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lsoprenylation is an important posttranslational modification that affects the activity, subunit interactions and membrane 
anchoring of different eukaryotic proteins. The small, cell-wall-less proka,-y¢.;.c .'ici~uiepiu~,nu luldiaa, il ha~ molt: thaa 20 
membrane acyl-pmtcins enriched in myristoyl and palmitoyl chains. Radioi:ctivc mcvalonatc, a precursor to isoprcnoids, was 
incorporated into several specific membrane proteins of 20 to 45 kDa and two soluble proteins of 23-25 kDa, respectively. No 
acyl proteins and none of the polar acyl lipids became labelled but these arc all labelled by radioactive fatw acids. Mevalonate 
was incorporated mainly into a minor neutral, non-saponifiable lipid which migrated just above a C.ao-isoprenoid (squalene) on 
TLC-platcs. The isoprenoid chains could not be rcleased by mild alkaline hydrolysis from most of the isoprcnylatcd proteins, 
although this procedure rcleascs acyl chains from lipids and all acylatcd proteins, lsoprcnylated proteins were enriched in the 
detergent phase upon partition with the non-ionic detergent Triton X-II4. This behaviour is similar to the acyl proteins of this 
organism and indicates that the isoprenoid chains give the proteins a hydrophobic character. 

Introduction 

Mycoplasmas are small, Gram-positive prokaryotes 
which lack a typical bacterial cell wall and are enclosed 
only by a single cytoplasmic membrane [)]. Most 
species, including Acholeplasma laidlawii [2,3], are 
found as surface parasites cn eukaryotic cells. Several 
mycoplasmas contain a substantially larger number of 
lipid-modified membrane (acyl) proteins than do the 
common eubacteria [4-8]. In A. laidlawii these integral 
proteins are enriched in hydrophilic amino acid 
residues and have lower p l  values than average for 
membrane proteins [9]. The extent of acyl modification 
is substantially less [9] than for the common acylation 
mechanism in prokaryotes, which yields three acyl 
chains per protein [10]. Furthermore, these proteins 
could not be labelled with a (radioactive) glycerol back- 
bone like many other prokal~Jotic acyl proteins [10]. 
Neither do they contain sugar residues [9] nor phos- 
phate [11] like eukaryotic protein glycophospholipid 
tails [12]. In the A. laidlawii proteins there is a strong 
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and selective enrichment of ester-bound myristic acid 
(14:0) and palmitic acid (16:0) compared to the acyl 
chain distribution in the membrane lipids [9], similar to 
the chain nreferences found in eukaryotic acyl proteins 
[13,14]. 

These features of the A. laidlawii acyl proteins are 
in several aspects similar to eukaryotic palmitoylated 
proteins. Sever~i of the latter are also modified by 
isoprenoid chains [15]. The function of the isoprenyl- 
ation is not clear since some modified proteins are 
soluble [16] while others are membrane-associated [17]. 
For certain isoprenylated proteins an additional attach- 
ment of acyl chains is needed for a proper membrane 
localization [17]. in contrast to most other mycoplas- 
mas, A. laidlawii can synthesize isoprenold pigments 
from acetate or mevalonate [18]. Cholesterol partially 
inhibits this synthesis in A. laidlawii [18,19], while 
there is a complete inhibition by cholesterol of the 
isoprenoid synthesis in eukaryotic cells [20]. 

We therefore raised the question if A. laidlawii 
proteins also contain isoprenoid chains. It is shown 
here that radioactive mevalonate could covalently label 
a unique but small set of  membrane as well as cytosolic 
proteins. These proteins are clearly distinct from the 
ones modified by acyl chains. To the best of our 
knowledge this is the first time isoprenoid modification 
of eubactcrial proteins have been described, 
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Materials and Methods 

Organism attd g;'o;vth condiiions 
Acholeplasma laidlawii, strain A EF 22, was grown in 

a thoroughly  l ipid-depleted bovine serum 
albumin/tryptose medium [21]. 120 p.M oleic acid 
(18: l c) and 30 p,M palmitic acid (16:0)were added to 
this medium from s~.crile ethanolic stock solutions. For 
comparison, a completely different, not lipid-depleted 
medium containing horse-serum (BSR medium) [22] 
adjusted to pH 8.5 was used. Radioactive batches were 
prepared by adding 10-ml amounts of the above media 
to 740 kBq (20 #Ci) of [2-'4C]mevalonic acid diben- 
zylethylenediamine salt (1.9 GBq/mmol) or 740 kBq of 
[l-]4C]-lS:lc (2.1 Gbq/mmot) and 2.2 MI3q of 
[gA0(n)-3H]-16:0 (l.l TBq/mmol). After l h of stir- 
ring th~ media were s~criiized by i'i;tlmi~m. Ceils were 
grown statically at 30°C in screw-capped tubes to late- 
log phase. Membrane preparation was done by osmoly- 
sis as described [23]. The cytoplasmic fraction was 
collected as the supernatant after centifugation of the 
lysate at 52000×g for l h at 5°C. 16:0 and 18:lc 
were from Larodan, Sweden. All radioisotopes were 
from Du Pont/New England Nuclear. 

SDS-gel electrophoresis of  proteins 
Triton X-114 solubilization and temperature phase 

separation of A. laid".:;;':.:, mcmb:~',~c. ~r cytoplasmic 
fractions were performed essentially as described by 
Bordier [24] with minor modifications [9]. The proteins 
from Triton X-114 phase-partitioned A. laMlawii frac- 
tions were analysed by sodium dodecyl sulphate/poly- 
acrylamide gel electrophoresis (SDS-PAGE) and direct 
autoradiography (Hyperfilm /]-max, Amersham Inter- 
national) or fluorography as described [23]. Alkaline 
hydrolysis of separated proteins in SDS-PAGE gels 
was done as described [9]. 

Extraction and separation of  lipids 
Washed membranes were extracted twice with 20 

volumes of chloroform/methanol (2:1, v/v) for I h at 
22°C and centrifuged at 15000 × g  for 15 rain at 4°C to 
remove protein remains. The extracts were pooled and 
volumes were reduced by evaporation w;':h N 2. Lipids 
were separated by thin-layer chromatography (TLC) on 
Silica Gel 60 plates (Merck, Germany) with chloro- 
form/methanol/water (80:25:4, v/v) as the solvent 
system. Direct autoradiography was done as above. 

Alkaline ttydro/ysis of  lipMs and separation by recemed 
pltase- TL C 

To follow incorporation of [14C]mevalonate and la- 
belled fatty acids into polar lipids, fatty acids and 
carotenoids, alkaline hydrolysis of lipids according to 
Kates [25] was performed. Separation of fatty acids and 
non-saponifiable lipids were done by reversed phase- 
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Fig. 1. SDS-PAGE of proteins from ,4. Nidlawii grown with 
[14C]rnevahmate. Cells were grown with radioactive mevalonate, 
membranes were prepared and Trit,n X-II4 phase partitioned as 
described. Ddipidated proteins were separated by SDS-PAGE and 
gels were stained with C¢~*massie brilliant blue (CBB). (A) Lane I, 
CBB-stained gel of lower detergent phase of Triton X-II4 st;lubi- 
lized A. laidlawii membranes; Lane 2, autoradiogram of 
[14C]mevalonate-labelled membrane proteins. (B) Lane I and Lane 2 
are the same as in Panei A. but after treatment with methanolie 0.3 
M NaOH. (C) Autoradioglam of [t4C]mevalonate-lahelled soluble 
proteins. M r arrows indicate the positions of molecular weight stan- 
dards (Pharmacia-LKB, Sweden) and the open arrowheads indicate 

the major acyl proteins (c.". Refs. 9 and 23). 

TLC (HPTLC, RPt8 plates; Merck, Germany). The 
developing solvents were acetone/water (9:1, v/v) or 
acetone/acetic acid (9:1, v/v). lsoprcnoids were de- 
tected by their ~uc, rescence under UV light and spray- 
ing with SbCl.~/chloroform (1:4, v/v). Geraniol (CH~), 
farnesol (CL0, and squalene (C.~.) (Sigma) were used 
as isoprenoid standards and as fatty acid standard a 
mixture of commercial (=4C)-Iabelled caprylic, laurie, 
myristic, palmitic and stearic acids (~  40 Bq of each) 
was used. Direct autoradiography was performed as 
above. 

Results 

By growing A. laidlawii in the presence of [2- 
=4C]mcvalonic acid, the label was incorporated into 
lipids and proteins. The label in proteins was resistant 
to delipidation and boiling in SDS sample coektai! and 
was associated with a discrete set of proteins as seen 
on SDS-PAGE gels (Fig. IA). There were at least five 
membrane proteins that became labelled; their appar- 
ent molecular masses ranged fi'om 20 to 45 kDa. The 
most intensely labelled doublet band was not a major 
protein and had a molecular mass of ~ 40 kDa (Fig. 
IA). No mevalonate was incorporated into any of the 



major acylated proteins, the positions of which are also 
shown in Fig. IA. In addition there were a pair of 
[u4C]mevalonate-labelled proteins in the cytoplasmic 
fraction; their molecular masses were 25 kDa and 23 
kDa, respectively (Fig. IC). An identical but weaker 
radioactive pattern was obtained from cells grown in 
the completely different BSR medium (data not shown), 
which may be attributed to its cholesterol content (cf. 
Ref. 19). 

The non-ionic detergent Triton X-II4 forms mi- 
celles in aqueous buffers at temperatures below 20°C, 
but above this temperature it undergoes a separation 
into one detergent-rich end one aqueous, detergent- 
poor phase. Usually integral membrane and lipid-mod- 
ified proteins wi[I be found in the bottom detergent 
phase, whereas proteins that do not bind detergent will 
remain in the aqueous phase [24]. The mevalonate- 
labelled membrane proteins from A. laidlawii parti- 
tioned into the lower detergent phase and the insolu- 
ble pellet (Fig. I). No mcvalonate-labellcd protein could 
be detected in the aqueous phase. The two labelled 
cytoplasmic proteins also partitioned in the detergent 
phase. All A. laidlawii membrane acyl proteins are 
also found in the detergent phase [9], cf. Fig. IA. 
Hence the isoprenoid chains probably give these pro- 
teins a hydrophobic character. 

In many eukaryotic proteins the isoprenoid chain is 
attached by a thioether bond [15]. When gels of sepa- 
rated A. laMlawii [n4C]mevalonate-labelled proteins 
were subjected to alkaline hydrolysis under conditions 
that release 65-85% of ester-bound protein acyl chains 
[9], no label was released from the 40 kDa doublet or 
45 kDa proteins (Fig. IB). This indicates that the 
mevalonic acid derivatives were bound to these pro- 
teins through a bond that was more stable than an O- 
or S-ester, respectively. However, the autoradiograph 
shows that the labelling of the 20 and 30 kDa protein 
bands were less intense after the hydrolysis. Hence, the 
isoprenoid appears to be bound to these latter proteins 
by a weaker bond than a thioether. 

Polar lipids constitute the majority ( ~  95%) of the 
membrane lipids in A. laidlaw(i, the remainder being 
neutral lipids. A!! lipids can label the membrane acyl 
proteins but the neutral lipids are most efficient [9]. 
The [t4C]mevalonate was incorporated in the polar 
lipids to a very low extent (Fig. 2, lane 2 lower half), 
but appeared in the neutral lipids which consist of 
pigments, free fatty acids and diacylglycerols. It also 
appeared in an unidentified lipid which migrated just 
below monoacylmonoglucosyldiacylglycerol. By com- 
parison, [t4C]-lS: le was incorporated into all the A. 
laidlawii polar lipids (Fig, 2, lane 1). None of the labels 
appeared in the cholesterol fraction. No mycoplasma 
can synthesize citolesterol [26]. 

Into which parts of the neutral lipids is mevalonate 
inr,,nporated? Total lipid extracts from ,4. laidlawii 
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Fig. 2. AutoradiL~gram of lipids from A. laidlawii. Membrane lipids 
from A. hi(d/awl( were separated on TL(," plates and direct ~mto- 
radiography was performed as d~escribed. A. hiM/awl( was grown with 
[14C]-18: lc,plus [3H]-16:0 (lane I) t,r [t4C]mt:vahmate only (hme 2). 
Thu idunlifit:d lipids [21] arc: N, ~tcu~rltl lipids; C. chok's|crol; MM, 
ntonoacylmora~glucosyldiacylglycerol; M, monoglucosyldiacylglycerol; 

D. diglucosyldiacylglycerok P, phosphatidylglycerol: O. origin. 

were hydrolyzed by methanolic 0.3 M NaOH and the 
non-saponifiable lipids (NSL) were extracted before 
acidification followed by a ,',~cond extraction where 
saponifiahle lipids (SL) were collected [25]. The differ- 
cnt extracts were then separated by reversed phase- 
TLC (Fig. 3). In extracts of saponifiable lipids from A. 
laMh~wii, no [=4C]mevalonie acid label was found (Fig. 
3, SL). However, in extracts of non-saponifiable lipids 
from A. laidlaw(i, one major spot was observed that 
migrated slightly faster relative to squalene (Ca,) (Fig. 
3, NSL), and two minor spots that migrated slower. 

Discussion 

In this study we have investigated the metabolic fate 
of radioactive mevalonatc in the mycoplasma Achole, 
plasma laidlawii. The results strongly indicate a cova- 
lent incorporation of mcvalonate into selected mem- 
brane proteins, although the chemical nature of this 
modification is not yet known. Two soluble proteins 
with molecular masses of 23 and 25 kDa wcrc also 
labelled. 
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Fig. 3. Autoradiogram of non-saponifiabk: and saponifiable lipid 
fractions. Membrane lipids from A. laidluwii grown with 
[t4C]mcvalonale were hydrolysed by alkaline methanol and the non- 
saponifiable lipids were collected separately from the saponifiable 
lipids. SL. saponifiable lipids: NSL. nonsaponifiabl¢ lipids; and X. 
untreated lipid extract. The solvenJ ~ystem was acetone/acetic acid 
(9: I. v/v). The positions of the isoprenoid standards are indicated 
by arrowheads: F, farnesol (Cts) and S. squalene (C3.). The posi- 
tions of the fatty acid standards are indicated by arrows: 12. laurie 

acid; 14, myristie acid; 16. palmitic acid; and 18. s'.¢aric acid. 

In A. laidlawii some of the proteins were most likely 
modified by an isoprenoid which could not be released 
by a procedure which cleaves ester-bonds. This is simi- 
lar to many eukaryotic proteins where an isoprenoid is 
attached to a C-terminal cysteine via a thioether-bond. 
Our results are supported by the incorporation of 
[14C]mevalonate into pigments but not into any of the 
saponifiable lipids from A. laidlawii. One of the !a- 
belled isoprenoid which was found in the nonsaponifi- 
able lipids (cf. major spot in Fig. 3) might be a deriva- 
tive of the carotenoid pigment in A. laidlawii which 
was farmerly believed to be neurosporene (a C4,-earo- 
tenoid), but which now have been found by gas chro- 
matography/mass spectrometry to be a C3n-apocaro- 
tenoid (P.F. Smith, University of South Dakota, per- 
sonal communication). The unknown labelled lipid 
which migrates just below monoacylmonoglucosyldia- 
cylglycerol (eL Fig. 2) might be a pol~prenyl-glucolipid 
without an acyl chain, similar to the carotenyl-glyeoside 

found by Smith [18], or a precursor to a polyprenyl-a- 
D-glucolipid recently found in A. laidlawii under cer- 
tain eond?~ons [27]. The labelled 40 kDa membrane 
protein (Fig. IA, lane 2) migrates very similarly in our 
gels to the /~-subunit in the A. laidlawii membrane 
(Na++ Mg2+)-ATPase. This ATPase is unusual since 
no part of it can be washed off the membrane (cf. Ref. 
28). However, by the use of monospecifie anti[~Jdies 
and Triton X-! 14 partitioning, these two proteins were 
clearly shown to be distinct (data not shown). 

The isoprenoid modification of proteins seems to be 
very important since inhibition of the key enzyme 3- 
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) re- 
ductase by mevinolin or compactin blocks cell growth 
and in many cases protein function in eukaryotes [29]. 
Eukaryotic protein modifications like acylation and 
phosphorylation very often are different from the cor- 
responding prokaryotic ones. This also appears to be 
the case for isoprenylation. Protein-q,steine farnesyl- 
transferase activities were found in crude extracts from 
various mammalian cells but not in Escherichia colt 
[30]. it has been shown that mevinolin does not inhibit 
growth of Bacillus stearothermophilus [31] or E. colt, 
and in E. colt isoprenoid biosynthesis is suggested to 
be different from that in eukaryotes [32]. However, in 
A. laidlawii the 3-hydroxy-3-methylglutaryI-CoA reduc- 
tase is inhibited by. mevinolin [33] and inhibition of 
polyterpene biosynthesis prevents cell growth [34]. The 
isoprenoid pathway has also been shown to be similar 
to the one in yeast [35]. 

To summarize the findings presented here, we have 
found isoprenylation of proteins in a prokaryotic or- 
ganism and several results indicate that this covalently 
bound lipid might bear similarities to the isoprenyl- 
group in eukaryotic proteins. To the best oi our knowl- 
edge this is the first time isoprenoid modification has 
been described for eubacterial proteins (cf. Ref. 36). 
Several questions still need to be answered. What is 
the nature of the isoprenoid moiety found on the 
proteins? Will the mechanism for isoprenylation be 
similar to the ones in eukaryotes? What are the func- 
tions of these proteins? The answers to these questions 
may have important consequences, since key signaling 
proteins in eukaryotes are isoprenylated and A. laid- 
lawii can exchange lipid components with the eukary. 
otic host cell surface [37]. 
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