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1. Introduction

Our current concept of membrane organization has emerged from intensive research
on synthetic and biological membrane model systems. An extensively used biological
membrane was the membrane cf mycoplasmas. There are many advantages of using these
organisms for membrane studies. Unlike other prokaryotic microorganisms, mycoplasmas
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have no cell walls or intracellular memtran: stiuctures. The absence of a cell wall in
mycoplasmas is a characteristic of outstanding importance to which the mycoplasmas
owe many of their pecularities, for example, their morphological instability, osmotic sen-
sitivity, resistance to antibiotics that interfere with cell wall biosynthesis, susceptibility to
lysis by dete'gents, alcohals, e ¢. [1--4]. The fact that the mycoplasma cells contain only
one membrane type. the plasma membrune, constitutes oae of their most useful proper-
ties for membrane studies since it is certain that once the membrane is isolated, it is un-
contaminuted with other membrane types. This is also true for the erythrocyte. However,
working with the m) coplasmas has the added advantage that these cells are capable of
growth and reproduction. Another advantage in taking mycoplasmas as models for mem-
brane studies stems from the fact that their membrane lipid composition can be altered in
a controlled manper. This results from the partial or total inability of the myccplasmas to
synthesize long-chain fatty acids and cholesterol, making mycoplasmas depencent on the
supply of fatty acids from the growth medium. The ability to introduce controllad altera-
tions n the fatty acid composition and cholesterol content of mycoplasma mmembranes
has been inteasively utilized over the past decade to study the molecular organization and
physical properties of biological membranes. The demonstration that the cytoplasmic
membrane of Acholeplasma laidiawii underwent a reversible thermal transition similar to
that observed in artificial bilayers [S—7] constitutes one of the arguments for the descrip-
tion of a membrane as a lipid bilayer with attached and embedded proteins.

Our detailed information concerning the role of phospholipid acyl moietics in mem-
brane function, the regulatory mechanisms that control membrane fluidity and the trans-
bilayer distribution of lipids between the outer and inner halves of the bilayer, stem from
intensive studies carried out with mycoplasma cell membranes, primarily the cell mem-
brane of Acholeplasma laidlawii. The piesent review will try not to overlap recent reviews
on mycoplasma membranes but to update information and focus on some novel and
unique lipids of the mycoplasmas. Readers seeking comprehensive and comparative
reviews on the mycoplasma membrane, including detailed descriptions of the composi-
tion, distribution and biosynthesis of mycoplasma lipids, are referred also to ‘The Myco-
plasmas’ (Barile, M.F., Razin, S., Tully, J.G. and Whitcomf, R.F., eds., Academic Press,
1979), a three volume series encompassing the various aspects of .+ ..oplasmabiology,
emphasizing outstanding developments made in the field during the past decade.

11. Lipid composition of mycoplasmas

Essentially all mycoplasma lipids are associated with the cell membrane. The lipid con-
tent of the membrane varies between the various spe:zies and depends on the growth
phase and growth medium. During progression of mycoplasma cultures from the early
logarithmic phase to the stationary phase of growth, the total lipid content of the cell
membrane decreased [8—10]. This pheaomenon is an expression of either a shutdown of
lipid biosynthesis or an increase in merabrane protein synthesis, since the ratios between
the various classes of membrane lipids remain constant throughout the growth cycle.
Substantial changes in the lipid content of the cell membrane of many Mycopiasma spe-
cies were also noticed, by varying the serum concentration of the growth medium due to
the massive incorporation of exogenou: lipids from the growth medium [11—13]. Unaer
optimal growth conditions, in a serum-’ree media, lipids from cells harvested in the mid-
exponential phase of growth comprise 5-35% of' the dry weight of the membrane [14].

The mycoplasmas have proven to be a veritabl: gold mine of new and unusial lipids.
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For some the exact chemical structure has been resolved, while for others this informa-
tion is still lcking. A compilation of our current knowledge of the lipids found in the
various species can be found in other revicws {3,14,15]. The major membrane lipids of
mycoplasmas are phospholipids, glycolipids and sterols. Neutral lipids are found in small
amounts in 2ll mycoplasmas. They consist mainly of glycerides and free fatty acids: the
latter represent in some species the result of lpolysis ‘vhich occurred during membrane
isolation by the potent phospholipases and lipases [16,17]. In all the Ackoleplasma spe-
cies the cell membrine contains a de novo synthesized carotenoid pigment {18] that,
except for A. axanthum, is casily visibly by its yellow color having an absorbance:peak at
438 nm [19]. In A. axanthum the lack of absorption at 438 nm aud the low incorpora-
tion of radivactive acetic acid into the nonpolar lipid fraction were taken as evidence for
the absence of carotenoids [19]. This conclusion was recentiy challenged by showing that
A. axanthum incorporates mevalonic acid into carotenoid pigments that due to being less
unsaturated than those of other mycoplasma absorb light at shorter wavelengths [20].
The polyteraenoid structure of the carotenoid pigments was described previously [3] but
thair exact structural characterization is stilt obscure.

HA. Phospholiipids

The de nuvo synthesized phospholipids of mycoplasmas are rather simple, comprising
primarily the acidic glycerophospholipids phosphatidylglycerol and diphosphatidyl-
glycerol [1£,21]. In most species tested so far, phosphatidylglycerol forms between 15
and 80% (b'y weight) of the de novo synthesized lipids. In A. laidlawii strains A and
B phosphatidyligiycerol is almost the only phospholipid but it comprises only 30% of the
total de novo synthesized membrane lipids, the rest being 2lvcolipids and phosphoglyco-
lipids [22,23]. In the closely related A. laidlawsii oral strain both phosphatidylglycerol
and diphecsphatidylglycerol (10 and 20% of total lipids, respectively) are present {23},
Lyso and the more acylated derivatives of the acidic glycerophospholipids may also occur
but in much lower amounts. Aminoacyl phosphatidylglycerols, in which an amino acid is

TABLE1

PHOSPHOLII'ID AND CHOLESTEROL UPTAKE FROM GROWTH MEDIUM BY REPRESENTA -
TIVE ACHO! EPLASMA AND MYCOPLASMA SPP.
The organism: were: grown in a medium containing 4% horse scrum (From Ref. 13).

Orzanism Lipids in cells (uinol/g cell protein)

Phosphatidyl- Sphingo- Cholesterol

choline myelin

Free Esteritied

A. laidlawit 0 o 10.2 o
A. axanthum 0 1] 3.7 0
A. granulgrum 0 0 285 0
M. gallisepticum 37.8 iss 76.0 4.7
M. hominis 20. 32.7 76.4 30.7
M. arginini 319 37.8 58.2 27.5
M. preumoniz: 16.6 40.3 85.9 58.0

M. capricolum 40.1 20.8 67.2 61.7
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esterified through its carboxyl group to one of the two free hydroxyl groups of the
glycerol, were found in some mycoplasma. In A. laidlawii alanyl phosphatidylglycerol,
with the alanine linked to C-3 of the terminal glycerol was described [25]. Although the
alany! form predominates, other amino asicds can be covalently linked to the glycerol.
Other unique phospholipids are found in soine Acholeplasma, Thermoplasma and Urea-
plasmy species, and were described in detail elsewhere [15].

When grown in the ordinary mycoplasrna media that contain horse serurn, significant
amounts of phosphatidylcholine and sphirigomyelin as well as free and esterified choles-
terol from the growth medium are incorporated into the cell membrane of many Myco-
plasma species {12,13,20] (Table IN. Phospharidylcholine and sphingomyelin are uncom-
mon lipids in wall-covered bacteria. These e:cogenous lipids are also not found in the
Achol=plasma species [13]. In most Mycoplasma species the exogenous phospholipids are
incorporated unchanged from the growth medium. In M. gallisepricum the phosphatidyl-
choline is a disaturated phosphutidylcholine differing from the 1.saturated 2-unsaturated
phosphatidylcholine found in the growth medium [12]. The disaturated phosphatidyl.
choline is synthesized by the insertion of a saturated fatty acid at position 2 of lysophos-
phatidylcholine, derived from exogenous phosphatidylcholine of the growth medium, by
what appears to be a deacylation-acylation enzyvmatic sequence.

HB. Glycolipids

The term glycolipid is interpreted as lipids which are composed of carbohydrates in
combination with long-chain fatty acids and which are readily extracted into organic sol-
vents. It does neither include the phospholipids containing carbohydrate residues (phos-
phoglycolipids) found in A. laidlawii nor lipopolysaccharides that contain an oligosac-
charide moiety and are not extracted into organic solvents. Glycolipids constitute a signif-
icant portion of membrane lipid in many mycoplasmas. The typical mycoplasmal glyco-
lipids are the glycosyldiacylglycerols. The nature and number of sugar residues and their
linkages provide for diversity of these lipids. The number of sugars varies from one to
tive. Usually the monoglycosyl compound predosninates, in contrast to bacteria [27). In
A. laidlawii the glycolipids are mostly monoglucosyl diacylglycerol and diglucosy! ' .acyl-
glycerol [22,28]. The molar ratio between the monoglycosyl diacylglycerol and the
diglucosyl diacylglycerol is to a large extent determined by culture age [28,29] and mem-
brane visccsity [22,30]. Increasing membrane viscosity by varying the fatty acid composi-
tion of membrane polar lipids, changing cholestercl conteat in the membrane or shifting
down the growth temperature of the cells, stimulates the synthesis of monoglucosyl
diacylglycerol at the expense of diglucosyl diacylglycerol. A. modicum contains as its pre-
dominant glycolipid a pentaglycosyl diacyiglycerol [31]} and in M. pnewmonige glyco-
lipids containing both glucose and galactose were described {32]. A special type of glyco-
lipid is found in the cell membrane of Thermoplisma acidophilum; this mycoplasma
requires a combined high temperatur: and low pH for growth and reproduction. As might
oe expected, the membrane lipids of 7. acidophilum contain ether lipids rather than typi-
cal fatty acid-derived acylglycerol residues. These lipids are comprised of two glycerol
molecules bridged through ether linkages by two fully saturated, isoprenoid branched
Cao-terminated diols [33—35] (Fig. 1). The alkyl chai 1. iay be either CqoHga, CaoHgo or
CaoHas. Though the tetracthers are unusual, they are not unique to Thermoplasma but
also found in other thermoacidophilic bacteria [36]. It was suggested that the symmetri-
cal diacylglycerol tetraether molecules provide these cells with the required structural
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Fig. 1. Structure of the dialky! diacylglycerol tetracthers from Thermoplasma [34]).

stability [34]. The lipid backbone of these organisms is formed by a monolayer of the
diacylglycerol tetracther molecules. Such monolayers have about the same thickness as
that of a lipid bilayer and are much more stable. Therefore 77 ermoplasma membranes

cannot be freeze-fractured [35], and the freedom of motion of its hydrocarbon chain is
extremely low [37].

IIC. Lipopolysaccharides

A lipopolysaccharide, associated exclusively with the cell membrane, was recently
found in mycoplasmas, mainly in the Acholeplasma, Them:oplasma and Anaeeroplasma
species. The lipopolysiccharide accounts for about 10% of the dry weight of the mem-
branes. The molecular structure of the lipopolysaccharide monomer from Thermoplasma,
A. axanthum and A. modicum were intensively studied by Smith and coworkers [15,31,
38-40]. The lipopolysiccharide of Thermoplasma behaves as monomer with an apparent
moleculur weight of 5300 and is composed of 24 mgnnose residues, all in the a~configura-
tion, seven joined by 1-*3inkages, and 17 by 1-»2-linkages. These mannose units are
bounded through a ai-»3dinkage to giucose which is glycosidically bounded to diacyl-
glycerol tetraether {31]. A much larger monomeric unit approachinz 100 000 dalton was
described in A. axantham, whereas in 4. modicum the lipopolysaccharide fraction
behaves as an heterogenous compound consisting of three components {15,39].

As expected from an oligosaccharide-containing molecule, the mycoplasma lipopoly-
saccharides are extractable in hot aqueous phenol and form long, ribbon-ike structures
in negatively-stained preparations [41]. However, the chemical compusition of the myco-
plasma lipopolysaccharide is distinct from the lipopolysaccharide found in Gram-negative
bacteria. Thus, mycoplasria lipopolysaccharide lacks the typical sugar residues of Gram-
negative iipopolysaccharids such as heptoses and ketodeoxyoctonatc. It lacks phosphoryl-
ethanolamine and in most of the cases it consists of a linear oligosaccharide, glycosidically
linked tc diacylglycerol.
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1ID. Fatry acids

The fluidity of membrane lipids and the temperature range of the gel-to-liquid crystal-
line phase transition are primarily dependent on the chain length and chemical structure
of the fatty acid residucs of membrane phospho- and glycolipids. The fatty acid composi-
tivn of mycoplasmas can be controlled to a large extent by the kind of fatty acids sup-
plicd to the growth mediwin. Such control is possible because imycoplasmas are defective
in their fatty acid biosynthesis. Acholeplasma species are capable of synthesizing satu-
rated but not unsaturated fatty acids trom acetate [42—44] Mycoplasma and Spiro
plasma species thus far examined are incapable of fatty acid bicsynthesis [2,4,15], while
only the Ureaplasme species can synthesize both saturated and unsaturated fatty ac.ds
[45]. The synthesis of saturated fatty acid in A. laidlawii, the must widely studied myco-
plasma, proceeds through the malonyl-cocnzyme A pathway [4¢]). The block in the bio.
synthesis of unsaturated fatty acids by .1, laidlawii has been identified at the level of
3hydroxydecanoyl thiolester dehydrase where branching of the pathway for the syn-
hesis of unsaturated fatty acids occurs in bacteria [46]. Although incapable of synthesiz-
-1g unsaturated fatty acids, A. lidlawii elongates both cis and rans unsaturated fatty
t tids to the corresponding hexadecenoic and octadecenoic acids {47,48]. The ability of
+ . laidlawii to synthesize saturated fatty acids interferes with attempts to obtain a con-
tiolled fatty acid composition of membrane polar lipids of this orzanism. In addition to
1l ¢ exogenous fatty acid incorporated from the growth medium, tt e organisms may con-
ta n as much as S0% of bivsynthetic background cortaining mainly myristic and palmitic
ac ds. By using antilipogenic coripounds such as cerulsnin, avidin o~ N,N-dimethyl-truns-
4--xo-2<dodzcenamide that inhibit both de novo biosynthe:'s of long-chain fatty acids
an: the elongation of medium chain fatty acids by A. laidlawii [49—-51], the biosyn-
the ic background can be reduced. It was shown ti:rat growth of A. laidlawii cells cul-
tun d with avidin can be abtained by adding one or more exogenous fatty acids to the
groveth medium {SO]. The extent of growth under these conditions dupends primarily on
the hysical properties of the exogenous fatty acid(s) added. Fatty acids giving diacyl-
glycrolipids of very high or very low viscosity are unsuitable growth substrates, while
fatty acids giving diacylglycerolipids of intermediate viscosity support cell growth }50}.
Usiny V.N-dimethyl-trans-4-oxo-2-dodecenamide it was also possible to abolish fatty acid
heter 'geneity without any obvious effects on cell growth, resulting in the sharpening of
the tharmotropic gel-to-liquid crystalline phase transition of membrane lipids {S1].

Ho nogeneous fatty acid composition can be more easily obtained with the choles-
terol-r quiring Mycoplasma species. As these species are incapable of synthesizing either
saturat :d or unsaturated fatty acid, or to alter the chain length of either, it is possible to
control their fatty acid composition without the need to suppress the biosynthetic back-
ground Thus Mycoplasma sp. strain Y grew well when elaidate (trans-octadecenoate) was
the onl; fatty acid added to the growth medium, and this fatty acid wa: found to com-
prise onr 97% of the fatty acid residues in the cells [52].

{IE Posi ional distribution of fatty acids

Phospi olipids derived from a variety of natural sources commonly show a nonrandom
distributic n of fatty acids; saturated fatty acids are located at position 1 of the glycerol
while uns turated, branched-chain or cyclopropanecontaining fatty acid: are usually
found at j-osition 2. Until recently, very little ‘was known about the positional distribu-



kA

TABLI Il

POSITIONAL DISTRIBUTION OFF PALMITATE AND OLEATE IN PHOSPFHATIDYLIGLYCEROL
PREPARATIONS FROM RUEPRESENTVATIVE ACHOLEPLASMA AND MYCOPLASMA 3PECIES

Fatty acid distribution was determined after phospholipase A3 treatment. The ratio in lysophosphati-
dylglyccrol and in frec fatty acids reprusent the ratios at position 1 and position 2 respectively [S4].

Organism Palmitate/oleate ratio Positicn 1/Posi-
tion 2 ratio of
Phosphatidyl- Lyso-phosphatidyl- Free fatty acid palmitate in
glycerol ylycerol phosphatidyl-
glycerol
A. laidlawii 0.9 28 0.6 4.76
A. granularun-: 0.8 2.1 0.7 3.00
M. fermentany 2.5 0.4 10.2 0.04
M. mycoides 1.7 0.} 10.5 0.03
subsp. cepri
M. prneumonice 1.4 0.2 4.9 0.04
M. capricolum 1.4 0.7 3.7 0.19
M. gellinarum 1.3 0.6 39 0.15
M. gallisepticum 1.1 0.2 1.9 0.03

tion of fatty acids in membrane lipids of mycoplasmas. Previous studies using Achole-
plasma laidlawii B which requires no chclesterol showed that the fatty acid positional dis-
tribution in phospho- and glycolipids of this organism is in accord with that found else-
where in nature [53]. On the other hanc, an unusual positional distribution was recently
found in the phosphatidylglycerol of many cholesterol-requiring Mycoplasma species [12.
54] (Table II) in which fatty acids having lower melting points were found more abun-
dantly in position 1, while those with higher melting points were found in position 2.

The Mycoplasma species differ from Acholeplasma species in their growth requirement
for cholesterol. Cholesterol reaches levels of about 50 mol% of total membrane lipids in
Myccplasma species as opposed to low cholesterol levels (up to 10 mol%®) in the choles.
terol non-requiring Acholeplasma species [SS]. It was suggested that the recuirement
for cholesterol and its high content in the membrane of Mycoplasma species ma - be asso-
ciated with the presence of phospholipids with unusual positional distribution [54]. One
possibility is that the requirement for cholesterol is associated with different physical
properties of the membrane imposed by the differences in the positional distribvtion ot
the fatty acids in membrane phcspholipids. However, data obtained with artificicl mem-
brane systems [56,57] do not appear to support this suggestion. In these studies, force-
area curves at the air-water interface of structural isomers of phosphatidylcholi:e with
monounsaturated chains at position 1 or 2 were practically identical. The permeat ility of
liposomes derived from these phosphatidylchcline preparations to glucose, =rythritol
and glycerol was also the same. Morcover, after mixing with cholesterol, the mean molec-
ular area at the air-water interface, the permeability of the liposomes to nonionic sub-
stances and the energy content of the gel-toliquid crystalline phise transition were
decreased to about the same degree with both structural isomers. Another possitility is
that the high cholesterol content in the membrane of Mycoplasma species affects the
specificity of the acyltransferases located in the membrane. This possibility was recently
excluded by showing that the positional distribution of palmitic and oleic acids in phos-
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phatidylglyce rol preparations from M. capricolum cells grown in a cholesterol-rich medi-
um {native s rain) and those adapted to grow in a cholesterol-poor medium (adapted
strain) were v -1y similar [$4]. Since the native strain contained a 7-fold bigher cholesterol
concentration it seems that in M. capricolum an unusual positional distribution of fatty
acids exists rep.ardless of the cholesterol content of the membrane.

IIF. Sterols

Mycoplasma are the only prokaryotes showing a requirement for cholestero! for
growth, thus ma <ing them unique models “or studying the role of cholesterol in biological
membranes [3.4 §5]. Cholesterol in found in all species of Mycoplasma, Spiroplasma and
Ureaplasma that require the sterol for growth, reaching levels comparable to those found
in the plasina mu mbrane of eukaryotic cells (25--30% by wt. of total membrane lipids).
The Acholeplasn 1 species not requiring stero! incorporate cholesterol into their mem-
branes when thi: lipid is supplied in the growth medium. The cholesterol content of
Acholeplasma me nbranes may reach levels of about 10% (by wt.) of total membrane
lipids. None of th. mycoplasmas tested so far, including the no sterol requiring species, is
capable of cholest.irol synthesis. Furthermore, the unesterified cholesterol incorporated
from the growth 1redium is generally not esterified or changed in any other way. The
cholesterol esters Jjetected in me.nbranes of most Mycoplasma species apparently origi-
nate from the growth medium, as their fatty acid composition resembles that of the
esterified choles’ erol fraction in the serum: supplement of the growth medium [$5,58]).

Although ar.y steroid containing an aliphatic side chain can be incorporated, only
planar 3-hydre.xy sterols permit growth and, hence, proper fit and function in the mem-
brane [55,59.60]. Sterols which have been demonstrated to be functionatly proper are
cholesterol, Jsitosterol, ergosterol and cholestanol. For M. ecapricolum the requirement
for sterol i. met also by the methylcholestane derivatives lanosterol, cycloartenol, 4,4-
dimethyichiolesteroi, 4f-methylcholestanol, cholesteryl methylether and 3a-methyl-
cholestansl {61]. The unusual acceptance of diverse cholestane derivatives by M. capri-
colum contrasts with the structural attributes thought to be necessary for sterol function
in myccplasma and eukaryotic cells.

The uptake of the sterol was suggested to be a physical absorption process with an
energ) of activation of 6 kcal/mol [62]. Recent resuits showing that intact M. capricolum
celis incorporate much less cholestercl under conditions where growth is inhibited [63]
sugg:st that growing mycoplasmas may also possess a mechanism that catalyzes choles-
terc:l incorporation into the membrane. The ordinary cholesterol donors in the growth
media are serum lipoproteins. Using purificd human-serum lipoproteins it was found that
the amounts of cholesterol incorporated into the membranes from the low density lipo-
rroteins (LDL) were much higher than those taken up from the high density lipoproteins
"HDL) [64,65]. This result supports the notion that LDL is a far better cholesterol donor
than HDL. The much higher molar ratio of unesterified cholesterol to phospholipid in
LDL (about 0.8 : 1) as compared with that in HDL (about 0.15 : 1) may be responsible
at least in part for the better performance of LDL as a cholesterol donor |65].

A model for the phospholipid-cholesterol complex in a membrane was recently pre-
sented by Huang [66] based on the structural properties of phospholipid and cholesterol
molecules. Accordingly, the S-face of cholesterol is packed in close contact to the unsatu-
rated fatty acyl chain esterified at position 2 of phosphatidylcholine while the a-face par-
ticipates in strong van der Waal’s interactions with the saturated acyl chains at position 1.
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Since in the cholesterol-requiring Mycopiasma species unsaturated fatty acids seem to be
commonly in position 1 of the de novo synthesized phospholipids [54], the -face of the
steroid nucleus will interact preferentially witk the acyl chain esterified at position 1 of
the phospholipids. Therefoie the carbonyl oxygen of position 1, suggested by Huang
(66] to be engaged in hydrogen bonding with the equatorial hydroxyl group of the cho-
lesterol, is less common for such interaction in Mycoplasma.

I11. Physical properties of mycoplasma membranes

The physical properties of mycoplasma membranes were intensively studied dusing the
last decade by a variety of physical methuds, such as differential scanning calo-imetry
[5,67-69], differential thermal analysis {70,711}, X-ay diffraction [6.7]. EPR spec-
troscopy [72,73], NMR spectroscopy [74-79], light scattering [80]. and fluorescence
solarization [81). The results obtained were reviewed in detail previously [82.83]. These
results firmly established that the bulk of membrane lipids in mvcoplasmas constitutes a
ipid bilayer. However, whercas differential scanning calorimetiy and X-ray diffraction
studies suggested that most lipid hydrocarbon chains associate with each other rather
than with proteins, EPR spectroscopy [72,73] suggests that seme membrane lipids inter-
act with hydrophobic proteins which are partially embedded in, or traverse, the hydro-
carbon core of the membrane {84]. The most striking event in the membrane is the gel-
to-liquid-crystalline phase transition, with the bilayer conformation retained throughout
the process. The entire temperature range of the phase transition can be ¢etected calo-
rimetrically or by X-ray diffraction. The phase trausition is consistently dependent on the
chain iength and degree of unsaturation of the fatty acid residues of membrane lipids. and
is undetectable in membranes containing high levels of cholesterol [81.85]. Unlike the
narrow and well-defined thermotropic phase transition of dispersions of a specific phos-
pholipid conta ning uniform fatty acid chains, the phase transition temperature renge of
isolated A. laidlawii membranes or their derived lipid dispersions is broad, and may range
up to 30°C {71]. This broad range is apparently due to the fact that the bulk of the mem-
brane lipids consists of a mixture of lipids with different transition temperatures, appar-
ently due to the heterogeneity o1 the fatty acid chain and of the polar head groups [69.
86]. The fatty acid heterogeneity can be abolished by antilipogenic agents resulting in a
marked sharpening of the thermotropic gel-to-liquid-crystalline phase transition [Si].
Since under these conditicns cell growth may not be affected, it seems that neither fatty
acid heterogeneity nor a low-cooperatively lipid phase transition are essential for tne
proper functioning of the A. laidlawii cell membrane.

The application of EPR spectrometry to mycoplasina membrane studies yielded infor-
mation about he average lipid fluidity, the orientation of lipid components in the mem:
brane and the phase properties of the membrane. The most intensive work was carried
out with spin-labeled fatty acids that were incorporated into isolated membrane prepara-
tions [72]. or were added to the growth medium and were utilized by the cells for the syn-
thesis of spin-labeled phospho- and glycolipids [73]. The ease and realiability of determin-
ing the overall membrane fluidity using EPR spectrometry made it a useful technique for
comparative fluidity studies [8,72,73,88]. Uti'izing EPR studies, the effect of membrane
proteins on the mobility of the hydrocarbon chains of .4. laidlawii lipids was first noted
{72]. The fluidity of the membranes wvas decreased upon increasing the protein/lipid ratio
in membrane preparations. Further studies showed that proteolytic treatment and subse-
quent binding of cytochrom:e ¢ or lysozyme resuited in an initial ircrease followed by a
decrease in the fluidity of the lipid bilayer [87].
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EPR spectrometry detects a discrete temperature within the gel-todiquid-crystalline
phase transition, which is related to the temperature of a phase transition of specific
regions where the probe is concentrated rather to the transition of the bulk of the mem-
brane lipids [89.90]. This temperature is determined from the inflection points observed
in Arrhenius plots of the motion narameter (75) of spin-labeled fatty acids that have a
nitroxide gioup close to the methylene end groups of the mclecule [91,92]. Such mole-
cules, though far from being spherical, move in a nearly isotropic fashion, warranting the
use of Kivelsons formula [93] for determining an empirical motion parameter (7o)
related to the rotstional correlation time (7). EPR studies may also detect thermotropic
phenomena other than the gel-to-liquid-crystalline phase transitions, such as cluster for-
mation, liquid-liqui¢ phase separation, transitions in the solvation shells of proteins, etc.
[90.9496].

A more detailed and quantitative undersianding of the structure and organization of
the hydrocarbon and polar regions of membrane lipids was provided by intensive NMR
studies of A. laidlawii membranes [74,76,77]. Unlike the nitroxide-<containing electron
spin resonance probes, most NMR probes ao not siznificantly perturb their environment.
A detailed evaluation of NMR and « -ther techniques was presented elsewhere (83].

IV. Control mechanisms for regulating membrane fluidity

The physical properties of membrane lipids are vitally important to mycoplasmas.
A. laidlawii was not able 10 grow at temperatures at which its membrane lipids exist
entirely in the gel state [71], confirming the notion that some of the lipid hydrocarbon
chains must be in a fluid state to support proper membrane function [5). A. laidlawii
cells with up to about half of their membrane lipids in the gel state are able to function as
well as cells whose membrane lipids are entirely in the fluid state, but growth rates
decrease proportionately with the increase of membrane lipids in the gel state, and
growth ceases entirely when more than 90% of membrane lipids are in the gel state [71].
The fact that growth and replication of my'coplasmas require a lipid bilayer in a fluid or
partially tluid state is due, to a certain extent, ro the findings that complete crystalliza-
tion of membrane lipids results in a marked redu:tion in the activity of membrane trans-
port systems [97.98]; the activity of membrane associated enzymes [92,99-110], the
permeability of the cells to nonelectrolytes (70,99,100,102} and the elasticity of the
membrane {103]. A regulatory mechanism is therefore necessary to maintain membrane
lipids in an appropriate physical state when the growth temperature or the fatty acid
composition of the medium are changed.

Several types of lipid change could alter the phase properties of mycoplasma mem-
branes. An incisase in the average chain length cf the fatty acyl chains or 2 decrease in
the ratio of uniaturated/saturated fatty acid moieties would raise the transition tempera-
tures [S]. Altering the cholesterol and carotenoid content of mycoplasma cell membranes
will modify the molecular packing of the phospholipid acyl chains [36,55,104]. Changes
in the distribution of polar head groups of the negatively charged phospholipids of myco-
plasma membraies, or allowing these groups to interact with divalent cations. could aiso
markedly chang: transition temperatures [10s).

VA Varving Sarrv 205d compaosition

) The tluidity 5}? membrane lipids and the temperature range of the gel-to-liquid-crystal-
line phase transition are primarily dependent on the chain length and chemical structure
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of the hydrocirbon chains of membrane lipids [106]. The cohesive forces between the
hydrocarbon chiains of the adjacent phospholipid molecules are predominantly lLondon-
van der Waal's force: in membranes. The.c forces are additive and increase with a rise in
the number of methylene groups in the interacting chains. Increasing the chain length of’
the fatty acids increases the attrzctive forces between the adjacent phospholipids and will
result in a tightly-packed lipid bilayer where the freedom of motion of the hydrocarbon
chains is low, and the temperature of the gel-to-liquid phase traunsition is high [107].
Since the attractive forces between the methylene groups decline rapidly with increasing
distance between the groups, unsaturated fatty acids, branched-chain fatty acids, cyclo-
propane-containing fatty acids or any fatty acid containing a bulky side group that is
incorporated into membrane phospholipids will increase membrane fluidity and decrease
the gel-to-liquid-crystallinc phase transition.

"The regulation cf the acyl chain length and the degree of unsaturation seems to play a
major role in controlling niembrane fluidity of the Acholeplasma species that require no
cholesterol. A regulatory mechanism that senses temperature and maintains a constant
membrane fluidity was demonstrated in A. laidlawii strain A, where decreasing the
arowth temperature to 15°C caused a significant increase in the amount of exogenous
oleic acid incorporated into membrane lipids [72]. This resulted in higher fluidity of
membranes from cells grown at 15 or 28°C than those at 37°C [30,72,108). Accordingly,
a direct downshift in transition temperature at lower growth temperatures was demon-
strated by Melchior et al. [68] with the closely related 4. laidlawii strain B using differen-
tial scanning calorimetry analyses. When cells were grown at 37°C, membrane lipids were
fluid at 37°C but entirely in the gel state at 25°C, whereas when grown at 25°C, mem-
brane lipids were mostly fluid even at 25°C. Temperature control of fatty acid composi-
tion in bacteria was first noted ir. £scherichia coli by Marr and Ingrahm [109]. The phe-
nomenon was investigated in E. col’ {for reviews see Refs. 110, 111), and the conclusion
was reached that the mechanisms responsible for the temperature-induced fatty acid
alteration operate at the level of both fatty acid biosynthesis. by changing the ratio of un-
saturated to saturated fatty acids, and the acyltransferase-mediated incorporation of fatty
acids into the glycerol backbone. In A. laidlawii, where saturated but no unsaturated
fatty acids are synthesized [42.43], a thermal regulatory mechanism at the level of fatty
acid biosynthesis is expected to affect the chain length of bicsynthetic output by decreas-
ing the chain length at lower growth temperatures and increasing it at highet growth tem-
peratures. Yet, changes in the growth temperature produced only minor alterations in the
pattern of the saturated fatty acids derived from de novo fatty acid biosynthesis [44] or
from elongation of exogenous medium chain fatty acids [-48]. In addition, the tempera-
ture range of the thermotropic phase transition of membranes derived from celis grown in
fatty acid-free media at various temperatures varied only slightly with growth tempera-
tures [71]. It seems, therefore, that the mechanism responsible for temperature-induced
fatty acid alterations does not operate at the fatty acid biosynthesis level, but at the level
of the transacylation reaction, where the membrane-bound transacylase is involved {8].
As the growth temperature is decreased, A- laidlawii adjusts the fatty acid composition of
its complex lipids by incorporating exogenously supplied fatty acids with progressively
lower melting points. Since the requirement for fatty acids with lower melting points can
be fulfilied by cis-unsaturated, trans-unsaturated, branched<chain or cyclopropane-
containing fatty acids, it seems that the physical properties rather than the chemical prop-
erties and the electronic configuration of the exogenous fatty acid added to the growth
medium are important in determining the suitability of the fatty acid for the acyl trans-
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Fig. 2. Conrclation between the palmitate/oleate ratio incoporated into A. laidlawii membrane lipids
(a), the extent of transition in membrancs (b), and the paliritatc/oleate ratio of fatty acids physically
bound to bilayers of extracted membrane lipids (c) {112].

fer |86,90]. It was therefore suggested that the temperature-sensing selection mechanism
is thermodynamically determined and not dependent upon the acyltransferase specificity
[112]. Thus, the control of membrane fluidity resides in the membrane itself, and the
membrane-bound acyltransferase is not required to distinguishi between different fatty
acids. In fact, the pattern of esterification of palmitate and oleate at various temperatures
closely parallels the physical state of the membranc bilayer and the physical binding of
free fatty acids to liposomes made from membrane lipids (Fig. 2). As the temperature is
lowered, an increased amount of oleate relative to palmitate is accepted by the bilayer
where it is utilized by the transacylase for complex lipid biosynthesis.

Although the de novo fatty acid biosynthesis and the chain elongation systems are not
affected by a shift in the growth temperature, it seems as if both these mechanisms are
involved in regulating the fatty acid composition of membrane lipids in response to varia-
tion in the fatty acid composition of the growth medium [48,113]. Thus, the spectrum
of the =nd products of the de novo fatty acid biosynthetic pathway [113] as well as the
products of the chain elongation system [48] are influenced by exogenous fatty acids
added to the growth medium in a way that exogenous unsaturated or branched-chain
fatty acids having low melting points tend to enhance the mean chain length of de novo
biosynthesized fatty acids, and increase the extent of chain elongation, while exogenous
longchain saturated fatty acids having high melting points tend to exert an opposite
influence. Hence, the de novo fatty acid biosynthesis and the chain elongation systems
serve to buffer the physico-chemical effect of exogenous fatty acid incorporation by a
compensatory shift in the average chain length of the product. A possible explanation for
the mechanism of such & regulatory system was proposed by Silvius et al. {113] (Fig. 3).
Since in A. laidlawii fatty acids with low melting points are preferentially directed to
position 2 of the glycerol backbone, while fatty acids with high melting points are pre-
dominate in position 1 [53,114,115}, an exogenous: fatty acid with a low melting point
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will complete with the short chain endogenously synthesized fatty acwds for tranafer to
position 2 of the glycerol. If the termination of fatty acid chain ehongation wm driode
plasma is determined by the competition between the fatty acid elongatyn and the trans-
fer of the acyl groups to the glycerol backbone, an exogenous low-amelting fatty actd spe-
cific for position 2 will decrease the rate of acyltransfer of the shorter cham brosynthets
products, enabling continued elongation of the fatty acy! thivesters.

IVB. The role of cholesterol

The fluidity and phase transition of membrane lipids is dependent or the sterol coa-
tent o* the membrane. Sterols must contain a planar nucleus, a free hydroxyl group at the
3@-position and a hydrocarbon side chain in order to exert an effect on artificial men-
brane systems [116} and mycoplasma membranes {55,59,60.102). A sterol such as cho-
lesterol, by virtue of its peculiar molecular shape, will be oriented i the membrane in
such a way that its rigid ring system will be aligned parallel to the hydrocarbon chains of
membrane phospholipids with the polar hydroxyl group anchoriug one end of the choles.
terol molecule to the polar surface of the bilayer. The planar hydrocarbon part of the
cholesterol molecule that extends towards the center of the bilayer exerts a condensing
effect on lipids at temperatires above the temperature of the phase transiticn, but at tem-
peratures below the temperature of the phass transition, cholesterol will prevent the
coopeiative crystallizatior. of the hydrocarbon chain and will therefore climinate the
phase transitions. By eliminating the phase transition at low temperatures, and decreasing
membrane fluidity at high tempcratures, cholestercl creates an intermediate fluid state of
the lipid bilayer [104].

The idsa that in biological membranes cholesterol regulates the fluidity of membrane
phospholipids gained strong support from mycoplasma studies. The first of these studies
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showed that the sterols required to promote the growth of Mycoplasma (117,118}, Urea-
plasma [60] and Spiroplasma [119]. are those with molecular properties required to
induce the condensing effect and to eliminate the thermal phase transition of artificial
membranes {57,85,102]. The ability to alter the cholesterol content of M. mycoides
subsp. capri by adapting the cells tc grow with very little cholesterol [8!] provided a
most useful model for establishing the jegulatory role of cholesterol in biological mem-
branes, The cholesterot content of the adapted strain was less than 3% of the total mem-
brane lipids as opposed to 22-26% in membranes of the native strain. The marked reduc-
tion in cholesterol Yevels produces profound changes in the fatty acid composition, ultra-
structure, and biclogical and physical properties of the cel!l membrane of the adapted cells
[81,99,120¢] but the most remarkable differences were the increased lipid fluidity in
membranes of the cholesterol-depleted adapted strain and the detection of a thermo-
tropic gel-to-liquid<crystalline phase iransition in the adapted strain but not in the native
strain. The differences in the phase belavior of the native and adapted strains are mani-
fested in membrane ultrastructure. Freeze-fracture electron microscopy enables one to
compare the hydrophobic membrane core of the native and adapted strains. Smooth-
faced areas are believed to be mainly lipid domains while the particles are apparently ot a
protein nature [121]. Chilling the adapted strain to 4°C prior to the quick freezing causes
the aggregation of particles, leaving over §6% of the fracture faces particle-free. No such
phenomenon could be demonstrated with the native strain. The aggregation phenomenon
is probably due to a thermotropic phase transition of membrane lipids [91]. The differ-
ences in phase properties of the native and adapted strains provided the first evidence to
support the notion that cholesterol in a biological membrane functions as a regulator of
membrane lipid fluidity by inducing ar intermediate fluid state during changes in growth
temperature or following alterations ‘n the fatty acid composition of membrane lipids.
Cholesterol, by preventing the crystailization of membran: lipids of the native M. my-
coides subsp. capri cells at lower temperatures, keeps membrane lipids in a sufficiently
fluid state to support the functions of key membrane enzymes such as the membrane.
bound ATPase [99]. Thus, growth of the native cholesterol-rich strain continues at tem-
peratures lower than 37°C, while in the adapted cholesterol-poor strain, growth was
almost completely arrested at temperatures where most of tire membrane lipids are in a
gel state (25°C and below). The adapted cholesterol-poor strain was also successfully uti-
lized to establish the relationships between cholesterol content and intracellular ion levels
[120]. The decrease in potassium content, increase in sodivm content and the reduced
acidification of cholesterol-poor cells were taken to suggest that cholesterol affects the
zation content via the increase in proton permeability which in turn controls the value of
the Ay responsible for intracellular K* equilibratior. This hypothesis was substantiated
by cholesterol recovery experiments where replenishing cholesterol to adapted cells
resulted in an immediate increase of the intraceliular K* content [120].

The low amounts of cholesterol that can be incorporated into A. laidlawii, which does
not require sterols, were not sufficient to eliminats the phase transition of membrane
lipids but only to reduce the energy content of the phase transition [85]. The incurpom-
tion of cholesterol into A. lmidiawii membranes reduced, however, the permeability of the
cells to nonelectrolytes, an observation that can be satisfactonly rationalized by postulat-
ing 2 condensing effect of cholesterol upon the lipid bilayer of A. laidlawsi [70.85,102].
The requirement of mycoplasmas for cholesterol as a reguiator that helps to maintain a
constant membrane fluidity is probably due to the necessity of overcoming the inability
of these cells to operate mechanisms for controlling membrare fluidity at the level: of
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fatty acid and complex lipid biosynthesis. Such mechanisms operate efficiently in bac-
teria [110], and to a certain extent in the Acholeplasma specics that are capable of vary-
ing the chain length of the fatty acid synthesized (48] or selectively incorporating exoge-
nous fatty acids from the growth medium [112]. However, all Mycoplasme and Spiro-
plasma species tested to date are incapable of synthesizing or clongating fatty acids. Fur-
thermore, it is not clear if the sterol-requiring mycoplasmas possess the ability to adjust
incorporation of fatty acids from the growth medium in response to variations in growth
conditicns, since studies carried out so far with M. hominis [S8) and S. cirri |119]
showed that these organisms preferentiully incorporated palmitic acid into their mem-
brane phcspholipids. The incorporation of large quantities of sterol into the membrane of
the cholesterol-requiring parasitic mycoplasmas may be necessary to prevent membrane
lipids from crystallization at their optimal growth temperatures.

IVC. Carotenoids as regulators of membrane fluidity

The idea that in Acholeplasma specics, carotenoids with a planar hydrocarbon struc-
ture may fulfill functions analogous to thore of sterols in Myceplasma species was put
forward by Smith [3]. This idea recently gained considerable support from studies [122,
123] showing that the carotenoids, preferentiaily oriented with their amphiphilic axis
paraliel to the hydrocarbon chain of membrane polar lipids, are acting as reinforcers of
the lipid bilayer. Thus the inhibition of carctenoid biosynthesis or the selective removal
of carotenocids from A. laidigwii membranes result in a decrease in membrane viscosity,
whereas the incorporation of the carotenoids into membranes increases membrane visco-
sity [123]. Thesc observations are in suppoyt of the hypothesis that a series of poly-
terpenoids C3o—Cso — acyclic or polycyelic, conformationally mobile or rendered rigid
by conjugatior or by polycyclization — can play a role as membrane stabilizers instead of
sterols [36]. The regulatory role of carotenoids in controlling the fluidity of 4. laidlawit
cell membrane was recently suggested by showing that the carotenoids biosynthesis sys-
tem senses membrane fluidity [123].

V. Structural and functional properties of mycoplasma membranes are affected by the
p':ysical state of membreane lipids

The most important conclusion from studies on the gel-toliquid-crystallin:: phase tran-
sition in 4. laidlawii membranes is that under physiologicai conditions thes- membranes
are at least in part in the liquid crystallins phase. Evidence that pointed to a correlation
between the lipid vhase properties, membrane structure and function were accumulated
during the past few years. The studies on the effect of membrane viscosity cn the penne-
ability anc transport processes were recently reviewed [98] and therefore are not deal:
with in this review,

VA. Fhysiolcgy and morphology of the cells

A. keidiawii shows changes in cell morphology and growth rate depending on the fatty
acid supplemented [123]: thus, when grown on oleate, the growth rate is high and the
cells are filamentous, while poor growth was obtained when cells were grown on palmi-
tate, and they are spherical. A more precise correlation between growth and the thenno-
trpic transition of membrane lipids revesled that the physical state of membrane lipids
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h:is a marked effect on both the temperature range within which 4. lekdlawii cells can
gtow, and on growth rates within 1he permissible temperature range [71}. The minimum
£7 'wth temperature is defined by the lower boundary of the pel-to.liquid-crystalline
pl ase transition of the membraane lipids. The optimum and maxirnum growth tempera-
tu ¢ are also influenced by the boundaries of the phase transition but to a much smaller
ex ent. The celis will not grow at temperatures below their transition [5,71], but some
cel growth will continue at temperatuies within the temperature 1ang? of the transition,
wh:re most of the membrane lipids ar2 in the gel state. Growth doss not stop until enly
abc ut 107G of membrane lipids remain Quid [71].

"“he integrity of mycoplasma cells is primarily determined by their osmotic fiagility.
The precise mechanisim of osmotic lysis is still unknown, but there :s no douht that it is
detctmined, at 12ast u part, by the physical state of the membrane lipids {125). The idea
that unsaturated fatty acids may allow for a looser packing of mycoplasma membrane
lipid s resulting in greater eleasticity of the membrane was advanced some time ago [124).
Furt wermore, it was shown [126] that the replacemant of oleate (C-18 : 1 cis) by elaidate
(C-1.: : 1 trans) resulted in a decreased osmotic fragility, suggesting ttat an optimal fluid
state is required to maintain osmotically stable cells. When part of the membrane lipids
are . the fluid phase. the elasticity of the ccil membrane enables the cells to swell and
tehai 2 as a good osmometer. However, when membrane lipids are in the gel phase, the
cells : re unable to swell and will lyse in 3 slightly hypotonic medium [103].

Th: fatty acid composition and physical properties of membrane lipids also have an
effect on the thickness of the 4. laiclawii membranes. X-ray diffraction studies with
A. leic 'awii membranes enriched with either erucic (C-22 : 1 ¢is) or palmitic (C-16 : 0}
acid st owed that the lipid bilayer thickness increased in proportion to the average fatty
acyl ct ain length [7]. Thus, below the phase transition a thickness of 52 A was measured
in the ‘rucate enriched membranes as agsinst 47 A in palmitate erriched membranes. As
the htin becomss more fluid, the dimensions of the bilayer might deciease, and in the
fluid plase, the thickness of erucate or palmitate enriched membranes were 41 and 38 A,
respecti /ely. '

VB. Dis, ribution of membreone proteins

The asymmetrical transbilayer distribution of membrane proteit and the dependence
of their .ateral and rotational mobility on the physical state of membrane lipids are well
established properties of biomembranes, including those of mycoplasmas [4,127,128].
Freeze-{t cture electron microscopy studies provide evidence that the physical properties
of ‘mycog lasria membrane lipids may change the distribution of the intramembranous
prowin partickes in the membrane. In general, A. laidlawii membrines frozen from tem-
puratures above the phase transition have a random distribution cf intramembrane par-
ticles whe: sas these particles are aggregated or patched below the transition temperature
as 2 result of ‘squeezing out” of particies by the lipids as they undergo phase suparation
[81.81]. The correlation between the physical state of membrane lipids and particle
aggregation was best manifested in the stercl-requiring M. mycoides subsp. capri, where in
the nztive :train containing high levels of cholestero! that are sufficient to eliminate the
liquid-cryst: Uine-toel phase transition, no aggregation of particles was obtained, but in
the cholest rol-depieted adapted strain, maintaining the cells at 4°C prior to freezing
caused the formation of aggregated amays of particles (81]. Data that temperature
induced chaiges in the physical state of membrane lipids can also cause changes in the
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location of susface proteins were presented by Wallace et al. [129.130] using 2n avidin.
fesritin label that was s»xifically bound to amino groups of membrane protein that are
exposed to labeling at th: membrane surface. By visuslizing the distribution of the com-
plex on the surface of A. didiawil cells, they concluded that below or above the gel-to-
hquid-crystalline lipid phase transition the labeled sites were dispersed but in membranes
labeled at an intermediate temperature where lipids are in a mixture of the twe phases,
patches of low and high density label were found. It therefore appears that both intra.
membranous protein particles and surface proteins of mycoplasma are mobile and their
relative positions are affected by the physical state of membrane lipids, but whereas intra.
membranous particles are completely aggregated at the completion of the phase trausition
and the aggregates are not dispersed as the temperature is lowered further [91], surface
proteins seem to be aggregated at temperatures within the boundaries of the phase transi-
tion but dispersed at lower temperatures {129.130]).

A most intriguing question is whether the physical state cf mycuplasma membrane
lipids also influence the vertical :fisposition of proteins immersed in the lipid bilcyver.
Borochov and Shinitzky [131] have recently postulated tha: the position of the amphi-
pathic proteins in the membranes reflects the equilibrium state between the iateractions
of- their hydrophobic parts with membrane lipids and their hydrophilic parts with the
aqueous surroundings.

Accordingly, with decreasing lipid fluidity, the interaction of hydrophobic parts oi the
proteins with the lipids will diminish resulting in the squeczing out of the proteins which
will then occupy a new equilibrium position. The opposite vectorial displacement wil
occur on increasing the lipid fluidity. However, in A. Isdéawii changes in the degree of
exposure of the jodine-binding sites of membrane proteins could not be consistently cor-
related with changes in membrane fluidity brought about by altering the faity -.cid coma-
vosition of membrane lipids, by changing growth temperature, by aging of cultures and
by inducing changes in the membrane lipid/protein ratio tivough treatment with chloram.
phenicol [10]. It was therefore suggested that changes in the exposure of proteins va the
surface of intact cells are associated with alterations in the enesgized state of the mem-
brane rather than with changes in the physical state of membrane lipid. [10.132}

V' C Lipic dependence of membrans-bound enzyres

The lipid dependence of some¢ membrane-bound enzymes of mycoplasma wes previ.
ously suggested [92,99-101]. The lipid dependuncy of the Mg**-dependent ATPasc of
A. aidiawii was finally confiimed by showing that specific removal of phosphatidyl-
glyerol from A. izidlawii membranes inactivates the enzyme [132'. Of all membrane
lipiis of this organism, phosphatidylglycerol was the only lipid species which could t=
used to reconstituts their enzymatic activity [£33].

e requirement for a fluid lipid environment for optimal enzymatiz activity of some
membrane-bound ¢nzymes was suggested by showing that within the temperature 1ange
of tt e lipid gel-toJiquidcrystalline phase trenvition the activation energy of the cnzyme
activ.ty is increased. De Kruyff et al. [100] examined the rat:temperature profiles for
the riembrane-bound Mg?*-dependent ATPase of A. leidlawii from cells supplemented
with various fatty acids; they reported inlection points in the slopes of the Arrhenius
plots of the activities that representcd changes in the activation ensrgy of the enzyme,
with lywer activation energy at temperatures above the inflection point and higher at
tempeiatures below it. The inflection points were found to be dependent on the fatty
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acid coniposition and seem to occur at the lower boundary of the gel-to-liguid-crystalline
phase transition {100,101]. Inflection points were also noted in the Arrhenius plot of a
membrne-bound thicesterase activity of A. laidlawii 192] but not in the Arrhenius plots
of the NADH oxidase and p-nitrophenylphosphatase activities [92,100], although the
memb.ane lipids underwent a phase transition within the temperature range where
enzyr:e activities were determined.

The inflection ‘points’ observed with both Mg?*-dependent ATPase and thioesterase
were at a single temperature, close to the lower boundary of the lipid phase transition
[92 100]}. Thus, plots of thioesterase activity of elaidate or palmitate enriched mem-
braries showed inflection points at 12 and 18°C, respectively. No inflection points were
notzd in linoleate or oleate enriched membranes which do not exhibit a lipid phase transi-
tica within the temperature range tested. The possibility brought up by de Kruyff et al.
[100] that the ATPase of A. laidlawii is associated with a boundary lipid having a low
transition temperature, thus showing inflection points at the lower end uf the transition
t:mperature, was recently challung:d by Bevers et al. [133]. They demonstrated by
reconstitution experiments that the fatty acid composition of both the boundary phos-
pholipids, as well as that of the bulk phosphoiipids, determines the activation energy and
the inflection temperature in the Archenius plot of the Mg?*-dependent ATPase of myco-
plasmas. Arrhenius plots of the ATFase activity of the cholesterol-depleted M. mycoides
subsp. cepri :dapted strain showed inflection points at temperatures that corresponded
well with the thermotropic membrane phase transition [99]. No inflection point could be
detected, however, in Arrhenius plots of the cholestercl-containing native strain where a
phase transition was eliminated. Cholesterol could als» atfect the Mg®*-dependent ATPase
activity of A. laidlawii membranes, as the incorporation of cholesterol into these mem-
branes decreases the inflection temperature of the ATPase activity {100]. The cholesterol
effect was reversed by filipin, a polyene antibictic which in.eracts with cholesterol. Tem-
perature dependent variations in both ¥V and K, values of the Mg?*-dependent ATPase
of A. laidlawri, which can produce a variety of Arrhenius plot artifacts, were recently
described [134] suggesting that temperature variations in substrate binding affinity will
i.av< 1o be taken into account when determining the effect of temperature on the rate of
a membrane-bound enzyme.

In A. laidlawii a correlation between membrane viscosity and the output of the mem-
brane bound complex-lipid biosynthetic system was also described {3C]. The two polar
lipids most prone to membrane viscosity are the monoglucosy! diacylglycerol and diglu-
cosyl diacylglycerol. It was suggested that since monoglucosyl diacylglycerol prefers 3
reversed hexagonal structure at all conditions, by the differential synthesis of these two
glycolipids the cells maintain a balance between lipids in a lamellar and in an hexagonal
phase [135].

V1. Transmembrane asymmetry of membrane lipids

The heterogeneity of mycoplasma membrane lipids consisting of carbohydr:te.
containing lipids (glycolipids and glycophospholipids), phospholipids and sterols requires
the application of specific techriques for determining the transbilayer distributior of
each lipid class. Only recently a somewhat more general procedure was described [24)
where the lactoperoxidase-mecdiated iodination technique, widely used to detsrmine poly-
peptide asymmetry in mycoplasma membranes [4], was successfully applied to the study
of the transbilayer distiibution of the various polar lipid specics of A. laidlawii mem-
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branes. The iodine was found to be bound to membrane lipids by an a-substitution pro-
cess a.nd gave rczuits that were in accordance with those obtained by specific laheling
techniques and phospholipases {23.136]).

VIA. Glycolipic's and phospholipuds

Localization of carbohydrate-containing lipids in mycoplasmas can be achieved by
using specific atidodies or lectins. In jact, :mmunolcgical studics [137-139], agglutina-
tion experimerts with lectins [140] and electron microscopic visualization of cyto-
chemicallystained concanavalin Asurfuce carbohydrate complexes {141] indicated that
carbohydrate moieties, presumably of glycolipids and glycophospholipids, are exposed on
the external suifaces of several mycoplasma species. The concept of the asymmetrical dis-
tributicn of the carbohydrate moieties wus further promoted by Kahane and Tully [136]
who showed that in all Acholeplasma .ndé Mycoplasma species tested the amount of
labeled lectins bound to intact cells was almost the same as that bound to isolated mem-
branes, suggesting that the carbohydrate-containing membrane lipids are exposed on the
cell surface.

Determination of phospholipid asymmetry in mycoplasmas is more difficult since the
methodology developed so fa- for phospholipid distribution is based to a large exient on
the use of agents that react with the primary amines of aminophospholipids and on the
ase of phospholipases [128). Aminophospholipids, such as phosphatidylethanolaminre or
phosphatidylserine, are ubiquitous in eukaryotic and most prokaryciic cells but are
almost completely absent from mycoplismas. Phospholipases can be used only with
organisms whos: membrane phospholipids are accessible to the enzyme. Such accessibi! .
ity is governed initially by the degree of shielding of membrane phospholipids by mem-
brane proteins. It is conceivable that shiclding might inil.ence the rate of phospholipid
hydrolysis or even completely prevent it. Phosphatidyiglyc:rol, the major phosgholipid of
M. hominis membranes, is such 2 case, where hydrolysis by phospholipase C did not occur
unless membrarie proteins were removed by pronase d.gestion [17]). The masking of
M. hominis mernbrane phospholipids by proteins was sipported by showing that the
phosphatidylgly:erol in isolated M. hontinis membranes fiils to interact with its specific
antiserum [142]. In contrast to M. hominis membrane phcspholipids of 4. laidlawii [23],
M. gallisepticumn and M. capricoluwn (Markowitz, O. and Cross, Z., unpublished data) are
vulnerable to phospholipases that can be used for phospholipid localization studies in
these organisms. The availability of the phosphatidylglycerol of 4. laidlawii, which con-
stitutes about 30% of membrane lipids, for hydrolysis by exogenous phospiiolipase A,
depends on the state of membrane energizaticn. In the presence of glucose, hydrolysis
proceeds at a slower rate and is limited whereas in the non-energized state hydrolysis is
completed guite rapidly [143]. The mechanism linking energy production and/or conser-
vation to the disposition of phosphatidylglycerol is not vet known. The possibilities that
in the energized state membrane lipids differ in their overall fluidity, bin:ing to mem-
brane protein, rate of translocation and/or lateral diffusion were brought up [143] but
are open to further investigation. In non-energized A. Xeidlawii cells, the !a:calization of
phosphatidylglycerol was successfully studied by Bevers et al. [23] using pncreatic phos-
phohpase A;. Treating intact A. laidlawii cells with the 2nzyme led to the hydrolysis of
50% of the phosphatidylglycerol, whereas when isolated membranes ¢ these cells were
treated at S°C, about 70% of the phosphatidylglycerol was hydrolyzed, suggesting the
presence of three different phosphatidyiglycerol pools: one (50% of the toral) exposed
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on the external surface; the second (20% of the total) exposed in the inner membrane sur-
face; and the third (30% of the total) protected from the enzyme, probably by interac-
tion with membrane proteins. Corplete hydrolysi:: of phosphatidylglycerol obtained by
phospholipase treatment of intact cells at 37°C was taken to indicate a translccation
mecvhanism (‘ilip-flop’) that enables the phosphatidylglycerol to move from the inner to
the outer half of the lipid bilayer. The ‘flip-flop’ rave of phosphatidylglycerol in .4. laid-
lawii suggested by phospholipase experiiments seems to be much faster than that observed
in liposomes [144], or biological membranes [143,146]. The fast rate may be due to the
depletion of the phosphatidylglycerol in the outzr half of the bilayer as a result of the
phospholipase activity which would trigger the translocation of this compound from the
inner half [23].

VIC. Cholesterol

The mycoplasmas are a most useful tool ‘or studying cholesterol localization and
movement in the membrane, being the only prokaryotic cells that require cholesterol for
growth. Two major appreoaches were used for cholesterol distribution studies in my«o-
plasma: (a) rapid kinetic measuraments of filipin-cholesterol association, and (b) kinetic
measurements of the exchange of cholesterol between cells or membrane preparitions to
high density lipoprotein (HDL). The filipin-chcolesterol association studies are >ased on
the observations that the binding of polyene antibiotics to sterol-containing membranes; is
casily monitored by absorbance or fluorescence intensity measurements [147,143]. Large
changes in the fluorescence polarization [148] and circular dichroism [149] of filipin
accompany its association with cholesterol and ergosterol. The major obstacle ir. utilizing
filipin for membrane studies is the membrane perturbations caused by this piobe. The
extent of these perturbations depends on the experimental conditions such as tempera-
ture, period of exposi:¢, antibiotic/sterol molar ratio etc. Stopped-flow kinetic measure-
ments of filipin-cholesterol ussociation represent a means by which filipin-induced mem-
brane disruption can be mirimized, especially if high cholesterol/filipin molar ratios and
low temperatures are used together with the very short reaction times. The initial rates of
filipin-cholesterol association were significantly lower with intact mycoplasma cells than
with isolated membranes (Fig.4). Since filipincholesterol association process follows
second-order kinetics (first-order in filipin, first-order in cholesterol) [150], and the ini-
tial rate of interaction of filipin and cholesterol is sensitive to sterol accessibilit:7 and con-
centration {150,151], the ratio of the second~yider rate constants in the unsealed isolated
membrane relative to the intact cell is a meusure of the cholesterol distribution [152).
Thes:: rate constants indicate a symmetrical distribution of cholesterol in the two halves
of the bilayer of M, gallisepticuin membranes whereas in M. capricolum about two-thirds
of the free cholesterof is localized in the outer half of the lipid bilayer. Confirming the
results obtained with filipin were the results obtained by exchange studies of [**C]cho-
lesterol hetween resting M. ga'lisepticum cells and HDL I88]. Cholesterol exists in M. gal-
liscznicem cells in two different environments. One, representing about S0% of the total
unesteritied cholesterol, is readily exchanged with exogenous cholesterol, whe :eas choles-
terol in the other environmert interchanges at exceedingly slow rates (Fig. 5) Since over
90% of the cholesterol in isoulated membranes was exchanged rapidly, it is likely that
these environments represent the inner and outer halves of the lipid bilayer. Although
exchange studies suggested that i 1estirg M. gallisepticum cells the rate of “lip-flop’ of
cholesterol from the inner to the outer half of the bilaysr is exceedingly slow or non-
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Fig. 4. Initial rat: of disappcarance of free filipin at 10°C on binding to varying concentrations of un-
esterified cholesierol in intact M. gellisepticurm cells (0) and unseaied isolated :nembranes (o). Inset:
A piot of the logarithm of the initial rate vs. the logarithm of cholesterol concentration, showing that
the binding reaction is first-order with respect to cholesterol in both cells and membranes. The indi-
cated cholesterol concentrations represeat the fanal concentration of unesterified cholesterol after
mixing of equal volumes of antibiotic with cells or membranes in the stopped-flow spectrophotometar
in 0.4 M sucrose contwining 10 mM sodium phosphate (pH 7.2) and 20 mM MgCl, [152].

Fig. 5. Exchange of ["‘C]cho!estexol from intact cells and unscaled isolated membranes of M. gailliser-
ticum with unlabeled cholesterol of HDL. Radicactive cholesterol was added to the growth medium.
Incubation of cells or membranes with a large excess of HDL (about 100 times more unesterified cho-
lesterol than was present in the membranes) was carried out at 37°C in 0.4 M sucrose containing 10
mM sodium phosphate (pH 7.2) and 20 inM MgCl,. Cholesterc! in one environment of the intact cells,
reprezenting atout 50% of the total unesterified cholesterol, is readily exchanged, with a half-time of
about 4 h at 37°C: [88].

existent [88]. One must assume that in growing cells, where cholesterol, taken up by
mycoplasmas from an £xogenous source, is first incorporated into the outer half of the
lipid bilayer, the rate of trznslocation to the inner half has to occur within the 16—-20h
growth period. Evidence that in growing M. capricolurn: cells rapid translocation of choles-
terol occurred was recently presented [63]. Transfer of a cholesterol-poor adapted strain
of M. capricolum to a cholesterol-rich medium resulted in an approx. 6-:old increase in
the free cholesterol content of the membrane within 4 h of incubation. The second-order
rate censtants for filipin-cholesterol association indicate that the transbilayer distribution
of cholesterol was essentially invariant throughout th: growth period with 50% of the
cholesterol located at the outer half and 50% at the inner half of the bilayer. However,
when growth was inhibited translocation became much slower, and cholesterol accumu-
lated in the outer half of the bilayer (Table III).

Information on the transbilayer distribution of lipids in a mycoplesma membrane i3
necessary ir. order to gain insight into the molecular organization of the membrane, but
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TABLE 111

EFFECT OF GROWTH INHIBITORS ON TRANSBILAYER DISTRIBUTION OF CHOLESTEROL
IN ADAPTED M. CAPRICOLUM CELLS TRANSFERRED TO CHOLESTEROL-RICH MEDIUM

Cholesterol distribution was calsulated from second-order rate constants for filipin binding to intact
cells and isolated membranes [673).

Inhibitor Agap Free K cclis/K Cholesterol distribution
cholestercl membranes (pg/mg membrane protein)
(ug/mg mem-
trane protein) Outer half Inner half
None 0.26 127.0 045 57.2 69.8
Chloramphen- 0.14 57.5 0.66 39.1 174
icol
Valinomycin 0.17 79.7 0.90 71.5 8.2
Gramicidin 0.13 71.3 0.92 65.5 5.8

the functional significance of lipid asymmetry in mycoplasmas is still obscure. Asym-
metry of the polar head-groups and variations in the fatty acid constituents of the various
iipid classes might result in different fluidities of the inner and outer halves of the bilaye:
[153]. In fact, EPR spectroscopy of spin-labeled fatty acids incorporated in intact cell:
and isolated membrane preparations pointed to a higher fluidity of the outer hali” of the
lipid bilayer of M. hominis and A. laidlawii cells | 154]. Since the various lipid species o’
A. laidlawii may differ significantly in their melting temperatures [69], their asyrametri -
cal transbilayer distribution could account for differences in the fluidity of the two mem-
brane halves. However, the possible contribution of the membrane proteins locited ox
the inner surface of mycopiasma membranes [1'55] has to be considered since menbrane
proteins may markedly affect membrane lipid fluidity [87]. An asymmetric distribution
of lipid in specific areas of the cell membrane might influence the surface tension: of the
inner and outer monolayer, thereby leading to the formation of areas with extreme curva-
ture {128]. Mycoplasmas, which are devoid of cell walls might use such mechanisms to
maintain their filamentous cell shape. A highly curved shape is typical of the cel. mem-
brane of the helical Spiroplasma cells which maintain their cell shape in the absence of
any supportive structu-e. Although electron microscopy studies suggested the prescnce of
fibrils in Spiroplasma {156,157] which may be responsible for the organism’s helical
shape, the possibility that lipid asymmetry plays a role in determining the helical shape
cannot vet be excluded.

Acknowledgements

This review was supported by a grant from the United States-Israel Binational Science
Founaauon (BSF), Jerusalem, Israel, as a continuation of fc rmal agreements between the
National Library of Medicine, Public Health Servics, U.S. Department of Health, Educa-
tion and Weifare, Bethesda, "AD, U.S.A., and the I:rael Journal of Medical Science:. The
unpublished experiments from the author’s laboratory were supported by grant 1746 of
the United States-Israel Binational Science Foundation.



87

References

Razin, S. (1968) in the Mycoplasinatales and the L-?hase of Bacteria {Hayftick, L., ed.). pp.
317-348, Applcton Century Crafts, New York

Razin, S. (1969) Annu. Rev. Microbiol. 23, 317-356

Smith, P.I°. (1971) The Biology «f Mycoplasmas, Academic Press Inc., New York

Razin, S. (1978) Microbiol. Rev. 42, 414 -470

Steim, J.M., Tourtellotte, M.E., Reinert, M.E. and McEihancy, R.N. (1969) Proc. Natl. Acad. Sci.
U.S.A. 63, 104-109

Engclman, D.M. (1970) J. Mol. Fiol. 47, 115117

Engeiman, D.M.(1971) J. Mol. Bjol. §8, 153-165

Rottem, S. and Greenberg, A.S. [1975) ). Bacteriol. 121, 631-639

Razin, S. (1974) FEBS Lctt. 47, 81 -85

Amar, A, Rottem, S. and Razin.S. (1979) Biochim. Biophys. Acta $§52,457-467

Beckman, B.L. and Kenny, G.E. (1968) J. Bacteriol. 96. 11711180

Rottem, S. and Markowitz, O. (1.979) Biochemistry 18, 2930-2935

Razin, 8., Kutner, S., Ephrati, H. and Rottem, S. (1980) Biochim. Biophys. Acta 59&, 628-640
Smith, P.F. (1968) Adv. Lipid Res. 6, 69--105

Smith, P.F. [1979) in The Mycoplasmas (Barile, M.F. and Razin, S., eds.), Vol. 1, pp- 231 -258,
Academic Press, New York

"Van Golde, L.M.G., McElhaney, R.N. and van Deenen, L.L.M. (1971) Biochim. Biophys. Acta

231, 245-242

Rottem, S., Hasin, M. and Razir, S. (1973) Bjochim. Biophys. Acta 323, 520531

Smith, P.F. (1963) J. Gen. Microbiol. 32, 307-319

Tully, J.G. and Razin, S. (1969; J. Bacteriol. 98, 970-~-978

Smith, P.F. and Langworthy, T-A. (1979) I Bactcriol. 137, 185-188

Smith, P.F. (1973) Ann. N.Y. Acad. Sci. 225, 2227

Wicslander, A. and Rilfors, L. (1977) Biochim. Biophys. Acta 466, 366346

Bevers, E.M_, Singal, S.A., op den Kamp, I.A.F. and van Deencn, L L.M. (1977) Biochemistry I6.
12901294 _

Gross, Z. and Rottem, S. (1979) Biochim. Biophys. Acta 5558, 547-.552

Koostra, W.L. and Smith, P.F. (1969) Bicchemistry 8, 4794 -4806

Razin, S., Prescott, B., Caldss, G., James, W.D. and Chanock, R.M. (1970) Iinfect. Immun. 1.
408-416 : :

Shaw, N. (1970) Bacteriol. Rev. 34, 365-377

Shaw, N., Smith, P.F. and Koust=>, W ¥, 1968) Biochem. J. 107, 329-333

Smith, P.F. (1972) Biochim. Biophys. Ac:a 280, 375382

Christiansson, A. and Wieslander, A. (1978) Eur. 3. Biochem. 85,65-76

Mayberry-Carson, K.J., Langworthy. T.A., Mayberry, W.R. and Smith, P.F. (1974) Biochim. Bio-
phys. Acta 350, 217-229

Kennv, G.E. and Newton, R.M. (1973) Aun. N.Y. Acad. Sci. 225, 54—-61

Langworthy, T.A., Smith, P.F. and Mayberry, W.R. (1972) ). Bacteriol. 112, 11931200
Langworthy, T.A. (1977) Biochim. Biophys. Acta 487, 37-50

Langworthy, T.A. (1979) in The Mycoplasmas (Barile, M.F. and Razin, S, eds.), Vol. I, pp.
495513, Academic Press, New York

Rohmer, M., Bouvier, P. and Curisson, G. (1979) Proc. Natl. Acad. Sci. US.A. 76, 847-851
Ruwart, M.J. and Haug, A. (1975) Biochemistry 14, 860866

Mayberry-Carscn, K.J., Jewel, M.1. and Smith, P.F. (1978) J. Bacterios. 133, 1510-1513

Smith, P.F., Langworthy, T.A. and Mayberry, W.R. (1976) }. Bacteriol. 125, 916-922

Smith, P.F. (1977) J. Bacteriol. 130, 393398

Mayberry-Carson, K .J., Roth, 1.L. and Smith, P.F. (1975) J. Bacteriol. 121, 700-703

Rottem, S. and Razin, S. (1967) J. Gen. Microbiol. 48, 53~63

Pollack, 1.D. snd Tourtellotte, M.E. (1967) J. Bacteriol. 93,636-641

Saito, Y., Silvius, J.R. and McElhaney, R.N. (1977) J. Bacteriol. 132,497-504

Romano, N., Rottem, S. and Ruzin, S. (1976) J. Bacteriol. 128, 170-173

Rottem, S. and Pangcs, C. (1970) Biockemistry 9, 5763 )

Panos, C. and Rottem, S. (1970) Biochemistry 9, 407-412



71
72

73

75
76

Saito, Y., Silvius, J.R. and M Ellancy, R.N. (1978; }. Bacteriol. 133,66 -74

Rotiem, S. and Barile, M.[°. (1976) Antimicrob. Agents Chemother. 9, 301 -307

Silvius. J.R and McEthaney, R.N. (19758) Can. J. Biochem. 56, 462469

Silvius, J.R. and McEJhancy, R.N. (1978} Nature 272, 645647

Rodwell, A. (1968) Scicnce 160, 13501351

Saito, Y., Silvius, J.R. and McElhaney, R.N. (1977) Arch. Binchem. Biophys. 182, 443 -454
Rottem, S. and Markowitz, Q. (1979) FEBS Lett. 107, 379-382

Razin, S. and Rottem. S. (1978) Trends Biochem. Sci. 3, 51--55

Demel, R.A., Geurts-van Kesiel, W.S.M. and van Dcenen, L.L.M. (1972) Biochim. Biophys. Acta
266, 26—-40

De Kruyff, B.. Demel, R.A., Slotboom, A.J., van Dcenen, L.L.M. and Rosenthal, A.F. (1973)
Biochim. Biophys. Acta 307, 1-19

Rottem, S. and Razin, S. (1973) J. Bacteriol. 113, 555--571

Smith, P.F. (1964) J. Lipid Res. 5, 121128

Rottem, S., Pfendt, E.A. and Mayflick, L. (1971) J. Bacteriol. 105, 323-330

Odriozola, J.M., Waitzkin, E., Smith, T.L. and Bloch, K. (1978) Proc. Natl. Acad. Sci. U.S.A. 75,
4107-4109

Gershfeld, N.L., Wormser, M. and Rezrin. S. (1974) Biochim. Biophys. Acta 352, 371-384
Clejan, S., Bittiman, R. and Rettem, S. (1978) Biochemistry 17, 4579-4583

Stutzky. G.M., Razin, S., Kahane, 1. and Eisenberg, S. ({1976} 3iochem. Biophys. Res. Commun.
68,529-539

Slutzky. G.M., Razin, S.. Kahane, 1. and Eisesberg, S. (1977) Biochemistry 16,5158-5163
Huang, C.H. (1978) Lipids 12, 348356

Reinert, ».C. and Steim, J.M. (1970) Science 168, 1580~1582

Melchior, D.L., Morowitz, H.1., Sturievant, J.M. and Tsong, T.Y. (1970) Biochim. Biophys. Acta
219,114-122

Chapman, D. and Urbina, J. (1271) FEBS Lett. 12, 169-172

McElhaney, R.N., de Gier. J. and van der Neut-Kok, E.C.M. (1973) Biochim. Biophys. Acta 298,
500-512

McEthaney, R.N. (1974) J. Mol. Biol. 84, 145-157

Rottem, S., Hubbell, W.L., Hayflick, L. and McConnell, H.M. (1970) Biochim. Biophys. Acta
219,104-113

Tourtellotte, M.E., Branton, D. and Keith, A. (1970) Proc, Natl. A:ad. Sci. U.S.A. 66, 909-916
Qldfield, E., Chapman, D. and Derbyshire, W. (1972) Chem. Phys. Lipids 9, 69—81

Metcaife, J.C., Birdsali, N.J.M. and Lee, A.G. (1972) FEBS Lett. 21, 335--340

Stockton, G.W., Johnson, K.G., Buder, K.W., Polnaszek, C.F., Cyr, R. and Smith, [.C.P. (1975)
Biochim. Biophys. Acta 401, §35-539

Stockton, G.W., Johnson, K.G., Butler, K.W., Tulloch, A.P., Boulnager, Y., Smith, 1.C.P., Davis,
J.H. and Bloom, M. (1977) Naturc 269, 267-26%

De Kruyff, B., Cullis, P.R., Radda, G.K. and Richards, R.E. (1976) Biochim. Biophys. Acta 419,
411-424

Catlemalm, E. and Wicslander, A. (1975) Nature 254, 537538

Abramson, M.B. and Pisetsky, D. (1972) Bicchim. Biophys. Acta 282, 80-84

;l&;tem. S.. Yashouv, J., Ne'eman, Z :nd Razin, S. (1973) Biociim. Biophys. Acta 323, 495~
Razin, S. (1975) Progr. Surf. hifembrane Sci. 9, 257~312

Rottem, S. (1979} in The Mycoplasmas (Barile, M.F. and Razin, S., eds.), Vol. 1, pp- 259 -288,
Academic Press, New York

Amar. A., Rottem, S. and Razin, S. (1974) Biochim. Biophys. Acta 352, 228—244

g):?l'.ruyfl' B., Demel, R.A. and van Deenen, L.L.M. (1972) Bicchim. Biophys. Acta 255, 331~
Saito, Y. and McEthaney, R.N. (1977) J. Bacteriol. 132, 485496

Rottem, S. and Samuni, A. (1973) Biochim. Biophys. Acta 298, 32-38

Rottem, S., Slutzky, G. and Bittman, R. (1978) Biochemistry 17, 2723--2726

Gaffney, BJ and McNamee, C. (1974) Methiods Enzymol, 32,161-198

Melchior, D.L. and Steim, J.M. (1578) Prog. Surf. Membrane Sci. 13,211-296

James, R. and Branton, D. {1973) Biochim. Biophys. Acta 323, 378-390



92
93

95

97
98

190

101
102

103

104
105
106

107
108
109
110
111

112
113
114

115
116
117
118
119

120
121
122
123
124

125

126
127
128
129
130

132
133

134
138

8%

Rottern, S. and Barile, M.F. (1977) J. Bacteriol. 129, 707-713
Kivetson, D.J. (1960) J. Chem. Plhiysiol. 31, 1096—1106
Sl:ik::m;, Ei.i:’riubl;; H., Galla, H. and Overath, P. (1973) Biochemistry 12, 5360-5368

s AG., safl, N.J.M., Metcalfe, 1.C., Toon, P.A. and Warren, G.B. (1974) Biochemistry 13,
3699--370S8 ¢ ! Y
Baldassarc, J.J., Rhinchart, K.B. and Sttbert, D.T, (1976) Biochemistry 15, 2989-2996
Read, 3.D. and McEthaney, R.N. {197$) . Bacteriol. 123, 47-55
Cirillo, V.P. (1979) in The Mycoplasmas (Barile, M.I'. and Razin, S., ¢cds.), Vol. 1, pp. 323149,
Academic Press, New York

Rottem, 8., Cirillo, V.P., de Kruyff, B., Shinitzky, M. and Razin, S. (1973) Biochim. Biophys.
Acta 323, 509-519

De Kruyfl, B., van Dijck, P.W.M., Goldtach. R.W., Demel, R.A. and van Deenen, L.L.M. (1373)
Biochim. Biophys. Acta 330, 269282

Hsung, 1.C., Huang, L., Hoy, D.J. and Haug, A. (1974) Can. J. Biochem. §2, 974980

De Kruyff, B., de Greef, W.J., van Eyk, R.V.W,, Demel, R.A. and van Deencen. L.L.M. (1973)
Biochim. Biophys. Acta 298, 479-499

Van Zoetlen, E.J.J., van der Neur-Kok, 1:.C.M., de Gier, J. and van Deenen, L.L.M. (1973) Bio-
chim. Biophys. Acta 394, 463469

Rothman, J.E. and Engelman, D.M. (1% 72) Nat. New Biol. 237, 4244

Triuble, H. and Eibl, H. (1974) Proc. Na‘l. Acad. Sci. U.S.A. 71, 214-219

Van Deenen, L.L.M. (1965) ia Progress it: the Chemistey of Fats and Other Lipids (Holiman, R.T.,
ed.), Vol. 8, pp. 3764, Pergamon Pres:, Oxford

Ladbrooke, B.D. and Chapman, D. (196G9) Chem. Phys. Lipids 3, 304356

Huang, l.., Lorch, S.K., Smith. G.S. an¢ llaug, A. {(1974) FEBS Lett. 43,1-5

Marr, A.G. and Ingraham, J.L. (1962) 1. Bacteriol. §4, 12601267

Cronan, 1.E., Jr. and Gelman, E.P. (1975 Bactericl. Rev, 39, 232-256

Overath, P. and Thilo, L. (1978) in Bicchemistry of Cell Walls and Membranes 11 {Metcalfe, J.C.,
ed.). Vol. 19, pp. 144, University Park |'ress, Baltimore, MD

Melchior. D.L. end Steim, J.M. (1977) Biochim. Biophys. Acta 466, 148—-159

Silvius, J.R., Saita, Y. and McELhaney, R.N. (1977) Arch. Biochem. Biophys. 182, 455464
Romijn, 1.C., van Golde, L.M.G., McElhaney, R.N. and van Deenen, L.L.M. (1972) Biochim.
Biophys. Acta 280, 222--232

McEhan¢y, R.N. and Tourteliotte, M.E. 1 1969) Science 164, 433 -434

Demel, R.A. and de Kruyff, B. (1976) Biochim. Biophys. Acta 45 7,109-132

Smith, P.”". (1960} Ann. N.Y. Acad. Sci. 79, 508~-520

Smith, P.I%. (1967) Ann. N.Y. Acad. Sci. 143, 139151

Freeman. B.A., Sissenstein, R., McManr :, T.T., Woodward, J.E., Lee, L.M. and Mudd. J.B. (1976)
J. Bacteri:\. 125, 946-954

Le Grime: ‘ec, C. and Leblanc, G. (1978) 3iochim. Biophys. Acta $14,152-163

Tourtellolte, M.E. and Zupnik, 3.S. (1973} Science 179, 84-86

Huang, L. #nd Huang, A. (1974) Biochira. Biophys. Acta 352,361-370

Rottem, S. and Markowitz, O. (1979} J. Bacteriol. 140, 944-948

Razin, S.. Tourtellotte, M.E., McElhsney. R.N. and Pollack, J.D. (1966) ). Bacteriol. 91, 609
616

Tourtellotte, M.E. (1972) in Membiane Molecular Biology (Fox. C.F. and Keith, A_, eds.). pp.
439470, Sinauer Assoc. Inc,, Stamtord, CT

Rattem, S. and Panos, C. (1969) 1. Gen. Microbiol. 59,317-328

Bretcher, M.S. and Raff, M.C. (1975) Nature 258,43-49

Rothman., J.E. and Lenazd, J. (1977) Scicnce 135, 743-753

Wallace, B A., Richards, F.M. and Engelman, D.M. (1976) 3. Mol. Biol. 107, 255269

Wallace, B.A. and Engelman, D.M. (1978) Biochim. Eiophys. Acta 508, 431 -449

Rorochov, H. and Shinitzky, M. (1976) Froc. Natl. Acad. Sci. U.S.A. 73,4526-4530

Amar, A., Rottem, S. and Razin, S. (1974) Biochem. Biophys. Res. Commun. 84, 306--312
Bevers, E.M., Snaek, G.T., op den Kump, J.A.F. ard van Deenen, L.L.M. (1977) Biochim. Bio-
phys. Acta 467, 346356

Silvius, }.R., Read, B.D. and NcEthancy, R.N. (1978) Nasure 272, 645647

Wieslander, A. (1979) Ph.D. Thesis, University of Lund, Sweden



90

136
137
138
139

140
141
142

143

144
145

145
147

148
149
150
151
152
153
154
158
156
1587

Kahanc. 1. and Tully, J.G. (1976) J. Bacteriol. 128,1-7

Razin. $.. Prescott, B. and Chanock. R.M. (1970) Proc. Natl. Acad. Sci. U.S.A. 67, §90-597
Schiefer, H.G.. Krauss, H.. Brunner, K. and Gerhardet, U. (1976) J. Bacteriol. 127, 461 -468
Schicefer, H.G.. Gethardt, 1, and Brunncr, H. (1977) Zentralbl. Bakterio! Parasitenkd. Infek-
tionskr. Hyg. Abt. 1, 239, 262--269

Schicfer. H.G., Gerhardt, U.. Brunner, H. and Krupe, M. (1974) J. Bacteriol. 120,81 88
Schicfer, H.G., Krauss, H., Brunner, H. and Gerhardt, U, (1975) J. Bacteriol. 124, 1598-1600
Schiefer. H.G., Gerhardt, U. and Brunner, H. (19753 Hoppe-Seyler™s Z. Physiol. Chem. 386,
559565

Bevers, E.MM., Leblanc, G.. Le Grimellce, C., op den ilamo, JLAF. and van Deenen, L.L.M. (1978)
FEBS Lett. 87,4951

McNamee, M.G. and McCennell, H.N, (1973) Eiochemistry 12, 29512958

Renooy, W., van Golde, L.M.G., Zwaal, R.FF.A. and van Deencn, L.L.M. (1976) Eur. J. Biochem.
61,53-58 '

Bloj. B. and Zilversmit. D.B. (1976) Biochemistry 15, 1277-1283

Norman, A.W.. Demel, R A.. d¢ Kruyff, B. ind van Deenen, L.L.M. (1972) Biol. Chem. 247,
1918~1929

Bittman, R. and Fischko?T, S.A. (1972) Proc. Natl. Acad. Sci. U.S.A. 69, 37953799

Bittman, R., Chen, W.C. and Anderson, 0.R. (1974) Biochemistry 13, 13641373

Blau. L. and Bittman, R. {1977) Biochcmistry 16, 14394144

Bittman, R., Chen, W.C. and Blau, L. (1974) Biochemistry 13, 1374—-1379

Bittman, R. and Rottem, 5. (1976) Biochem. Biophys. Res. Commun. 71, 318-324

Bretscher, M.S. (1973) Science 181, 622629

Rottem, S. (1975) Biochem. Biophys. Res. Commun. 64, 712

Amar, A.. Rottem, S., Kahane, 1. and Razin. S. (1976) Biochim. Biophys. Acta 426, 258.-270
Cole, R.M., Tully, J.G. and Popkin, T.). (1973) Ana. N.Y. Acad. Sci. 225.471-493

Williamson, D.L. (1974) J. Bacteriol. 117, 904906



