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I. Introduction

Mycoplasma is the trivial name used in this article to include all members of
the class Mollicutes. They are small prokaryotic organisms that are distinguished
from bacteria by the absence of peptidogiycan and that are bounded by the
plasma membrane, which is their only membrane; although, some species pos-
sess capsular material exterior to the membrane. Many mycoplasmas are
pathogenic, disease being caused in a number of animal, plant, and insect hosts.
Mycoplasma membranes are of particular interest not only because of their
involvement in disease due to adhesion to host cells, but also because they
provide a system that is most suited to many investigations into the structure and
function of biomembranes. Two principal reasons explain their suitability in
biomembrane research. First, mycoplasmas grow in synthetic culture media, and
controlled alterations in membrane composition can be introduced by manipula-
tion of the medium content. Second, mycoplasma membranes are easily prepared
free from other cellular material. Mycoplasma membranes have been the subject
of a number of recent reviews (Tourtellotte, 1972; Razin, 1975, 1978a, 1979;
Razin and Rottem, 1976; Rottem, 1979y, and in this article, much of the earlier
work on mycoplasma membranes will be noted by reference to these reviews.

1 B
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2 D. B. ARCHER
II. Membrane Isolation

The composition of a membrane can be altered by its method of isolation.
Peripheral membrane proteins may be lost from the membrane by severe proce-
dures, or extramembranous material such as cytoplasmic proteins may be incom-
pletely removed. Peripheral membrane proteins are those proteins bound to
membrane surfaces and removable from the membrane by alteration of the ionic
strength of the suspending medium or by chelating agents (Singer and Nicolson,

- 1972). Integral membrane proteins are intimately associated with the lipid bilayer
and normally require detergent action for their removal.

Many mycoplasmas are sensitive to osmotic shock, and this provides a simple
and effective means of preparing membranes (Razin, 1963). Razin and Rottem
(1974) have described a procedure for the isolation of Acholeplasma laidlawii
membranes by osmotic shock, differential centrifugation, and a suitable washing
procedure. Not all mycoplasmas are as sensitive to osmotic lysis as A. laidlawii
and even osmotically sensitive organisms can become resistant upon aging (Ra-
zin, 1963). Divalent cations protect mycoplasmas against osmotic lysis (Razin,
1964) and should be absent from the lytic step. The osmotic sensitivity of
mycoplasmas is increased by glycerol loading prior to osmotic shock (Rottem et
al., 196R), and a number of osmotically insensitive mycoplasmas are rendered
sensitive by this method.

Mycoplasma membranes contain sterol (distinguishing these organisms from
other prokaryotes), although acholeplasmas need not contain sterol. Digitonin
complexes with cholesterol (Moore and Baumann, 1952) and causes lysis of
mycoplasmas (Smith and Rothblatt, 1960). Digitonin-induced lysis has been
used to prepare membranes of osmotically insensitive mycoplasmas (Rottem and
Razin, 1972; Archer, 1975a; Alexamder and Kenny, 1977, Masover ef'al., 1977)
and has the advantage that divalent cations do not interfere but the disadvantage
that the digitonin is retained in the¥hembrane, resulting in an increased hexose
content of the membrane (Archer. 1975a). As with osmotic lysis, digitonin
produces membranes that resemble fractured mycoplasma ghosts and are easily
sedimented (Rottem and Razin, 1972). Other methods of producing mycoplasma
membranes, including alternate freezing and thawing, ultrasound, high pH, and
gas cavitation, have beem reviewed elsewhere (Razin, 1975). Freezing and thaw-
ing often results in indomplete lysis, high pH may be damaging to the mem-
branes, and ultraso:ind, although a most effective means of cell lysis, produces
small membrane fregments that can be difficult :o sediment. Mechanical
methods (such as thé Hughes press), other membrane active compounds (like
saponins) other than digitonin (Chu and Horne, 1967), polyene antibiotics (Rot-
tem, 1972; Archerf 1976), and tetanolysin (Rottem et al., 1976) lyse mycoplas-
mas but do not pfovide convenient methods for membrane isolation.

Purity of a mrycoplasma membrane preparation is normally judged by electron
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microscopic examination. Chemical, enzymic, and membrane density charac-
terization may be used where reference data are available. These criteria have been
fully discussed by Razin (1975) and Razin and Rottem (1976). A. laidlawii
membranes are about 10 nm thick, have a typical trilaminar appearance when
examined by electron microscopy, and have a density between 1.140 gm cm™3
and 1.181 gm cm ~2 according to growth conditions (Kahane and Razin, 1969a;
Razin, -1975).

III. Membrane Structure

Mycoplasma membranes contain all the cell lipid and one-quarter to one-half
of the cell protein (Razin, 1975, 1978a). The gross chemical composition of the
membranes varies with species but generally falls within the range of ‘50 to 60%
protein, 30 to 40% lipid, and 1 to 3% carbohydrate (Smith, 1971; Razin, 1975).
The membranes also contain some inorganic ions (Kahane et al., 1973), and
traces of nucleic acids are often detected in membrane preparations but can be
removed by addition of nucleases when endogenous nucleases have not already
removed the material (Razin, 1975). However, ribosomes (Razin, 1969; Man-
iloff and Morowitz, 1972) and deoxyribonucleic acid (Smith and Hanawalt,
1969; Quinlan and Maniloff, 1972) have some association with mycoplasma
membranes and could be regarded as legitimate minor membrane components.
Capsular material of some mycoplasmas clearly has a membrane association, but
this article will discuss only the lipid and protein components, and nature of
individual compounds, their disposition and roles within the membrane, and their
relationships with each other.

A. Lirip

1. Lipid Composition

The lipid composition of mycoplasma membranes is dependent upon a number
of factors, principally medium content and age of culture. Mycoplasma species
are incapable of de novo fatty acid or sterol biosynthesis, whereas Acholeplasma
species can synthesize straight-chain saturated fatty acids from acetate (Smith,
1971; Romijn et al., 1972) and can elongate medium-chain-length unsaturated
fatty acids (Smith, 1971; Rottem and Barile, 1976; Saito er al., 1978). Acholep-
lasma species are also incapable of de novo sterol biosynthesis but, unlike
Mycoplasma, do not require sterols for growth, although sterols are incorporated
into acholeplasma membranes if present in the growth medium (Smith, 1971).

As with other biomembranes, mycoplasma membranes contain a complex
mixture of lipids and these have been tabulated by Smith (1979). The phos-
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pholipids are acidic, being mainly phosphatidyl glycerol and diphosphatidyl
glycerol (cardiolipin) and occasionally acylphosphatidyl glycerol (Plackett er al.,
1969, 1970; Smith, 1971). Lysophosphatidic acid and phosphatidic acid are also
encountered but probably are degradative products or biosynthetic precursors
(Razin, 1975). Where other phospholipids have been detected (such as sphin-
gomyelin, phosphatidylethanolamine, or phosphatidylcholine), they have. in
most cases been absorbed into the membrane from the growth medium (Plackett,
1967; Plackett et al., 1969). Phosphatidylcholine appears not to be incorporated
into the A. laidiuwii membrane but probably is into the Mycoplasma hominis
membrane (Kahane and Razin, 1977). Recently it was shown that the disaturated
phosphatidyicholine of Mycoplasma gallisepticum is synthesized by insertion of
a saturated fatty acid into medium-derived lysophosphatidylcholine (Rottem and
Markowitz, 1979). In Ureaplasma, 5% of the phospholipid was identified as
phosphatidylethanolamine, and this was probably synthesized by the organism
(Romano et al., 1972). Other phospholipids, unusual in mycoplasmas, are a
sphingolipid of Acholeplasma axanthum (Plackett et al., 1970; Mayberry et al.,
1973) and the plasmalogens of Anaeroplasma (Langworthy et al., 1975).

Glycolipids in mycoplasmas are mainly monoglucosyl- and diglucosyldi-
glycerides (Smith, 1971). Phosphoglucolipids have also been described in myco-
plasmas (Smith, 1972; Schiefer et al., 1977a; Wieslander and Rilfors, 1977). The
mono- and diglucosyldiglycerides and A. laidlawii have some physical prop-
erties similar to phosphatidylethanolamine (Wieslander et al ., 1978). This find-
ing may be of importance since phosphatidylethanolamine is a common bacterial
lipid and yet is absent from mycoplasmas. Longer polysaccharide chains are
found in the lipopolysaccharide of Thermoplasma acidophilum (Mayberry-
Carson ef al., 1974, 1975), Acholeplasma, and Anaeroplasma (Smith et al.,
1976). Mycoplasma lipopolysaccharide is chemically unrelated to bacterial
lipopolysaccharide and has. been detected in only one (Mycoplasma
neurolyticum) of six Mycoplasma specles examined (Smith er al., 1976). Exter-
nal sugar residues in T. acidophilum have been visualized cytochemically after
binding concanavalin A. This binding was inteppreted as recognizing mannose in
the lipopolysaccharide (Mayberry-Carson er al., 1978). But mannose h..s been
shown recently to be the most abundant sugar in a membrane glycoprotein
isolated from the organism (Yang and Haug, 1979), so the concanavalin
A-horseradish peroxidase-diaminobenzidine assay presumably visualizes both
the lipopolysaccharide and the glycoprotein. ‘

Terpenes are synthesized by Acholeplasma but not Mycoplasma (Smith,
1971). The terpenes found in Acholeplasma membranes are carotenoid deriva-
tives and recently the presence of carotenoids was confirmed in A. axanthum
(Smith and Langworthy, 1979), which is an organism previously supposed to
lack them (Tully and Razin, 1969, 1970). In contrast to other acholeplasmas, the
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Acholeplasma oculi lipopolysaccharide contains only neutral sugars and no -
amino sugars (Al-Shammari and Smith, 1979).

Thermoplasma acidophilum is the name given to a wallless prokaryote that

" grows optimally at 59°C and pH 2 and is presently included within the class
Mollicutes (Darland et al., 1970). [However, for many reasons its classification
as a mycoplasma is unsatisfactory and its true taxonomic position is still a matter
for discussion (Freundt and Edward, 1979).] This organism has many differences

« from other mycoplasmas, and two membrane-related differences are the nature of
its lipids and the presence in T. acidophilum: of an active flagellum anchored in
the membrane. Apart from the lipopolysaccharides of T. acidophilum mentioned
previously, other lipids present include neutral lipids, glycolipids, and phos-
pholipids. However, unlike mycoplasmas, the fatty acyl ester-linked glycerol
derivatives are largely replaced by ether-linked alkyl glycerol moieties
(Langworthy et al., 1972), although fatty acyl esters are present, particularly in
the neutral lipid fraction (Ruwart and Haug, 1975). The glycerol ethers appear to
be formed by the ether linkage of two glycerol molecules by long-chain isop-
renoid alkyls of 40 carbons, which are theoretically capable of spanning the
membrane (Langworthy, 1977), so that the T. acidophilum membrane lipid
would contain a monolayer of these molecules rather than a bilayer. Such a

- membrane would still give a trilaminar appearance in the elctron microscope
after negative staining but would not be capable of freeze—fracture along the
hydrophobic core of the membrane. This is the case (Ververgaert, unpublished;
cited by Razin, 1978a) and may explain the high rigidity of the membrane as
judged by electron paramagnetic resonance spectra of introduced spin labels
(Smith er al., 1974). Ether-linked polyisoprenoids are a characteristic of the
Archaebacteria, and it is thought that Thermoplasma might better be considered
as belonging to the Archacbacteria rather than the Mollicutes (Woese and Fox,
1977; Balch et al., 1979). The high protein content of the membranes (Ruwart
and Haug, 1975) may also contribute to-rigidity, but more information on the
nature of membrane proteins from T. acidophilum is lacking.

T. acidophilum is actively motile and has a functional flagellum (Black et al.,
1979), as shown in Fig. 1. This contrasts with protoplasts of flagellated bacteria,
which are nonmotile. More detailed structural analysis of the T. acidophilum
flagellum is required before more comment on its mode of operation can be
made, but some conflict with current theories of bacterial flagellar movement
(e.g., Berg, 1974) must be expected. If more detailed structural analysis of the
T. acidophilum flagellum reveals close similarity with bacterial flagella, it may
be that the relatively rigid membrane of the organism, which probably has more
fluid regions (Smith et al., 1974), combines the dual roles played by the fluid
membranc and rigid wall as required by current theories of bacterial flageila
movement.
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FiG. 1. Cells of Therm

oplasma acidophilum, negatively stained, showing the presence of one
flagellum per cell. Bar rep!

resents 250 nm. (Courtesy of Black er al., 1979.)
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2. Lipid Fluidity

Both cholesterol and fatty acid residues affect membrane fluidity in artificial
lipid membranes (Ladbrooke et al., 1968; de Gier et al., 1969; Rothman and
Engelman, 1972), and this is also true in mycoplasma membranes (Tourtellotte,
1972; Razin, 1975). The motion of the hydrocarbon chains within a membrane
confers an overall fluidity on the membrane lipids and the fluidity increases with
a rise in temperature. On cooling, the fluid liquid-crystalline phase changes
reversibly to the rigid gel state and the transition occurs at a particular transition
temperature that is dependent upon the nature of the hydrocarbon chains in the
membrane. Sterol rigidifies fluid membranes but prevents crystallization of the
hydrocarbon chains upon cooling and so, at high concentrations in the membrane
(found in Mycoplasma spp. but not Acholeplasma spp.), the phase transition is
abolished. Acholeplasmas are capable of some fatty acid biosynthesis, but in
other mycoplasmas, the sterols and fatty acids in their membranes are derived
from the growth medium where they must be supplied in an assimilable form.
Detailed evaluation of the ability of individual sterols or fatty acids to satisfy
growth requirements under a variety of conditions is best done by growth of the
organisms in the defined medium, a condition that has been satisfied for Myco-
plasma mycoides (Rodwell, 1969a,b) and A. laidlawii (Tourtellotte er al., 1964).
Lipid-poor media, with serum replaced by serum protein fractions and exogen-
ously added lipid, have also been of value in membrane lipid studies (Razin,
1963; McElhaney and Tourtellotte, 1970).

Serum acts as a source of lipid in complex media, low density lipoproteins
being the main cholesterol donor (Slutzky et al., 1976, 1977). Fatty acids and
sterols are normally carried by serum proteins, but sterols may also be made
assimilable by yeast mannan (Archer, 1975a; Rodwell, 1977) or dispersion in
lecithin vesicles (Kahane and Razin, 1977). Fatty acids may be supplied by
Tween (Razin and Rottem, 1963; Razin and Tully, 1970) or as sol ible fatty acid
esters (Rodwell, 1969b, 1977). The sterol- and fatty acid-carryiug functions of
added serum protein fractions may be distinguished but are probably not totally
independent of each other (Rodwell and Abbot, 1961; Rodwell, 1967, 1969a,b,
1971). For example, fatty acid-poor bovine serum albumin has been used as a
fatty acid carrier, whereas a Pronase digest of the albumin carried sterol to
facilitate the growth of M. mycoides (Rodwell, 1967).

The uptake of cholesterol into mycoplasma membranes is a nonenzymic,
nonenergy-requiring process (Smith and Rothblat, 1960; Gershfeld et al., 1974),
although in Mycoplasma capricolum, the uptake of cholesterol is affected by cell
growth (Clejan er al., 1978). Rodwell (1963) found no indication of esterifica-
tion of cholesterol nor of transformation into other sterols in M. mycoides, and
this has been found to be so in all other Mycoplasma species examined (Smith,
1971; Razin, 1978a). Sterol esters, when found in mycoplasma membranes
(Razin, 1967), are derived entirely from the medium (Argaman and Razin, 1965,
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Rottem and Razin, 1973), although sterol esterase may afford entry of sterols
into the mycoplasma membrane from sterol esters in the medium (Smith, 1971).
Many sterols support the growth of mycoplasmas, but they are normally sterols
with a relatively planar nucleus and a 3-8-hydroxyl group, which are the re-
quirements for adequate sterol-lipid interaction within artificial membranes (de
Kruyff et al., 1973a; Brockerhoff, 1974). 3-O-Methyl ethers do support poor
growth of M. capricolum, however (Odriozola et al., 1978), and this work
questions the absolute requirement for a 3-8-hydroxyl in sterol-lipid interactions
in natural membranes (Lala ef al., 1979). Sterols with a 3-a-hydroxyl have been
reported in acholeplasmas (de Kruyff er al., 1972, 1973a) but, then, unlike
Mycoplasma species, acholeplasmas do not have a sterol growth requirement.
Similarly, coprostanol, which has a 3-B-hydroxyl but a relatively aplanar nuc-
leus, does not support the growth of Mycoplasma arthritidis (Smith and
Rothblat, 1960) or Ureaplasma (Rottem et al., 1971) but is incorporated into the
A. laidlawii membrane (de Kruyff er al., 1973a). However, the effects of aplanar
sterols and sterols with a 3-a-hydroxyl upon enzymic activity and erythritol flux

in the A. laidlawii membrane are unlike the effects produced by cholesterol (de
Kruyff et al., 1973a,b). Both cholesterol and epicholesterol are incorporated inte
the A. laidlawii membrane to the same extent, but unlike cholesterol, epicholes-
terol has very little effect on permeability (de Kruyff et al., 1972).

a. Control of Lipid Fluidity in Mycoplasma. Mycoplasma species depend on
the growth medium for fatty acids and sterols, and they control membrane
fluidity by selective incorporation of lipids into the membrane, being selective by
lipid species and amount. Membrane lipid content is dependent upon medium
composition, growth temperature, and age of culture. As cells age, the total lipid
content of Mycoplasma decreases relative to protein (Razin, 1974a; Rottem and
Greenberg, 1975). The fatty acid composition of Mycoplasma membranes can
control the cholesterol content (Razin, 1974a), and in cther instances, a change
in cholesterol content has caused an alteration in fatty acid composition (Rottem
et al., 1973a; Archer, 1975a). It appears, then, that a change in any one parame-
ter will be countered by a moderating effect so that membrane fluidity is main-
tained at a level suitable for cell growth, but it is not known whether changes in
fatty acid incorporation from the growth medium are sufficient to maintain iden-
tical fluidity when the sterol content is altered. Cholesterol content of Mycop-
lasma membranes has been severely reduced but never eliminated (Rodwell et
al., 1972; Rottem er al., 1973a). Rottem et al. (1973a) reduced the membrane
cholesterol content of M. mycoides subsp. capri from 22 to 3% of membrane
lipid and reported a subsequent increase in the ratio of saturated to unsaturated
fatty acids of polar lipids from 1.15 to 1.56. Similar results were obtained by
Archer (1975a,b)-using cholesterol, ergosterol, and dehydroergosterol. Reduc-
tion in sterol content of the membrane lipid is paralleled by a reduction in total
phospholipid and increases in the amounts of glycolipids and glycerides (Rottem
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et al., 1973a; Archer, 1975a). Culture aging increased the ratio of saturated to
.unsaturated fatty acids and decreased the cholesterol content in M. mycoides
subsp. capri, but these two factors were uncoupled by growth at lowered tem-
perature when the cholesterol content was reduced without altering the fatty acids
(Rottem et al., 1973a). The control of membrane fluidity in Mycoplasma is
limited by their inability to modify fatty acids and incorporation of sterol into the
meinbrane from the growth medium seems to be the major factor in determining
fluidity at a given temperature. Different Mycoplasma species incorporate dif-
ferent amounts of cholesterol into their membranes when grown under identical
. conditions (Rottem and Razin, 1973; Slutzky er al., 1977; Razin, 1978a), and
although isolated membranes show little control over the uptake of ‘cholesterol,
growing cells do seem to have a mechanism for controlling cholesterol uptake
that is dependent on the supply of cholesterol in the medium, lipid arrangement
within the membrane (Razin er al., 1974), and lipid fluidity (Razin, 1978b). The
change in fatty acid composition of mewbrane lipids in response to an alteration
in the sterol content of the membrane is of particular interest because it implies
that Mycoplasma species have a mechanism for selective incorporation of fatty
acids into complex lipids, which is also a characteristic of bacteria (Cronan and
Gelman, 1975) and Acholzplasma (Melchior and Steim, 1977). Certainly most
enzymes involved in complex lipid biosynthesis are membrane bound (Smith,
1971) and would be expected to be influenced by fluidity changes caused by
sterol, but whether other constraints such as temperature changes also affect fatty
acid incorporation into complex lipids is not clear. Sterol content is the dominant
factor in Mycoplasma membrane fluidity considerations and Rottem (1979) has
" suggested that the high quantities of sterol in Mycoplasma membranes may be
necessary to prevent lipid crystallization at the growth temperature.

b. Control of Lipid Fluidity in Acholeplasma. As described previously,
Acholeplasma are not obligate sterol requirers and are capable of biosynthesis of
straight-chain saturated fatty acids and of elongating unsaturated fatty acids.
They therefore have a potentially complicated and versatile means of controlling
membrane fluidity. Quantitative changes in amounts of different lipids present in
the membrane under altered growth conditions are complex (Christiansson and
Wieslander, 1978). Shaw et al. (1968) reported that the total glycolipid content
of A. laidlawii was unaffected by cholesterol, but Christiansson and Wieslander
(1978) found that the molar ratio between the two most abundant glycolipids is

“largely determined by membrane fluidity, which in turn is affected by choles-
terol. At high cholesterol contents in artificial lipid membranes, phase transitions
are abolished (Ladbrooke er al., 1968; Hinz and Sturtevant, 1972; Engelman and
Rothman, 1972). Phase transitions can be detected by calorimetry [differential
scanning - calorimetry (DSC) and differential thermal analysis (DTA)), X-ray
analysis, fluorescence, and electron paramagnetic resonance spectroscopy of
introduced spin radicals. DSC was used to demonstrate that M. mycoides subsp.
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capri grown with a high cholesterol content does not have a phase transition,
whereas when the amount of cholesterol is reduced, a phase transition occurs
(Rottem et al., 1973b). In A. laidlawii, the cholesterol content does not reach a
sufficiently high level to abolish the reversible phase transition, but the energy
change of the transition is lowered by cholesterol and not by epicholesterol (de
Kruyff er al., 1972). Fluid membranes are more permeable to glycerol and
erythritol than rigid ones and cholesterol, but not epicholesterol, reduces the
permeability of A. laidlawii to both of these compounds (de Kruyff et al., 1972,
1973a; McElhaney et al., 1970, 1973).

The effects of cholesterol in Acholeplasma membranes are not entirely analo-
gous to those in Mycoplasma. Cholesterol had only a small effect on the fatty
acid composition of A. laidlawii (de Kruyff et al., 1972) and did not alter the
osmotic fragility of the organism (Razin er al., 1966). As cescribed previously,
Acholeplasma contains terpenes and growth is inhibited by inhibition of polyter-
pene biosynthesis (Smith and Henrickson, 1966); this inhibition was reversed by
cholesterol, and Smith (1964) has proposed that carotenoids and sterols have
similar roles in the Acholeplasma membrane. As with cholesterol, carotenoid
content did not affect the osmotic sensitivity of 4. laidlawii (Razin et al., 1966).
However, A. laidlawii can grow in the absence of cholesterol without apparent
carotenoid biosynthesis (Razin and Rottem, 1967), although Smith (1971) has
suggested that under these conditions the colored polyterpene may have been
substituted by an undetected fully saturated compound. Increasing carotenoid
content in A. laidlawii rigidified the membrane (as judged by electron
paramagnetic resonance studies) and caused only a slight change in fatty acid
composition (Huang and Haug, 1974; results similar to those found with increas-
ing cholesterol content), but Silvius et al. (1980) found only a slight effect of
carotenoids on the phase transition of the lipid bulk. Permeability to glycerol was
not affected as much by carotenoid content (Huang and Haug, 1974) as by
cholesterol content (de Kruyff eral., 1972). In summary, carotenoids and sterols
do have some similarities of role in the Acholeplasma membrane despite struc-
tural dissimilarity, although a very close functional analogy probably does not
exist. :

Acholeplasmas use their capacity for biosynthesis of saturated fatty acids and
elongation of unsaturated ones as part of the mechanism of regulating membrane
fluidity (Saito er al., 1977a, 1978; Silvius and McElhaney, 1978a,b; Silvius er
al., 1977). The regulation of membrane fluidity can involve a balance between
the amount of bilayer in the rigid gel state and that in the more fluid liquid-
crystalline state. The degree of fluidity in liquid-crystalline lipids may also vary,
and it is supposed that an optimal fluidity exists for normal cell growth and
function. At the growth temperature of A. laidlawii, the membrane contains both
lipid states (Oldfield et al., 1972; Romijn er al., 1972; Stockton et al., 1975),
and up to one-half of the lipid may be in the gel phase without adversely affecting



