. laidlawii B (no nonspecific toxi-
city was detected up to 4 mg/l, thch is well above the effective dosage).
Cerulenln is less potent than either CM-55 or avidin in 1nh1b1t1ng dé
novo fatty acid biosynthesis (Rottem and Barile, 19765 Saito et al.,
1977a). The effectiveness of avidin in suppressing endogenous fatty acid
production and thereby facilitating manipulation of the composition of

_membrane. lipid fatty acyl chains in A. laidlawii *B is illustrated by the

data of Table l{.where the fatty acid cémpositions of several cultures
grown with various fatty acids plus avidin are given. It is evident that
the broblemvof an eﬁdogenously synthesized fétty acid 'background' which
dilutes out the exogenouS‘species in the membrane lipids can be essenti-
ally abolished by the use of avidin.

In addition to synthesizing fatty acids de novo, A. laidlawii B
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Figure 2. Inhibition by CM-55 of incorporation of a primer 6f de novo

fatty acid synthesis, isovaleric acid, into the fatty acyl chains of mem-
brénewlipids in cells grown with 0.10 mM palmitelaidic acid (l6:ltA9)
plus I mM isovaleric acid (5:01) at three temperatures (shown on graph).
Results are expressed as the molar percentage of odd-chain isobranched
fatty acyl chains (those derived from isovaleric acid) in the membrane
lipids of cells grown with various™levels of CM-55, determined as des-
cribed in the text. . "
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‘acid (16:1tA9). Details of the experiments are essentially as described
for Figure 2. ‘ ’
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Fatty Acid Composition of Glycerolipids from A. laidlawii ‘B
Grown with Various Fatty Acids Plus 2 mg/l Avidin at 37°C

'

Table 1

Exogenous Species
Mole 7% 'in - : . 3
. . Lipids of: 14:0i% 16:01  17:0ai  16:1tA? 16:0/18:1cA”

12:0 b o2 o2 0.2 0.2
14:01 195.4 - - - -
14:0 0.1 0.2 0.2 0.2 0.3
16:040 .~ .1.3 95.5 - ~ -
16:0 0.9 1.5 0.9 0.8 50.4
16:1 - - - 97.0 -
17:0ai - - 9.1 - -
18:0 0.9 1.3 1.1 0.7 . 0.1

1851 0.8 0.7 0.8 0.6 48.7
18:2 0.6 0.6 8 0.5 0.3

=

‘ aFatty acids were ddded to the culture medium at a concentra-
tion of 0.12 mM (for single species) or 0.06 mM each (when two
fatty acids were added).

'-' denotes undetectable levels (< 0.02% of total fatty
acids). ' E '



can also add ona or a few twofcarbon units to exogenous medium—chain'
%%ight to fifteen—oarbon) fatty acids, thereby inoreasing.the_suitability
of the exogenons;acids for'utilization in'compiex liéid biosynthesi§-'
(Saito.gt'ai;, 1978).A While all three of tha inhibitora‘described'abova
inhibit fatty acid chain etongation to some_ektent,wavidin is‘clearly
superior to the other t;o; thus at levels of each inhibitor‘which give.
ogtimal inhibition of gg.nggg.fatty acid éyntheais without loss of cell
Qiability, the elongation ofnmyristoleic acié (i&:chg)vis inhibited by
48%, 457 and %95/ by cerulenin, CM—SS and avidin, respectlvely *In

Table 2 are given the fatty ac1d composxtlons of cells grown with or

w1thout av1d1n in the presence ‘of two fatty acids which are normally

substrates for the fatty acid elongation pathway, illustrating the poten—

“y x .-

cy of av1d1n in suppressing exogenous fatty acld chaln elongatlon In

general, fatty acid elongation | 1s somewhat more resistant to chemlcal

]

inhibition than is de novo biosynthesis. This observation does not'nec—

<

essarlly contradict our prev1ous suggestlon that the 'elongation pathway'
is simply another aspect of the de novo pathway, for 1t‘15 quite p0551ble
that the latter pathway, which requires five to seven repetitions of the
(two= carbon) chain-elongation cycle (Flgura 1) to produce a moleCule of

oroouct, is more sen51t1ve to a partlal 1nh1b1tlon of thls cycle (1nduced
by reduoing the‘lévels of a hey substrate, malonyl -ACP) than is the elon~

gation pathway, which requires only one or two passages through the cycle
: . ) ‘ -

to yield its end-products. Using avidin, it is possible to essentially

abolish chain elongation as well as de novo biosynthesis 1n.almost all

cases wh?ie the few exceptions are 1nvar1ably fOund to be cultures whlch

. are supplemented with fatty acids g1v1ng very poor growth and are thus

unlikely to be of practical consequence.



Table 2

v

Effect of Avidin (2 mg/ml) on Fatty Acid composition
of Lipids from Cells Cultured with Two Elongation Subjtrates
: {

X

Culture Supplements

Mole 7% in

[

Lipids oOf: 16:01%  14:0i/Avidin  15:0ai  15:0ai/Avidin
12:0 0.9 - b 0.5 .
13:0 0.2 . - 0.1 -
14:01 55.3 95.6 - -
14:0 6.6 0.1 6.2 0.3
15:0a1 - - . 59.0 94.9
15:0 0.6 - - -
16:01 18.5 1.3 - -
16:0 10.7 0.9 12.5 1.0
17:0ai - - 17.4 0.8
17:0 0.2 . - -
18:01 0.2 - - -
18.:0 3.8 0.9 1.0 1.4
18:1 2.1 0.8 2.6 0.9
18:2 0.9 0.6 0.6 0.7

aFatty acids were added to the culture medium at a concen-
tration of 0.12 mM.

bi_ denotes undetectable levels (< 0.02% of to. | “atty
acids) of the species in question.
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i _ , 4
From these experiments, we conclude that avidin is a suitable

agent for\motally iﬁhibiting fatty acid chain generation or elongation

L] i 5

by A. laidlawii B. This orZanism has no ability to modify acyl cﬁain
lengths by degradationweither;“as it‘lacks the B-oxidation ,pathway (Lynn,
1960). Therefore, when grqyn'yith avidiﬁ plhs an exogenous acid, the:
cells must either-synthesizeh;eﬁprane 1ipids whose acyl chains are essen-—
tiéily pure unmodified‘exogenous”acid (allowing for a sligﬁt incorpo;ation
of contaminating fatty acids from theugrowth medium, which can never

be entirely delipi&ated) or die from a failure to synthesize’adequate

amounts of membrane lipids (and hence of membrane) to keep‘pace with

other aspects of cell growth. Be production of 'fatty aéid—homogeneous'

b

membranes using avidiﬁ and a singie exogenous fa%ty acid is thus feasible
so long as the exogenoﬁé specigs,generates lipids which 5uﬁpoft adequate
membrane function for -proper cell growth (we shall investigate the éri—
teria for a 'SUiﬁable' exogenous acid in the next section). While CM-55
is less useful than avidin in abolishing fatty acid synthesis in A. laid-
lawii-%;.it may prove to be a valuable alternative to cerulenin for mani-
pulating lipid fatty acyl composition in organisms Which are biotin pro-

totrophs and would therefore not respond to avidin treatment.

Growth of A. laidlawii B on Media Containing Avidin and One Fatty
Acid - As noted above, if avidin is used to inhibit fatty acid metabolism,
the only remaining factor Iimiting the possible extent of fatty acid mani-

pulation in A. laidlawii B membrane lipids is the ability of v: ‘ious exo-

genous fatty acids to support cell growth. To evai.- e the stringency
of the constraints that this factor imposes on lip.  .aanipulation in this
system, I cultured cells on media containing avidin ahd any one of a

,large number of fatty acids anpd determined the cell growth rate and

< . -



yield for each culture. I then examined my results in the light of

~

several known metabolic and physicai properties éf the fatty acids tested

in an attémpt to systematically explain the growth-supporting abilities
of the various fatty acids in terms of a single key property or set of
properties. '

As a large number ofvsamples were to be tested for cell growth, a
simple yet reliable measure of céll growtﬁ was required. While measuné—
ments of particle counts or the amo;nt of DNA in the sample would be
feasible for small numbers of cultures, properly controlled measurements
of these quantities were not convenient for the large numbers of samples
I wished to analyze. 1 turned instead to measuring culture turbidity
(at 45Q nm) as an index of cell growth. Maniloff (1969) has reported
that turbidity accurately reflects the viable counts in a culture in the
log phase (but not in the statiomary phase) of growth, and Rodwell (1967)

"has reported that culture DNA levels and turbidity are well correlated |
during g;owth. Furthermore, we have found that the maximum turbidity
attained by cultures grown with vérious fatty acids but without avidin

is independent of the nature of the exogenous fatty acid (except in the
case of a few long-chain spegies, such as stearate (18:0), which are .
l;tic), although the cellular morphology (seen by phase-contrast miero—
scopy) of different cultures varies greatly. Therefore, culture turbi-
dity seems to be an adequate and convenient index of cell growth, and
‘the maximum turbidity of the cell yield, in this system.

The fatty acids tested for growth-supporting activity in avidin-

treated cultures of A. laidlawii B can be loosely grouped into four

classes, as has been done in Table 3. The good/fair/poor/very poor clas-

sifications used in this table may seem somewhat artificial, for the cell



Table 3

Classification of a Variety of Fatty Acids with Respect to
Abillty to Support Growth of A. laidlawii B When Added
to Cultures Along w1th 2 mg/ml Avidin )

Class 17 Clasé II Class III Class IV
15:0 14:0 13:0 12:0
14:01 18:01 20:0i 16:0
15:0i ‘ dl 19:0ai dl 13:0ai 17:0
16:0i % 19:0ai % 13:0ai 18:0
17:01 18:1cA3 dl 21:0ai 12:04
41 14:0ai 18:1cA” 18:1cA® 14:1e09
dl 15:0ai 18:1cA12 18:1cA17 18:2t,t9,12
dl 16:0ai 18:1cA13 22:1cA13 L 14:1cA9
dl 17:0ai 18:1c 16 16:1cA9
dl 18:0ai 17:1e010
£ 15:0ai 18:1cA7
% 17:0ai 18:1cA8
16:1tA? 18:1ch?
18:1tAb 18:1cAl0
18:1¢A7 20:1ca11
18:1tall 18:2¢,c09,12
18:1ca® 18:3c,c,cA9,12,15
18:1cAll 20:4c,¢,c,ch2,8,11,14
18:1cald . - 17:0cp,cb?
l9:cp,tA9 l7:0cp,tA9
19:cp,tAll 19:cp,ch?
l9:cp,FAll

%class I fatty,écids give > 707% of normal growth, Class II,

30 - 70%

of normal growth, and Classes III and IV, 10 - 30% and < 10% of normal

growth,

respectively.

41
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yield (maximal turbidity) is, after all, a continuous variable. Howevef,‘
the divisions thus achieved correlate with certain other differences in
the properties of cu;tures.grown with fatty acids of various clésses.
For example, Class I faﬁty acids give 'normal' cell morphologies (chains
of roughly spherical units), while cultures grown on Class III species
sho& many ghosts éven before the culture turbidity has leveled off. The
most experimentally useful fatty acids for producing 'fatty-acid -~ homo-
genéoug' membranes are the fatty acids of Classes I and II, for these
species support cell yields adequate to allow the researcher to obtain
tens or even hundréds of milligrams (dry weight) of membranes from'at
most sevefal litres 6f culture medium. Interestingly,Awhile cell growth
yields depend str&ﬁgly on the.natﬁre of the exogenous fatty acid supple-

ment, the growth rates

not if growth occurs at all,

What correlat% ns can we make between the growth—supporting acti-
vities of a given fatty\acid and its other properties, e.g., its physical
properties or its metabolic utilization by A. laidiawii B in the absénce
of avidin? We cannot ‘tribute the ;gsults of Table 3 to-fatty acid tox-
icity, as of the species shown in the table, only stearate (18:0) and
arachidonate (20:4) reduced ylelds below those of fatty acid-unsupple- )
mented controls in cultures grown without avidin. Neither can we explain

these results in terms of the varying abilities of the fatty acids to be

utilized by the membrane lipid-synthesizing machinery of A. laidlawii B.

For example, oleate (18:ch9) and elaidate (18:ltA9) are incorporated to
very nearly the same extent into membrane lipids in competition with a

fixed level of palmitic acid (16:0) and have very similar positional
“a

specificity ratios for acylation of the 1- vs. the 2-position of the

glyceryl moiety of membrane polar lipids (Saito et al., 1977b). From
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these obéervations, one would concludé that oleate and elaidate would be
utilized by the cells with roughly equal efficiency for ﬁémbrane'lipid
synfﬁe§i§ and would thus support equally good growth under the above
hypotheggs. However, elaidate is a good gfowth substrate, oleate a poor
one. A number of‘coﬁparisons of this typé have been made, and a signifi-
cant fraction of ;hese are in strong disagreement with the 'utilization
efficiency' hypothésis. |

To a lipid wquer, particularly one interested in lipid physical
properties, the data of Table 3 suggest an alternative hypothesis. Note
th;t all of the'Clasva and Claés II fatty acids have at leasf.fourteenv
ca;bons. Artificial bilayers cgmposed of dimyristoyl (14:0) phospha;idyl—
choline (PC) are propér semipermeable membranes, while dilauroyl (12:0)

PC bilayers arevquite leaky (Hauser and Barratt, 1973; Mandersloot et al., -
l9i5). The fourteen-carbon lower limit to the size of Class I and II

fatty acids could, thérefore, arise from a negd to create a sealed, non-
leaky bilayer from the membrane lipids syﬁthesized from them. Consistent

with this proposal is the observation that all polyunsaturated species
L

}

tested are found to be\C1ass IV (vefy poor) growth substrates, for poly- -
' 1
unsaturated phospholipid bilayers are conéiderably more leaky than their
saturated~orvmonOunsaturated counterparts (De Gier et al., 1968). There-
fore, an elementary physical property of the fatty acid, namely.the leaki-
ness, or perhaps more generally the 'fluidity', that it confers‘upon.bi—
layers of lipids derived from it, can be of some use in pfedicping its
 growth-supporting abilities in o;r system. A second important fatty acid
physical»property, related to the first, is the gel—to—liquid—crystalline

transition temperature (Tc) of the membrane lipids derived from a given

fatty acid. This property affects cell growth because cells cannot grow
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well when their lipids are largely in the gel state and cannot grow at
all when their lipids are all in this state (McElhaney, 1974a; Jackson

and Cronan, 1978). If we consider this property off&atty acids, we can

4 [y

understand why’eléidate (lS:ltAg) supports cell growth while stearate

(18:0) does not, for dielaidoyl PC has a TC of 12° while distearoyl PC

s

has a TC of 58°. As we shall see in a subsequent chapter, the Tc's of

- pure diacyl phosphatidylcholines (PC's) are fairly well correlated with

those of A. laidlawii lipids homogeneous in the same acyl group, a fact

which justifies our extrapolation from PC's to membranes in predicting

TC values. On the basis of lipid Tc‘values, we can explain the fact that
in ;he several homologous series of fatty acids tested, the growth-sup-
porting activity inyariably/falls off sharply as the chain length exceéds
a certain value, fo; the lipid TC then substantially exceeds the growth
temperature. The interested reader may wish to utilize the phosphati-
dylchoiine TC values reported in Chapter 5 to make (and test) predictions
regarding the abilities of other fatty acids listed in Table 3 to support
cell growth at 35° on the basis of the low—gél—lipid requirement for
proper membrane function. |

Perhéps my most systematic study of the relationship of fatty

acid structure and physical properties to cell growth-supporting ability

in the.presence of avidin involves the isomeric cis-octadecenoic (18:1c)

acids. 1In Figure 4, the maximal growth yields of A. laidlawii B Fultured
with avidin plus each cis-octadecenoic acid positional isomer are shown,
along with the transition temperature (T;) of the'phosphatidylcholiﬁe
derived from each isomer (Barton and Gunstone, 1975). Saito and McElhaney

(1978) have found that the PZ/Pl ratio, an index of the relative prefer-

ence of the exogenous species for selective acylation of the glycerol
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2-position in A. laidlawii B lipids, tends to increase .as the double

bond position approaches the carboxyl group in the seriggxbf E}EfOCFa‘
decenoic acids. The dependence of cell growth yieids on double bond posi-
tion in the experiments summarized in Figure 4 cléarly follows the pat-
tern of phosphatidylecholine Tc'é more closely than it follows the varia-
tion of the P2/«P1 ratio with the position of unsaturation. Cell growth

is best on cis~octadecenoic acids whose derived phosphatidylcholines

have phase transition temperatufes (TC) between roughly 0°C and 35°C.
Therefore, the physical properties of the fatty acids as components of
.membrane glycerolipids appear to be more important than the detalls of

i

thelr metabolism by the cells in determining their growth-supporting abi-

lity. The extents of lipid incorporation of the diff nt isomers in com-
betition with an equimolar concentration oflexogenous palmitate, which
prbvide estimates of the overall rates of utilization of each species for
lipid synthesis, do not show>any significant correlation with tHe cell
growth-supporting ability of the cis~octadecenoic acids, as was generally
noted above. Interestingly, in some cases two diffefgnt cis-octadece-
noic_écids giving similar phosphatidylcholine Tc's give réther different
cell growth yields, and in general, species with their double bonds in’
the half of the acyl chain nearer the methyl end give better growth than
thosg with their double bo;ds closer to the carboxyl end. This observa-
:tion suggests that subﬁle structural factors may affect the ability of
various fatty acyl chains to support proper membrane function in a midnner
that is not directly reflected in the overall "fluidity' or the gel-to-
liquid-crystalline transition temperature of the lipids.

The results of the experiments summarized in Table 3 ares heartening,

for they indicate that it is possible to obtain substantial yields of



'Cﬁégs ov:membrgg%azgnpee lipids can be enriched to near-homogeneity’ in
any of a vatiety of fatty acids by using avidin. Our observations also
lead us to the working_hyphthesis that it is the physical properties

that the membrane l}px&g@ﬂcopporated fatty acidconfers upon the llplds

that determlne whether ot not fiat fatty acid is a sultabLﬁ grow_l

E i *
«1-7 o - e G 3

strate for A. laidlawii B in the presencegqf avidin. I, sBall provr

'*fzb
further evidence to support this contention in this and the next chapter

Growth of A. laidlawii B on Avidin Plus Pairs of Fatty Acids - The

.R"

discussion above leads us to the conclusion that 3&¥exogenous fatty acid

supports,, or fails to support, proper growth of A. laidlawii B in avidin-
treated cultures because it causes the‘cells to generate membrane diacyl
glycerolipids which are or are not compatible with ptoper.membrane func-
tion. If this is true, then if cells could generate mixed-acyl lipiday
which support proper membrane function from two-fatty'Qpids which doe not
serve to support cellAgrowth separately, the two fatty acids in combina-
tion should support cell growth in the presence of avidin. The best com-
binations of two fatty acids for genetating membrane lipids of 'acceptable';
physical prnperties would probabiy balance tne properties of the two acyl
species to give mixed;acyl lipids of physical properties near those of
lipids containing only Class I fatty acyl chains. Thus palmitate (16:0)
and stearate’(lBﬂO).WOuld not be a good cOmbinatiSn, as they both tend to
product lipids whose phase transition temperatures TC lie apove the
growth temperature, w&ile palmitate and oleate (18:ch9) would be a good
combination, as the combination of palmitoyl and oleoyl chains on a sin-
gle lipid molecule will give it a TC below the growth temperature but
will avoid the deleterious membrane effects of 'hyperfluid' diunsaturated

LS

lipid species (Davis and Silbert, 1974; Baldassare et al., 1977). In
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fact, equimolar palmitate and oleate, when added to cultures of A. laid-

4

lawii B treated with avidin, do support g8od cell growth (data net shown),
> v . " ’ - '
while palmitate plus stearate, and oleate plus laurate (12:0), givé no-

.growth at all. These results support our hypothesis that  the physical

properties of the (exogenously derived) acyl chains of the membrane lip-
ids determine ‘the extent of stimulation of cell growth by/éxpgenous fatty
acids in the presence of avidin.

If two fatty acids, A and B, of different and complementary physi-

T

cal properties are added'to avidin-treated cultures of A, laidlawii B,
one would expect the cell growth response to vary with the ratio'of A to

B added. At low.leve%f of B, the membrane lipids will be mostly AA

)

~species, -with some AB (or BA) species present. At roughly equimolgr

‘levels of A and B, most of the mémbrane,flpids will bg AB (or BA), for

if A and B are significantly different in physical properties, the qells'
metabéiic machinery will generate the miked—acyl species in preference

to AA or BB species (McElhaney and Tourtellotte, 1970; Saito et al.,
1977b). At high.levels’of B, the major lipid species will bé BB with

some AB (or BA) and present. The cell growth at varying levels of A and

. B will reflect the ability of AA, AB (or BA) and BB lipids to support

proper membrane function.

If the two fatty acids A and B are both poor growth substrates by
themselves but can combine to generate mixed-acyl lipids which can sup-
port prdper membrane functioning, cell growth will risé as B is added in
increasing amounts to cell cultures containing A at levels such that the
concentration of A plus B is constadnt, peaking at a roughly equimolar

A/B ratio and declining as the”relative amount of B rises still further

"and BB lipid species accumulate in the membrane. I have shown that this
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predicted result is correct by experiments using a variety of combina%ions
of 'fluidizing' and }rigidifying' fatty acids. One set of experimental
results is shown in Figure 5, where cells were grown on-varying ratios
of tridecanoate (13:0) and palmitate (16:0) at a total concentration of

0.12 mM. 1In general, when cells are cultured with large amounts of a

"fluidizing' fatty acid and small amounts of a 'rigidifying' Che, the in-

rcorporation of the former species into the membrane lipids is nearly con-

stant as the level of the latter in the medium is changed, whifte the in-

'

corporated levels of the two species vary with their concentration ratio

-in the growth medium when growth is not limited by the supply of 'rigidi-

fiér'. This observation is illustrated by the data of Figure 5; note
that tridecanoate levels in the lipids plateau at high levels of trideca-
noate (low palmitate) but vary #readily with the levels of tridecanoate
in the medium when palmitate is not growth-limiting. I intermget thisd
result as follows. When the amounts of AA or BB lipids in the membrane
exceed limiting tolerable levels, the cells die, so that cells grown atﬁ
low level; of A or B are growth-limited by that species, and cell growth
:i:ses when the cells cannot take up enough of the limiting species to
genera® an acceptable level of mixed-acyl lipids and dilute out the BB

or AA lipids. When sufficient A and B are present to generate acceptable

levels of . (or BA) lipids throughout the normal course of cell growth,

.the cells "ncorporate A and B into membrane lipids in proportion to their

levels in :he growth\?edium, so that the A/B ratio in the lipids closely

>

matches heir ratio ig the medium.
, ' .
Determinatioij of the fatty acid composition of membrane lipids in

v...1ls grown at different A/B ratios, and of the growth yield for cells

whose lipids contain equal levels of A and B, enable us to evaluate the
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‘gure 5. Growth yields, and tridecanoic acid (13:0) incorporation

p into membrane lipids, for A. laidlawii B grown with avidin (2 mg/1)

plus palmitic (16:0) and tridecanoic acids in various concentration

ratios and at a total concentration of 0.12 mM. Experimental details
are given in the text.
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abilities of AA, BB and AB (BA) lipids to.suppoft mgmbrane ﬁunctiOn.'

From the limiting fatty acid compositions of cells grown at low levels
J A

of A or B, we can calculate the maximum tolerable levels of BB or AA

o - P

lipids in;phe membrane using a caiculation outlined in Appendix 2. From
‘the extént of growth of cells contdining equimolar A aﬁd‘B levels in the
membrane lipids, we can:éalculate the suitability of AB”(or—BA) lipids
to'support memhrane—link;d pfocesses eésentigi ﬁor“gréwth,.for as néted
abové; AB (or BA) lipidéiwill be the major membrane.gpecies synthesi;ed )

under\t&eée conditions if A and B aré'SubStantially'different in physical
. e . - ¢
properties. The results of experiments designed to provide data for

"
o

these analyses of membrane lipid 'functionalities' are described.be%gw.
My studies of the maximum tolerable levels of AA or BB lipids in

the membrane focused ot the case where the acyl species in excess is a
i . . & X v

Y4

'fluidizing' species, 7Q§;l§ were cultured with palmitate (16:0), which
served as a standard 'rigiaifying' species, and varying levels of‘Qﬁrious

'fluidizers' at a constant total fatty acid concentration of 0.12 mM.
.
. ’ﬁﬁi e ' -
at low levels offihi?facid, rising linearly with palmitate concentration;
%' _ :
under these conditions, the levels of the 'fluidizer' in the membrane

As noted above, the?ﬁgximal cell yield invariably became.palmitate-limited

were very nearl§ constant. The li@iting level of "fluidizer' incorpera-
v o » .
tion was different for vario#s.'fluigizer'.Speq}eS-But very similar when

the 'rigiéifﬁei'“waS'chaﬁged‘fgom,péimitate tobﬁyristate, pentadecanpate A
or heptadecanoate (for exémﬁlé,:the maximal incorporation of linoleageC .

was 60%, 66% and 60Z in the presence of myristate, pentadecanoate.énd
palmitéte,'respectivef;). Therefore, the limiting lgvelé of 'fluidize;'

incorporation seem to be a characteristic pfoperty of the fluidizing

species itself. Using the calculation outlined in Appendix 2, which takes

{x



account Jf the positional specificity .of incofporation of various acyl
species into lipid molecules‘(Miﬁlhaney anﬁ Tourtellotte, 1970; Saito et
al., l?77b), we can‘calculaté’the limizing (ﬁaximum tolerable) levels of
lipids containing gwo ’fluidizer; chains from the limiting level of ffluid-
izer' incorporatioﬁ. In Table 4, these limitinngalués are given for
various fatty acids,,which are ranked éccordiné to the maximum level.of
lipids containing two suéh acyl cﬁéins-which can be accommodatéq in the
membrane without loss of celi viability. ‘These results suppb;t the con-
clusions obtained frém the growth studies using single#fatty acids. Thus
less dilaurojl (12:0) lipid than‘ditfidecanoyi (13:0) 1lipid can be accom-
modated in the membrané, in agreement with the general tendency of thé

growth-supporting ability of a fatty acid to decline as its chain length

dékreases below fourteen carbons, which was noted in the last section.

9,

.Likewise, less dilinpleoyl (lB:éccA l2) lipid than dioleoyl (18:1c¢
lipid is tolerabie in the membrane, in‘agreg;en: w_th thgv;endency‘of
increasing fatty acyl unsatufation‘to decrease cell growth-supporting
aLility. TPe results in.Table 4 tﬁus‘represent a refinement of the data
of Table 3 regarding the classification of 'fluidizing' fatty acids in
terws of their ability to support membrane function and cell growth.
Measuremegg of Fhe maximal growth yield of cells whose memﬁranes
contain ;oug;ly ehuimolar amounts ofs fatty acids A and B, and hence con-
tain maiﬂly AB (or BA) lipids? allows us to evaluate the compagibility
of various types of acyl gf0qps when they are jéined toge;her in a iipid
molecule. To this end, cells were cultured with various éombinations of
'rigidifying' and 'fiuidizing' fatty acids of many different structures,

and the maximal cell ‘yield was determined turbidometrically under condi-

tions where the molar ratio of the two acyl species in the membrane lipids
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Table 4

Maximum Tolerable Content of Various 'Fluidizing' Fatty Acids,
and of Glycerolipids with Two Such Acyl Chains, in the Membrane
of A. laidlawii B

Maximum Lipid Maximum Levefg'of
Incorporation of "X di-X Glycerolipids
(% Total (% Total

Fatty Acid (X) Acyl Chains) Glycerolipids)
18:1cA® .82 - 65
18:1cA9 ' 79 ©.59
14:1t09 . 77 - 56
16:1cp? 76 _ 55
17:1cal0 , 76 52 g
20:1cpll ' 76 52
13:0 . 73 _ 49
22:1c013 64 - ‘ 28
12:0 : " 59 | .25
19:cp,et? : | 60 24
18:2¢,ch9,12 60 . 24
.13:Oai 56 : . ZQ
14:1ch9 , 54 20
18:3c,c,c0?512,15 . 54 , 15

12:01 ‘ 48 13
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¢was near unity. The lipid fatty acid composition was determined for

cultures harvested in the late log phase of growth, retaining a small

54

part of the culture to complete the measurement of the growth curve into ..

the stationary phase. The maximal growth yields (as peréentages_df con-
trol yields) for various comBinations of fatty acids are given in TaEle
5. It can beASeen that while étraight—chain and isobranched fatty acids
are compatiblé with all other fatty acyl structures tested here, anteiso-
bianched, cyclopropane;and unsaturated_fatty acids do not‘combine with
oné another quite so readily to support godd cell growth. Most notébly,
fatty acids with cis- double bonds near the centers of their acyl chains‘
do not combine with other unsaturated or cyclopropane fatty acids to sup-—
port good cell growth, even when' the latter givé relatively high transi-
Eion temperatures fqr phospholipids derived from them (Egrton and Gun-
stone, 1975). This finding may.indicate.that subtle struétural factors
other ihan the basic 'fluidizing' or ';igidifying' character of a fatty
acid may play a role in determining its cell growth-supporting abilities,
as our data wifh the isomeric cis-octadecenoic acids (vide supra) also
suggest.

One notéble structural -property of a fatty acid which "could in
principle affect membrane properties by means other than 'fluidit;'
changes is its hydrocarbon chain length, wﬁich could affect the membrane
bilayer thickness and might thereby affect the disposition of membrane
proteins and their biological activities. To test this possibility, I
cultured cells with various combinations of fatty acids, one of each pair
a 'rigidifier' and the other a 'fluidizer', which were chosen to create a

series of membranes of varying average lipid hydrocarbon chain length.

The results of these experiments are shown in Table 6; it can be seen that
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Table 5 |

Growth of A. laidlawii B (As Pefcentage of Control) with
Avidin Plus Various Pairs of Fatty Acids of DiffeTrent
Hydrocarbon Chain Structures

,4f§\\

B
'Rigidifying' Speciesa »
'Fluidizing 18:1t- 18:lc— 18:lc~ 19:cp,t-
Species' @ 16:0 18:0i 19:0ai ALl 515 A3€C £9€
; ,
12:0 100 80 89 90 94 93 94
13:01 84 103 103 9 100 84. 87
13:0ai 98 90 101 92 100 75 61
14:1t09 88 85 89 84 78 89 53
19:cp,cb? 97 97 s’ - 5L 78 88 8 -
18:1cA9 . 88 79 81 . 19 20 12 8
18:2¢,ch9512 88 75 20 12 <5 . <5 <5

s . L ..
9fach fatty acid species was added to the culture medium at a concent
tration of 0.06 mM. '

bGrowth is quantified as the maximal turbidity at 450 nm attained by
each culture, given as a percentage of the maximal turbidity attained
by a culture grown without avidin or fatty acid supplementation. The final
turbidities of replicate cultures generally gagreed to within 10%, and in
most cases, to within considerably closer limits.

CThe studies of Barton and Gunstone (1975) indicate that Eigfoctadeg;
enoic acids with the double bond near the carboxyl or methyl ends of
the acyl chain are classifiable as membrane 'rigidifiers' on the basis
of the rather high observed transition temperatures of their derived
phosphatidylcholines.



Table 6

Growth of A. laidlawiiP?B with Avidin Plus Various
Patrs of Fatty Acids of Different Chain Lengths

<3

Maximum
, Incorporation Turbidity
Fatty Acids @ Ratiod " (% of Gontrol)©
_14:0/16:10&9 0.94 93
14:0/13:01 1.62 _ 84
15:0/17:1en10 0.84 82
16:0/18:1cA9 1.01 | 85
17:0/20:1cAll 0.76 102
18:0i/20:1call 0.80 76
14:0/20:1cAll 1.00 100
' 16:0/12:01 0.98 100
16:0/14:1cA9 0.72 ' 76
) 1.33 .97

18:01/13:0ai

-
R

aFatty acids were added to the culture medium at a concen-
tration of 0.05 mM for each species. Pairs in the top group
- are considered to consist of species of like chain length,
those in the bottom broup of species of unlike chain length.

Given as the molar ratio of the first species to the second
in the membrane lipids of late log phase cells.

“The reproducibility of turbidity measurements for replicate cul -~
tures is estimated to be +5% in most cases, and 1107 in all cases.

’

€
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good cell growth is possible when the mean extended hydrocarbon chain
length of the lipi&s ranges from thelequivalent of fourteen to seventeen
all-trans methylene units. Therefore, it appears quite unlikely that the
grow;h—éupporting abilities of many (Lf any) of the fatty acids tested

. ¥
above depend primarily on their chain length per se. Experiments, also
summarized in Table 6, which utilized pairs of fatty acids of unlike
chain length as cell growth substrates showeq that chaié length mismatches
of at least four to six all-trans methylene equivalents are tolerated by
<the cells without a substantial loss of viability, in agreement with the
conciusion just presented. Qherefore, the 'subéle structural determi-
nant (s)" of fatty acid growth-supporting ability that were alluded to
above do ot seem to rest ﬁfimarily on:the acyl chain length.
Conclusions

The use of avidin with A. laidlawii B clearly offers a tremendous-—

ly enhanced potential for the maﬁipulatiqn of cell membrane lipid fatty
acyl compPSition and for the study dffthe relationship of the membrane
fatty acyl composition to memb;;ne lipid physical properties and biologi-
cal functions. The r;ther flexibl; fatty acid req;irements of avidin-

treated A. laidlawii B allow the membrane lipid fatty aéyl'composition to

be made essentially homogeneous in any of at least nineteen fatty acyi
species by culturing cells with avidin plus ;'single fatty aci { Further-
more, a number of other fatty acids (e.g.{loleic acid (l8:ch9)) can be
enriched in theAmembrane lipids to the extent of fﬁ% or more of total
lipid acyl chains by also including small levels of a second fatty acid

of complementary properties in the growth medium. It remains to be di-

‘rectly determined, of course, whether the changes thus induced in the

57
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‘

membrane lipid fatty acyl composition resnlt in major changes in -the
physical properties (e. g., in the 'fluidity ) of the membrane lipids,

but I shall present evidence in the next chapter that at least one im-
portant property of the membrane lipies, their gel—to—liquid*crystalline
transition tempereture, is significantly altered by varying the nature

of the Class I fatty acid with whicn the cells arg cultured in the pres-
ence of avidin, Appreciable variations in membrane "fluidity' at physio-
logicalitemperatures are thus likely\tO'occur in cells cultured with
~vari. .. Class I fatty acids plus avidin, but such changes cannot yet be
considered as proven. ‘

The abilﬁty of A. laidlawii B to grow when its membrane lipid fat-
ty acyl chain composition varies within the very wide limits demonstrated
here generally substantiates the previously stated suggestions (Cronan
and Gelmann, 1975; Saito and MeElhaney, 1977) that_the lipid fatty aéyl
chains affect membrane function by mbdifying"some bulk or average physi-
cal preperty of the membrane lipids, not by an intrinsic specificity of
some membrane—related processes for lipids with acyl chains of‘a parti;
cular shape or (as I have shown here) hydrocarbon chain length However,
my results also give some indication that the specific configuration of
lipid fatty acyl chains may affect their packing with other acyl- chains
to an extent Suffic1ent to slgniflcantly modify membrane properties in a
manner that cannot simply be attributed to overall 'fluidity' effects.
Thus, for example, cis-15-octadecenoic acid, with an effective extended
chain lengtn and a phosphatidylcholine TC very similar to those of nalmi-
tic acid (Earton and Gunstone, 1975), does not give gbod cell growth in

combination with oleic cis-9-octadecenoic) acid in the presence of avi-

din, while palmitic acid.does.- Observations of this type may reflect the

N



biological chsequendes of the recently demonstrated effects of specific
moieties in lipid acyl chains (e.g., cis- double bonds ar methyl brapches)
on the detailed nature of the transmembrane 'fluidity gradient' as deter-
.mined in puré lipid bilayers by magnetic resonance and fluorescence meth-
ods (Seelig and Seelig, 1977; Seelig and Waespe-§arEev%E, 1978; Thulborn
et al., 1978). If so, my results indicate'thap the concept of membrane
'"fluidity' may rquire considerable refinement in oraer to understand

how membrane lipid dynamic and érientationai properties can affect the
overall function of the membrane. |

\
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CHAPTER 4

COMPOSITIONAL AND PHYSICAL PROPERTIES OF ACHOLEPLASMA LAIDLAWII B

MEMBRANES CONTAINING A SINGLE FATTY ACYL SPECIES

~g
Background

The data of the preceding chapter indicate that by using avidin

and exogenous fatty acids, it is possible to manipulate the membrane li-

pid fatty acid composition of A. laidlawii B more extensively than has
,Been previously reported in any living system. The chief application of
this ability to alter the lip}d fatty acid composition will probably be.
the manipulation of the physical properties, such as the (fluidity', the
gel-to-liquid-crystalline traﬁsition ;emperaturé, or the bermeability;
of the membrang lipids. Studies with synthetic lipids (DeGier et al.,
1968; Ladbrooke and Chapman, 1969; Seelig and Browning, 1978; Seelig and
Waespe-garEeViE, 1978) havé iﬁdicated that these proberties generally
depend strongly on thé‘lipid fatty géid composition. However, it must
not be assumed éngriori that any-variations seen in membrane f;nction in
cells grown with avidin plus different exogenous fatt; acids can be at-
tributed entirely to the variations in lipid aéyl chain composition,nfor
it is poss?blé that other'aspects of the membranevcomposition (e.g., the
membrane's content of various proteins or of lipids with various polar
head—groups) could also vary depending on the fatty acidlsupplementation.
Such secondary changes in membrane composit;on could in tur¥n affect the
membréne physical and functional properties. 1In thié chapter, I’ have

examined the characteristics of the membrane lipid phaseitransition in

A. laidlawii B grown with avidin and various Class I (good growth sub-

strate) fatty acids. As well, I have evaluated the extent to which

60
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variations in the nature of the fatty acid 5upplement can alter the mem
brane composition (and thereby the lipid physical properties) in aspects

other than the lipid acyl chains.

As I have noted earlier, a number of workers have made use of the

ability of A. laidlawii B to incorporate substantial amounts of exogenous

fatty acids, even in the absence of avidin, to manipulate thé membrane
lipid fatty acid composition. Studies using a wvariety of techniques,
notably differential scanning calofimetry (DSC (Steim et al., 1969)),=
digéérential thermal analysis (DTA (McElhaney, 1974a, 1974b)), freeze-
fracture electron microscopy (Verkleij et al., 1972; McElhaney, 1974b)
énd wide;angle X-ray diffraction (Engelman, l§7l; Wallace and Engelman,
19785, have demonstrated éhat the midpoint temperature éf the gél—to—
liquid-crystalline phase transition in the membrane of this organism can
be significantly altered by varying the exogenous fatty acid ;uppléﬁent(s).
A few more subtle changes in the membrane-lipid physical properties have
also been detected upon a%ter?ng the lipid fatty acyl composition. For
example, the incorporation of high levelé\of isobranched fatty acids is
found to prevent '*he normal aggregétiqn of inpramembfane‘particles (seen
by freeze~fracture electron mi;rosgbpy)“ét temperatures beléw the lipid
phase transition range (Verkleij and Ververgaert, 1975). Curi0qsly, both
Butler et al. (1978) and Rottem et al. (l970)lhave found little differ-

ence in the ESR linewidth paraméter_ZTll for a fatty acid spin labei,

5-nitroxide palmitéte, in A, laidlawii B meﬁbranes enriched in various

fatty acids when the spectra are recorded at the growth temperature. As.

2T|I is frequently used as an index of a spin Iabel probe's mobility,
A .
4
and hence of membrane 'fluidity', it might seem that fatty acid changes

are not a good way to change lipid 'fluidity'. However, other workers,

>
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using different spin probés and measuring other motional parameters, have
reported substantial differences in spect}a recorded from membranes of
different fatty acid composition (T0urtellotte_g£ gl;; 1970; James and

~Branton, 1973). It seems safest to conclude, therefore, that changes in
fatty acid composition may change some aspects of membrane lipid _'fluidity'
more drastically than‘others. A full elugidation of the pqtential of the

avidin/fatty acid culture technique for modifying membrane lipid proper-

ties in A. laidlawii B must await the devélopment of a fuller description
of the complex phenomenon of membrane lipid "fluidity' "itself.
The above—cited'effects of exogenous fatty acid supplementation on

A. laidlawii membrane properties combine a direct effect, that of altered

lipid fatty acid composition on lipid physical properties, with a second-
afy effegt, that of such other éhanées in membrane composition as may ¢
occur in the presence of an exogenous fatty acid on ;he properties of~

the membrane as a whoie. A‘fe; studies have appeared in-wﬁich the com-
positions of membrane components other than lipid acyl chains have.been
studied as a function of exogenous fatty aciq supplementation. Pisetsky -
and Terry (1972) ha§e~¥eported only minor chaﬂges in the molecular weight .
distributioﬁ of meerane proteins (as determined by SDS-polyacrylamide
"gel electrophoresis [SDS-PAGE]) in cells grown with vérious saturated or
cis-unsaturated fatty acids, and McElhaney et al. (1970) haveAreported
that’the iipid head-group distribution is unaltered by exogenous fatty
acid supplementation. On the other hand, we have previouéiy noted (Sil-
vius et gl;, 1977) that certain'exogenous fatty acids can significantly

increase the membrane lipid/protein ratio. In general, membrane proteins

in A. laidlawii B are felt to have little effect on the phase transition

¢ . .
of the 'bulk' membrane lipids not directly bound to protein, since proteo-

J
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lytically digested membranes, or protein-free dispersions of the extract-
ed membrane lipids in water, exhibit. thermal phase transitions and linid
spin-label mobilities very similar to those observed in native membra: as
(Steim 3.531_ 1969; Rottem and Samuni, 1973). It is likely, however

that the integral membrane proteins bind a certain amount of lipid ar

strongly alter thHe properties of this 'boundary' lipid fraction from

those of the free bilayer ('bﬁlkf) lipid, as has been observegd for other

integral proteins such as cytochrome ¢ oxidase and the sarcoplasmic reti-
cular ATPase (Jost et al., 1973, 1977; Hesketh et al., 1976).- In fact,
Butler et al. (1978) have recently observed that a portion of a spin—

labelled fatty acid probe added to A. laidlaw1i B membranes is strongly

immobilized on the ESR time scale (“usec) and may represent a 'boundary

f

lipid’ fraction. The pnssible effects of changes in the membrane lipid

heed~group composition on the lipid physical pronerties in A. laidiawii B
have not been Systematically investigated, but both De kruljff et al
(1973) and Wieslander et al. (1978) have noted significant differences
in the physical properties of vaﬂg%us individu?l glycerolipid species
from this'organism. The possibility thaF changeé\in‘lipid head-group
composition accompanying Chanées in -the lipid fatty acid composition
could contribute to any observedrehanges in the lipid physicai pr¢ per-
ties is thus a real one.

In this chapter, I have‘used two approaches to assess the direct-
(1ipid fatty acyl group-related) and indirect (lipid head—grOupj and

' s

protein-related) effects of avidin/fatty acid treatment on the properties

of the A. laidlawii B membrane. First, I have investigated the effects

of such treatment on the membrane lipid and protein composition. I have

determined the membrane Q;ptein molecular weight distribution (by urea/



SDS-PAGE), the membrane lipid/protein ratio, and the relétive proportions
of the various membrane glycerolipidé, as a function of the presence or

absence of avidin and of the nature of the exogenous (€lass I) fatty acid

-

supplement used when cells are grown in the presence of avidin. Secondly,

I have studied the thermotropic phase transitions of 'fatty acid homog;n—

eous' membranes or lipids from A. laidlawii B under_various conditions

in order to determine how avidin/fatty acid-induced changes in the lipid

fatty acfl composition, ofﬁin'thé‘mémﬁrane lipid head-group or protein

composifion, can affect the bhysical properties of the membrane lipids.
The method used to monitor thermotropic lipid phase tran51t10ns

in the experiments described 1n this and the next chapter is dlfferentlal

tﬁ;rmal analysis (DTA). In this technlque, two small cells, one contain-

ing an 'inert' thefmal réference of fairly constant heaF,éapacity and

the other containing the sample of interest, are pléced in contact with

a large thgrma; reservoir of high thermal conductivity (a2 massive silver

block) whose temperature is lipea;ly &ariéd with time. The temperature

of each cell lags slightly behind that of the Teservoir, the magnitude .
of the fég deﬁending on the fhermal conductivity, mass distribution aﬁd
heat capacity of the cell and the material in it. The temperature dif-
ference G(T) between the reference and sample ceils will normally vary

only slowly with the sample temperature T, but if the sample ‘undergoes a

thermotropic phase transition, the temperature lag in the sample cell

will be transiently increased, and a trace of §(T) vs. T will show a pro-

nounced extremum (minimum for an endotherm, maximum for an exotherm) at

>

the phase transition temperature? If the sample is heterogeneous and ex-

hibits a broad phase transition (sometimes called a 'lateral phase sep-

aration'), the progress of the transition can be monitored by the deflec-

‘e -~
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tion of the 6 (T)-vs.-T trace from itsznormally roughly linear baseline.
DTA can'thus be used to determine the peak or midpoint £emperaturé and
the temperature range of a}lipid phéée trapsition."Unforfunately, §(T)
can not be readily related to.fhe absdlute‘différential heat apsorption
by the sample, so absolute enthalpies of transition cannot be féliably_-
determined by DTA. Enthalpies of transition can be measured, howé&ef”
by the related techniqueiof differéﬁtial scanning calogimetr§, in which .
the differential-hea£ ébéofﬁﬁion by'tbe sample is direétly mopitbfed.
By ﬁonitoring the thermotropic phése‘transitions of mgmbrane lipids by
DEA, one can draw cénclusions which are at least qualitatively éorrect
regarding the effetts of é variety of factors on the lipid physical be-
haviof,-just as the analysis of the phasé transitions.of other systems
(e.g., of the melting propertiesAof systems of mixed composition) can

yield much information regarding the interactions of theirvcbwponent

molecules. ) N

Experimental Results and Implications

Lipid and Protein Composition - Three features of the membrane ©

lipid and protein composition were studied as a function of avidin and

fatty acid supplementation: the relative amounts of the major pola} 1li-
~ . .,
pid head-group classes, the ratio of membrane lipid to membrane protein,

a

dght distribution of membrane proteins. The fatty

and the molecular

acid suppl used in these experiments were all Class I species

(good growth substrates for A. laidlawii B in the presence of avidin),
as it is these specie§7which can be most readily used to produce 'fatty

acid-homogeneous' membranes from A. laidlawii B.

To study the effect of fatty acid supplementation on.the lipid

»
-



head-group distribution; cells were grown to .late log phase'on various
avidin/fatty acid—Supplemented media,vthen harvested and the lipids ex-
tracted and freed of nonlipid contaminants by the procedure of Bligh and
Dyer (1959) followed by silicic acid column chromatography as descrlbed
in Chapter 2. The total 11p1d extracts were then spotted on silica gel G
plates, which were developed with chloroform/methanol/water (70:25:5,
v/v/v), sprayed with 3% CrOj in 60Z H SOA’ and heated to visualize-the
separated lipid species as brown-to-~ black spots whoseé intensities are a
rough 1nd1cator of the relatihe amounts of the varlous lipids present in
the sample. The various lipids were identified by standard diagnostic
reagents (nlnhydrln for amino groups, phosphomolybdate reagent for phos—
&phate, and anthrone for sugars (Christie, l973))'and by comp;rison of

their mobilities with those of known standards, which were either syn-

thetic or previously purified from A. laidlawii B in our laboratory The

appearance of a typical developed chromatoplate is shown in Figure 6,
where the identities of the major spots are glven The predominant 1li-
pld spec1es are two neutral glycolipids, mono- and diglucosyl dlglycer—d
ide (MGDG and DGDG), and an aniotic phospholipid, phosphatidylglycerol
(PG). Two other phosphate—containing lipids, glycerophosphoryl digluco-
syl dlglycerlde (GPDGDG) and 3" —~O-aminoacyl (mainly 3' ~0-alanyl) esters -
“of PG (0 PG), occur in lesser,and variable amodnts in the* membrane as
well. The structures of these five lipid species are shown in Figure 7.

Other lipid species which occur in the A. laidlawii B membrane in trace

'angunts have beenrvariously identified by various workers (Smith, 1971;
’ : N
Wieslander and Rilfors, 1977) and shall not concern us«here, for they

constitute a very small fra;tion of the total membrane lipids. In Plate

I are shown a series~of developed and charred ehrdmatograms of lipid
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Figure 6. A représentative chromatoplate for total A. laidlawii B
membrane lipids, developed using the solvent chloroform/methanol/water
(70:25:4, v/v/v) and silica gel H (0.5 mm thick) as the adsorbent, and

_charred after spraying with 3% CrO3 in 60% sulfuric acid. The identities

of the spots are: A, nonpolar lipids; B, monoglucosyl diglyceride;

- C, diglucosyl diglyceride; D, phosphatidylglycerol; E, glycerophosphenyi

diglucosyl dlglyceride, F, 3'-O-aminocacyl (mainly 3'-O-alanyl) phospha—
tidylglycerol
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Figure 7. " “The chemlca} Structures of the five major membrane polar

- lipids of A. laidlawii B. The structures shown are: A, monoglucosyl di-
glyceride; B, diglucosyl diglyceride; ¢, phosphatldylglycerol D, gly-
cerophosphoryl daglucosyl dlglycerlde, E, 3'-0-~ amlnoacyl phosphatidyl-
glycerol
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Plate 1. Developed and charred chromatoplates showing the lipid
head-group distribution in various fatty acid-homogeneous A. laidlawii
B membranes. Samples were prepared and TLC carried out as described
in the text. The lipid spots are: A, monoglucosyl diglyceride;

B, diglucosyl diglyceride; C, phosphatidylglycerol; D, glycerophos-
phoryl diglucosyl diglyceride; E, O-amino acyl phosphatidylglycerol,
The samples run were from membranes of cells grown with avidin plus
the following (in the shorthand nomenclature): 1-4, 14:0i, 15:0i,
16:0i, 17:01i; 5-8, 18:1tA9, 18:1tAll, 16:1tA9, 18:1tA6; 9-12, d1 15:0ai,
dl 17:0ai, dl 19cp,tA9, @i 19cp,tAll; and 13-15, 18:1ch%, 18:1cAll,
18:1cAdd, . '
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extraéts of cells grown with ‘avidin plus a variety of Class I fétty agids.
It can be seen that the lip%dbhead—group distribution is influenced by
the nature of fhe éxoéenOus fatty acid supplement, changing most notably:’
when branched+chain fatty acids are used. McElhaney gg'gl; (1970) have
ﬁreviOusly'reported that exogenous fatty acid supplements doinot alter
the iipid head-group distribution in cells grown in the abéence of avid-‘
in, but these workers did not use any braanched-chain fatty acids in
fheir studies. The two most dramatic effects of fatty acid supplementa-
tion on the proportions of the varioué lipid s;ecies are the marked en-
hancement of GPDGDG levels in the presence of shorter-chain fatty acids
(14:01; 15:0ai ahd'l6:lfA9) and the marked reduction of DGDG in the ™

/ . :
presence of the shorter—chain isobranchéd fatty acids. To more quanti-
tatively evaluate the changes'in.lipid head-group proportioﬁs which re-
sﬁlt_from variatiohs in faéty acid supplementétion, large% quantities
of lipids from certain cultures of’cells grown wiﬁh avidin and a single

- : : ;
fatty acjd were fractionafgd by TLC as described ébove‘ﬁut without char-

S .

ring the plates. “ The major\lipid_speqiés, MGDG, DGDG and PG, were re-
cévered from the chromatoplates by scrapiﬁg(off the appropriate portions
of the gel and eluting the lipias from the gel with methanol-chloroform
(9:1, v/v). The relative‘amOunts of these threevlipids in a given_éamj
'ple were then determiﬁed by gas-liquid chromatography (GLC) of the éethyl
esters derived from each lipid.in thé éresence of known levels of an in-
ternalA;tandafd fatty acid, which was inéluded to calibsate the mass
response of tﬁe GLC detection system. The results of a series of ex-
periments using séverfl Class I fatty acids are summarized in_Tablé 7.
. It is clear that substantial &ariations in.the ratios of the three major

Q

lipid species occur when A. laidlawii B is grown with avidin plus




Table 7

Molar Ratios of the Major Polar Lipid Species in A. laidlawii B
Membranes from Cells Grown with Avidin (2 mg/l) and :
Various Class I Fatty Acids (0.12 mM)

Fatty Acid ‘ - MGDG/DGDG _ (MGDG + ,DGDG_)/PG.\
Supplement (#S.E.M.) . (+S.E.M.) .
. 3 . *
14:0i ﬁ | 18.1%3.5 2.741.4
116:04 5.6+0.4 3.740.4
dl 15:0ai . C 4.841.1 3.940.5
'dl 17:0ai 2.4+0.9 2.4+0.8
18:1t47 . 0.82+0.16 2.940.5
18:1ch’ | 0.54+0.062 2.3+0.28 |
18:1cAll 0.56+0.16 3.1+0.6
 19:cp,th? 0.15+0.032 2.140.12 -
. Nome (- avidin) T 2.340.3 3.640.3
- \

The 1nd1cated errors for these samples- represent the .uncer-
tainty for duplicate determinations of the lipid.ratios in .the
same culture of cells. Because very limited quantities of these
fatty acids® were available, it was not possible to\grow multi-
ple cultures of the size neededafor‘% full lipid analy51s

@ : -



rious fatty acids, with the greatest variability arising in the ratio

/£ MGDG to DGDG. By contrast, the ratio of (MGDG + DGDG) to PG varies
much less strongly with fatty acid composition. These results are read-

ily explainable if MGDG and DGDG are derived from a COmmon; precursor, as

is apparently the case for A. laidlawii (Smith,'l970), and if DGDG 1is
derived from MGDG by a process that is sensitive to the propertles’of

the membrane lipids, as Wieslander (Wieslander and Rilfors, 1977; Chris-
tiansson and Wieslander, 1978) has suggested for the A strain of A. laid-
lawii. It would appear, however, that the MGDG-to-DGDG conve;slon is

not solely determined by lipid 'Eluidity', as these writers ‘have suggest-

) :

'Med,:23§ there is always a marked elevation of}MGDG levels over DGDG lev-
els im the presence of branched;chaln fatty acids, and a relatlve‘iﬁ;
crease in DGDG levels in the presence of unsaturated and cyclopropane
fatty acids, regardless of whether the phase* transition temperatures of

A

membrane lipids enriched in such fatty acids (vide itfra) are high or

low.. In general, my results indicate that the major effect of changes
- . [ 4

in the exogenous fatty acid supplenent on the lipid head-group composi-
tion will be a change in the balance of the two neutral glycollplds,
MGDG and Iﬁ} with a much less drastic change in the ratio of neutral
.glyCOllpldS.tO PG (and judging from the results shown in Plate I, in «, -
the ratio of neutral glycolipids to phosphate—contalnlng llplds in gen-
.erago.d The probable physical chéklcal consequences of these changes in
’lipid head-group compositlon will be evaluated in“a later section:

I next turned my study'of'fatty acid supplemenqation effects on
’i membrane conposition to‘a consideration‘of the membrane protein EomposiF
tiony for . proteins not only mediate many membrane—related processes |

which are of biochemical interest but can also affect the physical pro—

'
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] ,
Eerties of the membrane lipids (Jost et al., 1973, 1977; Hesketh et al.,

1976). I‘first dete;mined the ratio of total membrane-associated protein
to membrane lipid. The Lowry protein assay as modified by Hartree (1972)
was used to determine protein, and analytical GLC of lipid-derived methyl
esters in the presence of an internal standard (to calibrate the detector
mass response) was used to determine the pmoles of liéid acyl chains

(and of diacyl lipids) in a sample of known protein content, isolating
the lipids from the sample as described above. The results of these ex-
perimeﬁts age §hown in’Table 8, Where the effects of a representative

set of Class I fatty acids have been investigated. All'of the fatty.ac-
id supplements used elevated the membrane lipid/protein ratio of cells
grown without avidin or fatty acid supplementation. However, trans-un-

saturated&gr —cycloPropy} fatty acids elevated this ratio only'slightly,

thle branched-chain fatty acidQVQiq so more strongly and EEE—unsatu;ated %
species did so most strongly, almost doubiing the relative proportion of
lipids in the membrane. The observed lipid/protein ratios in aviQin/

‘fatty acid-grown cells generally lie in the range of values previously
reported for cells grown with vérious fatty acids in the absence of avid-

in (Silvius EE.il;,.l977)’ suggesting thét avidin itself doe; not signi-
ficantly altef the relative raf%s of membrane protein and diacyl glycero-
lipid synthesis in vivo. There is no obvious general relationship be-
tween thé membrane }ipid/protein ratio and, the physical properties (e.g., .
the phase transitioﬁ temperatﬁrgé) of the‘lipids in cells cultured with
avidin plus various fatty acids. Ho@ever, the daﬁé of Table 8 Suggest
that the 1ipid/pfotein ratio is éensitive to certain feéture§ of the li-
pid acyl chain structure (élg.,-the presence of a cis- double bond) which
may bé important in detefmining the rate of utilization of fatty acids or

1



- Table 8

Membrane Lipid/Protein Ratios for Cells Grown with Avidin
(2 mg/l) dnd Various Class I Fatty Acids (0.12 mM)

Fatty Acid Lipid/Protein (umoles/mg)
Supplement . + S.E.M.
1401 | .83 + .07
15:01 : .79 + .06
16:01 - 77 + .11 ¢
17:0i .88 + .08
dl 15:0ai ‘ .84 + .06 (
" 41 17:0ai | .70 + .11
C 16:1eA9 .57 + .03
18:1tA9 .68 + .01
18:1tall .63 + .05
18:1ca® .98 + .07
18:1cpll - 1.01 + .08
19:cp,th? . .57 + .03
None (- avidin) » ‘ .56 + .08
16:0 (- avidin)- : .75 + .14

a, . .. ; . . .
Lipid/protein ratios given were determined as described

~in the text, and are the averages of values determined in

at least two separate experiments. i
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' fatty acyl derdvatlves for some key step in membrane lipld synthesis. To

)
return to a more practlcal level it is expected on the ba81s of these

data that cells grown on avidin plus)dlfferent fatty acids may differ in
their relative amounts of 'bulk' and protein-associated lipids, (Steim
et al., l969;,Butler EE.EL;’ 1978), a fact whlch may be important in the
interpretation of certain types of studles of membrane lipid dynamic pro-
perties in particular. ‘ ' ‘

To test the possibility that certain proteins might become select-
1vely enriched or depleted in the membranes of cells grown with avidin
and certain fatty acids, small samples of such membranes were’ subJected
to polyacrylamlde gel electrophore51s in the presence'of urea (6 M) and
SDS (0.15%) under reddcing condltions (Zahler, 1974), then stained with
CoomaSSLe blue and destalned by the procedure of Weber and Osborn (1969).
The detalls of the electrophore51s, Cooma851e blue staining, and spectro-
photometric scannlng of the gels have been described in Chapter_ﬂg> Re-
Presentative gel scans (at 596 nm) are shown in Figure 8 for the total
megbrane—assoc1ated pProteins of cells grown with elaidic acid (18: ltA )
with or wlthout av1din, with 1sopalm1t1c acid (16; 01) plus av1d1n' and

.

with antelsopentadecan01c ac1d (15: Oal) plus av1d1n While small djif-
_ferences in the Coomassie blye stalnlng profiles can be seen for the
various preparations, the protein molecular weight distributions are
generally quite similar regardless of what fatty acid supplement was
used or whether or not avidin was present in the culture medium. In
fact,'different preparations of membranes. from multlple cultures of.
cells. grown under the same condltlons often showed variations in their

protein composition which were as great as those shown in Figure 8.

Therefore, while it is certainly not reasonable to assume 2 priori that



Al

A

‘Distance mlgrated , cm —————> "

v

Figure 8. Coomassie blue staifing profiles for SDS—polyacryiamide
gelg of A laidlawii B membrane proteins. The membrane samples shown are
_~from: , elaidic acid-grown cells; B, elaldlc acid/avidin-grown celks;
C“‘Eépalmltic acid/av1d1n -grown cells; D, anteisopentadecanoic acid/
avidln*grown cells. The first and second arrows in panel A represent
the dlstances migrated by bovine serum albumln (mol wt. 63K) and DNase

I (mol-. wt}xzkﬁp respectlvely

[l . 3
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the level of any one membrane protein is independent of the membrane fat-

ty acid composition or of the presence or absence of avidin, it is clear

» v

that, in general, the relative rates of synthesis of various membrane pro-

' teins are not substantially altered by growth of A.'iaidlawii B on vari- -

ous Class I fatty acids plus avidin. - This conclusion is in agfeement

with the findiggs of Pisetsky and Terry (1972), who used SDS-PAGE té.

study the protein molecular weight distribution in the membranes of cells

: _ . N
of this organism grown with various fatty acids in the absence of avidin.

Lipid Phase Transitions of Membranes or Isolatedy Membprane Com-

-

‘A
ponents from Avidin/Fatty.Acid—Supplemented'Cells - My studies of the

- .
1ipid phase transitions of A. laidlawii B membranes from 'fatty acid- -

o

homogeneous' cells began with an investigation of the contribution of

various normal membrane components to the overall. membrane phase transi-~

D
[

tion. These experiments were mostly carfied out using\cells!grown in
media supplemented with avidin plus isopalmitate (16:0i) or élaidape

(18:1¢4%) .

£
One set of experiments focused on the role of membrane components

other than glycé}olipids\in modifying the overall membrane phase transi-

tion behavior. The following preparations were dErived,from isopalmi+

tate— or elaidate—homogeneous é; iaidlawii B cells; (i), wh?le.membranes;
Tz(ii), a total lipid extracf; (iii), . a membfane,polar lipid'éxtract,

freed oféhonpolar lipids by discarding the chloroform eluate from a cdg;

umn of Bio-Sil to which the total extracted lipidh had been applied (see

Chapter -2); and membf&ne polar lipid.extracps equligrated‘;itﬁ Solugloﬁs\‘

of either (iv) 20 mM MgCi2 or (v) 50 QM EDTA accgrding to thé progedure

of FOlCH.EE al. (1957). Comparison of the phase transitions determined

by DTK for appropriate combinations of the above samples nyobhilized
. .



from benzene and rehydrated with 50% (w/w) water in the case of lipid |

extracts,'as described in Chapter 2) allows us to determlne the .effect
of membrane protein ((i) vs. (i1)), membrane nonpolar lipids ((ii) wvs.
(iii)) or the membrane divalent cation content ((iv)_vs.'(v)) on the

overall membrane phase transition.- The results of’one“such eet of ex-

periments, for isopalmitate—homogeneous{membranes, are shown in Flgure 9.

Whlle the - transition endotherm for the 1solated membranes is smaller

"than that for the isolated llpldS (a consequence of the fact that the

membrane pellet obtalned by centrifugation contains only one-tenth to
one-fifth of the llpld per unit volume that the hydrated 1ipid dlsper;
sion does), 1t is clearly similar to the transition endotherm-for the
extractad llplds. Thls flndlng was. typmcal in my experiments ahd S\

agrees w1th prev1ous results (Steim et al., 1969; McElhaney, l974a)

uging A. laidlawii B cells which were ﬁot fatty acid-homogeneous. .There-

fore, membrane proteln does not seem to 81gn1ficantly modlfy the phase -

transition properties of ghe 'bulk' meibrane llpld phase, alth0ugh it
!

'almost certainly sequesters_some lipid (probably on the order of 10-25% of

the total lipid (Steim et al. al., I969)) as 'boundary lﬂpld 1ncapable of

tak-ng part in the bulk lipid phase transLFion (Heskeéh et al., 1976) -
% .

Examples of the effects of two other normal m@mbrane components,
. b

nonpolar lipids (malnly caroten01ds) and_ d1valent datlons (reprLsented

'here by Mg2 » normally the major membrane-assoc1ated~d1valent cation

(Kahane et al., 1973)), on the lipid,phase transition are aleoshéwn in
Figare 9. Lioid extracts conﬁaining carotenoids (isolated under a nitro-

gen atmosphere and in semidarkness to minimize carotenoid degradation)

sometimes showed a slightly broader phase transition than did pure polar

lipid extracts, but in general the overall charactéfistits_of the transi-.

va

" | R
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Figure 9. Representative thermograms determined by DTA of isopalmi-
tatechomogeneous A. laidlawii B membranes or membrane components. All

samples were analyzed at scan rates of 5°/min and were prepared as des-

cribed in the text. The samples are designated in the figure as follows:
A, intact membranes (heating); B, intact membranes (coolingff ¢, total
membrane lipids; D, total membrane polar lipids; E, total polar lipids

equilibrated with 50 mM MgCly; F, total lipids equilibrated with 50 mM
EDTA . ' ’ :

[N
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‘wgw,

tion endotherm were quite similar in the presence and absence of carote-

i
-

A

>

noidé., The lipid-extracts equllibrated w1th MgCl or with EDTA solutlons

showed quite 81m11ar endothermic transltlon proflles by DTA. w@hxs result

’

is somewhat 5urprlslng in v1ew of ‘the substantlal membrane content of

[~

anionic llpids (phosphatidylglycerol and glycerophosphoryldlglycosyldl—

+

glycerlde), which are known to show a 51gn1f1cant dependence of their

phase properties on the levels of divalent cations associated with them

(Papahadjopoulos et al., 1975; Van Dijck et al., 1978; Findlay ana Barton,
N

'l9f8). It wduld aggear that the electrlcally neutral llpld specles in

the A. laidlawii B membrane dtlute Out the negatlvely charged species so

that the normally complex phase behavior of the latter in the presence

of divalent cations ie no longer obseryed; A similer result.has in fact
been reported by Findlay and‘Barton (1978), Qho srudied‘tne effeets of
Ca2+ and Mg2+ on syntnetic nhesphatieylglycerols (PG's) and phoéphatidyl— ‘
. P _
glyderol/bhosphatidylcholine (PG/PC) mixtnree.v Ihese'workers.found_chat
the complex thermotropic behavior ofﬂpure saturated PG's which was pb—’
served in the”presence of divalent carions reverted to a much simpler .
behayior in ‘the presenee‘of even emall anounts of PC's. Specifically,
tne multiple endotherms observed on heating pure Ca2+—PG's or Mg —PG s
were replaced by a cvngle sharp endotherm at a lower temperature when as
little as 5 mole percent of the‘PC species of like fatty acid composi-
tien was also present._ In ;nis regard, it.is interesting to note that
phosphatidylserine;deearboxylase mutants of:E,'coli can accumulate very
high levele (>50%) of phqsphatidylserine in Eheir,membranes in ‘the pres-
ence. of magnesium yet still remain‘Qiable{(HaQrotgana;KenneAy, 1978), -
_ghile pure.PS does not form stable hydrated bilayers in the preeence of

- ]

divalent cations (Papahadjopoulos et al., 1975; Hausev et al., 1977).
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The results presented so‘far iﬁ_this section indicate that‘enen_if
variations in the levels of membrane proteins or carotenoids do occur
when cells are’ grown with avidin plus various fatty ac1ds, such varia—‘
tions‘will ROt result in dny major changes in the thermotropiclproperties
of the 'bulh} membrane.lipid phase at least | Many of the most important
microscopic features of llpld =lipid 1nteractions, such as the energydof
lateral acyl chain association, the strength of intermolecular coupling
(i.e., the cooperativity), and the,mixing properties- of the various li-
-Apld species, all bear on and are reflected in the nature of the llpld ’
phase transition. Therefore, the very modest obserVed effects of mem-—
brane proteins or carotenoids on the polar lipid phase tran51tion sug-~

gest that these former membrane components have only a modest effect'on

the 'bulk' lipid physical properties .in general. To evaluate the effects A
LI ' 1 » T

of variations in the proportions of. various ‘lipid head group species 'on

‘the membrane lipid properties, I again studied the thermotropic behav1—

-

‘or of various lipids and llpld mlxtures by DTA. Yo do this, I isolated
various lipid tractions (single pure lipids, total phospholipids, total
neutral glycolipids, etc\?\ﬁrom A. laidlaw1i B cells made homogeneous in-
1sopalm1tate (16: Oi) or elaidate (18 ltA ) u31ng standard column and
thin-layer chromatographic procedures, as described in Chapter 2, The
separate lipid fractions were then rehydrated and their-phase transitions
monitored by DTA in the usual fashion.

Heating scans for several. lipid fractions derived from cells
grown with isopalmitate and avidin are shown in Figure lO the thermo—
tropic behavior of the corresponding elaldate—containing lipids was simi--
lar in all respects. Of the three major membrane lipid species, MGDG

‘}DGDG and PG (see Figure 7 for structures), PG shows a thermotropic
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Figure 10. Representative thermograms for various membrane lipid frac-
" tions from isopalmitate-homogenecus A. laidlawii B membranes, isolated
and?grepared for DTA as described in the text. The samples are desig-
nated by the letters: A, total membrané polar lipids; B, total neutral‘
glycolipids; C, total phosphate-containing lipids; D,. phosphatidyl- T
glycerol; E, diglucosyl diglyceride; and F, monoglucosyl diglyceride., &
All samples were heated at 5°/min to give the thermograms shown. 7
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behavior quite similar torthat'of‘the

phosphdrylated lipld fraction shows a thermotropic behavipr simllar to'ﬁv :
that of pure PG, which: is the: majgr component o; this>tractiona“‘As pureyjl 4
_MEBC readily forms nonbilayer phases at physiological temperatures, most
: notably a hexagonal II phase in which the lipld molecuIes are: arranéedy ;;;
| 1; long cylindrical arrays ‘'with the llpld head- groups lying near the
centers of the cylinders (Wieslander et al. l978),wit 1Z perhapsvsur;.

~

'pr131ng that thls llpid upon. heatlng exhibits a strongly endothermlc
) . ey .; cor I
tran51t10n near the tran31t10n temperature of the togal membrane llplds .

o 3

Hydrated MGDG derived from elaidate homogeneOus'?cells exhibits a sim1~

‘lar th rmotropic behav1or,.1n agreement with the results of Wieslander .

(l978). ‘Therefore, it would seem that the intergctions of - the;

Ve

llpld acyl chains in the nonlamellar phase formed by pure MGDG in: the

phy31ological temperature range are basically 31milar to® those of the

5}

acyl chains of other glycerollplds which form lamellar phases in thlS o dh,

temperature region. -The thermotropit behav1or of pure DGDGiis rather

£ g i »

N

‘complex, ‘with a series of endotherms observable on heatlng atid almarked
and qu1te reproducible Supercooling to give a slngle e;othermlc transi;~
‘thQ (at lS 5 C for diisopalmltoyl DGDG) upon. subsequént cooling #be?i
KruiJff et al. (1973) and Wieslander et al (1978) have also noted this h
rather complex phase behavior, yet the latter authOrs have conclude;
that DGDG persists in a lamellar arrangement throughout the temperature ’
range studied , When' the total neutral glycolipids (MGDG and DGDG plus ~~f;i,d?.~
a small amount of an unidentified lipld of intermediate polarity under |
‘standard TLC conditlons) are hydrated and studied by DTA, a fairly sharp,~

4 v_reversible transition replaces :the rather complex transitions seen for o \

thetindividual glycolipids. -The midpoint temperature of the neutral



: ..pj e

m'ibrane llpldS, 21 C or’ that of the PG fractlon, 21 SQC ' Therefore, 1t

‘glycollpld transition, 22 C 1s very simllar to that of the total mem~yf'

. seems_that<if§one neglects some rather exotlc phase behav1or seen only

" with the purevforms of "the glycollpids MGDG and DGDG the major compo-

-
.

,nents of the lipid mixture found in the A. laidlani B membrane can in- -

-

[ . . <4 3
_termix fairly easily, with fairly 51milar like—like and llke unllke mole—

e

oular 1nteract10n, and should exhibit little tendencx to- segrégate out
. . R N % .

in lipld domains of comp051t10n drastlcally dlfferlng from’ that of the .

.9 . .41

. overall membrane llpld pool. Fairly modest changes 1n the relatlve pro-

portlons of the vaTious lipid head- group classes such as those reSultlng
b

" from the use of»varlous fatty acids as cell growth substrates in the

Ly
T

presence_of avidin (vide supra), should not lead to'majoréchanges in the
‘ .
overall phy51cal propeﬁtles of the membrane llplds beyond those whlch

‘would be observed’lf the fatty afld c0mpos1t10n Were changed ‘without any

accompanying changes'in the llpid head group comp051tlon However,,the -
a - @

"
-

differences observed in. the T values of the dlfferent 1solated lipid .

'species suggest‘that the overall membrane llpid T value could be 51gn1—\

flcantly dependent ‘on the proportlons of the vaxlous llpid head-group

~

classes as well as on the fatty ac1d cgmpositlon Furthermore,'one

“m;ght expect that membranes contalnlhg greatev amounts of MGDG might

R

o

s moré readlly form small regions of nonlamellar structure, at least tran-

n

51ently, and’ mlght therefore show an -enhancement of the rate of certain

)

membrane processes, such as fu31on,'or 11p1d—transbilayer "flip~ flop ,

o

which may proceed by the formatlon of nonlhmellar lipld phases (Cullls

and de KruiJff 1976'.Cullis:?nd<ﬂope, 1978). In general however, the

N

effects of llpld head- group\changes on the membrane lipid properties

will likely be much less prdfbund than the effects due to altered lipid

S* . : ,.ygu
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' presence of av1d1n and various single Class I fatty" ac1ds (see Table 3),

"cells grown with palmitic acid (16:0) but without avidin 1s:shgwn as

fatty acyl compositlon when cells are grOWn wmth av1d1n plus dlfferent
. 'A . N v.‘ R . - . . .
Class I fatty acids., ’ ) » - "; . A L
OnCe I had identified the pdssible influences on the%%kmhrane li—
. BN : ‘ X ;
pid phase_ transition of varibuS'changes in membrane compositlon other
5 e : A

than those of the llpld fatty acid chalns, I turned my attentlon to the
effect of the membrane llpld fatty acyl chaln strucgure on the midpoint’

temperature and temperature range of the llpld phase trans1t10n under’

condltlons of fatty acid homogeneity. A laldlaw11 B was grown in the

2.
\

and the cells were harvested 1n late log phase, washed orice, and the

.total cell tipids extracted, purlfled and pregared for dlfferentlal

thermal analy51s (DTA) as descrlbed in Chapter 2. Representatlve ther—

4 ; Loa

. mograms are shown in Figure 11, where a thermogram for the, llpldS fromb

L - Lt
g ER

well. It should be noted that essentially'all of the lipidﬁin A. laid- -

lawii B has been found in the cell membrane‘(Pollack-gtJal., 1965b), and

in fact in'some experiments yhere isolated membranes Eathervthan whole.
cells were'extracted to obtain/lipids for bTA’ the meaSured.thermograms
were 1nd1st1ngulslable from those of lipids: extracted from whole cells.
Therefere, my\assumptlon that whole washed cells provide a‘truekmembrane'
lipld fraction upon lipid eXtraction:seems justified. Differential ther-
mpgrams such as those shown in-Figure 11 canngf readily be calibrated to
yield absolute heats of tran51t;cn but the deviatlon‘of an endotherm
from the basellne at a given temperature is rOughly proportlonal to the

dlfferentlal heat capacity of the sample (Smothers and Chlang, 1966),

which in turn'would be expected to be_roughlyvproportiOnal‘to’the amount.

~

of lipid undergbin% a ‘phase change over the infinitesimal temperature
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of membranes

symbols are

letters 'Av.

lipids were
All samples
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4y

given
|

indicate that+avi
extracted _and pr
were analyz d by DT

17:0ai / Av.

K
22.5
4
18:[cAYAv. - IT:0i/Av
26.5° »

12° -

18: 114/ Ay,

Representative heating thermograms for the totalllipids
A.* laidlawli B cultured with various fatty acids (whose
ext to each thermogram) with or without avidin (the

din was present). The total membrane
red for DTA as described in the text.
at a heating rate of 5°/min.
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CaN

range cente:ed'around the temperature of interest: Therefore, integra-

' \ o7 ) : ' )
tion of the endotherm from the onset of the ttansition'to any temperature
T should allow at least a rough determination of the proportion of

. ' . . - :

gel-state and liquid—crystaliine lipid preseﬁt at TO,'acqording to the

equation , : : N

8 (f) dt

©
~~
H
o
N
]
R

[4-1]
6(T) daT } “

where T is the absolute temperature, S (T) is the magnitude of the devia-
tion of the DTA trace from the baseline at temperature T, Fl (T ) is the: %, -
fraction of liquid-crystalline llpld at TO, and TS and TQ are respec-—

tively tHe points at which the thermogram first shows a detectable devi-
Pd . X ) . oo
ation from, and appears to return to, the baseline. .Using the above

equation and integrating experimentally obtained DTA endotherms by means -

of a trapezoid rule.approximation (Rodin, 1970) over 1° temperature in-

and the temperature

tervals, I ealculated the transition midpoints TAL : . "

ranges from 10% to 90% completion,“AT(iOZ—90%), of the phage transitions
ofbtotel lipids from cells grown with avidin and various Cless I fﬁtty.
acids or from control cultures growﬁ Qithoet these supplements.- These
data are presented in Table 9, where it can be seen that the membrane
iipid phase tran%ition midpoint‘can'be varied over. a range of about 50°
by using approprfﬁte'ciass I fatty acids pluS~aviAin'to grow A, léid-
lawii B. This,fiﬁding is not particularly novel, for'such_variations

of TAL can be obtained by varying the fatty acid suppleient ‘added to

the culture medium even in the absence of avidin (McElhaney, l974a)

More significantly, the data of Table 9 indicate that the_temperature

A



. Table 9

, Midpoint Temperatures (Tpy) and Transition Widths for the
Gel-to~Liquid-Crystalline Phase Transition of Total A. laidlawii B

Membrane Lipidg Made Homogenegus in Various Fatty Acids

rd

Zlof Total

Fatty Acid - Fatty Acids o TAL 8T(10+90) &
15:0 2 - 36.7° o 10.6°
14:01 ' " 96 C10.10 5.1°
15:0i o 9. 14.8° 9.0° .-
16:01 99 . 2i.8° C6.1°
17:01 98 288 4.8°
41 16:0ai ' 95 L -14.9° 7.6°
dlL 15:0ai 95 o~ -4.7° | 8.3°
dl 16:0ai - 100 \ 4.1° . 1La°
a117:6Gai 9% So8.2e T 9
dl 18:0ai . 99 21.8° 6a1°
16:1ta” | 98 . 7.6° - 8.9°
18:1ep6 - 96 22.2° . 1L.6°
©18:1tA9 98 . 20.1° 1047
18:1tp11 99 20.0° 840
18:ch4 . 91b .o, 24,1° o 5.0°
18:1enll 9% -8.3° Y
18:1cp15 b 27,60 89
19:cp,.a® 97 238 10.9°
16:0/No Avidin 67 3L.2°  ° 17.8°
18:1tA%/No Avidin 72 o3t 12.90,

16:0i/No Avidin - - .76 - - 25.8° S 1L2e

aGT(lO+90) is defined as,tﬁe temperature range required for the
transition to pass-.-from 10%Z to 907% of completion.

bThese fatty acids were 6n1y N 937 pure as they were ddded to the
culture medium. :

3
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90

‘range of,the lipid phase transition.can.be dramatically narrowed as com-

pared with control values, by using -an appropriate exogenous fatty aCld
and aVidin. By contrast the width of the phase trah31tion is at best"
'only slightly reduced with respect to control values when cells are

v

grown with various fatty aCids but Without avidin (McElhaney, l974)

;ing of the lipid phase tranSition temperature range in cells
v,gro_':::th certain Class I fatty acids plus avidin IS‘Slgnlflcant for.
two reasons. First the sharpness of the lipid tranSition in fatty aCid—
vhomogeneous membranes suggests that the various major lipids in the mem-
'brane mix ideally or nearly ideally in both‘the gel and liquid—crystal;
line states, for- otherWise much broader and probably bimodal thermograms
“should be observed.h This COnclusion-is consistent with the reSults ob- -
tained from DTA of . the. indiVidual lipid species from fatty acid- homoge—
:ineous cell membranes, which ‘were presented earlier in this section.e The
second reason for the importance of the sharpened lipid phase tranSitionp-

in fatty ac1d—homogene0us cell membranes is a practical one by use of’

the A. laidlawii/aVidin/fatty ac1d system, it becomes possible to inde—‘v

pendently vary the sharpness and the pOSition of the membrane lipid phase
' tranSition in a living cell over a Wider range than has preViOusly been
vposs1ble Most importantly,'it lS now possible to reduce the width and
to control the'position, of the lipid phase tranSition to Such an extent,
that one‘can observe the‘entire membrane phase transition, and its ef;

fects on membrane—associated processes, over a conveniently narrow range

of temperatures lying entirely within the phy81ological temperature

range (roughly lO°—40 C) The ability to vary the sharpness of the mem—-_~

brane lipid phase transition, as ‘well as its position, over a substan-

gial range of values has considerable potential usefulness in certain

4
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types of studies, as we shall see later in my studies of a membrane—bound

B

'_enzyme in A. laidlawii B (Chapter 7)

'Conclusions : ‘ ‘

« . . .

_ The reSults described in this chapter, ‘taken together w1th¥those

S

of the preV1ous chapter, indicate that the A. laidlawii B/av1d1n/fatty

acid system represents the most convenient -and widely yet specifically

‘ manipulable native biological preparationfyet reported in Which'one'can R

‘study llpld phy31cal properties and their relationship to membrane func-:”

tion. My data show that fatty acid- homogeneous membranes of A laid-

[
.

law11 B can be prepared with llpld phase tran81t10n temperatures varying

over a range as wide ‘as that obtainable by culturing the organism with f
various fatty acids but w1thout av1din (and hence with ‘a. heterogeneous
‘fatty ac1d composition) The variations.observed in)membrane protein
and llpld head group composition when cultures are. grown.w1th various
fatty ac1ds and av1d1n are no more pronounced than others have observed

~

cin ‘ultures which were cultured w1th varlous fatty ac1ds but w1thout

f'av1dih

+

: more,.I hav

'1setsky and Terry, 1972 Wieslander and Rilfors, l977) Further- .
shown that these seconda%y comp051t10nal changes by. them—

:‘selves are 'y likely to greatly alter the phy81cal properties of the ‘mem~
brane 1j ids in most respects, at least when Class I fatty ac1ds are

used as grthhvsubstrates. As we shall see in the next - chapter, the

transitionamideint temperatures (T ~for various preparationsﬁbf fatty‘

)

-ac1d-homogeneous A. laidlawii B membrane lipids correlate very well with
the transition temperatures in a llpid system of fixed head—group composi-'

-tion, the pure hydrated phosphatidylcholiness with the same acyl chains.
”Thls finding Supports my- concluSion that the effects of lipid head-group
PR : o

%



_,potentlal of the A la1dlaw1i/av1din/fatty ac1d system for spec1f1c and
’ controlled regulatlon of . the lipid env1ronment of membrane proteins 1n
'51tu approaches in'some respectS‘the potential of the.llpid—reconstltu

:'tioanethod.‘ Homogeneity of the lipid\fatty acyl comp051tion is easilyfy

'i”',the absence of fatty ac1d changes by using glycerol glycerol 3—ph°SPhate

g

-
o

variations on the A. laidlawii lipid tranSition temperature are slight

S o

Most 1mportantly, in this chapter I have shown that the lipid species of

fatty acld—homogeneous membranes appear to: mlx 1deally or nearly ideally,;

e

'exhlblting 51milar phase tranSLtion temperatuteé when separated and rath—

D

'er‘sharp transitionS'when combined, so that the bulk lipid’phaS@hcan be

treated, to & first approximation at least, as a single homogeneous

phase.: The poSsibility of'reducing'the temperature'range of the.mem—n

'braneklipiﬁ'phase_transition by over‘threefoldffrom control values,/using;

/.

anzappropriate'exogenous fatty acid supplement plusvavidin in the cell

culture medium, allows the investigator to study a number of 1nterest1ng
. N

in which a large fraction of the_lipidsftake part,in the‘transition bver

d temperathre-range of a‘few degreesu '

The findin reported in the last ‘two chapters 1ndicata»that the

obtained, the llpld phase transition midp01nt temperature can be ea31lyq'

altered'overla w1de range, and 1n~some cases (e;g., by'u51ng’isoheptarvﬁ

:'decanoic acid), it 1s possible to obtain membranes whose lipid phase ',

tran81tion range width approaches ‘that of a pure lipid species. ~However,

1

'.comp051tlon (as a’ living cell presumably must) and contains lipids with

several distlnct head groups even when it is homogeneous in fatty acid

o w

-

L

. i
I )
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phenomena related to the lipid phase tran51t10n 1n a biologlcal membrane; T

" the A laidlaw11 B membrane remains highly heterogeneous in its protein v

‘ composition. My attempts to modify the lipid head—group composition inﬂ.‘

@
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v
e

or ribose as ‘possible carbon saurces in place of glucose were wholly un-

_suécessful. However, it has beeanqssible to modify some of the lipid-
) ‘ | ) ; .

head—groﬁps in isolated A. laidl&wii membranes byuusing bhospholipases

KBevers et él;; l977),‘énd other limited alterations (possibly even modést
simplifications) in the“lipid:heéd—gréup diétributiqn may be possible
.using this approach. Reéenttétudies wi£h E. éoli mutants deficient in
various ﬁteps”ﬁn pﬁospholipid metabolic pathways have indicatéd that the
céiis neéa not maintain a specific lipid head-group composition in order

-

_ to remain yiable (Raeté and Foulds, l977;'Hawr5t and Kennedy; 1978; -

Pluschke et al., 1978),‘and'this is probably also.true‘fo:’A; laidlawii B,

as the changes that I observed in lipid head-group distributions with

a0 N

varying liﬁid fatty;ééid_suppleﬁentation suggest . It, thus may yet be

possible to find a suitable inhibitor (of a‘glucdsyltransférasé, pérhaps;g

-
-

or.of an>éminoacyltransferase'pre§pmably involved in O-PG synthesis)

93

~which will speecifically block the syﬁtheéis of one or tore of the glycero—‘

lipid species in the A. laidlawii B membrane, thus simplifying the_overall
lipid head—gfbup cdmposition. An encouraging precedent is the use of di-
phenylamine to specifically lec&;cafotenoid oxidation in this‘ofganism

(Smith and*Henrickson, 1966). A sober assessment of the current status
. ' L S '

of the A. laidlawii B system, however, suggests that the membrane of';hié

orgaism is unlikely in the near future to be suitable foy studies requir-~

ing compléte homogeneity of either membrane proteins or lipid head-groups.



\ CHAPTER 5
CHEMICAL SYNTHESIS AND PHYSICAL PROPERTIES OF

i _ (
SOME NQVEL DIACYL~PHOSPHATIDYLCHOLINES»

Background

The advantages of the. fatty ac1d homogeneous A. laidlaWii B mem-
brane will undoubtedly be fully realized only if still 51mpler model mem—
brane systems are available in order to resolve and c&arify some of the
features of the lipid behavior in the A, laidlaw1i system. One such mod-
el system would be the lamellar phase of a pure diaeyl phospholipid dls—
persed in water To date, the most 1nten51vely studied class of synthe-
tic phOSphOllpldS has been the diacyl phosphatidylchollnes (PC's) w1th
fourteen- to eighteen-carbon acyl ‘chains. These lipids have several pro-
perties which make them useful models for the study'of membrane lipid
behavior. . Most notably, they readily form hydrated lamellar bilayer
'strUCtnres in water, which exhibit semlpermeability properties similat
to those of membrane 11p1ds, they are readily Synthesized and they are
chemically stable under most conditions of storage or assay (Papthadjo—
pOulos, 1973; ~ Bangham et al, al., 1974). U81ng_stra1ght—chain PC's of ‘vari-
ous chain lengths and degrees of”unsaturation, the dependence of bilayerv
permeability to poiar solutes dand of the lipid gel4to—liquid—crystalline
phase transition temperature on the~structure of the lipid acyl chains
has been investigated (DeGier e et al., 1968; Ladbrooke and Chapman, 1969).
These studies have shown that a decrease in the acyl chain length, or an
1ncrease in the extent of unsaturation ‘cis—double bonds have more effect
than trang olefinic moieties) decreases the temperature of the gel-to-

e

liquid- cqystalllne phase transition and 1ncreases the permeabllity of the
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_ lipidrbilayer'to nonelectrolytes. These results have been of majot im-
. \ .
portance in explaining the effects of membrane llpld acyl chaln composi-
tion on such propertles as membrane permeablllty and 'fluldlty | |
One major llmltatlon of the studies just dlscussed is that they.
have used only PC' s with D-acyl chains of even carbon numbers. While

s

such acyl chains are the most common in higher animals, a variety of

other chain structnrés, including cdd-chain n~alkyl, isobranched, ante-
iéobranched and alicyclic (especially cyclopropyl) species, occur in
nature as majét components of the total meméfane fatty'acyl groups in a

© variety of organisms, espec1ally in plants and microorganisms (Gunstone,
1967; Chrlstle, 1973; Kaneda, l977) As well, these and other acyl chains
(including trans-unsaturated species) are frequently incorporated into

the membrane lipids of various organisms or cultured cells using in vivo
llpld manlpulatlon techniques (McElhaney and Tourtellotte, 1969' Cronan
and Gellman, 1975; Horwitz e et al., 1978). .To date, the phy31cal proper-
ties of pure lipids contalnlng non—n alkyl or -alkenyl chains have not
been explored in any systematic manner.b This situation is at.least part-
ly attributable to the high COSt of many branched—chain ana cyclopropane
fatty acids,‘as few blochemlcal workers would wish elther to. invest sev-
eral thousaad dollars in the aynthe51s of a few novel PC's or to under-
take the rather specialized syntheses required to produce the needed fat-
ty acid snecies. Over tﬁe past two years, I have developed new and sim-
pler syntheses of iso- and anteisobrancned fatty acids (Silvius and McEl-
haney,_l9?9a,d) which allow them to be prepared in gram quantities at
modest cost (including the natural 2-anteiso acid stereoisomers which

are not commerciaily available). I have used these methods, plus esta-

blished procedures for the synthesis of cycloprépane fatty acids (Christie
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et al., 1968;. Gunstone and Perera, 1973)-and a new synthe31s of PC s
(Patel et al. 1979), to prepare a number of new dlacyl PC's. I have
-also used differential thermal analysis (DTA) to study the thermotropic

phase transitions of these new PC species.

Synthetic Pathways and;Procedures

The basic reaction in the synthesis of‘bfanched~chain fatty acids
is the coupling of an acetylenic molecule (ag the lithio or sodio apion)

with a molecule containing a bromo group, using liquid ammonia (b.p. -35°)

as the solvent: -
LiNHj or
X—(CH ) c ZCH + Br(CH ) -Y Na—NHL% X—(CH ) cs C(CH )-Y
3¢

Normally 0pe ofﬁthevgroﬁps'x4 or Y- wés a carbéxyl grbup_(converted to a
nonreactive carboxylate group by reacfion with:an extra equivalent of

the alkali amide) while the second was a Branched alkyl moiety Céither
sec-butyl orbisopropyl for anteiso- or isobranched acids, respectively).
For‘fhe synthésis of the longer—cﬁg}n isobranched gcids‘and all of the
anteisobranéhed acids, group X- wés ﬁhe carboxyl moiety, while fér the

shorter iso- acids (C it was the isopropyl moiety (commercial

127014
isoheptyne was used gs*the acetylene in these three cases). The w-acety-
-7 \ : - . ;

S L .

lenic fatty acids wére s&nthesizéd by condensation of mjbromo'écids=with
lithium acetylide in liquid ammonia (Ames and Covell, 1963) or by bromi- .

nation/sodamide dehydrobromination of w-olefinic acids (Khan et al.,
| o - y
1963). The alkyl bromides sed were commercial ;sbpentyl bfomidé (for
isobranched acids) and 8- &nd dl-1-bromo-3-methylpentane (for 2~ and
‘ / oror

glfanteisobranéhed acids)./ The latter species were synthesized ffomug-
|

or dl-2-methyl-l-butanol ﬂy the following series of reactions (Silvius R
‘ / .
/
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and‘McElhaney, 19794): , //'
MsCl KCN - aq. KOH . K é
R-OH gy > R-OMs o> R-CN S R-COOH. |
MeOH "‘LiAlH MsCl
~———>~HZSO4 RCOOMe —A—“‘tzo‘ ‘RCHZOH TEL —E—Z—> (RCH Br

1

The overall yield was V30% of pure bromide after distillation (b.p. 41°/
14 mm)i It is not.ﬁecess;ry to synthesize glfl-bromo:3fmethylpentanévby
this full procedure; as glfB—methyl—l—peqtanol is comﬁercialiy available.
In the Sfeéent study, I used {;; racemic;2;methyl—l-bu£aﬁbl és startiﬁg
‘material in the above.syﬁthesis td test tﬁe efficiency of'the procedufe'
.befdre.using the raéher costly stéreospecific'aléohol as the étaftiﬁg
compound. |

Once the coup112§ of the acetylenic and brqﬁo—SubStituted compo-
pents was ;ccomplished (usually iﬁ yields of'30-86§, excepting only the

C,¢ anteiso- acids), the acidic products were isolated by selective ex-
P . S
traction into aqueous alkali and re-extraction into chloroform or,h;xane

aftgrg?cidification of the.aqﬁeous phase. Thérelwere no detectable acid-
ic side—products in Ehé crude reaction products when tﬁe lithamide/liquid
ammonia'coﬁpling §ystemrwas used, while the butyllithium—hexamethylggosf
phoramide coupling»p:ogedure‘(Gilman and Holland, 1974) invariably gave
substantial amounts of an'ill-defined reddish material which was diffi-
cult to wholly remove from thé ﬁfodﬁéts. Thé'résidﬁal.acidic ‘starting
material was removed by'differential solv%nt‘partition (beﬁween hexane
AN

and methanol/water), to remove short-chain w-bromo acids, or by treat-'

ment of the methyl esters with silver nitrate, either in ethanolic
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'solution or adsorbed to silicic acid (Christie; 1573), to-precipitate‘w—'

acetylenlc specles as highly. 1nsoluble silver salts . Catalyticvhydrogen—'

ation of the branched—chaln acetylenlc acids or esters thus purlfled gave
hthe saturated species in quantltative yield. The details of these syn-

-thetic' procedures are discussed elsewhere (Silvius and McElhaney, 1979a, d)
| Cyclopropane fatty acids were‘synthe51zed by reactlng an-olefinic

‘ester with methylene iodide and a zine- —copper couple to give the corres—

_ponding cyclopropane derlvative (Chrlstie et al., 1968; Gunstone and'

Perera, 1973). The purlfied cyclopropane and bﬁanched—chain aecids syn-
thesiaed by ne, plus several commercially available odd-chain and’ unsat-
’urated'fatty acids, were used to synthe51ze dlacyl PC's. " All fatty ac1ds
used were of 99+7% purlty by gas liqu1d chromatography of the methyl esters:
and had meltlng p01ntS-(see Table 10) in good.agreement with literature
values where theblatfe? were available (AbrahamSSOnvgt;alL, 1963; Hofman

-

et al., 1954, 1957).

The procedure used for the synthe31s of PC's 1nvolved the coupllng
of a fatty acid anhydride (produced by treating the free fatty ac1d with .
d1cyclohexylcarbodilm1de in dry carbon tetrachlorlde (Selinger and Lapl“‘
dot, 1966)) with the anhydrous cadmium adduct of glycerophosphorylcholine
in dryfbenzene/dimethylsdlfoxide; using 4-pyrrolidinylpyridine as cata-
lyst (Patel and Sparrow, 1979 Patel et al., 1979). . The products.werezu-h
isolated and purified by column and thin-layer chromatography (TLC) to
" give pure PC's; the acyl chain purlty was determlned by gas-liquid chroma—
‘rtography of the derived methyl esters and the absence of other lipids f
(especlally of lyso—PC) was established by analytical TLC: Only PC's of
>997% estimated purity by both of these criterla'were used for DTA analy-

sis of their thermotropic behavior. s
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‘Experimental Results‘and'Implications |
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General Thermotropic Behav1or of| Various Phosphatidycholine

Classes - The dlfferent classes of PC s, (odd~cha1n n-acyl, isobranched

acyl etc.) show rather different thermotroplc behavior when dispersed in
excess (50%, w/w) water. . Representatlve thermggr&ms for a set of PC's of

J

different acyl chain structures are shown in Figure 12 All of the ther—

ﬂ‘mograms are domlnated by a major sharp endothermic peak which I as51gn

to a gel to~ llquld crystalllne lamellar phase trans1tion for two main .
reasons. First, a major sharp endotherm is the most cons&Stent feature

of the thermograms observed for various members of each class- of PC s
and such an endotherm has been definitely ass1gned to the gel—to—llquld-

r
crystalline phase tran31t10n for various n—acyl PC's of even carbon num-

" ber (Melchior and Steim, l976) If we consider the fact that the satu-

rated n—acyl PC s and the cis- unsaturated acyl PC's exhlblt essentlally

51milar gel-to- liquld Brystalllne phase tran51t10ns, it is ev1dent that

" such tran31t10ns are not llmited to PC's of a single type of acyl chain -,

structure ‘It is thus reasonable to expect that PC! s whose acyl chains

are singly methyl branched or contain a cyclopropane ring instead of a-

-double bond might exhgblt 51m11ar phase transitions. Secondly, the tem-

peratures of the maJor transitlon endotherms for various PC's made from
Class I fatty aclds (see Chapter 3) cormelate very well with the midpoint
temperatures of the membrane lipid phase trans1tions in membranes of

Acholeplasma laidlawii B whose lipids are made homogeneous in the same

fatty acyl species, regardless of the detalled structure of the fatty

acyl chains Experlments using fatty acids of various Structures to grow

A. laldlawil B have- 1nd1cated ‘that the membrane lipid transition 1is a gel-

to- llquld crystalline transition (Engelman, 1971) and has the same effects
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Figure 12. Representative differential thermograms 1llustrat1ng the
thermotropic behavior of various types of hydrated diisoacyl phosphatLdyl—

. cholines (PC's). The samples shown, and the types of. PC s they exempll—

fy, are: A, di-16:0 (longer-chain n-acyl); B, di-13:0 (shorter-chain

-E;acyl), C, di-18: :1tAld (monounsaturated dcyl); D, di-dl 19: cp,cA9
(c1s-cyclopropan@ acyl), E, di-dl 19 cp, tA 9 (trans—cyclopropane acyl);
F, di-13:0i" (shorter—chain 1soacyl), Gy di=dl 17:0ai: (&xoy d1 anteiso--
heptadecanoyl), H, di-dl 16:0ai (antelsoacyl save-17: Oai), and G, di¥
“16:0% (Ydnger=c¢hain: isoacyl) ‘PC's. - The temperature scale is shown by
-the bar below the thermograms, but T. values are not" given here (see 7
Table lO)
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on membrane functional properties regardless of the acyl chain structure

(McElhaney, 1974a,b), as we shall see in Chapter 7 of this work as well.

Therefore, it seems reasonable to identify the major endothermi;';fénsi—
tions of the various PC's with an order-disorder transition of tﬁé 1ipid
acyl chaiﬁs Which‘is basicaily éimilar) if not identical, to the gel-to-
liquidjcrysgaliine phase transitions oﬁserved for pﬁre Bfacyl PC's.
v .

The structural bases‘of the less energetic endothermic transitions
observed on heating many of.the digcyl PC's studigd érevléss‘readily ek—
plained than is that of the major tFansition. In t@o céses, we .may ad-

vance tentative explanations for these minor transitions as well. In the’

s

case of the odd-chain)saturated n-acyl PC's, the weakly endothermic tran-

sition preceding the jor oné has been previously observed for certain

+even-chain n-acyl PC's and has been interpreted as a rearrangement of the.

lipid acyl chains and/or head-groups which maintains the acyl chains in a
quasicrystalline array, much as they are in the gel state (Raﬁd et al.,

1975; Janiak et al., 1976). In the case of the cyclopropane acyl PC's,

the low-temperature shoulders on the main endotherms are found to decrease

“in size as the samples are progressively more slowly cooled through their

phase transitions prior to recording their heating endotherms. fhé cyc—
lopropane acids used in this study are actually racemic mixtures (the cyc-
lopropane ring is optically active), and the PC'$ derived from them are
theféfore mixtﬁres of four diastereomers; rapid cooling of such mixtures
could hinder the proper 'sorting out' of the lipid molecules to form an

optimal packing arrangement of the acyl chains in-the gél'phase. This

- effect would ékplain the existence of a low-temperature shoulder (repre-

PR
.

., senting the-transition: of imperfectly ordered regions) on the main cyclo-

propane PC transition endotherm, and also the gfadual disappearance of

’
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}his shoulder as the sample is ore slowly cooled through the transition.
™ The problem of explaining the minor endothermic tranSitions of the
branched-chain PC's, which occur at temperatures‘below the nain transi-
,tion temperatures, andithé high-temperature shoulders on the main transi-
"tlon peak for ditridecanoyl (13: 0) (and dllauroyl 12:0 (Mabrey and
‘Sturtevant, l976)) PC's remains a vexing one. It may be,that the minor
transitions for the branched-chain PC's represent acyl chain and/o? head-
group rearrangements within'a well—ordered lamellar phase; as:the pre-
transitions do foriﬁhe saturated n-acyl PC's. In view of the well- docu—
mented polymorphism of free fatty ac1ds’and other paraffinic compounds

in crystalline phases (Maikin, l952; Chapman, 1965), this proposal is
quite reasonable, if highly speculative. | | »

Effect of Acyl Chain Length on T. Values for Different Phosphatl—

Qyﬁghollne Classes - In this sectlon; I shall consider the acyl chaln

length dependence of the gel—tofliquid—crystalline phase transition tem-

Y
S

perature, Tc, for PC's in the homologous series studied (i.e., the satuj
rated gfacyI} isoacyl and 4nfteisocacyl PC's). A simple—minded approach
to the expected meltrng behavior'of-a homologous series of paraffinic
compounds  suggests that the temperature,T,,at nhich any particular

phgse transition occurs could be calculated as follows:

BH,, + nAH
T T 35 ¥ uAs ' [5-1]
. eg m

where AH g “and AS eg represent the (constant) contrlbutlons of the end-
groups to the transition enthalpy and entropy, respectively, and AH and
AS represent the (constant) enthalpic and entropic contrlbutlons of each

of the n methylene groups of the hydrocarbon chain. This result is

102
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reasonable oniy_if the molecular érystal pécking arrangement is the saﬁe
for all of the homologs tésted;‘hnd only if the’h?drotarbdn chains af%l
sufficiéntly long thgﬁ further addition of ﬁethylené groups AdAS ohly
'methyiene—methylenevinteractioh terms to the transition fréé'eﬁerng In
fact, a.vériety of homologous“Serieé of pataffinic compounds do sﬁow

phase trénsitionvtempefatures in reasqnaﬁle agreement with the‘predictions'
of'tﬁis;simple model (Malkih, 1952). However, a more common"obéeryation,
is that the'Tt's of the_ho;ologs of even ch;in length f;t,along~one sﬁooth 
curve, while’the;Tt‘s of the odd—éhain.homologs fit along a different

“ curve. This phenomenqn, cailéd ‘alternation', stems‘fﬁg;~some'father
elementary'aspec;s.bf molecula%.packing. Qﬁite'simply‘stated3 if a baraf;j
finic compound of p carbons édopts a cértain packing arrangéménﬁuin a well-

ordered (usuaily crystalline) phasé,'so tan homologs of (n-2), (n+2), etc.

carbons. However, it ié not ﬁbssible for a hdmologous c 'oqu pf‘(ﬁélj

or (n+l) carbons to adopt a packihg:arrangement that is exacfly comparable
in both thé lateral.polymethylengvchain packihg and thedé .angements of
the‘end—groups,vunlesé the long polymethylene chain axis.and’the'blanes

of the molecular end-groups are mutuaily perpendicular (for a fuller dis-

o

cussion,’see Malkin, 1952). _vathg pqumethylene chain axis add the end-
group planes are not perpendicular, the'Tt's of the'odd— and of the even-
carbon-numbered séecieé will be deécfibéd by two distinct fP;mé of equa--
tion [5-11, and alternatién_of‘Tt values wilfﬁrésult. VThe magnitudeAand
direction of the-alternation cannot be prédicted_glgriori. HoweVef, al-
:ternatién‘is generaily cléarly evident in plots of trénsition temperatures

gé, carbon number for the phase transitions of a variety of paraffinic

compounds'whdée ﬁblymethylene chainéréfe not strictly perpendicular to-

the plane of the molecular end-groups ih'iﬁjleas; Qpeiﬁélleordered phase

’
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'involved in the phase transition,of interest (Malkin,‘1952;'Gunstone,'
W1th these c0n51derations in mind, we’turn our attention to the
data of Figure 13, where the fatty ac1d melting pOints (T ). and the PC
main transition temperatures (T ) are plotted vs 'acyl_chain length for
“all of the saturated normal isobranched and gl—anteISObranched'fatty acids
and~PC'sbstudied in this'work The pretransition temperatures (T ) are
also given in the case of the saturated n- acyl PC‘ In the fatty aCid
series.examined, the normal and 1sobranched species show strong alterna-
tion.of Tm values,.while the-racemic'anteisobranched acids.shoéKajzgak

alternation'for longer chain lengthsﬂ(l6;l9 carbons)‘andvlittle if any
alternatiOn for shorter chain lengths The former observation suggests
that the straight—chain and. 1sobranched saturated fatty acid chains are
tilted in the crystalline phase, i.e. ’ that their polymethylene back—‘
hones ‘are not strlctly paralleI to the vector normal to the planes of -
theirvend—groups.' By contrast the very weak T ,alternation seen for

the racemic antelsobranched fatty acids suggests that these spec1es either

%

M
crystallize with their polymethylene chains very nearly perpendicular to-

the planes of their end- grOups (which is definitely not the case for the
2-1somers at least (Abrahamsson et al 1963)) or fail to form a- well—~

ordered crystalline phase in vhich the orientatlons of the methyl terml—
nal’ portions of ‘the acyl chains are well—defined.‘ I favor the latter exr
‘planation, for the 2—;nteisobranched fatty.acids melt at teuperatures f"
’fzveryvclose to the T 's of the corresponding racemic mlxtures, suggestlng
that the acyllchaln packing arrangements are very similar This s1milar

packing would seem to be possible only 1f the methyl terminal portions of"

the acyl chains are rather disordered and loosely packed in the crystal,
. p R . DT



Figure 13. Dependence of fatty acid melting -points, Ty, and phospha-
"tidylcholine (PC) gel-to-liquid-crystalline phase transition and pre-

- transition temperatures, T, ahd Tp, respectively, on fatty acyl chain
tength. In the top graph, the chvalues~érefgiven for: A,‘the'shtu— _
_rated n-acyl PC's;- C, the isoacyl PC's; and D, the dl-anteisoacyl PC's,
and. Tp values are given for: B, the n-acyl PC's. In the loyer graph,
the free fatty acid melting points are given for: A, the straight-chain
saturated fatty acidé; B, the isobranched fatty acids; and C,'thebglf
‘anteisobranched. fatty acids. L ) R ' -
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If we turn to an examination of the Tp and'T values for the satu-
rated n-acyl and isoacyl PC's, we find that the T* values for the 1soacyl
PC' s clearly alternate, as do‘the T values for the_g—acyl PC's, while
tha_.TC values for qhese latter species fall along one smooth curve (Fig-
ure 13). ‘By reasoning‘similar to that uséd"in‘tﬁé foregoing-discuééion'
of fatty acid crystal structures and melting points, I come’tdbthe c5h-
clusioa that at least one well-ordered phase'iHQéivgd in the isoacyl PC
gel—to—liquid—crystaliine phase transition exhibiﬁs;a net tilt of the
acyl‘chains, as dees at leasf one of the phases invalvedAin the n-acyl
PC’pretransition. By.contrast, any well—orderéd phase(s) involved in
the h- acyl PC gel to-liquid- crystalllne phase transition would appear to -
rexhlblt no net chain tilt. Therefore, in the case of tae saturated n-
aéyl PC's, I coaclude that the phase existing below Tp exhibits a.fiﬁite
aayl chain tilt; while that existing above Tp but below TC does not. The
liquid-crystalline phase of saturated n-acyl PC's does adt have an orde%—.
ly-arrangement of the acyl chains (Tardieu EE.E&;’11§73)’ and therefore
I'cannot make any conclusions regarding the preseace of tilting of the
'aayl chains in this phase on the basis of TC data. Reasoning entirely
similar to that just described indicates that the isoacyl PC hydrocarbon
chaing are tilﬁed in thé gel state. My conclusions regarding the phaae
behavior of the saturated n-acyl PC's agree with the conclusions of cer-
tain other workers.using X-ray diffraction (Rand et al., 1975; Brady and
Fein, 1977), while my findings are rather mofe difficult to explain byi
the’préposal of certain ather X-ray diffraction workers (Janiak EE.E&;’
1976; Larsson,.l977)‘that the acyl chains in the phase existing between,
Tp and T remain tilted. ,I cannot absolutely rule out the p0851b111ty

P

that a dlsorderlng of the acyl chains sufficient to destroy all. -order in’

b
A=
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their methyl-terminal regions-occurs on passage of the n-acyl PC's
through the pretransition. Brady and Fein (1977) have in faet interpreted
their X-ray results as representing a "Vv20% decrease in acyl chaln ordering
at Tp. However, I cohs1der the above p0351b111ey unlikely, as Raman spec-
troscopic results (Gaber et al., 1978) indicate that the decrease in chain
ordering at Tp\is slight“(roughly 1 gauche cohformation per chain), which
would seem to be too small to abolish all ordering of the methyl-terminal
portiohs of the PC acyl chains.

The variation of the’gel—to—liquid—crystallihe phase transition
temperature with acyl chain length for the anteisocacyl PC's does not
clearly exhibit alternation (Figure 13), nor do the TC values all fit on
a single‘smoeth curve of Té.vs. carbon number as do those of the n-acyl -
PC's. I‘suggest'that the methyl-terminal portions of the acyl chains of
anteisoacyl PC's are quite disorganized even in the gel state, and that
this structural feature isfresponsible for :the rather ili—defined (neither
 Smoothly curving nor strictly alternating) relatidnship of TC to the acyl
chain length. This proposal would explain th the 2- and dl-anteisoacyl
PC's of a given chain length (which differ in their structures in the
.methyl;terhinal portions of their acyl\chains) elways have very similar
TC values, for if the structure of the methyl-terminal region of the PC

bilayer in the gel state is ill-defined, modest structural dlfferences

-0

in the acyl chalns in this region wgil net greatly affect the gel to= "¢ - -
liquid-crystalline transition temperature. The above proposal would also
explain one other result that I find quite noteworthy, namely the fact

‘that the heating endotherms for samples of-hydrated anteisoacyl PC's are

“generally conslderably smaller. than those for samples of n- or 1soacyl

-vPC s of the 'same chaln length wWhlle results from DIA“are difficult~to,



A

5]

precisely calibrate in terms of heats of.transition, the size of the DTA

endotherm is roughly proportional to the heat of transition for a group
. 0 @ .
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of s&mples of constant thermal conductivity (which a set of different PC's

disgeg%%g‘in an excess 6f water, a good thermal cdnductor, sheuld be).
Therefore, the heats of tran51t10n for the antelsoacyl PC S appear to be
smaller than are those of the other classes of PC's studied, especially -
for the shorter chain lengths (14 and 15 catbons, wlth no transitfon‘de—
tectable at 511 for the 13-carbon anteisoacyl PC). This result would be
expected if the anteisoacyl PC's were already somewhat disordered belpw
their phase transitio;, for then the increase in disorder (and hence ih
enthalpy) which would result when the lipids entered the liquld—crystal—
line state would be less than that observed for a PC which had well~
ordered acyl chains in the gel state.

'

'Effects of Fatty Acyl Chain Struéture on Phosphatidylcholine Phase

Transition Temperatures - In Table 10, I have listed all of the TC values
forhthe diacyl PC's studied here, along with the melting points of the
fatty acids used in thel; preparation. As the dependence of T on the PC

acyl chain length has been dlscussed in some detail in the last section,

I wish to turn here to an exam;natiop(pf“thefeﬁfeet‘Qf'fettyfaeylfphaini_ff"ﬁ

,structureSgon:TrtatAanfixed acyl chain;length : If we consider~the'PC’s

v G “ g .

'zwhose acyl chalns have llnear hydrocarbon 'backbones 'of flfteen carbons v

’ (dlpalmltoyl (16:0), dllsoheptadecanoyl dlpalmltoleoyl (16 ch ), and

dl 9 lO-methylenehexadecanoyl (l7cp CA ) are some examples), we

find the order of TC values td be as follows: n-acyl (41.5°C) > isoacyl

- (27°) > dl-anteisoacyl (8.0°) = 2-anteisoacyl (7.6°) > trans-cyclopropane

(-0.3°) > trans-monounsaturated (-4.0°) > cis-cyclopropane (-19.9°) > cis-

monounsaturated (-33.5°). Quite similar orderings are found for other
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\ Table 10 i
Melting Pointg (T) of Various Fatty Acids and
Gel-to-Liquid- Crystalllne Phase Transition Temperatures (T )
of their Fully Hydrated Phosphatldylchollne Derlvatives
Tm of fh of | Ty of T of
Fatty Acid‘? Acid (°C) PC\(°C)‘ ( Fat;y Acid Acid (°C) PC (°C)
12:0 44.8 -1.8 ¢ dl 18:0ai 44.0 18.7
13:0 41.8 13,5 dl 19:0ai 50.2 26.8
14:0 544 260
15:0 52.5 34.2 % 15:0ai 24.0 -16.5
16:0 62.9 41.5° % 17:0ai 36.9 7.6
17:0 61. 3 48.8 % 19:0ai 48.2 26.4
18:0 70.1 54.8
19:0 69.4 7 609 . |. '16:1cA9 ©3.1° -35.5
\ ' ) 16:1t09 33.2 -4.0
12:0i- 414 -18.5 18:1c09- ©10.5° 7 <15.8
13:01 41.3 -9.5 18:1call 13.00 " -19.5
14:04 53.4- 6.5 18:1tA9 45..0 12.9
15:01 51.5 . 6.5 18:1tAll 44.Q0° . 13.2
16:01 62.2 22 - | | -
1701 - §6.Q  W_J_Zji;, ‘,é:;'ﬂ;:i7;cp,cA9 "‘“>'18 6 i ::}9;92
18:01 69.5 36.5 - - 4 .--dl 17:cp,thd.; 26,1 - -0.3 .
. ‘ . ' dl'l9fcp{tA9’:f 7"39 3 “—015“
dl'14:0ai-  18.5 . 33.7 dl 19:cp,ebll 318 3ls
.dl 15:0ai 7;‘ 26.3 ° -14.8° | dl 19:cp,th9 - 33.9 16.3
16:0ai 31.9° -3.0 17 dl 19:cp,rall” 36.5 '14.0
dl 17:0ai 39.6 8.0

aValue reported by Mabrey and

e

. oW

Sturtevant (1976).
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chaTn lengths, althoughszme Structures may not be represented in any one
series. We can draw the following general conclusions about the effects

of acyl chain structure on phosphatidylcholine Tc's:

111

(1) Distortlons of ‘the acyl chain Structure from a linear all-trans poly—

methylene arrangement generally decrease T - Such distortions have more
effect when present in the middle of the acyl chain than when present
near the methyl terminus It is worth noting in this respect that di -d1~
10- methyloctadecanoyl PC has been recently found to have a T below 0°c,

which is con51derably lower'than the T of 26.8° for di-dl- l6—methylocta—

~

decanoyl PC studied here, and that Barton and Gunstone (1975) have shown
that di- c1s l6 octadecenoyl PC has a T of 35°C, while I found di~cis-9-
octadecenoyl PC to have a T of -15.7°C, oo

(2). A trans- d0uble bond lowers T less than does a c1s double bond at

4

the same - pOSltlon in the acyl chain Replacement of the double bond by
'f"_a cyclopropane ring of llke configuration ralses T significantly for

cis-unsidturated acyl PC s.but.onlyvslightlyﬁfop‘transfunsaturated acyl -

w(32_ Both iso~ and anteisobranched acyl chains depress the T value for-

a PC 51gn1f1cantly below that of the corresponding n- acyl spec1es These
naturally OCCurring branched —chain ac1ds thus serve as membrane lipid
'fluidizers' when they replace saturated‘n—acyl chiins in the lipids.

The antelsobranched acids are more effective in this respect®™than are the

1sobranched acids, but they are stlll less effective than naturally oc-.

e curring unsaturated fatty acids

(4) The PC acyl chain . structure can affect the chain length dependence

-

- -of the PC's major'transition temperature. For example, an increase in

the linear polymethylene 'backbone' length of the PC fatty acyl -chains
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. Figure i, Correlatlon of the meltlng p01nts,‘ m,of varlous free™

o 'tures Te, ‘of "the corresponding hydrated diacyl phosphatldylchollnes

.(PC."s). . The. fllled circles _represent.data. derlved from ‘the studies re— 1_
_’ﬁported here : while the’ data_represented by ‘the open c1rcles are’ taken REET
ieew from Barton and Gunstone 41975) ~ The measured correlatlon coefflcientA.;;}
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s;“,ﬂfatty a01ds.w1th the gel-to-liquid- crystalllne phase transition tempera—'fﬂ?"“‘“
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_caICulated for a plot of fatty acid T 's_gg. the transitioh ﬁidpoiht

.jtemperatures (T ) of total A laidlaw11 B membrane lipids made homoge- o

neous in the ‘same fatty acyl species (see Table 9, Chapter 4) is 0. 75

-1ind1cating that fatty ‘acid T values dre even less useful as predictors“v,“'

of TAL than they are aS'predictors of T for pure diacyl PC's. By con-

. trast, the correlation coeffic1ent 1s calculated to be 0, 944 for 2 plot

R P

of'the”TAL values for fatty a01d homogeneOus A: laidlawii B llpldS vs

-

1:thé”r values for the corresponding diacyl PC s (Figure 15)-; Iherefore,{v

as one might expect from conSidering the nature of the phase transitions

in the three lipid systems considered above, the transition‘behavio%;off’

the two hydrated diacyl_glycerolipid.systems is much more regularly re-
lated than the melting behavior of“the'anhydrous fatty acid system is
with either of the former systems. I conclude, therefore, that the
phosphatidylcholine T values reported here form a far more reliable
ba31s for the evaluation and prediction of the effect of fatty acyl com—-*
position on the trangition behavior of hydrated polar glycerolipids than
do the'anhydrous fatty apid melting points, which have often been used
for this purpose in the past‘(for esample, see Kaneda, 1977). I would
also uote, however;'that sihce'the slope of the TC - TAL relationship

is significantly different fromunity (Figure 15), an identity of transi-

tion temperatures in various hydrated polar glycerolipid systems of like

: fatty acid comp051t10n cannot be assumed, althOugh 1t would seem that and el

f"syStematic relationsh;p of the tranS1tion temperatures 1n the two-sys-f"“

~.~ "'~r><

el 4 . ’

'j*tems nnder cohditions of varying fatty acid COmposition can: be assumed

“?;Thls conclu31on is supported by'the results of Studies of tWQ classes

"r;oﬁ synthetic lipids, he diacyl phosphatldylcholines and the diacyl phos-._ o

‘“phatidyLethanolamines (PE 55 (Van DiJck et al., 1976), where the relatively

. . N o ot P
"oy . . L ST a g, - °
RO - - “ SV

s - .
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";Flgure lS 'i Correlatlon of- the gel to llquld cryStalllne phase transi-

edod: temperatures,;Tc, for various hydrated dlacyl phosphatldylcholines
- with the- transition: mldp01nts, TAL’ for hydrated membrane dypids of A.
‘laidlawii B ‘made ‘homogeneous "in’ the. same fatty acids. The wpéasured
o " vorrelation: coefflcient is- 0. 944~ and the coeff1c16nt of rEgreSSLOn of"
.'ATAL or 'I’C is 0. 7l :
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éreater effeot of changes 1y ]a¢ty ac1d structure on the observed T
ivalues of the latter llplds nyl- be a consequence- of the smaller head—
_gronp Slze of - the PE' 8, which m\dy'allow their fatty acyl chalns to inter-
act more strongly than thoge - wf the PC s... B
Conclusions

-The. StudLeS descrtb@d kﬁ&e were 1ntendedbto orov1de ba31c data
‘regardlng the Effect @f ceftgkﬁ branched and alleCllC fatty acyl ¢hains
on llpld phy51cal propertlgs Y ! chemlcally well- deflned system I
have pald most attentlon to £hﬁ wajor ‘transition endotherms determlned
;for the various dlacyl PC s gﬁdeed by DTA for whllevthe minor transi-
tions may reveal certain 1mporéa§t aspects of the llpld acyl chaln ar-.
rangements in the gel state,i5vcy tran31t10ns in the case of the satu-
rated n-acyl PC's are Charaneji@tlc of the pure PC' s, and are abollshed B
-in the’presence of small amauﬂyi\of other llplds or even of other PC o
species (Mabrey and Sturtevani w976)' In at. least one case, hovever,
the effect of lipid acyl'chaiﬂ S&ructure on the‘arrangement of the lipids
in the gel state may be functivy®ylly significant:‘ Verkleij and Verver-

gaert (1975) have reported Chat &ncorporation of substantial amounts of

isobranched fatty acids into t%e\Llp' of A. laidlawii B or Bacillus

Subtllis inhibits the latera] %Bkreg ion of intramembrane particles be- -
low the lipid phase traHSltLQﬂ {%ﬂperature that is normally seen by
freeze—fracture electron mlcro&ﬁkfy Studies u51ng X-ray or electron
dlffractlon oould furnlsh morg 4\jormatlon regardlng the arrangement of
the acyl chalns in the gel phgsf Jor a variety of PC's of diﬁferent acyl
""ftchaln structure (Hul, 1976‘ Bg&JY and Feln, 1977) However, -since such

o

,,studies have glVen somewhat ambfngus results even for saturated n-acyl



“PC's, théfpbtential‘of‘thlsqapﬁroachhvheu'applied to other PC's may prove .

to.be-frustratingly'limitedQ
L4

The effects of acyl chaln structure on the transition temperature'k

of a pure. PC can be at least qualitatlvely understood 1n terms of the

-1-"‘*«‘1' R,
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'energles of lateral acyl. chain assoclation, as Salem (1962) proposed some* - °

time ago. However, fatty acid meltlng p01nts and the correspondlng phos-

’phatldylchollne T values show only a fair ‘correlation, and- phosphatldyl— .

choline_T s and fatty acid-homogeneous A laldlaw11 B membrane llpld

transitibh mldp01nts,‘TAL, have well- correlated but generally nonldentl—A”

cal valuesz(see Figure 15)1 It would.seem; therefore, that the magnitude
of the effect of changing one type of acyl chain for another on the phase

transition temperature of a given lipid system can vary considerably de-

) pendlng on the nature and structure of the system - I would suggest that

the- anhydrOus fatty ac1ds prov1de 4, rather pocr ba51s for asse551ng the - .

-'effects of fatty acyl chain structure on the phy31cal propertles ofia
glven llpld system, -and that, wherever p0551ble, the dlacyl PC s derlved
from a novel fatty acld of 1nterest should be synthesized and character—
ized in order to obtain a realistic assessment of the effect of that
fatty acid ou a membrane lipid system. Even in this case, however, dif-
ferences in-lipid head-groups from system to systemrmay significahtly.ﬁ
modify'the'detailed nathe,OE,thé effecthof.that‘acyl'species oh libid

properties.
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CHARACTERIZATION OF THE MEMBRANE ADENOSINETRIPHOSPHATASE

OF A, la1dlaw11 B R M

| :;‘B'éékg fou‘é;a . 1-'-', . A e .ff\. { . -
- In”the next two ehapters, I shall be developlng my experlmental
.‘and theoretlcal analy31s of the effects of 11p1d propertles on the actl—
v1ty ofhawmembrane ~bound enzyme the Mg2 -dependent aden031netr1phospha—
tase (ATPase), in A. la1dlaw11 B. .. To place my klnetlc studles on a
secure'footing, I began by determining the dependence of the enzyme aCtl—;“

v1ty on Substrate and 1nh1b1tor concentratlons ‘and on’ the levels of vari-

ous ioms, ' The reSults T obtalned suggested a possible phy31olog1cal l”

> rolé: for this enzyme as an ion- extrudlng celluiar osmoregulator, and ex=

o

periments de31gned to test this hypothe51s were des1gned and carrled out. R

“ -~ s

'5}%These klnetlc and functlonal studies of the ATPase are descrlbed in, thlS SRS

e T

“chapter i

~

Adenosine Si—triphosphate'B'Y—phosphohydrolases (ATPases) .are © T

.ubldultous in llving systems and generally functlon to convert - the Cheml;‘
~cal energy ot the B,Y phosphoanhydride bond of ATP into various other
forms of‘enefgy.i In muscle, for example, the ATPase of myosin produces -;
_mechanical energy, whlle 1n ‘the firefly, the luc1fer1n/luc1ferase system.
(Whlch includes an ATPase act1v1ty) produces llghtvenergy, and in the .
Aelectrlc organ of eels and rays, the (Mg Na K )—ATPase produces'elec—, .
trlcal energy. Membrane—bound ATPases from a Jide varlety of'sources R
appear - to function as 1on—transpott ptoteins convertlng the ATP cheml—‘“
;pal bond energyAlnto the electrochemical potential energy of a trans—‘
Do

membrane 1onic gradient (Tsuchiya and- Rosen 1975 Ronquist, 1975)
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‘7t10n of the ATPase act1v1ty Or, to correlate the activ1ty with: the uptake
'of K by energlzed cells (Cho and Morow1tz, 1969) The physiological

Efunctlon of -this enzyme has remained obchre The ATPase is ‘one’ of the-f7't 5132‘

‘act as prlmary protan. pumps

'Qllé"'
ATPases of thlS type are very re51stant to’ solublllzatlon by changes in

iondic strength or pH and are usually released from the membrane only

when 1t is dlsaggregated by detergents or 'solvents), suggestlng a. strong

’ “hydrophoblc assoc1at10n W1th the membrane hydrocarbon core The most.

. o . , B Y
common type of ‘membrane ATPase in bacterla conslsts of two components,

v

'a tlghtly membrane—bOund BF subunlt embedded in the bllayer core and a

BFl subunit whlch is ‘easily solubllized by chelators and which carries

: ‘thevATPase‘activity (Harold,tl977). ATPases of the BFO—Fl type are usu-

ally.activated'by Mng and by Ca2+ but not by alkali metal cations and

Lo '7 ! . e R LA Lo . ' e i

A tlghtly membrane bound ATPase was discovered by Rottem and

B

VRazln (1966) in 1solated membranes of A, laldlaw11 (oral straln), ut

s . - -

.these authors were unable to demonstrate any monovalent catlon stlmula— [N

R d «nTe R
A . 4 . . BT

. i
Wow!

‘ vfew tlghtly membrane bOund enzymes whlch have been descrlbed in" A lald— -

[T -

law11 B and its substrates ire water—solub&ei a fact that‘fac1lltates )

\

klnetlc analysis 1n terms of 81mple models which are not appllcable to
enzymes whose substrates are membrane bOund or micellar (Gatt "and Bart—

fal, l977) I have characterlzed the enzyme in membranes of A. lald-

law11 B in an effort to elucidate its phy31olog1cal role and .to. allow .

v

me to collect reliable data on the temperature dependenCe of its activi-

ty (see Chapter 7) S ‘ p

Results.and Implications - L T .

To avoid “inéorrect interpretations . of my kinetic ddtd, I ‘began _

[
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o

my 1nvest1gat10n by determ1n1ng the conditions under which enzyme acti-

vity is optimal The pH dependence of act1v1ty is essentially flat be-

tween pH 7 0 and 8. 0, and the enzyme was therefore assayed “at pH 7. 4

Mg2 is essentlal for act1v1ty, a low re51dual act1v1ty observed in Mg to

free buffers is wholly abollshed by 1nclud1ng l M EDTA in the assay

. 24
solutlon A Mg concentratlon of 15 mM gives maximal actlvatlon of -
[ : ‘
activity throughout the temperature range studled “ADP in the assay

medlum competltlvely inhibits the ATPase activity with a KI of 1. 9 m

(determlned from a: D1xon plot of l/v vs. [ADP]) and-. is hydrolyzed at

= o,

roughly 2/ of the rate at whlch ATP is cleaved " To avold product 1nhi-'

bition by~ADP, I sampled the ATP dlgestlon mlxture frequently and ad- oo

Justed the amOunt of membrane proteln in the mlxture to enSure that less.f

_than 20/ of the ATP was hydrolyzed by the end of the assay perlod ;The S

up to 1 mM ATP but ATP concentratlons above 3 mM 1ncreas1ngly strongly

h 1nh1b1ted the enzyme Therefore, the enzyme V ax was determlned by

measurlng the reaction rate_ (v) at various ATP concentratlons up to l mM

,and plottlng [ATP]/v vs. [ATP] This method of data plottlng ylelds

1/Vmax from the slope of the graph and —K from the X—lntercept, and it

gives K and V #_estimates whlch are less strongly b1ased than are thosefr

derlved from Lineweaver—Burk or. Eadie-Hofstee plots (Wllklnson 1961)
_Measurement of the enzyme_s K ’and’V ; as functlons of tempera—

ture reveals that both parameters increase w1th 1ncreasing temperature

-~

from 5° up to at least 40° C. regardless of the membrane lipld fatty ac1d

composition. However, the temperature dependence of K ~does not seem to.

be’ influenced by membrane fatty acid compositlon,'while, as will be dls—

- -cussed.in the next.chapter, the temperature'dependence of V is

max
!



strongly affected by the fatty aEidycomposition. In Figure 16, the
variation of Km with temperature is shown, for the ATPase in membranes

enrig¢hed with no fatty acid, or with elaidate or linoleate (with lipid

- gel-to-liquid-crystalline transition midpoint temperatures of 34°, 21°

and —l8°C, respectively (McElhaney} 1974a)). The data shown in this
figure reveal no significant dependence of Km on membrane ‘fatty acid
compositjon or on the temperature range of the lipid phase transition.
-
In experiménts in which Vmax\and Km were deternined at many tem-

peratures, it was often difficult to ensure optimal assay conditions

.(protein concentration and sampling times) for all temperatures, as it

was necessary to obtain significant (i.e., easily measurable) release
£
of P., while avoiding hydrolysis of a significant fraction (>20%) of

the ATP, in order to méasure a true ininial rate'during the assay peri-
od. This balance of conflicting factors was especially delicate at low'
ATP concentrations, and in routine experiments using many assay tempera-
tures, ATP concentrations belnw 200 uM were not_normally'used. This
linitation made the determin?tion of Km inherently less precise than
that of Vmax, as ATP co?centrationélfar below Km were not utilized.
Nonetheless, the results of a number of studies of the temperature de-
pendence of Km have supported my above conclusion that the varia%ion of
Km with temperature is not affected by the“fatty ncid composition, or
the temperature of the phase transition, of the membrane lipids. This
result indicateS‘thatvthe geometry of the ATP-binding sité is not alter-
ed by a lipid phase transition, a finding which in turn strongly sug-
gests that the ATPase does not undergo‘an overall change of conformation

b2
within the membrane lipid phase transition range.

The membrane ATPase of A. laidlawii (oral strain) was found by

121

-



) 122
¢ A\g
0 o
[ )]
. .‘ .‘. A ®
m A O
——5 [} . - 5-4
¥E - Al ° A o 4
. e =
@) = °
9 gL
.--'] = ]
R _1-
L |
'z A - [ J
' ¥ ¥
32 33 34 . 35
10%/1

Fi§ure 16." Variatlon of K for ATP (1n mM), in the presence of excess
with temperature for. %he (Nat, y Mg +) —-ATPase activity in A, laidlawii

membranes enrlched 1 linoleic acid (@), "elaidic acjd (-), or palmitic

plus myrlstlc aglés (A arrows along the- (lQ?/T) axis indicate

the 11p1d phase transiti Igﬁp01nts for the latter ‘twd membrane prepara-—

tions, detérmined by, dlfferentlal thermal analysis (the phase transition

in linoleate- enrlched membranes lies entirely below @°C).

-
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Rottem and Razin (1966) to be inhibited by sulfhydryl group reagents

‘Such as organomercurials and N-ethylmaleimide (NEM). Bacterial BF Fl—

type ATPases are extremely sensitive to inhibition by lipophilic carbo- . = .
3 i Dy N - o B T,

. diimides To test the senSitiVity of the A. laidlawii B ATPase to such

'compounds, 1solated membranes were incubated with various inhibitors for

a fixed time, and the incubation mixture was then diluted at least fifty—
fold and assayed for residual ATPase activity. From the nependence of
inhibition on the inhibitor concentration, a KI was calculated for each.
inhinitor, using a rapid binding - slow inactivation model of enzyme-
inhibitor association as described in Appendix 3. As Shown in Figure
17, both dicyclohexylcarbodiimide (DCCD) and Efchloromercuribenzenesni—
fonate (PCMBS) inhibit the enzyme in a manner consistent with the model
of Appendix 3> as is evidenced by the linearity of the inhibition plots.
The linearity of the inhibition graphs over a wide range of fractional
inhibitions of the ATPase activity strongly suggests that a,si%gle en-
zyme species catalyzes all or nearly all of the measured ATP hydrolysis,
for a second ATPase activity of any magnitude would cause the graphs to
be nonlinear unless it exhibited KI values which were very similar to'
those of the first enzyme for both PCMBS and DCCD. " I consider this pos-
sibility quite unlikely.

From the data of Figure 17, KI values of 100 uM and 170 uM are

\

found for ATPase lnhibltl;} by DCCD and PCMBS respectively The KI

value for DCCD is much larger than that found in bacterial BF -F ATPases, |

1

suggesting that the A. laidlawii %enzyme is quite distinct from these en-

mzymes. Inhibition of the ATPase by NEM gave a nonlinear graph when

plotted in the manner of Figure 17, but the major phase of inhibition

gave a KI‘of "~ 2,2 mM. The Km of the ATPase is unaltered when Vmax is
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T i T Y
10 20 30 40
-1
[pcen] | um
| Figure 17. Inhibition of the (Na+,Mg2+)—ATPase in membranes of fatty

acid-unsupplemented A. laidlawii B by p-chloromercuribenzenesulfonate
(PCMBS) or dicyclohexylcarbodiimide (DCCD). The plots shown follow the
analysis described in Appendix 3 and give inhibitor dissociation con-
stants, Ky, of 170 .uM for PCMBS and 100 pM for DCCD.. Experimental
details are given in the text.
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reduced by 65% b& pretreatment with 10 mM NEM, suggesting that the non—
linear plots of NEM inhibition noted above cannot be attributed " to the.
presence of mu}tlple ATPaee species in the membrane (unlees”all ofgthese;“‘
have a very similar Km, which ia rather.unlikelyj. VTais conclgsibn of.a.‘.
unique ATPase in the membrame is consistent with my results with DCCD

and PCMBS inhibition.

To- demonstrate that the (Mg2+,Na+)—ATPase and the (Mg2+)—ATPase
activities are catalyzed by the same enzyme, I compared the K;'a and the
sensitivities to PCMBS and NEM inhibition of the twodactivities. The en-
zyme's K was not detectably altered by 300 uM or 10 mM Na , while V max
“increased approx1mately fourfold at the higher Na+ concentration, indi-
cating that the Na activation is attributable purely to ankenhancementk
of the enzyme catalytlc rate constant(s) . Both NEM and PCMBS gave rar-
allel inhibition of the (Mg Na )- and (Mg2+)—ATPase activities: 100 MM
" PCMBS reduced basal and Na -stimulated activities by 61% and "58%, respec-
tively, while lO mM NEM reduced them by 697 and 68%. Therefore, the
(Mg2+,Naf)— and (Mng)—ATPase,activities seem to be catalyzed by a sin-
gle enzyme species.

The’results_discdssed'above indicate that the A. laidlawii B mem-

. . . . <1 PO .
brane contains a single major ATPase species whose activity is strongly

and specifically stimulated by sodium (or lithium) ions. A. laidlawii B

"derives its metabolic energy wholly from glycolysis (Smith, 1971). and
the most likely energy source for ion extrusion would therfore be ATP
(or possibly phosphoenolpyruvate, although the latter has not been found
to serve as the primary energy source for inorganlc ion transport in any
system studied to date). It is quite reasonable to postulate, by analogy
; ' i ot o 2
with a variety of known ion pumps“such_as_the eukaryotic (Na",K ,Mg“ ')~ )

I
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ATPase, that the A. laidlawii B membrane (Na Mg2+) ATPase functlons in

cellular os&orebulatlon, extrudlng excess catlons whlch tend to, conceg—_ﬂ,lm.

o o e PRI i -
e oa - 4 BRI R

- trate rn a cell to levels above those ‘whith’ would occur at osmotlc equili-

brium (Chrlstensen 1975). However, more direct ev1dence for an osmoregula-
tory role of the ATPase is clearly de51rable ‘To obtaln such ev1dence I‘v_h
have studied the effect of 1nh1b1tors of glycoly51s or ATPase act1v1ty
on the malntenance of cellular 1ntegr1ty in various media.

The most convenlent measure of cellular 1ntegr1ty is the turbidl—
ty of cell suspensions, which responds to both cell swelllng and ly31s

(Van Zoelen et al;; 194#5) . 'Slnce swelllng and ly51s are 1nt1mately re—

lated processes (lacking a cell wall, A. laidlawii swells until it lyses

when osmotlcallyvstressed), turbldlty provides a useful semlquantltatlve‘
measure of cellular 1ntegr1ty, decrea31ng steadily as cells swell and
lyse. In a typical experiment, freshlv harvested cells were washed once
in a test buffer whose osmolarity was adjusted .to be equivalent to that
of a standard buffer (0.154 M NaCl, 40 mM Tris—H fﬁ oM Tris, pH 7.4).
The washed cells were resuspended in the test buffer to a turbldlty of
1.0 absorbance unlts at 450 nm/and were 1ncubated at 35° C with glucose
or various 1nh1b1tors The absorbance (turbidity) of the sample was
monitored for 90!minutes (at which time lysis was maximal in samples treat-
ed with high levels of inhibitors), and the sample was then mlcroscoplcal-
1y examined for evidence of lysis. The results of such experiments indi-

: )
cate that in alkali cation buffers, inhibitors of glycolysis or of the
membrane ATPase activity promote cell ly81s and glucose pPreserves cellu—
lar integrity, while in solutions of impermeant nonelectrolytes or poly-

valent ions, these compounds have little effect on cell stability. This

phenomenon is 1llustrated by the data of Table 11, where the turbidities

\

[N
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_ Effects of Glycolytic or ATPase Inhibitors on Maintenance-
of Cellular Integrlty of A. laidlawii B in Various Buffers:
“é“ R e T bd.: E Lid:D}'(907min5v'”d‘ g L
i'v Inhibitor .. Buffer 0.D. (glucose, .90 min)
NEM (10 mM) o NaCll - ol
0o LT e e e 6 'V'KCl- R S 0.44
| | . Napsg, T oun
Sucrose . . L.oo .o  f”' o
Mgso, 1.02 |
v o it i - T e e ‘ . '\ . , . A?' TaurlIIE. ‘. o ”_':, 1.02 »
NaF (25 mM) | NaCl 0 0.38-
v KC1 _ : 0.38
© g Wi - f"NaéSOA R 10:70 _
‘ : ' Sucrose . ¢ 0.92
Taurine 1.01
: PCMBS (0.5 mM) © Nacl - 0.29
‘KC1 0.34
Sucrose ‘ 1.00

All buffers contalned 50 mM Tris, pH 8.0, plus the indi-
kcated solute at an osmolarlty equlvalent to 150 mM NaCl

4 bThe absorbance at 450 nm of a cell suspension treated =~ - - .
with inhibitr\_h s been divided by the absorbance of a sus-
pension e same initial absorbance but incubated with
0.25% glucosé for 90 min.
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a are antagonized by glucose addition to NaCl or KCl Buffers, suggesting 8

S 128

Bf'cell.sUspensions‘incubated for 90 min in various buffers with an

Cae

*inhibitor have"been divided by the turbidities ©0f samples incubated in

' the ‘same buf fer w1th glucose (0. 25/) 1nstead of the 1nhib1tor added

The ly51s promoting effects of NaF but not those of NEM or PCMBS

~ o
B B, e P o e -~ ° e e s

that the SUlfhydryl group reagents do not exert their effects by- acting:
dlrectly on the glycolytic pathway To test the p0551b111ty that these

agents promote ly51s by 1nhib1t1ng the membrane ATPase in vivo, the

. dosage dependence of.cell lysis.by these inhibitors in the presence of

glucose was“determined. The concentrations of PCMBS and of NEM which

gave‘a half-maximal decrease in’ suspension turbidity after 90 mip of in-

" cubation, 'K 1/2, were 220 UM and 3.2 mM, respectively, 1n NaCl buffer

and 100 uM and 1.7 mM in KC1 buffer. Since the exact quantitative re-

- lationship of ATPase 1nhib1tion to cell lysis depends on several unknown

factors (e.g., membrane permeability to the inhlbitors and the minimum

level of residual ATPase activity necessary to maintain cellular osmotic
Stablllt?), the closeness of the Ki/Z values to the-KI's for'ATPase in-
hibition in vitro (170 uM and ~ 2.2 mM, respectively, for PCMBS and NEM)

can be considered consistent with the proposal that a functiondl membrane

-ATPase is essential for maintenance of cellular Osmotic stability in al-

kali cation-containing media.

Conclusions
~onclusions

o

The resul'ts just discnssed,'and-the specific:activation‘of the

+ 2 '
ATPase in vitro.by Na . ions, suggest that the (Mg +,Na+)eATPase of the

~

A. laidlawii B membrane functions in osmotic regulation as does the

(Mg2+,Na+,K+)—ATPase of eukaryotes (Christensen, 1975). This is the first

demonstration of an-osmoregulatory alkali cation pump in a prokaryote,



“ifx'*‘
-and it may be of considerable evolutionapy interest. The‘failur; of K+
ions. to stimulate orlto modify the Na+—effect on the ATPaée iE.XiEEQViS
perplexing in view of the findings that cells can grow og a.low—Na+ medi-
um (Cho and Mofowitz, 19693 ahd'gre~étab1e‘in‘KCl buffers in the pfesence,
of giuédég'(this stqdy). Three poséibiepexplanatiéné’m?y be ;dvancéd Lo.;
explain this abbaréﬁt ;ACOnsisﬁencyf ” L ‘ :
(1) The ATPase acts as a K+ pump in vivo but, foi.any{of a variety of
péésiblé“reasons{ fai;s to exhibit any K+ effect on phosphohydrolase
activity in my asséy;syséem.~- ' |
(2) The ATPase can transport H+ as well as Na+§ the energy of a trans-
membrane proton electrochemical gradient éeneratedvby the ATPase can be
.coupled to the extruéion of_K+'by a specific transporter. This proposal
agrees Qith the suggeStion of Tarshis and Kapitanov (1978) fhat the
ATPase generates a protonmotive force for eﬁergiz tion of active solute
u?take as the BFO'Fl—ATPases.do in higher bacterid (Haroldd 1977).
(3) The ATPase can generate a significant Né+ electrochenical potentiai
gradient by extruding Na+ even when the extracellular Na+ concentration
is low (1 = 10 mM). This Na® g%adient energy could then be coupled to”
K+'eitrusion. This explanation seems Quite plausible when one considers
that in E. coli, an entirely similar system energizes the active trans-~-
'.port of'maﬁy solutes by extruding prgzans~into a ﬁedium Qhose H+ concen-

tration is usually < 1 puM.

The first explanation is intellectuélly dissatisfying but quite plausi-

ble; the second, containing 4 similar deus ex machina element, is scarce-
ly more pleasing. The third explanation, while based largely on demon-
strable properties of the AT¥Pase, still requires a postulated mechanism

+
for coupling Na+ and K movements (an antiporter?). Therefore, the
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resent.

A. laidlawii celd must remain an open question at

exact role of the ATPase in the movement of K (adi of H ) out of the
\
|
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CHAPTER 7

‘ DEPENDENCE OF THE MEMBRANE ATPase ACTIVITY ON THE
™ ’ P

s

LIPID PHYSICAL STATE /IN A. laidlawii B
- {'

" Background

.

Having eSCablished'eertain basic properties of the membrane lipid

phase in A. laidlawii B grown with avidin and exogenous fatty acids, and

o

having characterized the basic kinetic and functional properties of a
membrarié enzyme,’the (Na+,Mé2.)—ATPase, in this Qrganisn, we now turn to
v.an inveétigaﬁion of the-relationship(s) between these'two sets of pro-
 perties Our basic tools in these studies will "be the Airhenius plot

(of the logarithm of the enzyme's’ V ax VS rec1procal absolute tempera-
ture) and DTA of the membrane lipids, combining theoretical and experi-
mental results to shed light‘on the nature of the interaction between

the enzyme end its surrounding lipid matrix, bertieulariy in respect to
ftne manner in which tne lipid phjsical state affects the enzyme activity.

If asked to name some common ‘menbrane probe techniques', most

membrane Qorkers would readily mention lipid spin label methods, fluores-
cence depolarization{ nuclear magnenic reeonance, and prebably a few
other spedtroécbpié, optical or calorimetric methods. A much smaller
number of workere nould likely mention"enzymevkinetics"in this regard,
for alﬁhough'it is at least tacitly assUme& that many membrene enzyme
act1v1t1es are sensitive to the physical state of ‘the lipid phase (Linden
ann Fox, 1975; Cronan. and Gelmann, 1975; Sandermann, 1978), few rigorous
efforts have been ma@e to relate these two membrane properties on a mech-
.anistiCaor molecule: level. Certain basic questions'mnst_be QEked (and

answered) in' order to exploit the kinetic properties.of membrane enzymev

131
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activities (and particularly their temperature dependences) to obtain
fundamental 1nformation regarding the physical properties of the membrane
llpldS, and regarding the nature and functional consequences - of théiinter—
actions of enzyme and lipid molecules in the membrane. . First, what is.
..the behavior of the enzyme 'probe' moleCule in the memhrane e.g., does

it prefer one lipid environment (gel or liquid—crystallgne) over another,
and does it change its’ conformation as a function of tempetature or the

state of the associated 1ipid? Secondly, how does the. ' signal' (e. g., a

measured Vmax’ a Km, etc.) obtained from the 'probe' (enzyme) relate to

\

" the behav1or and environment of the enzyme in the membrane7 While an ex~

haustive study of all aspects of the enzyme's bghavior (solvent exposure,

N
‘]

rotational motion, etc.) as a function of temperature and lipid environ-~
ment would und0ubtedly yield answers to the above questlons, such a.study
would reqnire an enormous amount of effort and would not generally be
feasible if the enzyme had-to be studied in situ (i.e., withOut removing
it from its native membrane environmenfy.‘ |

A simpler alternative to the experimental program just described
for the study of the relationship of enzyme activities to_the membrane
iipid ohysicai properties would be the-following: controlled alterations
in the membrane lipid composition would be induced without disgupting'the
membrane (preferabiy by in vivo 1lipid manipulation) and the resultant
changes_in the lipid physical properties (determined by one or two basic
methods) would_be correlated with any accompanying changes in the enzyme's
kinetic'properties. The most frequently studied enzyme property in the
studies that have followed this latter pattern to date has been the tem-

perature dependence of its activity. Over the last few years, it has he—

come a common practice for(memhrane workers to generate Arrhenius plots
k-

SN

-

&
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from their rate-temperature data for a given system, identify nonlinear
behavior (indicating a non-constant enthalpy of®activation) and attri-

bute such behavior to-'a membrane 'phase transition' or 'lateral phase
P P
B . . J N

separation (for example, see Dockter et al., 1978);, somgtimes with only
minimal evidence that the latter phenomena are in fact occurring in the |

membrane. A few studies‘have attempted to quantitatively account for

the nonlinear Arrhenius plots observed for certain membrane protein-medi-

ated processes, such as the transport of B-galactosides or B-glucosides
(Thilo et al., 1977) im E. coli, making specific mechadistic proposals.
as to the bagis of such nonlinear plots.‘.In general, however, little if

any attempt is made in most cases to explaln the nonllnearlty of Arrhen—

ius plots for membrane enzymes (most notably the blphaSlc linear plots

,frequently observed) in terms“of molecular processes more precise than

"discomtinuous phase changes' or 'lateral phase separatlons In the
work to be descrlbed here, I have developed a theoretlcal framework for‘
the analy51s of-nonllnear Arrhenlus plots for membraoe-related rate pro-
cesses and have used this theoretical basis to analyze the temperature
dependence of the A. iaidlawii membrane ATPase activity as a functiou of

. > ‘
the membrane lipid-acyl chain composition and phase transition tempera-

ture. ' : ¢

The theoretical framew

and more general one which we » discussed elsewhere (Silvius and McEl-
haney, 1979¢c). I shall-be cogcerned here only with those models which-*

can reasonabiy quantltatlvely account for the observed temperature depen-

dence of the A. laidlawii membrane ATPase actiwity in various lipid

133

“to be considéred_here:is part of a larger
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. environments, Letvus assume, as a simple yet general model, that a li-
®. - .
pld phase tran51t10n can somehow 1nduce a change in the state .0of a mem-

~

brane‘enzyme State 1 and state 2 ipn general will have different acti-

vatlon free energies AG#, and by the use of a standard result from abeo—_
 lute reaetion rate theory‘(dohnson gtggl;, 1974); we can_readiiy.obtain-
the rate equation o ' .

3

(Gate) = D (5, exp(-de,F/RT) 4+ £, exp (-0G,F/RT) [7-1]

_where f and f are the fractlons of the total enzyme (N molecules) in

. states 1 and 2 T is the absolute temperature, K is a transm1831on co-

efficient? usually set equal to un1ty, and k and h are the Boltzmann and
o, . .

Planck constants, respectlvely To transform thls equatlon 1nto one use-
ful 1n the analysis of Arrhenlus plots, we must determlne the temperature

dependence of f and“fz. The simplest way ofad01ng this is to adopt a
< IR

v ’

standard free—energy expression for the populations of the -two states,

f2/fl = exp(-AGZl/RT), which can be readily transformed into the equa-

tions L ' '

£ = (4 + exp(-ac, /Rr)”) T [aa

Hh
Il

, = @+ 'exp(Aczi/RT))'} o L - [7-2b]

where AGZl is the free—energy change on passing from state 1 to state 2.

Using these expressions in combination. with equation [7-1];, and taking
naturaltlgﬁarithms, we obtain the general expression

o

(ln Rate) = 'lnGE%&) + ln(T)'_'(AGZ*/RT) - 1n(1 ; exP(AGZl/RT))
E . | + In(1 + exp ((4G,, + AAGE) ) /RT) o 17-3]

/N
.
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.

where A(AG#) = AG * - AG *. Equatlon [7 3] can be expressed in an uylti-
mately more useful form if we express the free energy terms as sums of

enthalplc and entroplc components, or as a function of an enthalpic term

.and a characteristic temperature', TO, at which the free energy tends

to zero:

AG = AH - TAS - AH(L - T/T ) [7-4]
. R ’ 0

The last identity results if AH and AS are constant or nearly so over’

‘the temperature range studied,’ in which case T = AH/AS. It should be

noted that if T falls outside of the temperature range studied, it may
not represent the trye temperature at which AG = Q (for example -if AH
and AS can. only reasonably be treated as constant Over a narrow range of
experimental temperatures). However, TO remains a convenient parameter ?
to use in analyzing the shape of Arrheﬁius plots, as we shall see below.

"I now introduce a new function, called the 'Eb’ (for 'exponenti-
ally breaklng ) functlon, which is defined as follows ‘

-
J

i

* (AH*
Eb(AH ,TO;T) In(l + exp = [7-5]

//

Using this functional symbolism and the free—energy representations just

discussed, equation [7-3] takes on its final form [7-6]:

| In(Rate) = ln(ﬁﬁg) + 1n(T) - (AGZ#/kT) - Eb(AHZL“l;T)
+ Eb(AH,, + A(AH#),TZ;T) | [7-6]

. . » {
where Tl = AHZI/ASZI and T2 = (AH21 + A(AH*))/(A821 + A(AS*)). While

equation [7-6] may appear to be rather intimidating, we note that it
consists of only a few significant elemerts: . (1) a constant term,

In(NkK/h) + ASZ#/R; (2) a sloWiy varying logarithmic’term, In(T);



(3) a linear term in (l/T), AH */RT and (4) the differences of two Eb
functions whose enthalpy parameters ald characterlstidntemperatures will
in general be different. To ;ransl;te equation [7f6] into a’quantitative
description of the behavior of -;an Arrheniug Blot, we één'igﬁore terms (1)
and (2), which arewconstant*oglpearly so over the physiological tempe%a—

&

ture range and furnish little information unless N, the number of active

. .
~ s

enzyme molecules, is known. We then retain only terms (3) and (4) in-.
our modifiéd equation I7—6]; plus a% arbitrary constant to:brpéerly scale
the rates predicted from equation [7-6] to the experimental data. - To ob-
tain a usefu; qualitative description of the behavior of én Arrhe;ius
plot generated from equation [7—%1, we must consider the properties of
the Eb function. . | H
The most signiﬁicant featﬁreé of the EB function for our anaiysis

are the following:.;‘

(1) The limiting‘slopes éf the Eb function Eb(AH*,TO;T) oﬁ an Arrhenius
plot are AH*/R and zero. The Arrhenius plot ;f an Ebefunctioﬁ is always
concaQédﬁﬁward, and that of its negative is always concave downward.

(2). The Eb function on an Arrhenius plot shows a région of intermediate
slope.around TO. Extrapolation of the limiting straight-line portions
‘of the plot toward the 'break' region gives an intersection Qf the limit-
ing tangents at TO

(3) bThe 'break' of the Eb function is progressively sharper as AH* in-
.créas;s. However, Arrhenius plots of the Eb funct_ on for low ALE values

e

.will be relatively gently curving and.can often be fi:t 2d to within a
very modest experimental error (<5%) by two straigh: .ines.

Some representative Arrhenius plots of the negative of the Eb function

are“shown in Figure 18, . _' ’
« %
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In RATE

Fikuré.l8. Arrhenius-type plots of the negative of the Eb function,
Eb(AH,To;T) = In(l + exp((AH*/R)(1/T-1/T,))), for To = 300°K and AH*
variable (given in kcal mole~l next to the graphs).
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If we apply the considerations just discussed to an analysis of .
the shape of the Arrhenius plot generated by equation [7—6], we come to
the following conclusions:

(1) The Arr;enius plot wili have limiting slopes of —AH1¢/R and —AH2¢/R.
(2) ‘The Arrhenius plot Qill have two 'breaks', one of upward concavity
and one of downward concavity, unless the TO Vglues of the two-EB func-
tions are the same.

(3) The midpoint of the 'break' region of downward concavity will be
the temperature at which AGZl = 0 and hence eq%al amounts of the proteiﬁ
are in states 1 and 2.

(4) The 'break' regions of the Arrhenius plot will ip genéral be curved,

unless Tl = T2 in équation [7-6], in which case a single sharp break
will be seen. However, if the changes in slope around the breaks are~
modest (AH* < 15 kecal mole—l),‘tﬁe curvature may be lost in the scattef—
ing of the daﬁa and the gréph may appfoximate a set of straight lines;

A sample of.an Arrhenius plot genérated from equation [7-6]‘is shown in
Figure 19.

A few other theoretical points will be useful in our analysis of

the Arrhenius plots. for the A. laidlawii ATPase. First, if we assume

‘that state 1 of the enzyme in-the model above is wholly inactive, equa-

tion [7-6] reduces to the expression

NkTK

In(Rate) = ln(=2—) + In(T) - AGZ’F/RT - Eb(AH,;,T _3T) C7-7]

21’

where AG2¢ can be any function of temperature but AG is assumed to vary

21
linearly with temperature. In this gase, the limiting tangent to the
Arrhenius plot in its steeply sloping portion will intersect the graph

of the temperature-activity relationship for the active form of the enzyme
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Figure 19. A theoretical Arrhenius plot, generated from equation

[7-6] in the text using the following parameters:

285°K, AHpT = 5 keal mole~l, AHp1 = 80 kcal mole-l, AHp¥
The dashed lines represent the three linear phases of the graph, and Tj

and Ty are indicated on the graph.

Ty

300°K, Ty =

139

= 50 kcal mole~l,
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at TO, the temperature at which the‘enzyme is equally distributed be-
ﬁween states 1 and 2 (see Ti in Figure 19). In equatiOHS-[7—6] o% [7-71,
thé—ualpe of AGZl will be physically interpretable in different ways,
dependgﬁg on the details,of the physical model used. For example, if
the enzyme undergoeé a conformational change, AG21 is the free energy df
that change. If the enzyme partitions between, the gel- and liquid-crys-
Atalline lipia phases and has different activation free energies in the
two phases, AG211= AGP + AGeff’ where AGp is the free energy o£_parti—
t%?n of the enzyme from the gel to the liquid-crystalline phase, and

AGeff is an 'effective phase transition free energy' that describes the

progress of the lipid phase transition according to the equation

il

\

T - exp (-AG_ ¢ /RT) : [7-8]

where flC and fg are the fractions of the total lipid in the liquid-crys-

talline and gel phases, respectively. Finally, if the boundary lipid
surrounding the enzyme undergoes a“type of phase change and thereby
changes the enzyme's activation parameters, AGeff in the last model is

replaced by an effective free energy change for the boundary lipids,

which will in general have smaller enthalpic and entropic components
than does the AGéff value for the bulk lipids. This last point arises

. from theoreticél considerations (MarEélja, 1976) of the phase behavior
of protein-associated lipids in the presence of 'free' (nonfprotein—
associated) iipids which undeggo a cooperative phase transition. As we
shalidsee, if)ﬂzcompare the values of Tl(TO) and'Aﬁzi; derived from Ar-

- rhenius plot aﬁalyses using equatiémns [7-6] and [7-71, with the values

Qf»TALi(the phése transition midpoint) and of AHeff determined by DTA of
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membrane lipids, we can obtain considerable information regarding the

physical basis for the effects of the lipid physical state on the acti-

vity of the A. laidlawii membrane ATPase. : L) : .
k- 4 [y . ‘ i .

Experimental Results and Comparison with Theory

et B

My initial studies of the temperature dependence of the A. laid-

lawii B membrane ATPase activity used varying substrate concentrations -
at each temperature so that both Vmax and Km could be determined. How-

ever, as this method required collection and analysis of a large number

of samples at each temperature, it was very difficult to study more than
10 temperatures in a given membrane preparation over a reasonable length
of time (8 - 12 hours). Since, as was discussed in the last chapter,

the temperature variation of Km is the same within experimental error in

all membrane preparations studied, regardless of the lipid fatty acid

composition, I used a simpler procédure‘to meASure the temperature de-

pendence of the ATPase reaction in my later experiments. In this simpler

procedurg, I measured the rate of reaction (as Pi'release) atll mM ATP

in duplicate at each temperature, repeating any runs in which the best-

fit slopes for the time courses of reaction in the two samples disagreed

by ﬁore than 3%. I then converted the veloéity at 1 mM ATP‘Fo a Vmax by
N :

reference to an average of the pooled estimates of Km derived from a num-

ber of earlier experiments (Figure 16 of the last chapter provides a sam-

- ple of the Km'data collected), and the corrected Vmax data were then

plotted as a’standard Arrhenius piot. The magnitude of the Km correction -
is generally small in comparison with the large\yariation of Vmax with
temperature, particularly in the low-temperature region (<25°) where most -

of our attention will be focused. By measuring a reaction velocity at a
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relatively high ATP concentration (1 mM), the initial velocity (i.e., thg
velocity in the linear region of the time course) o} the reaction could
easily be determioed without the neceésity of maintaining a low total
release of Pi (which reduces the accuracy of rate measurements) in order
toiavoid ATP depletion.‘ Asg well, the procedure I have just described
allowed me to determine thevrate of the ATPase reaction at up tO 22 ﬁem—
peratures, to an estimated.average error of <3%, in a single day's work
(which minimized the problem of slow inactivation or modification of the
ATPase or its membrane environment). Arrhenius plotéldetermined by this
simpler procedure agree Very well with plots determinédrusing varying
ATP concentrations, both for fatty acid—homogengous membranes (14:01,

16:0i) and for 'fatty acid-enriched' membranes from cells grown with a

e

fatty acid (16:0, 16:01, lB:ltAs) but without avidin. The Arrhenius
‘plots to bejdiscussed below were all determined using 1 mM ATP because
more temperature points wero'collected aod because the average error of
rate determlnatlons was less when thlo proceduré was used.

Activitz,of the ATPase Associated w1th Liqu1d Crystalllne Llplds -

Results derived from DTA measurements (Chapter 4) show that membranes
whose llplds are homogeneous in certain fatty acids should contain a very
high proportion (>95%) of liquid- crystalline lipids even at 0°C. To de-
termine the ‘intrinsic' température dependernce of the ATPase activity in
the abse;ce of a lipid phaée transition, I determined the temperature de-
»pendence of this activity in ﬁembranes made homogeneous in cis-vaccenic
(18: ch ) or antelsopentadécan01c acid, both of which give lipid phase
transitlons centered well below 0°C. The resulting Arrhenlus plots are
shown superimposed in Figure 20, from which it can be seen that the over-

hd

all temperature dependence of the enzyme activity is essentiglly identical



. 143

A
34
® o o .
G. O”
»
e

. ‘ e a
w’ e
-

o
g 3
o 2-
.9.
e
S
o
1+
- ] i L] [ -~ ‘ v
32 34 36
10771

Figure 20. Superiﬁposed Arrhenius plots for the ATPase activity in

two types of membranes, having quite different fatty acyl composition
but both containing essentially purely liquid-crystalline lipids above
0°C. Thé (log Rate) values given are the logarithms of Vpay values,

in nmole Pi released per min per mg membrane protein, determ®Pned as des-—
cribed in the text for (@) anteisopentadecanoate- and (O) cis-vacce-
nate-homogeneous membranes.
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”;i@ the~two t¥g§s§éﬁ;gephranes. Sincenéig—vaccenic and énteisopenradece—
hoic‘acias have‘quite different structures (cis-vaccenate has a long

chain w1th an’ 1nternal distortlon from an all-trans polymethylene arrange-

ment, while antef @ﬁ&ﬁh&deaanoate has a con51dErably shorter chaln with
SNy ‘1 \} 4’55; - " . B
a termlnal dlstortlon), it appear% that the enzyme activ{ty IS s ppre- -
g . L .
ciably sensitive to the fatty acyl chai@ structure othhe lipids aru
5y

it so long as the lipids are in the liquid-crystalline state.
Can we quantitatively account for the sheée,of the rate-tempera-
ture relationship shown in Figure 20?7 Models poggileting a temperafere:
dependent change in the enzyme conformation or-rate—lihiting step do not
account for the overall shape and slope of the‘curye as well as-&oes a
model recently proposed by Sturtevent for enzymie‘reactions in generel
(Sturtevant and Mateo, 1978), in which a frhire and constant heat caée}
city of activation, ACP*, is aSSumed to cause AH* tdlke a linear fhnc;
tion of temperature, thereby causing the Arrhenius plot to be continuous-
1y curving. In fact, when I took a series of tangents to one of the Ar-
rhenius plots of Figure 20 and caleulateé the apparent activetion enthal—‘v
py as a function of temperature‘(usihg the equation AR = -R(d(1n Rate)/
d(1/T)) - Ri (Raison, 1973)), the calculated values of AHT were a nearly
linear function of temperature, ihis is the result expected from the
model jhst nored, based on the relationship ant g AH ¢ + AC *(T—TO),
where the value of AH¥ is AH ¥ at some reference temperature T . From
the plot of AHT vs. T, 1\calculated a value of ACP¢ of =550 cal mole '
deg_l, and the Arrhenius plot for the ATPase in anteisopentadecanoate-

homogeneous membranes can in fact be well fit using a ACP* value of

=515 cal mol—l deg"l in the equation

1n Rate = K - (AHO¢/RT) - ACp*/R(ln(TO/T) ~1_/T) [7-9]
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where K is an arbitrary scaling constant, as is shown in Figure'Zl.

A>3

'ﬂherefore, the appreciable nonlinearity of the Arrhenius plot for the

ATPase in a liquid-crystalline lipid environment appears to be best ex-
plained by a finite heat capacity of activation rather than by a change
in the state or rate-limiting step of the enzyme. y

Effect of a Lipid Phase Transition on the ATPase Act1v1ty - To_

study the effect of a lipid phase transition on the ATPase activity, I

examined the Arrhen1u§ plots for the ATPase in a series -of membranes of
varying fatty_acid cémposition whose lipid phase transitions 0ccpr‘well
above 0°C. One such Arrhenius plot is shown in Figure 22, where it can
be seen that the plot 4s curvilinéar and does not have.avtrue 'bildinear'

form as has previously been reportediggr this enzyme, by .us and by other

" workers (DeKruyff et al., 1973; Jinks et al. 1978), as well as for many

othér membrane- bound enzymes (Ralson, 1973; Llnden and Fox, 1975). 1In

fact, the Arrhenius plot shown can be reasonably well described by the

sim of a linear compoﬂent and a single Ebvfunction, which is the function-

al form that equation [7-7] predicts if only one of the characteristic

temperature parameters, Tl and T2, fall within the température range
studiedl The fact that the 'breakf,région can be fit by a singie Eb func-
tion cannot be explained by a model that suggests that the enzyme is con-
verting from a high-activation enthalpy form below the 'break' tempera-
ture, Tl’ to a low-activation edthélpy form above it, and that the slope

of the Arrhenius plot below T represents the activation-enthalpy of the

1

low-temperature form. If this were true, the sharpness of the 'break'
should be considerably greater than that for a single Eb function and

should rgpidly increase as the sharpness of the membrane lipid phase

transition increased. These predictions were not fulfilled by my experi-
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Figure 27. De5cr1pt£§n of the temperature dependence of the ATPase

activit. in anteisopenta ecanoate-homogeneous membranes in terms of a
finite .eat capacity of factivation, ACP* Experimental data points have
been it by the equatlop

(log Rate) = K + ( Cpf/R) 1n.T - AHGF/RT ~ (ACp/R) (To/T)

with ACp+ = =515 cal mole~l deg~l, T in °K, and AHO# = 13.8 kéal mole—l -
at To = 300°K. .
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& Figure 22.  An Arrhenius pibt for the ATPase activity {(as V , in
g ZLBUTE << 1ty max

nmol P; released per mg membrane protein pér.min) in membranes of cells
grown with avidin (2 mg/l) plus 0.06 mM each elaidate (18:1tA9) and pal-
* mitate (16:0). Experlmental detalls are given in the text.



»,Flgure 22 is 24.8° c, while. the midpoint of the- lipid phase transition

'as we shall see later, the characteristlc temperature Tl is found to

9

4

mental results. The characteristiC\temperature, Tl, determined for-

o

¢
for these membranes (whose lrpids contain. roughly SO/ each of palmita;e

(16: O) and elaidate (18: ltA )) is found ‘to be 26. 9° by DTA._ In,general,

feature not apparent in Figure 22, namely a second ‘concave upward 'break'

o)

at low temperatures and very low act1v1t1es An example of an Arrhenius'

plot containing this second 'break' is shown in Figure 23, where 1sohep—

]

.tadecanoate-homogeneous membranes were Studied. A Iow—temperature break

=)

-’of upward concav1ty could gave elther of twd/,ossible physicai bases}

4‘*,‘? n ) -
either the ATPase 1tselﬁ is active in its low-temperature form (called i

state 1 in deriving equation [7 71), or low levels of a contaminatlng ATP

”hydrolytic activlgy are becoming exposed when the (Na ,Mg )—ATPase acti-~

>

. vity is reduﬁ@ﬁ t%.very low levels. To distingglsh .between these two

p0351b111tlée I ,Studied the relative thermolabllity of the high- and
low—temperature ATPase activities 1; isoheptadecancate- ~homogeneous mem-
branes by expOSing membrane samples ‘to various high temperatures (50°C -
65°C. 1n 5° steps) for 5 min, then cooling the samples and assaying their
ATPase act1v1ties at 5°C and at 37°C. . The 5° activ1ty showed a steady
decline with 1ncreasing preincubation temperature (734’.492’ 39% and 262"
of the control activ1txiremained after 5 minutes at 50°, .55°, 60° and 6é°,

respectively), while the 37° activity was more stable up to 60° but showed

a very steep decline in activity above 60° (797, 71%, 45%;and <37% of

148"
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Figure 23. An Arrhenius plot for the ATPase activity in membranes of

cells grown with avidin (2 mg/ml) plus 0.12 mM isoheptadecanoic acid.
Experimental details are as for Figure 22. ’
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control activity remained after 5 minutes at 50°, 55°, 60° and 65°, re-
spectively). ~Therefore, the low—temPérature break in the ATPase Arrheni-
us plot seems.to rep:qseﬁt the.emergence of a low-level ATP hydrolytdic
“activity distinct from that of the (Na+,Mg2+)—ATPa§é? and it was not
studied further. I would note in passing that while Thiloeet al. (1977)
have recently proposed that membrane eézymes iﬁ general may be active
wheq surrounded by g;%—phase lipids, the systems on which they bd¥e their
proposal; the B-glucoside and B-galactoside transp;rt systems of E. coli,
exhibit an appréciablev'leakage' component due to passive permeation of
substrate ana possibly to the éction of other sugar transport systems.
It is entirely possible,‘theréfore, that thé low—temperatufé activities
'reporged,by Eheée autﬁofs aré not c;talyzed by the trahsport systems
which catalyze the high—temperaturg’activities, and that the lower Ar-

rhenius plot 'breaks' reported by them are artifactual, just as they apy

pear fo be for the A. laidlawii B membrane ATPase.

To supplement the qualitative\observationé just discussed regard-
i;g the shape of the ATPase Arrhenius plots for membranes undergoipg a
‘lipia phase transition, I now wish to consider the Arrhenius plots in a
more quantitative manner. If we ignore the low-temperature activity
‘(which generally is significant ohly wHen the total ATPase activity has

- decreased to réughly 2 - 3 nmole min—l mg-l or less), and consider the

enzyme's temperature-activity relationshib when the enfyme is associated

with liquid-crystalline lipid, we can describe the upper 'break' and the

region around it by the equation

In Rate = F(T) - Eb(AHZl,TO;T)‘ - [7-10]

e
v ~

where F(T), given by equation [7-9], describes’ the enzyme activity in the
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a‘ctive state 2 (includiﬁg a finite ACp:r ,,valué)', »andAIV{Zl is again the
‘effective enthalpy of transition' between the two states and To =‘(AH21/ R
ASZl). Thié equation is appropriaté if the ATPase is inacﬁi&e in S;atg- '
1, as seems tb be the case (vide supra). As we see in Figure 24, equa-
tion [7-10] does in fact provide a very good quantitative description of
the Arrhenius plot observed for¥¢he ATPase in a membrane which undérgoes
a lipid phase transition in thg}physiological temperature range.—.ln
Table 12, I have summarized the values of To obtained by analyzing a
variety of Arrhenius é&oﬁ@ in terms of equation [7-10], as well as the

.midpoint temperatures, of the membrane lipid phase transitions in

TAL’ ‘
the preparations thus analyzed. It can be seen that T0 and--’TAL are
clearly correlated, although TO can lie several degrees below TAL in\cer—
tain cases, notably when monounsaturéted fatty acid supplements afeyused.
- Therefore, the upper break in the'Arrhepius plot for the ATPase clearly
appears to result from a lipid phase transition-induced change in the
state of the enzyme.

A lipid-induced change in the state of the ATPase could conceiv-
ably come about in one of two ways. First, the enzyme moiecules could

-

partition bétween‘gel and liquid-crystalline lipid domains with free en-
ergy AGp, which in genéral would be a function of temperature, as :ould
the phase partition coefficient derived from it. In this case, AHZl in
equation [7—9j would be equal to AHp + AHeff’ where AHeff defiﬁes'the
sharpness pf the lipid ph%se transition, as I have discussed in the last
seétion. Seéondlyl the eﬂzyme's bodﬁdary lipids could themselves undergo
a change in staﬁe which was driven by the'bulk phase transition but wﬂich

would probably be of lower cooperativity and hence would have a lower '

AN
AHeff than did the bulk lipid phase transition. To decide between these



Table 12

Lipid Phase Transition Midpoint- Temperatures (T.) and ATPase

Equidistribution Temperatures (Ty),

Determined for Vardious Membrane

Preparations by DTA and by Arrhenius Plot Analysis,

Respectively. Detalls of the analyses are described ix
the text. N >
»

Growth Supplement ¢ . Te (°C) T, (°C)
None 33.8 30.9
Palmitate ' . 31.2 27.7
Palmitate/cholesterol 30.7 25.3
Isopalmitate 25.8 22.3
Elaidate 28.7 22.4
Anteisopentadecanoate/avidin . _—14.3 - b
Cis-vaccenate/avidin -8.5 - b
Isomyristate/avidin 10.1 7.2
Isgpentedecanoate/évidin 14.8 13.5
££§3§;vaccenate/avidin 20.0 14.0
.Elaidate/avidin 20.1 14.9
Isopalmitate/avidin . 21.8 20.9
Palmitate/elaidate/avidin 26.9 24.8
Cis~15-octadecenoate/avidin 27.6 20.7
Isoheptadecanoate/avidin 28.8 25.3
Palmitate/myristate/avidin 32.9 30.7

aFatty acids were added to 0.12 mM, avidin to 2 mg'ml in the

culture medium.

bNo break was seen above 0°C in these Arrhenius plots.
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Figure 24, Description of the Arrhenius plot for the ATPase activity

in cis—lS—Octadepenoate—homogeneous membranes by equation [7-10] (so1id
line). The following parameters were used in eqiration [7-10]: AHp =
36 kcal mole-1l, T, = 20.7°C. .
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two possibilities, I determined AHZl from a series of Arrhenius plots

and plotted the experimental values vs. the values of AH oo determined

by DTA for the corresponding membrane lipid phase transitions. The lat-

ter values were determined from tune -equation

_ 2
AHeff = RTAL (In 81)/8T(10+90) [7-11]

where R = 1.987 cal rnole“l'deg_l and 8T(10+90) is the température range
required for the transition to pass from iOZ to 907 of cémpletion, as it
was defined in Chapter 4. Equation [7-11] is derived from equation [7-8]
b;lsetting flc/fg equal first to 9, then to 1/9; and dividing both sides
of the first equation (using flc/fg = 9{4by the same sides of the secondia&
(using flc/fg =1/9), Fheﬁ taking the lpgarithms of both sides and re-
arranging. The plot of AHZi ig. AHeff;\shown in Figure 25, yields a cor-
relation coefficient of 0.90 and a best-fit slope of 0.27, ihdicating
that while Aﬂgl is proportional to AHeff’ theAcoefficient of proportion-
ality is much less than unity. The alge of the y-intercept (roughly

10 kcal mole—l) is signific;nply dlfferent from zero, suggesting that,
the enthalpy of the conversion of Ehe enzy@e molecule itself from the
low~ to the high-temperature statés is substantial and positive. In
fact, if a decrease in the ground-state epthalpy of the énzyme upon en-
tering the low-temperature state were to increase AH# (which reprgsents
the difference in’enthalpies of the ground and excited states) by a cor-
résponding amount (= 10 kcal mole—l), the overall raﬁé of the ATPase re;
action would be reduced by a factor of 2 x 107. Since a 103—fold de;
crease in the ATPase activity requires an increase in AG* of only 4.1
kcal mole—l, it is not difficult to see how a modest decrease in the
ground-state enthalpy of the enzyme molecules in the low-temperature

4
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Figure 25. Correlation of the effective lipid phase transition enthal-

Py, AHeff, with the effective enthalpy of transition of the ATPase from
its low- to its high-temperature state, AHp;. These two parameters were
determined in membrane preparations of various lipid fatty acid composi-
tion by analysis of differential thermograms and ATPase Arrhenius plots,
fespectively, as described in the text. The measured correlation coef-
ficient is 0.90, and the coefficient of regression of AH,; on AH.¢f is
0.27 N
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state, if not fully compensated by a corresponding décrease in entropy,
could lead to an effectively complete inactivatioﬁ of thé ATPase.

In summary, my quantitative analysis of the Arrhenius plots for
the membrane (Na+;Mg2+)—ATPase in various lipid environments Sugéests
that the aétiVity of the enzyme is regulated by the physical state, but
not the detailed fatty acyl_chain structure, of its boundary lipids,
which undergo a phase change that is related‘to that of the bulk 1lipid
phase but is of lower cooperativity. Marcelja (1976) has predicted on
theoretical\grOunds‘that the boundary lipids associated‘with an integral
membrane‘érotein do in fact undergo a change in state that is 'driven'
by the bulk lipid phgse transition but is iess coqperétive, anq expe’ i-
mental studies of'thqugundgry lipids associated with the membrane pro-’
tein glycophorin (Van Zoelen et, al., 1978) and the membrane-active poly-
peptide antibiotic gramicidin A (Susi et al., 1979) héve supported this
prediction. The activity of thevATPase drops off greatly, to levels too
low to quantify due to the presence of a cdntéminating ATP hydrolytic
activity, when the bounda;y lipids are in their low-temperature state.
This inactivation is probably explainable, at least in part, ih terms of
a‘decrease in ﬁhe groﬁnd—state enthalpy of the enzyme molecule when the
boundary lipids are in the low—temperatufe state, for such an enthalpy
decrease could elevate AGF if not exactly compensated by a decrease in

the ground-state entropy of the enzyme.

Conclusions
The analysis of Arrhenius plot shapes discussed in the 'Theory'

section above, and applied in the last section, offers-a more useful basis

for obtaining basic physical evidence about the behavior of a membrane
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enzyme than»do the analyses previously employed in membrane studies.

-The dissection of an Arrhenips Plot into a series of straight-line regi-
ons is clearly artifical and éan result in a loss of uyseful information
about the true behavior of the System. Furthermore, the assumption that
a 'break' in an Arrh;nius plot thus dissecped corresponds to the tempera-
ture of a significant thermotropic chidnge in the state of a system is

not univérsally justified. The concave~upward 'break' temperature in
equation [%—7], for example, does not correspond to the low-temperature
endpoint of a cogformational or phase transition but is in fact a com=

posite parameter at best, and may be wholly artifactual if a contaminat-

ing enzyme activity is present and emerges only when the major activity

3

decréaSes‘to low levels. Furthermoreﬁ the upper 'break' predicted by
equation [7-7] represents not the upper-temperature endpoint of a phase
or conformational change but‘rather corresponds to the midgoint of the
'transition of the enzymg‘bétwéen two states. ‘The two 'breaks' seen by

a number,of workers for'A}rhenﬁué pi;§S Of various membrane-bound enzyme
or transport aétivitiés‘(Hesk;thlgg'gl;, ﬂ976; Thilo et al., £§77) have

usually been incorrectly interpreted as the eﬁdEointsqof a thermdtropic

transition, and certain features of the Arrhenius plots which could fur-

o
F

nish useful informationbkng.,‘the slopes of the steeply sloping regions
of the ﬁlots) have not béen:analyzéd as.thoroughly as might be possible
by reference.to'a well-defined model. % regard the present work only as
one stage in the developmentvof more poﬁerful strategies for the study

of membrane enzymes through their kinet#c proper;ies. It is eﬁtdrgly
possible that the cbnciusions I report hére may prove toiBear only a very

tenuous relationship to the conclusions ultimately reached in future stud-

ies of this system, using more rigorous theories of the nature of lipid-

- 7/
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protein interactions and applying the knowledge gained from increasingly

sophisticated studies of the physical properties of lipid-protein sys-

&) - i

How well does the model derived from the experimental analysis

tems.

described above agree with our basic understanding of the behavior of
lipid-protein systems? If the rate-limiting step in the overall ATPase
reaction involves a transient latéral displacement of lipid molecules

accompanying a change in the conformat{on of the lipid-associated por- ’

ase. Likewise, the finite and positive enthalpy change that the enzyme
.moleculé appedrs to experience when the lipids ayound it enter the lidﬁid—
crystalline state (see Figure 25) is explainable in terms of a decreased
strength of van der Waal's interactions between the protein and liquid-

LA
crystalline lipids, just as the strength of-lateral associlation of the

1ipid molecules thehselves decreasesiwhen the lipids enter the liquid-
crystailine state. Finaliy, the appargﬁc constancy of the enzyme acti-
vity's temperature dependence when the fatty acyl chains of the liquid—
crystalline lipids around it are changed is consistent with the rather

noteworthy insensitivity of many membrane enzyme activities in cultured
mammalian cells to changes in the membrane 1lipid composition (Schroeder
et al., 1976). Such insensitivity can be readily explained if one aé—

sumes that liquiﬁ—crystalline lipids in general provide an enzyme envi-

ronment of suitably low microviscosity and high lateral compressibility

that they do not provide significant resistance to a transient conforma-

x
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tional change which occurs. in the enzymé during its catalytic cycle.

The activation enthalpy of the enzxgic‘reaction will then depend primari-
ly on factoré-intrinsic to the enzyme-molecule itself, not on the exact
composition of thé lipid environment”around it;, so long as the lipids re-
main in the liquid-crystalline gtate. quther studies of the type des-
cribed here, but using other gnzybe systems,bparticulérly those which

can be readily recoﬁstituféd;with pure synthetic lipids;'could furnish a
gréat deal of useful information regarding the generality of this aspect

of the relationship of membrane enzyme activities to the properties-of'

=

their 1lipid environments.



Q CHAPTER 8

CONCLUDING REMARKS

A Brief Synthesis

The work described in.the foregoing chapters has ranged over a
wide variety of tépicé, ffom.lipid’chemistry to microbial membfape ener-
getics. It remains to relate thecdiverée types of. studieé discuésed f&\t
this thesis to one another and to the.goals outiined in Chapter i.‘ In ~~
this brief section, I will address this matter more directly than I have
done in the preceding chapters.

' As I noted in ;he introduction\ko this thésis,'mj overall concern
in'this work has been to develop more useful systems and more powerful
analyses-of the properties of mémbrane—lipids,.and their.funétional coﬁ—
"sequences, EE.EEEE- To this end, I have developed and extenSively'éhar-

acterized the A. laidlawii B/avidin/Class I fatty acid system, which al-

lows one to obtain substantial quantities of pure plasma membranes of
homogeneous fatty acyl composition with minimal expenditure of effort

and materials. While investigating the ability of different fatty acids

to support growth of avidin—trgated A. laidlawii B, I have made certain
deduc£ions from the results of Qarioué experiments which suggest tha; it
is the physical and not the,megaboiic propérties of a fatty acid-that
determine its growth-supporting abilify in this organism. Studies of
the compositional aﬁd lipid physical properties of ﬁattyvacid-homogene—
ous membranes have shdugg~3hat changes occurring in membrane protein and
head~group composition secondary to fatty-écid chénges are usually modest

"+ and are inikely to qualitatively alter the behavior of the membrane li-

pids. By contrast, change#® in the fatty acid composition of avidin-
\1#3‘ :
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treated A. laidlawii B can be used to vary the midpoint temperature and

the sharpness of the membrane gel-to-liquid- crystalline tran51t10n tem-
perature 1ndependently over a wide range of remperatures and transition
widths, respectlvely. Therefore, as well as providing an excellent sys-

tem for the evaluation of the '"functionalities' of various fatty acids

when incorporated into membrane lipids, avidin- treatéd A. la1dlaw11 B

provides a very eff1c1ent ~means for greatly modifying the propertles of
the lipid phase in a blologlcal membrane in vivo. To shed more light on
the effects of varying fatty acid composition on membrane lipid proper—
ties, which clearly must be understood in order to 1nterpret results ob-
;alned w1th membranes made homogeneous in fatty acids of w1d@ly varying
structure, I have studied the thermotropic behavior of 31ngle pure li-
pids, the hydrated dlaghl phosphatldylcholines, whose ‘acyl chains were

varied widely in both structure and chain length. My results with these

pure lipids c¢learly demonstrate that the A. laidlawii B membrane lipids

and the well-<defined synthetic lipid system show entireély comparab7

¥

changes in phy51cal propertles when the lipid fatty acyl composition is,
>changed It would appear, therefore, that the diacyl PC s derived from
Class I fatty ac1ofthguld/5?ovide a good model for the behavior of li- |

Q . .
pids in Class I fatty acid-homogeneous membranes of A. laidlawii B in

cases where the latter system is still too heterogeneous for direct study
by physical methods.
In the last two chapters, hav1ng evaluated the potentlal of the

fatty acid- homogeneous A. 1a1dlaW11 B membrane as an4exper1mental sSystem

161

for studies of 1lipid 'functionalities' and physical propertles, I turned to

an analysis of the 1ipid modulation of a membrane enzyme activity, u51ng

b

some of the unique advantages of this System. A preliminary character-

- oo
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ization of the,enzyme raised some interesting quéstions regarding its .
function, which were answered to -the- extent that I can say with fair ,
‘certainty that the (Na Mg2 ) ATPase functions as a transmemBrane ion

pump essential for osmoticiregulationh A systematic analysis of'the
temperature dependence of the enzyme actiVity in various fatty aCid—

- homogeneous membranes was carried out in- the light of physically\\\hl—

istic and analytically useful models-of the -enzyme behav1or USing my

ability to w1dely vary the pOSition of the phase transition mideint int

° .
) fatty acid- homogeneous membranes, I showed that the temperature depen—

e

o
dence of the actiVity of. the enzyme in a liquid-crystalline lipid enVi—

ronment is independent of the 1lipid fatty acyl composition, and that the
downward- concave 'break' in ATPase Arrhenius plots is correlated w1th
the occurrence of a. membrane lipid phase;tranSition I then-employedzmy
ability to independently vary the sharpnees of the lipid phase transi- -
tion to provide support for a model in.which a change in the state of
-'the boundary lipids assoc1ated with the ATPase leads to an essentially
complete loss of the enzyme s catalytic activity. This study of the A,
laidlawii B membrane ATPase can, I feel, serve as a‘starting point for
- other analyses.of the behavior oi membrane enzymes in situ through an
analysis of the temperature depehdence of their activities. Asuwell

this study demonstrates that the production of fatty acid homogeneous

membranes in A. layél;Lii B brings some new and valuable types of experi-
e

ments within the realm ofvaSsibility for the first time.
| ‘Finally, I wish to relate this work to the objectives Outlined in

the Introduction. As I hope the preceding survey of my work has made

clear, while this study has not made use of most of the powerful and

sophisticated physical methods for the study of membranes that.I deSf

-
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cribed in Chaptefsl, it Hés laid the foundation for the proper appllcatlon

of such methods to fatty acid- homogeneOus membranes of A. laldlaw11 B

and has provided some indication of the remalnlng limitations of the -
system for physical studies. As well, in this study I have demonstrated

that the diacyl PC's generally should prov1de a very useful model system

from which results may be derived for appllcatlon to the A. laldlaw11 B

system if the latter is too complex to be approached directly. At this
time, Drs. Eric Oldfield (Urbana, Illinois) and Ian C.P. Smith (Ottawa,

Ontario) are studying farty acid—homogeneous'membranes of A. laidlawii B

by deuterium magnetit resonance, and our laboratory, in collaboration

with that of Dr. Brian Sykes of this department, is beginning to study
. 1 <
§uch membranes by 9F -NMR, u51ng spec1f1cally fluorinated fatty*acids

incorporated into membrane lipids as probes Dr. Donald Engelman (New

Haven, Connécticut) ‘is eurfently carrying out X~ray diffraction studies

B

of fatty acid—homogeneous A. laidlawii B membranes .to extend the results

derived from earlier studies with this organism - (Engelman, 1971). 1t
seems fair to predlct that a number of novel and excltlng results will
be‘obtalned through the use of th#s system, in cobjunction with a vari-
ety of biochemical and physical techniques, over the next few years.

o'

Three Important Questions

As. I have devoted some one hundred and fifty pages to character-

izing and evaluating the 'nuts and bolts' aspects of the fatty acid-homo-

-Heneous A, laidlawii B membrane as a valuable model system, it may seem
— \ .
rather foollsh to raise more general questlons about the utility and sig—

nificance of the system at this point in my the51s Nonetheless, I feel

it necessary to briefly qonsider three questions which deserved to be
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asked, and answered, about this system.
! .rst, what are the significantbadVantages of this system that,\

previously available systems do not offer? "The greatest advantage of

the fatty acid-homogeneous A. laidlawii B membrane is that the lipid

composition can»he,greatly simplified, from hundreds of molecular species
to only five signifieant glycerolipid species whose acyl chain structure
can be varied over a wide.range. Membranes of near~homogeneous lipdd

fatty acyl composition have,beenvproduced in E. coli (Baldassare et al.,

1976, 1977), but only with a few fatty'acids, all of which give membrane
lipid phase transitions below 0°C, and in Mzcoglasma strain Y (Rodwell,

1968; Rodwell and Peterson, l97l),’wh1ch however,'can only grow in the

" presence of large amounts of membrane sterols, which broaden and reduce

the enthalpy of the membrane lipid phase transition (Ladbrodke and Chap-

man, 1969). Fatty acid-homogeneous A. laidlawii B membranes thus provide

a better link between pure synthetic phosphollpld/water systems and bio-
loglcal membranes than do either of the fatty ac1d homogeneous systems
Jjust described. To my knowledge, strong"control of the sharpness of. the

lipid phase transition in a biological membrane by direct lipid manipu-

- lation has not previously been possible in any membrane whose 1lipid phase

" transition lies in the physiologiéal.temperature range. .The potential

for.control of this aspect of the lipid phase transition is thus a major

neJ’advantage of the A laidlawii B/avidin system. This system offers

4

one further new advantage that may be a great usefulness in phy51cal
studies, namely the potentlal to 1ncorporate fatty acid probes ~such as -
deuterated‘ fluorinated, l3C—enrlched or fluorescent fatty acids, to very
high levels into the membrane lipids without any métabolic modiflcatﬁgys

of their acyl chains. It seems fair to conclude, therefore, that the
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development of the A. laidlawii B/avidin system provides a significantly

improved system for the stddy of membrane 1ipid properties and their

‘ !
functional consequences.

Secondly, how suitable is the fatty acid—homogeneous A. laidlawii

B membrane as a model system from which extrapolations can be made to,

~

€.g., mammalian cell membranes? Obviously, the A. laidlawii B membrane

cannot be considered identical to a eukaryotic cell membrane. The for-

mer system contains no sterols and only low levels of carotenoids and is
thus less desirable than are the Mycoplasma céll mémbraﬁgf as a.model

system for thé study of sterol functions in membranes. The A. laidlawii

B membrane has a lipid head-group composition that is quite different

™ from that of animal cells. Nonetheless, the quite comparable thermotropic

behavior of fatty acid-homogenecus A. laidlawii lipids and the correspond-

ing diacyl PC's suggests that this difference in head-group composition

does not sériously 1imitvthe usefulness of the A. laidlawii B membrane

as a model system for the membranes of higher organisms. A more'signi—

ficant limitation of the A. laidlawii system is the fact that certain im-

portant functions- of animal cell membranes, such as exo- and endocytosis,

>

mediation of cell-cell communication, and the maintenance of a fixed dis-

) !
tribution of mer' . ane receptor molecules, have not been observed in A."

. . ~ . .
laidlawii B.  /his fact will limit the usé€®ilness of this system for

studying membféne lipid effects;bn”certain'membrane functions which aré

important in animél gells. To t;ie a ﬁore positive view, howevér, one

can suudi thé\efféets of membr;;evlipid'physical properties on cell

growﬁh ané Homéostasié; membrané*éﬁzyﬁe activities, membréne energetics
S - e . A .

and membrane transport, to.take some examples, in fatty acid-homogeneous
4. . 1 . . v

) . _ . , . ,
A. laidlawii B, and all of these membrane functions are. of course very

<
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important aspects of the function of animal cell membranes as well. The

A. laidlawii B membrane certainly provides the basic elements requiréd

for a wide variety of studies of membrane functions which are equally
relevant to microbial and to mammalian cell membranes. _

The final important question that I wish to addresé is the follow-
ing: How strongly'can'e2§erimentally realizable chénges in the physical

properties of membrane lipids affect the biological functions of the mem-

brane? It is,obviously of little value to make use of the A. laidlawii

B/avidin system for studies of membrane lipid properties_ié the function-
al‘consequéncés éf changes in these properties are minimal. Some recent
studies have suggested that membrane 'fluidity'.is not quité_the allfim—
portant .determinant of membrane function that it was sometimes thoughx‘
to be in Ehe eérly 1970's (Sinensky, 1974).. Thus Mohan Das and-Weeks
(1979) have repofted that the inhibition éf slime mold differentiation
causéd by polyunsaturated fatty acid enrichment in membrane lipids is not
aécompanied by any changg\in~membrane fluidity as detected ;y fatty acid
spin~label'ESR, ﬁoya et al. (1979) and Axelro@ éi_él; (1978) ha&e re-
cently reported that major changes in. the mempréne lipid fatéx%acid com~
position of cultured mammalian ceils.have ﬁo,effect on cell-cell adhesion

and on the rate of lateral diffusion of the acetylcholine receptor’ within

thé'membrane, respectively. My finding that a wide variety of Class I

) [ . . . .
fatty acids support good growth of A. laidlawii B in the presence of avid-

‘ N .
in, while giving widely varying phase transition temperatures when incor-

porated to homogeneity into the melmbrane 1lipids, certainly suggests that
membrane lipid 'fluidity' need»not be kept absolutely constant in order

to support normal membrane function. In spite of these reservations,. the .

literature contains enough well-documented examples of cases where a con-
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;Ekol;ed change in membrane lipid compbsitiog sigﬁificantly alters oné or
g;bfe important functions of ﬁhe membrane (Linden aqd Fox, 1973; Cronan
and Gelmann, 1975; Baldassare et al., 1977; Horwitz et al., 1978, Engel-
hard et al., 1978) that it would be quite rash to say that lipid physical
éroperties are wholly irrelevant to membrane funcéion. aln view of the
foregoing observations, I would suggest that a gréat dealiof work Is
needed to identify'both what types of membrane—related processes are

most susceptible to modulation by the phyéical properties of the membrane
lipids, and what specific aspects of the lipid physiéal properties ' (lat-
eral mobility? lateral compressibility? rate ofbacyl chain reorientation?)

are most important in causing such modulation of membrane function. The

fatty aCid—homogéheéuaﬁ,~i1*\=lawii'8 membrane systeém should prove to be
O ; - > e h ]

SRR, -

of considerable value“3s an experimental system in which to seek answers

to both of these questions.

~

Further Questions Raised by This Work

In this section, I wish to discuss a few questions which have been
raised by the results discussed in this thesis, and some possiblé experi-
mental approaches which could provide answers to them. Since my studies
have been chiefly intended to provide better experimental systems and
N N ‘ : _ ’ ,
approaches for membrane research, a more general discussion of 'suggest-

ions for future researcﬁ' could rapidly balloon into a chapter of its

own, and for this reason I shall refrain from a broader discussion of

T

this type.
- - o ‘
' The first.notable question raised by mij::;lts is that of ths

physical basis of the inhibition of gfowthlof A. laidiawii‘B by fhyper-

fluidizing' fatty, acids when the cells are treated with avidin. We are

-

©
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carrently examining a variety of propetties, includlng the (Na+,Mg2+)—
ATPase activity, the nonelectrolyte permeability and‘the osmotic fragil-
ity, of membranes made homogeneous in a variety of fatty acids in order
to answer this question. Cur preliminary results suggest that the inte-
lgrity of the membrane permeability barrier is the most prbf0undly affect;
ed membrane property when progressively more 'fluidizing' fatty-acids
are incorporated into the cell membrane. A second interesting question
arising from my work is that of the arrangement of the acyl chains (par-
ticularly the degree of chain tilt) in lipid-water systems with lipid
acyl chains of varying structures. Thls question could be dealt with,
at least in a general way, by X-ray St electron diffraction experiments
(Hui, 1976; Brady and Feln, 1977) on oriented 11p1d bilayers, and if sig-
nificant dlfferences are found for lipids with dlfferent types of acyl
chains, it wohld be 1nterest1ngAto see if such differences‘might have .
significant consequences for such membrane lipld properties as lateral
diffusion rates or transbilayer bermeatioqwcf solutes. A thirdiquestion,
o : C

~arising from the work described in Chapter'6, concerns the exact role of

+ o +
the membrane (Na ,Mg2+)*ATPase in the transport of such ions as H and

- + o ‘
K in A. laidlawii B. This problem, unfortunately, w1ll probably be ul—

tlmately resolved only when the ATPase can be reconstituted 1nto lipid
vesicles ln the absence of other proteins which could exhibit ion anti—f
porterAactivity. Failing this, it'would be useful to findba epecific'in;
. hibitor of- the ATPase and thén to monltor the effect of this 1nh1bitor on
the transport of K (by tracer analy51s or by thé use of an 1on—select1ve
electrode) and of H (by using,a fluorescent\or radiolabeled molecule to

monltor the pH difference across the membrane (A221 and Montecucco,

1976)) Finally, it would be desirable to obtaln direct physlcal confir-
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mation of the model for lipid modulation of the A. laidlqyii B membrane

ATPase activity that I proposed in Chapter 7 on the basis of Arrhenius
plot analyses. This could be accomplished if the enzyme weré isolated
and. reconstituted with pure phospholtpids whose:thetmottbpic behavi?r
could be monitpred by‘high—sensitivity differentialAscanning calorimetry

(HSDSC) while the temperature dependence of the enzyme’ actlélty in the

reconstltuted complex was analyzed in terms of the theory dlscussed in
P ~

<

Chapter 7. "If low levels of lipid were used in the reconstitution of

the enzyme, the ratio of free to proteln bound 1lipid cduld be decreased:

{
1

to the extent that a broad phase tran51t10n in the latter 1lipid pool
dtlven by a sharper tran51tion'in'the former, might be detectable by
HSDSC if such a transition does occur, as my theory would predict. Work
'in our laboratdry is in progress toward the goal of isolating the ATPase’
in an active forn ftqmvthe membrane, and some very preliminary results
are eneOuraging. However, a good deal ef worh rémains befqre.we will be

able to obtain-substantial amounts of a pure ATPase preparation recon-—

stitured with a synthetic phoépholipid species.

s ‘ Q ’

™
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Appendix |

Co ... Un Fatty Acid Nomenclature

s L ‘ ' LT,
e Co N 5 ‘
In view of the very powerful methods now available for determining
the structures of small molecules such as fatty ac1ds ormre could persua—

sively argue that the - tr1v1al nomenclature of fatgy ac1ds should be .

\
—_—

wholly abandoned there no longer being any need; to name all-cis-5,8,11,~ ¢

~

\,—. Hd

14 elcosatetraen01c acid arachldonlc acid! because it was first obtalned

- ~

from peanuts or (+)-£- lO—methyloctadecan01c ac1d tuberculostearlc acid’

°

rbecause it was first 1solated from a tubercule baCLllus However, all
31gns from the current blochemlcal llterature suggest that the trluial".

nomenclature contlnues to be far ‘more popular than the more systematlc 0

" but colder %Fd more formldable IUPAC system. Therefore, I haye “used the'
tow
trivial nomenclature in thls the51s wherever the tr1v1al name for a- fatty

- S

ac1d 1s w1dely used in the llterature. Thls w1ll I hope, make the thes—

llpid workers and avoid subgectlng l.fi'

PR

in nomenclature when comparing

As an aid to: understandlng the t‘1vial nomenclature, I have Supple-

4

mented the tr1v1al names of fatty acids w1th xheir standard shorthand
symbols (1n parentheses) the flrst tlme he former appear.ln a glven
- o .
sectlon of the text. I have also used th shorthand SymbOllC nomencla— c
. . ' i L

.ture exclusively in most of the” tables and flgures This latter nomen--

Y o

Lo ‘ ' . N N
clature represents the complete structure o) ~a;fatty acid in a conclse&§§

form, w1th the fgllowxng elements.»- . ﬁ o iy

<

(1) aAn-initial number, glvlng the total number of carbons in the fatty -

acid_molecule. Thls is followed by a, colon then by

180 S . .



a number g1v1ng the. total numoer of dOuble bonds in the molecule,
oo oy y
cp &L a cyclopfopane ‘ring is present. :

or the lower case letters'

. . R » ‘ S
Thlsew;ll;be followed,'if necessatry, by - ‘ I SR
. ‘ | ' . h\ i ’ "Q " - A .
as. follows: 'i' for isotfatty

R -
v

for anteiso spetles end— ,

(2)

a lower-case letter ordletters
acids ending in an isopropyl grouppi'ai'
a l-methylpropyl group, and 'c' or 't' if the&double bond(s)

Al

he cyclopropane ring has a cis- or a trans- confi

If double bonds or cyclopropane rlngs are present 9
- T S
e N

°respectively.
fr
o S

their .positions are 1nd1cated by
followed by Superscript numbers g1v1ng‘the numbers

| = ‘iQ)A the symbol A,
of the Lewest—numbered carbons 1n the acyl chaln lnumberlng along

:, plv
) x

Y

the main chaln from the carboxyl grOup) that are part “of the d0uble
o . L .
S A I

«
) i,
1ts 51gn or conflguratlon

. .
bonds'br cyclopropane rlngs.y

If ‘the molecule 1s potentlally optlcally active,
In thls shorthand sxstem,

appears in front of the symbols Just discussed
'isOpalmitic;(lAﬂ

palmltlc (hexadecan01c) acid. is represented as’ 16 0,
'. - > \
‘“methylpentadecan01c) ac1d as 16 01 oleic (cis- 9—octadecen01c) acld as'

18: 1cA s and laCtObacllllC (2 c1s -11, lZ—methyleneoctadecan01c) acld as

L&

. 2 19:cp, cA .



‘L-‘." . - . ,‘ P
’ :')_ v -
, B \“J;‘b "‘ . L . - i . 5] N ) w o
‘%g, o :;{33.; : t: ; » Appendlx 2 ‘
‘ > Calculation of the‘Fraction of di-B Glyceroliplds in”
' ” \ a Mixture of Lipids Whase Acyl ‘Chain Composition =~ *
o Approaches a Binaryaylxture of A and B
y v 8
2" "3:x ¢ : - . fé::*}
- i Assume that the overall scheme for productlon of dlacyl glycero- ’
: E ' e 1.0 »Zk‘ N ) ’ ‘
£ llplds GXY (where X and Y ‘are, the lipld acyl chalns'%nd G- the llPld polar
‘ 0.' . - N @ ) ) %
v, ' 'backbone ) is as follows , v
. . ‘.: , 1 u. A
e ‘¢ ) s ‘ v Lo .
. . "L - ’ . _a[A]_>_ GAA - . - A ,‘!.}'
) ' oA : o T o .
AR BA, BBl . T :
" Bl Gap - ’
Gy : L v v
: R | afAl oo GBA pt
. id B[B . ' B - ' .
. GB b B R e ’r'
L. on __Ll_a GBB . .o
L ':where‘d;lg, a and b are rate gonstants and [A] and“[B] the effectlvg con-
o : » - . : o
+ A .centratlon%‘of fatty ac1d specles A and B at the 51te of complex llpld
e synthe31s If we then kepresent the fractlons of GAA GAB etc- spec1es'
d e - in the total llpxd products as, AA&‘AB‘ etc., it: can ea51ly be shown that
. o ) ”,a L - o o . ?
_l_la Al _“a J; BAT | °
b[B] . AB BB S v :
| S . : L -
and. that . B : C. . .
v " alA]l. . AA+ AB- _ AA(L ¥+ b[B}7a[A]) “_ AA -
B[B]» v:;BA'.+”B-'B o BA(l + b BJ/a[A]) BA
. € w - -t lr — ._’. ..
- where the thlrd te;m 1s derlved from the second by uée of the flrst equa-
~ tion above,-\lf we deflne (P /P') for a fatty acld as the amount of that
e IR ‘species present at the ZﬁpOSltlon Qf a qlacylglycepollpid divided by thew
amount of thatuspeciesfpfesent at the l—position,;wETcan w:ite
o T y/B)y (BB + AB)/(BB +BA) . ab .
(P R N + AB). . o - ’
@y, T A A Ga AR T e
R ‘S s (I |
NSRS ' ’ J‘-: ..
| o182 SRR



4

B talnlng the results given in the last column of Table 4

5

Sk

" where the last term is ‘dérived by successive applications of the equa-

343

'tibnS'giVen'aboveA As  (P,/P)) can.be determined experimeritally (MCEL-

haney and Tourtelotte, l970 75aito~g£ al., 1977; Saito and ?&flhaheiz,

/ —_ - W - e

/l978) we canrdetermgne the right—handyterm'in the above set oﬁiﬁdemti— .

R
L

ties"from one set of experimental’data, then apply it to another ‘experi-

C o

. ment in Whlch [A] and [B] may’ be dlfferent If the lipidffatty'acid

comp051t10n ‘at. least approxlmates a, blnary mlxture, coqslderatlons of o

mass balancevlead to the,equatxon o :‘“l RORRRR

ab - .A. _' (P'/P ) 1+ (P /P ) ~ 2F )

aB i 1+ (P /P ) - 2(P./Pl)BFB

g ¢

where‘FB is the'fraction of B.in the total lipid acyl chainst' From‘this'
equation, we can determlne (P /P )B as'a‘fuhction Of‘TE;;EEEBTding to

the  equation , ' : : ﬂ‘ & ,'3
’ 1/2,

(2F, = 1)(1 = A) £ (- 0% = or, ) + e
2

®,/p), =

i ) . ., ° } A

and from ‘this equation, the percentage of 1ipid GBB in the.totgl_lipid.
- products, as.follows: . o % . - L
‘ ' N \o 2 “. ' .
O @) o07) FT (R, /Py b
% GBB & _ K
. +. . g
L+ @t

In practice,*I deteg%ined'the constdhtuA from.previouélyvablished (PZ/P1>

pl . . . . ) a : .
data‘(given in the references listed above), ‘then used this value to cal-

Tculate (P /P ) under the condltlons desaribed in Chapter 3. (Since pal-

>

. mltateiwas used as . the second fatty ac1d in my. experlments and in the

e

prev1ously reported measurements of PZ/Pl’ A should be the same in my ex-

perlments and the previous ones. ) Once I had calculated (P /Pl)B

for my

experlments, l then calculated % GBB according to the above equatlon obf

-

o/

co w183



;T; .. . Appendix 3 ' o -

- S H
“

S o . Analys;s of Irrever31ble Enzyme Inhlbatlon
‘ L VSR y :;v,jv o - - By :
e W T ,
{ ' T AR, . pE S
“ Our .starting point is the followingvnodel:; A *

=N

g e
$ Ja

¥ . UE 4+ I ====E'T 7> EI (inactive)
. ; . K ' b R o

- .. . - = . <

diss B

>

W

e 'where E-I represents a rever31bly formed, noncovalent complex of enzyme

. and 1nhib1tor and EI is the 1nact1ve covalent enzyme—lnhlﬁltor complex
, . . .

By analogy w1th_M1chaells—Menten.klnetlcs-for,the steady state,
. d(EL) _ K[E][I] _ . JE
. . dt v ’[I]+KI dt

A Y

and if K is very large or if the 1nh1bitor is strongly dlluted prlor to

assay of the enzyme pct1v1ty, 'S0 that llttle or no E-I is present durlng

o .
?

the assay, we find .that

k|I|t

_ .0
@ B = 2 expl = [1])

’

a

where E(t) is the’ residual enzyme activity after incubating for fime t

s, with the inhibitor, and E° is the initial (uninhibitéd)factivit?. If E
;“,end E-I are not in rapid equilibrium, equations (L and (2) are still

valid, but K  will not in general be equal to K for the E-I:epmp;ex.

diss

- Successive logarithmic and reciprocal transformations of equation (2)
. . g o : ¥ .

give us the foilowing equation:
S ¢ 9

. K
) EEONT =G Gt

=

I]

Theregression of the left-hand term on (1/{1]) will therefore be linear

fo 'model,_g{ving —l/Ki as the x-intercept and 1/k as thevy-intercept.
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A nonlinear régress{on‘indicétes the invalidity of one (or more) of the

assumptions of the model described above. Three sjimple caées'méy be
commonly observed: * .

» -
(1) The EI complex is not wholly inactive, in which case the graph of

.
l

[ln(Eo/E(t))]-.l vs. l/[I]‘will be conéave downward.

(Z) More:than one enzyme species Of widely vary}ngissnsi ivity to.I:
may be'pfeseﬁt, in which caée thé gr;ph’will aisb be.concave dqwﬁ—
wafd,.o£ | ; : i \

(3) Inhibition By I ‘may Bé positi§ély1c60pérati§e, in yhich case the
graph will be concavé\upwafd. "

g ‘

-



