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Abstract

The prevention of aberrant behavior of proteins is fundamental to cellular life. Protein homeostatic processes are present in cells
to stabilize protein conformations, refold misfolded proteins, and degrade proteins that might be detrimental to the cell. Molecular
chaperones and proteases perform a major role in these processes. In bacteria, the main cytoplasmic components involved in protein
homeostasis include the chaperones trigger factor, DnaK/Dnal/GrpE, GroEL/GroES, HtpG, as well as ClpB and the proteases
ClpXP, CIpAP, HslUV, Lon, and FtsH. Based on recent genome sequencing efforts, it was surprising to find that the Mycoplasma, a
genus proposed to include a minimal form of cellular life, do not contain certain major members of the protein homeostatic net-
work, including GroEL/GroES. We propose that, in mycoplasmas, there has been a fundamental shift towards favoring processes
that promote protein degradation rather than protein folding. The arguments are based on two different premises: (1) the regulation
of stress response in Mycoplasma and (2) the unique characteristics of the Mycoplasma proteome.
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1. Introduction

Protein homeostatic mechanisms are a complex set of
processes that affect the levels and conformational sta-
bility of proteins in cells. Maintenance of proper protein
homeostasis is essential for the viability and growth of
cells. The proper functioning of proteins depends on
their structural integrity; inherent instability and exter-
nal stresses may cause proteins to misfold and aggre-
gate. Protein homeostatic processes combat these
problems by stabilizing proteins that carry out beneficial
functions and by refolding or degrading proteins that
are detrimental to the cell. Molecular chaperones and
proteases perform a significant subset of these processes.
Molecular chaperones promote protein folding and
prevent protein misfolding and aggregation, while cer-
tain proteases function primarily to degrade improperly
folded proteins (Dougan et al., 2002a; Hartl and Hayer-
Hartl, 2002). The main cytoplasmic chaperones identi-
fied so far include trigger factor, DnaK/Dnal/GrpE,
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GroEL/GroES, HtpG, and ClpB, while the main cyto-
plasmic proteases include ClpXP, ClpAP, HslIUV, Lon,
and FtsH.

In Escherichia coli, trigger factor (Tig) is a modular
ATP-independent chaperone consisting of an N-terminal
ribosomal-binding domain, an FKBP-type peptidyl-
prolyl isomerase (PPlase) middle domain, and a
C-terminal domain implicated in enhancing the binding
of Tig to unfolded proteins. Tig interacts with nascent
chains and binds closely to the nascent chain exit site of
the ribosomal complex (Blaha et al., 2003; Maier et al.,
2003). Data suggest that trigger factor is involved in the
prevention of the misfolding and aggregation of nascent
chains as they are translated by the ribosome (Hartl and
Hayer-Hartl, 2002).

Unlike trigger factor, DnaK is an ATP-dependent
chaperone, consisting of an N-terminal ATPase domain,
a substrate-binding domain, and a C-terminal regula-
tory domain. DnaK functions with the cochaperone
Dnal, and a nucleotide exchange factor GrpE. DnaK
recognizes hydrophobic sequences in extended poly-
peptide chains. Through cycles of binding and release
regulated by ATP, Dnal, and GrpE, DnaK facilitates
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substrate folding to the native state (Hartl and Hayer-
Hartl, 2002). Like Tig, DnaK also binds to nascent
chains (Deuerling et al., 1999; Teter et al., 1999), im-
plying an overlap in the function of the two chaperones.

The chaperonin GroEL is a homo-oligomer of 14
subunits that arrange themselves into two heptameric
rings, resulting in a cylindrical structure with two large
cavities (Hartl and Hayer-Hartl, 2002). Each subunit of
GroEL can be divided into apical, intermediate, and
equatorial domains. The stacking interface between the
two rings occurs at the equatorial domains. The inter-
mediate domain forms a hinge region between the
equatorial and the apical domains. Substrates at an in-
termediate stage of folding bind to the apical domain at
the top of the GroEL cylinder. Substrates are then dis-
placed into the central cavity by the binding of GroES to
GroEL in an ATP-dependent manner. Protected inside
this cavity, substrates can fold while minimizing the
possibility of aggregation. Subsequently, GroES disso-
ciates from GroEL, and substrates are then released into
the cytoplasm (Keskin et al., 2002). The GroEL/GroES
functional cycle is regulated by ATP binding and
hydrolysis.

Little is known about the role of HtpG (Hsp90) in
bacteria, even though this chaperone is highly expressed
upon heat shock. In E. coli, strains devoid of HtpG
behave like wild-type strains and show no specific phe-
notypes (Bardwell and Craig, 1988).

The Clp family of ATPases can be divided into two
classes according to the number of nucleotide-binding
domains (NBD) in the respective proteins. ClpA and
ClpB contain two NBDs; ClpX and HslU, only one.
ClpX and ClpA associate with the serine protease ClpP,
while HslU associates with the threonine protease HslV
(Dougan et al., 2002b). CIpX, ClpA, and HslU are
thought to be involved in the recognition, unfolding,
and translocation of substrates into the respective pro-
teases (Wickner et al., 1999). On the other hand, ClpB
has not been found to associate with a protease subunit
but, instead, appears to cause resolubilization of protein
aggregates in cooperation with the DnaK system (Mogk
et al., 2001).

Lon and FtsH are two other ATP-dependent prote-
ases; Lon is a DNA-binding protease that degrades
regulatory and abnormal proteins (Fu et al., 1997; Ta-
kaya et al., 2002), and FtsH is a hexameric membrane-
anchored protease that degrades both membrane and
cytoplasmic proteins (Herman et al., 2003). The mech-
anism of substrate recognition by Lon and FtsH is not
yet known.

Chaperone and protease families are highly conserved
across genomes, suggesting that their functions are es-
sential for cellular life (Jordan et al., 2002). However, we
observed that, as more genomes are being sequenced,
many chaperones and proteases are absent from the
Mycoplasma genus. Mycoplasmas are generally char-

acterized by their small genome size—usually less than
1 Mbp—and the lack of a cell wall (Razin, 1995). Their
small genome sizes have raised questions as to whether
this genus contains an organism with the smallest gene
set required for life (Peterson and Fraser, 2001). Con-
sequently, the study of protein homeostatic mechanisms
in mycoplasmas may yield new insights into the role of
chaperones and proteases in these processes. In this
speculative paper, we suggest that protein homeostasis
in mycoplasmas has shifted towards favoring processes
that lead to protein degradation rather than protein
folding. We present several arguments to support this
hypothesis.

2. Materials and methods

The existence or absence of proteins in the different
genomes was detected from the available annotations
and confirmed by BLAST (Altschul et al., 1997). De-
tection of COGs of known chaperone and protease
families across genomes, and the building of the E. coli
chaperone network, were accomplished using STRING
(June, 2003 version) (von Mering et al., 2003). The
network was built from ClpX and DnaK seed COGs.
Additional COGs were connected to these COGs
whenever the confidence threshold of association from
STRING was high—75% or greater. The process was
repeated until no more COGs could be added. The 75%
confidence provided a threshold which excluded many
proteins that are not chaperones or proteases.

The search for proteins in mycoplasmas with the
same SCOP or CATH architecture as that of GroEL
was done using data obtained from PEDANT (Frish-
man et al.,, 2003) or Gene3D (Buchan et al., 2003),
respectively. The search for putative CIRCEs in
Mycoplasma genomes was carried out using the se-
quences TTAGCAC-N{10-18}-GTGCTAA and TTAG
CA-N{12-20}-TGCTAA, where N is any nucleotide.
The number of allowed substitutions was between 0 and
2, implemented in a Perl script. Genome sequences were
obtained from GenBank (Wheeler et al., 2003).

3. Results and discussion

3.1. Distribution of chaperones and proteases across
genomes

Because completely sequenced genomes of a large
number of bacterial and archaeal organisms are avail-
able, the distribution of chaperone and protease families
across these organisms can be assessed. Clusters of or-
thologous groups (COGs) (Tatusov et al., 1997) can be
used to rapidly search for these families across genomes
since proteins within a COG are predicted to function
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similarly. Fig. 1 shows the distribution of 14 chaperone/
protease COGs across 67 bacterial (numbered 1-67) and
16 archaeal (numbered 68-83) genomes.

The figure clearly shows that none of the major
chaperone and protease families considered are present
in all genomes. The COGs for the chaperones Tig and
DnaK/Dnal/GrpE, and the protease FtsH, are the only
absolutely conserved COGs in the listed bacteria. FtsH
COG is absent only in listed archaea. However, for the
83 genomes, GroEL is the most conserved chaperone,
and it is absent in only two mycoplasmas (Ureaplasma
urealyticum and Mycoplasma pulmonis). Note that in
archaea, it is the archaeal thermosome and proteasome
that function like E. coli GroEL and HslV, respectively.
These archaeal proteins are closer to the eukaryotic
CCT and proteasome than to the bacterial GroEL and
HslV, respectively.

3.2. Building the chaperone network

To reveal possible functional associations between
the different chaperones and proteases, we decided to
build a chaperone network. In the past decade, tools to
cluster functionally related proteins have been devel-
oped based on: (1) phylogenetic profiling, (2) gene fu-
sion, and (3) gene neighborhood searches. These
methods provide a good prediction of possible func-
tional association between proteins (von Mering et al.,
2003), and we apply them in combination using the
STRING tool (von Mering et al., 2003) to determine
whether we can connect the major chaperone and pro-
tease families using a seed protein COG. The network is
built by adding new COGs to these seed COGs if a
certain threshold of association between the COGs is
reached. The process is repeated until no more COGs
can be added. Results with a threshold of 75% confi-
dence show that major components of the protein ho-
meostatic network can be connected (connected by
arrows in Fig. 2).

The advantage of such a graph is that it allows
predictions of functional relationships between proteins
by means of transitivity: when one knows that protein
A is predicted to be functionally associated with pro-
tein B, and that protein B is predicted to be func-
tionally associated with protein C, one may predict
that A and C are functionally associated. For instance,
a functional relationship between GroEL and trigger
factor is predicted based on this network, a prediction
which agrees with published experimental results. For
example, the ability of GroEL to form complexes with
a model substrate protein can be enhanced upon Tig
overproduction (Kandror et al., 1997). Note that, from
a purely bioinformatics perspective, the relationship
between GroEL and Tig cannot be established based
solely on phylogenetic profiling, gene fusion, or gene
neighborhood search information; rather, a combina-

tion of the methods is required—at the employed
threshold.

Fig. 2 shows that the four proteins ClpX, ClpP, Lon,
and Tig form a ‘complete graph’ whereby each protein is
directly connected to the other three proteins. When
multiple cycles of transitive relationships exist in com-
plete graphs, this reinforces the predicted associations.
Cyclic reinforcement has been exploited successfully
with respect to gene neighborhood relationships to
confirm gene associations (Kolesov et al., 2001). The
complete association graph obtained for ClpX, ClpP,
Lon, and Tig, suggests that either a substrate or one or
more biochemical processes common to many organ-
isms require all four proteins.

It should be noted that HtpG could not be connected
to any of the chaperones or proteases in Fig. 2; nor
could a connection be made between the DnaK chap-
erone system and other systems. The latter observation
is contrary to experimental data showing, for example,
that E. coli DnaK and Tig have overlapping functions as
well as overlapping substrate-binding specificities
(Deuerling et al., 1999; Deuerling et al., 2003; Teter
et al., 1999). Furthermore, no connections are observed
between ClpB and the DnaK system in Fig. 2, although
it has been proposed that these two E. coli chaperones
form a bichaperone network involved in the solubiliza-
tion and refolding of stable protein aggregates (Golou-
binoff et al., 1999). Since Fig. 2 incorporates all
sequenced bacterial genomes, it implies that such a bi-
chaperone system is not conserved across genomes.
However, if the threshold of the COG associations is
lowered to 20%, ClpB can be connected to DnakK.
Hence, by lowering the confidence threshold, weaker
associations can be revealed.

Since genes that function similarly do not necessarily
occupy the same COG, this network can also be ex-
tended by searching for protein sequences similar to
those already connected (connected by lines in Fig. 2).
For example, connections by this approach can be made
between ClpX and FtsH, Dnal and its mutation sup-
pressing paralogue CbpA (Ueguchi et al., 1995), Lon
and the DNA repair protein RadA (Beam et al., 2002),
and DnaK and MreB/YegD/HscA/HscC. YegD, HscA,
and HscB are members of the Hsp70 family, while MreB
is a rod-forming protein; therefore, Fig. 2 can be ex-
panded using the proposed approach.

The importance of the network shown in Fig. 2 is that
it reinforces the concept of functional associations or
functional overlap between the different chaperones and
proteases in the cell.

3.3. Missing chaperones and proteases in mycoplasmas
As seen in Fig. 1, the distribution of chaperones and

proteases can readily distinguish bacteria from archaea.
Archaea appear to be missing many of the COGs listed
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Fig. 1. Distribution of major chaperones and proteases. Green and red dots represent existence or absence, respectively, of a protein COG for each of

the 83 organisms listed on the left panel. Representative members of each COG from E. coli are listed at the bottom. The diagram was modified from
output obtained using the STRING tool (von Mering et al., 2003). The phylogenetic tree is according to STRING except that the Mycoplasma

branch was rearranged based on EF-Tu phylogeny (see Fig. 5).
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Fig. 2. The chaperone and protease network. The predicted functional
linkage between major cytoplasmic E. coli chaperones and proteases.
A < B indicates that A and B are linked by STRING with a confidence
of 75% or greater. A — B indicates that a bidirectional BlastP (Altschul
et al., 1997) E-value between A and B is less than le™>.

in Fig. 1. Furthermore, the mycoplasmas (highlighted in
yellow in Fig. 1) can also be readily separated from the
other bacteria, based on the distribution of their chap-
erones and proteases. Among listed bacteria, the my-
coplasmas contain the smallest number of chaperones
and proteases.

One distinguishing characteristic of the Mycoplasma
genomes is that the genes for ClpX, ClpP, HslU, and
HslV are absent in all mycoplasmas sequenced so far
(Fig. 1). Furthermore, CIpA/B is also missing in
M. pulmonis. Also absent from all sequenced Myco-
plasma genomes are the following: CtsR, a negative reg-
ulator of Clp proteins in many gram positive bacteria
(Derreetal., 1999); ClpS, a modulator of CIpAP substrate
recognition (Dougan et al., 2002c); and SspB, a stimulator
of ClpXP degradative activity (Wah et al., 2002).

In bacterial cells, incomplete protein fragments gen-
erated due to ribosomal-stalling are C-terminally tagged
with a hydrophobic SsrA sequence (AANDENYALAA
in E. coli) by a tmRNA (Keiler et al., 1996). In E. coli,
the translated tag targets the protein fragments for
degradation by FtsH, ClpXP, or CIpAP (Gottesman
et al., 1998; Herman et al., 1998). A similar system likely
exists in mycoplasmas since the tmRNA is present in
those genomes (Williams, 2002). Furthermore, proteins
thought to associate or function with the tmRNA—such

as SmpB, phosphoribosyl pyrophosphate synthase,
RNase R, and YfbG-like methionine tRNA formyl-
transferase (Karzai et al., 2000; Karzai and Sauer,
2001)—are also encoded in all sequenced mycoplasma
genomes. Since ClpXP and CIpAP systems are missing
from mycoplasmas, it is likely that FtsH could replace
the function of these systems in degrading at least some
of the SsrA-tagged proteins (Karzai et al., 2000).

The loss of the HsIUV system in mycoplasmas indi-
cates, perhaps, that Lon or FtsH carry a function similar
to that of HslUV in these organisms. In E. coli, it has
been observed that lon mutants can be suppressed by the
overproduction of HslUV protease; furthermore, there
is an overlap of substrate specificity between Lon and
HslUV (Wu et al., 1999). This suggests that, in myco-
plasmas, Lon is the likely candidate to replace the
function of the HslUV system.

Another distinguishing feature of the Mycoplasma
genomes is the striking observation that U. urealyticum
and M. pulmonis are the only two organisms among the
83 listed in Fig. 1 that do not have GroEL/GroES. We
further verified that a protein with a GroEL-like struc-
ture is not present in these two organisms, using CATH-
assigned domains from Gene3D (Buchan et al., 2003) as
well as the SCOP database (Lo Conte et al., 2002) as
implemented in PEDANT (Frishman et al., 2003).
Transposon mutagenesis of GroEL in Mycoplasma
pneumoniae and Mycoplasma genitalium suggests that
GroEL is not essential for the viability of these two
organisms (Hutchison et al., 1999). In Mycoplasma
capricolum, which is not yet completely sequenced,
results of 1D-PAGE analysis of pulse-labeled proteins
from heat-shocked cells suggest that the chaperonin is
missing from this organism as well (Table 1).

The loss of GroEL in mycoplasmas is an intriguing
finding since GroEL was thought to be essential for vi-
ability. For example, Fayet has shown that in E. coli, the
GroEL/GroES system is the only essential chaperone
system under all growth temperatures (Fayet et al.,

Table 1
GroEL is missing or not essential in mycoplasmas

Presence of GroEL

Mycoplasma species

Present but not essential

(Hutchison et al., 1999)*

Present but not essential

(Hutchison et al., 1999)*

Present (Scherm et al., 2002)°

Present (Sasaki et al., 2002)

Present (Scherm et al., 2002)°

Missing (Dascher and Maniloff, 1992)°
Missing (Chambaud et al., 2001)
Missing (Glass et al., 2000)

#Not essential as shown by transposon mutagenesis.

® As shown by immunoblotting.

¢1D-PAGE of pulse-labeled proteins after heat shock did not
reveal the presence of GroEL.

M. genitalium
M. pneumoniae

M. gallisepticum
M. penetrans

M. hyopneumoniae
M. capricolum

M. pulmonis

U. urealyticum




Table 2

Chaperones downstream of CIRCE-like sequences in mycoplasmas

Species

CIRCE-like sequences (consensus: TTAGCACTC-N9-GAGTGCTAA)

ORFs

Location of ORFs
(strand)

Distance between CIRCE

and ORFs (bp)

M. gallisepticum
M. genitalium
M. pneumoniae
M. penetrans

M. gallisepticum
M. genitalium
M. penetrans
M. pneumoniae
M. pulmonis

U. urealyticum
M. gallisepticum
M. genitalium
M. penetrans
M. pneumoniae
U. urealyticum
M. gallisepticum
M. genitalium
M. penetrans
M. pneumoniae
M. pulmonis

U. urealyticum

651401

496987

697678

124473

739626
376726
1271763
523629
255797
385711
668480
453770
490509
653965
451467
516411
283322
890414
390253
636422
394936

TTAGCTAGAAGTGTGGCTAATGAATTAA

TTAGCGCTAATATCAGATAAATTTAA

TTTGCACTTTAAGCATTTAACTGCTAA

TTAGCAGTTATAATAGTTAAGTGATAA

TTAGCAATCTACTTGCAAAAGTGCTAA
TTAGCACTTTTAGTGTTTGAGTGCTAA
TTAGCATAAAAGAGTTGAGAGTGCTAA
TTAGCACTCAAACGCTAAAAGTGCTAA
TTAGCACTTTATTCATTTGAGTGCTAA
TTAGCACTCAATATTGACAAGTGCCAA
TTAGCACTCTAATAGCTCAAGTGCTAA
TTAGCACTCGAATGCCTTGAGTGCTAA
TTAGCACTCCTATATTTAATCTGCTAA
TTAGCACTCAAGCCATTCGAGTGCTAA
TTAGCACTCATTATTTTAAAGTGCTAA
TTAGCACTTGAATTCTTAGAGTGCTAA
TTAGCACTCAAAGCTTGTGAGTGCTAA
TTATCACTTAAATATTTAAAGTGCTAA
TTAGCACTCAAAGTATTAGAGTGCTAA
ATAGCACTTTATTCAAAAGAGTGCCAA
TTAGCACTCGTAATAATAGTTTGCTAA

651429

497013

697705

124500

739653
376753
1271790
523656
2556824
585738
668507
453797
490536
653992
451494
516438
283349
890441
390280
636449
394963

GroES
GroEL
GroES
GroEL
GroES
GroEL
GroES
GroEL
DnaK
DnaK
DnaK
DnaK
DnaK
DnaK
ClpB
ClpB
ClpB
ClpB
ClpB
Lon
Lon
Lon
Lon
Lon
Lon

649868-650161(~)
648264-649871(-)
496628-496960(-)
494984-496615(-)
697326-697676(-)
695692-697323(-)
124534-124806(+)
124836-126473(+)
737780-739567(-)
374918-376705(-)
1269938-1271803(-)
521837-523624(-)
255963-257762(+)
385804-387615(+)
666315-668468(~)
451613-453757(-)
488365-490482(-)
651802-653949(~)
451524-453638(+)
516459-518939(+)
283395-285782(+)
888037-890382(-)
390328-392715(+)
633790-636318(-)
395023-397398(+)

1240*

27

11

34

59
26
40
5
139
66
12
13
27
16
30
21
46
32
48
104
60

#GroES/GroEL may be part of an upstream operon containing pykF and pykA.
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1989); it is estimated to be involved in folding approxi-
mately 10% of newly translated proteins (Ewalt et al.,
1997). GroEL homologues are also known to be essen-
tial for Saccharomyces cerevisiae (Esser et al., 1999) and
Bacillus subtilis (Kobayashi et al., 2003) viability.

It is possible that Tig or the DnaK/Dnal/GrpE
chaperones could replace some of the missing function of
GroEL. However, as has been clearly demonstrated by
extensive biophysical, biochemical, and genetic studies
(Hartl and Hayer-Hartl, 2002; Saibil et al., 2001), the
functions and substrate specificities of Tig and DnaK are
fundamentally different from those of GroEL. Tig and
DnaK bind proteins in an extended conformation at
early stages of folding, while GroEL recognizes a com-
pact folding intermediate. Furthermore, GroEL/GroES
is the only chaperone system that can encapsulate its
substrates in an isolated cavity to promote proper fold-
ing. Therefore, it is unlikely that other chaperones in
Mycoplasma can ‘absolutely’ replace GroEL function.

The chaperones and proteases lost in Mycoplasma
play an important role in protein homeostasis in other
bacteria such as E. coli, indicating, perhaps, that the
mechanisms by which mycoplasmas achieve their pro-
tein homeostasis is quite different from that found in E.
coli. We propose that there has been a fundamental shift
in mycoplasmas towards favoring processes that pro-
mote protein degradation rather than protein folding.
The proposal is based on two different premises: (1) the
regulation of stress response in Mycoplasma and (2) the
characteristics of the Mycoplasma proteome.

3.4. Possible evidence for the shift towards proteolysis in
Mycoplasma

3.4.1. Regulation of stress response in Mycoplasma

If the functions of missing chaperones and proteases
in Mycoplasma are to be replaced by other mechanisms
in the protein homeostatic network as highlighted by
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Fig. 3. Length and hydrophobicity of cytoplasmic proteins in prokaryotes. The distributions are those of cytoplasmic proteins. Proteins predicted to
contain two or more transmembrane helices by TMHMM?2 (Krogh et al., 2001) were excluded. Top panel shows the average protein length across
genomes; bottom panel shows the Mean Grand Average Hydrophobicity (GRAVY) across genomes. GRAVY was calculated using the Kyte and
Doolittle scale (KD) (Kyte and Doolittle, 1982) for each protein, and the mean was obtained.
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Fig. 2, one would expect some commonality in their
regulation. Heat regulation at CIRCE (HrcA) is a neg-
ative regulator of GroEL in gram positive bacteria.
HrcA binds to the control inverted repeat chaperone
expression (CIRCE) sequence that has the consensus
TTAGCACTC-N9-GAGTGCTAA, where N is any
base (Narberhaus, 1999). The CIRCE sequence is up-
stream of the groESL operon in many gram positive
bacteria (Narberhaus, 1999) but can be found upstream
of other genes as well, and it is also present in other
bacterial lineages (Chastanet et al., 2003; Narberhaus,
1999; Servant and Mazodier, 2001).

Regular expression searches for CIRCE-like se-
quences in mycoplasmas were conducted (see Section 2),
and a large number of heat shock-related genes were
found downstream of these sequences (Table 2). A full
list of potential CIRCE-regulated proteins in myco-
plasmas can be downloaded at http://biochemistry.
utoronto.ca/houry/Labpage/Bioinfopage.html. Among
these genes are those encoding for DnaK, ClpB, and
Lon protease (Table 2). Notably, no CIRCE consensus
sequence was found upstream of FtsH. Common regu-
lation of ClpB, DnakK, Lon, and GroEL could support
overlapping functionality in mycoplasmas. Thus, the
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function of GroEL that is absent in some mycoplasmas
may be partially replaced by the action of ClpB and
DnaK chaperones, and the Lon protease. Consequently,
this may result in a net increase in degradative—rather
than folding—activities in these organisms.

3.4.2. Characteristics of the Mycoplasma proteome

A high mutation rate is a plausible strategy by par-
asites to avoid detection by host defenses. Comparison
of bacterial 16S RNA sequences indicates that myco-
plasmas evolve 50% faster than related organisms in the
Lactobacillus group (Maniloff, 1992). With mutation of
the genome, it is expected that the proteome mutates as
well. A likely consequence of high mutation rates is the
destabilization of proteins. Indeed, a recent study in
which protein stability was estimated from the thermo-
dynamic parameters of 11 protein families derived from
40 bacterial species suggests that obligate pathogens,
including the mycoplasmas, have more unstable proteins
than have other bacteria (van Ham et al., 2003).

Since instability and folding difficulty are more
common in long proteins (Chakravarty and Varadara-
jan, 2000), we compared the Mycoplasma cytoplasmic
protein lengths with those of other prokaryotes. Results
shown in Fig. 3, upper panel, indicate that Mycoplasma
protein lengths are amongst the highest for prokaryotes
sequenced so far—a mean of 364 amino acids for six
sequenced mycoplasmas compared to a mean of 302
amino acids for 104 sequenced prokaryotes, further
supporting the proposal that mycoplasmas have more
unstable proteins than have other bacteria.

To tolerate high instability in their proteins, organ-
isms require a high protein homeostatic capacity. For
example, the abundant expression of GroEL, which was
shown to be a mutational buffer (Fares et al., 2002), has
been suggested as aiding the symbiont Buchneras in
tolerating their high protein instability (van Ham et al.,
2003). Mycoplasmas’ apparent loss—or impending loss—
of GroEL may indicate that mycoplasmas employ
proteolysis rather than folding to buffer for protein in-
stability. However, for such a strategy to be successful,
protein aggregation levels must be kept low since, once
large protein aggregates are formed, these aggregates
cannot be effectively degraded. Indeed, the hydropho-
bicity of Mycoplasma cytoplasmic proteins is amongst
the lowest of sequenced species (Fig. 3, lower panel).
Furthermore, the fraction of hydrophobic stretches
having residue length greater than 2 in mycoplasmas is
also amongst the lowest compared with those in other
species (Fig. 4). Therefore, although Mycoplasma pro-
teins may be unstable, it is possible that, with less hy-
drophobic amino acids and with reduced numbers of
long hydrophobic stretches, there is a reduced chance
that unfolding or misfolding of Mycoplasma proteins
will lead to aggregation. Hence, proteolysis would be an
effective way to deal with these proteins.

The concept that increased degradative activities
might reduce the requirement for folding activities has
recently been demonstrated in yeast (Friant et al., 2003).
It was shown that overexpression of ubiquitin, which
targets proteins for degradation by the proteasome, can
allow the cells to tolerate heat shock without the in-
duction of heat shock genes.

3.5. Consequences of the loss of GroEL in mycoplasmas

What is the advantage of losing a chaperone such as
GroEL? For parasites, host recognition of stable phe-
notypes may be a significant driving force for loss of
genes that express or maintain those phenotypes. This
reasoning may explain why certain mycoplasmas have
lost the chaperonin—it is immunogenic (Dascher and
Maniloff, 1992). Hence, mutations leading to the loss of
GroEL can be viewed as an adaptation to host defenses.

Besides allowing parasites to exploit new niches, the
loss of GroEL may also affect the evolution of proteins.
EF-Tu is a possible candidate for such a protein since
the absence or presence of GroEL in mycoplasmas can
largely be distinguished by EF-Tu-based phylogeny
(Kamla et al., 1996) (Fig. 5), an alternative classification
to the classical 16S RNA-based phylogeny (Maniloff,
1992). Based on the position of two mycoplasmas that
lack GroEL, M. pulmonis and U. urealyticum, we predict
that Mycoplasma hominis and Mycoplasma mycoides
subsp. mycoides, whose complete genome sequences are
not yet available, have also lost the chaperonin. Our
prediction can be verified when the complete genome
sequences of these organisms become available.
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— M. genitalium (*)

lL—— M. pneumoniae (*)

U. urealyticum (-)

M. mycoides
subsp. (?)
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a.1 is (=)

Fig. 5. Phylogram of mycoplasmas based on EF-Tu amino acid
sequences. Evolutionary distance is based on the neighbor joining
method (Saitou and Nei, 1987) as implemented in CLUSTALW
(Chenna et al., 2003). The black bar represents 10% sequence diver-
gence. (+) indicates that a strain of the species has been identified as
containing GroEL. Strains of M. pulmonis and U. urealyticum lack
GroEL and are labeled (-). No published data are available on whe-
ther there is GroEL in M. mycoids subsp. mycoides or M. hominis;
these strains are labeled (?).
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4. Concluding remarks

The birth of the Mycoplasma genus is thought to
have resulted from massive gene loss; however, the
driving force remains unclear (Moran, 2002). In several
mycoplasmas, this gene loss included the loss of the
essential chaperone system GroEL/GroES, among other
chaperones and proteases (Fig. 1). In this paper, we have
argued from different perspectives that there has been a
fundamental shift towards proteolysis rather than pro-
tein folding as a means to maintain protein homeostasis
in Mycoplasma.
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