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At sublethal temperatures both prokaryotic and
eukaryotic cells stop the synthesis of most proteins but
increase the rate of the heat shock proteins (HSP) syn�
thesis. The HSP have been found in all studied eukary�
otes and bacteria. Even mycoplasmas (class Molli�
cutes), the smallest prokaryotic organisms capable of
independent reproduction, were not an exception
[1, 2]. From the evolutionary point of view, HSP are
among the most conservative proteins. While HSP dif�
fer in their properties and functions, their major role in
the cell is the maintenance of homeostasis and forma�
tion of the adaptive responses under stress conditions.

Many HSP are chaperones and co�chaperones.
These proteins participate in the folding of the peptide
chain of newly synthesized proteins and play a protec�
tive role: they prevent protein denaturation and aggre�
gation under stress conditions. Another major group
of the HSP are proteases. They are responsible for the
degradation of the polypeptides irreversibly damaged
by stress factors. The third group of the HSP are regu�
latory proteins that control transcription, translation,
and modification of the polypeptides synthesized
under heat shock conditions. The synthesis of some
HSP may be induced not only by elevated temperature
but also by other stress factors such as a decrease of
temperature and addition of oxidants or heavy metal
salts. Such proteins belong to the group of general
stress proteins [3]. Moreover, the cells of most organ�
isms synthesize small amounts of the HSP under nor�
mal conditions [4]. Such HSP include the chaperones
that affect protein folding, as well as some proteases.

Classification of the HSP is based on their size.
According to their molecular mass (kDa), HSP are
divided into several families: HSP100, 90, 70, 60, 40,
33, and small HSP (sHSP). The sizes of the polypep�
tide chains within these families vary widely; however,
their functions in the cells of different organisms are
similar [5, 6]. For example, both eukaryotic Hsp70
chaperones including 13 human HSPA proteins [7]
with molecular masses from 52 (HSPA13) to 76 kDa
(HSPA12B), and prokaryotic Hsp70 homologues
including Escherichia coli DnaK�like proteins [8] with
molecular masses from 62 to 71 kDa belong to the
well�studied HSP70 family. The sHSP demonstrate
high size diversity. Representatives of this big and het�
erogenous family (from 10 to 43 kDa) play a variety of
functions in the cells [9]. The presence of the alpha�
crystallin domain is the structural feature typical of
both eukaryotic and prokaryotic sHSP [6, 10].

Mycoplasmas differ from other eubacteria by the
absence of the cell wall, by small genome size, and by
the low DNA C+G content. Almost all mycoplasmas
are obligate parasites. Despite the seeming genome
“incompleteness,” mycoplasmas are successful patho�
gens of mammals, birds, insects, and plants [11, 12]. It
is suggested that in the course of evolution mycoplas�
mas lost a significant amount of genetic material of
their ancestors (common with lactobacilli) with a
resulting decrease in the genome size up to the theo�
retically calculated minimum sufficient to provide
independent reproduction [13]. It was therefore sug�
gested to consider mycoplasmas as a natural model of
a “minimal” cell [14]. However, the number of genes
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in this case must depend directly on the environmental
conditions. Thus, the absence of the genes coding for
the enzymes that are necessary for nucleotide or
amino acid synthesis may be explained by the fact that
mycoplasmas obtain these compounds directly from
the host cell [15, 16].

The scientists who began studies regarding the
mycoplasmal HSP were interested in whether these
organisms retained a universal system for the heat
shock response or it has been deleted as a useless one.
The mycoplasmal HSP were discovered in the Insti�
tute of Cytology, Russian Academy of Sciences [1].
Using pulse label incorporation technique, the syn�
thesis of nine polypeptides in Acholeplasma laidlawii
cells was shown to be increased while synthesis of oth�
ers was suppressed when the temperature increased
from 32 to 44°C for 2 h. The maximal increase was
observed in case of the 72, 65, 17, and 10 kDa
polypeptides. According to the densitometry results,
in A. laidlawii PG8 heat shock resulted in the concen�
tration of main HSP increasing from 0.8 to 4.2%
(72 kDa protein) and from 0.05 up to 4.8% (65 kDa
protein). Accumulation of the low�molecular HSP
p17 (Hsp20, IbpA) reached 7.2% from the total cell
protein. Enhanced concentrations of the HSP in the
mycoplasmas maintained for 4 h after the temperature
returned to normal values. In the same year, Dascher
et al. [2] demonstrated the heat shock response in
A. laidlawii (strains JA1 and K2) and Mycoplasma
capricolum. Thus, by 1990 two independent research
groups have shown mycoplasmas, as other known
microorganisms, to synthesize the HSP in response to
heat shock. Since the genomes of mycoplasmas are
significantly reduced, the presence of the HSP in their
cells demonstrates a fundamental role of these pro�
teins for all cells including the “minimal” cells.

What has been done for mycoplasmal HSP investi�
gation since their discovery? First, more than 40 com�
plete mycoplasma genomes have been sequenced so
far, and more than 30 full�size sequences from these
genomes have been deposited (not including the
genomes that belong to different strains within one
species). This made it possible to predict the presence
of the ORFs in mycoplasma genomes that corre�
sponded to the genes encoding the putative products
with high homology to the known bacterial HSP. An
interest to mycoplasma genomes sequencing was due
to the fact that their cells are relatively simple and thus
may be considered a convenient model for the study of
the vitally important cell processes. Second, applica�
tion of such integrated approaches as the studies of a
transcription answer and proteomic analysis of the
mycoplasma cells under heat shock made it possible to
reconstruct a general picture of the changes that hap�
pen in the cells. However, many details of these pro�
cesses still remain unclear. Third, a set of studies on
the interactions of mycoplasma and eukaryotes in the
“parasite−host” system revealed many mycoplasma
HSP to be strong antigens that induce a response of

the host immune system. These data are used for sero�
logical investigations [17] and for the development of
novel efficient vaccines [18]. Moreover, the structure,
properties, and functions of some specific myco�
plasma HSP also have been reported. However, not
many works in this area appeared in the last 20 years.
Among them one could mention the studies on the
DnaK [19], TopJ [20], DnaJ [21], ClpB [22], and
IbpA [23] proteins. In two of these works [19, 23] elec�
tron microscopy was used to determine HSP localiza�
tion in mycoplasma cells: for the HspA1 protein from
Mycoplasma suis and for the IbpA (Hsp20) from
A. laidlawii, respectively.

In this review, all available information regarding
the genes encoding the mycoplasma HSP, their tran�
scription regulation, as well as the information regard�
ing the properties and functions of the well�character�
ized HSP is systematized and discussed.

THE HSP GENES FROM THE FULLY 
SEQUENCED MYCOPLASMA GENOMES

By early 2013, the genomes of 35 mycoplasma spe�
cies have been completely sequences and deposited,
and the projects for sequencing of several more tens of
mycoplasma genomes were declared. These studies
made it possible to carry out a detailed comparative
analysis of the mycoplasma genes including those
encoding the HSP.

The so�called multichaperone network responsible
for the state of proteins is crucial for the cell viability
both under optimal and stress conditions [9]. The
more components this network includes, the more
interactions between them take place, and, therefore,
the “buffer capacity” of the network becomes higher,
allowing the cells to adapt to unfavorable changes in
environmental conditions [24]. The HSP are the main
components of multichaperone network. Among bac�
teria, mycoplasmas have the minimal set of the genes
encoding the chaperones and proteases [25]. However,
the HSP are well represented in the reduced myco�
plasma genomes (table).

The number of the genes coding for the analogues
of the known bacterial HSP is different in the genomes
of different mycoplasma species. Excluding the paral�
ogous genes, only 6 genes for the HSP were found in
Mycoplasma crocodyli, M. haemominutum, M. wenyo�
nii, and M. suis. This is an absolute minimum among
the studied species of the class Mollicutes. Moreover,
the genome of M. crocodyli does not contain the gene
encoding the homologue of one of the most important
bacterial chaperones, the DnaK protein, and the
genomes of M. haemominutum, M. wenyonii, and
M. suis do not contain the genes for another important
chaperone, Tig trigger�factor, which was found in
almost all other mycoplasma species. Mycoplasma
penetrans, M. gallisepticum, M. genitalium, M. pneumo�
niae, Candidatus Phytoplasma asteris, and Candidatus
Phytoplasma australiense each contain 10 genes cod�
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ing for the HSP. Notably, among mycoplasma species
whose genomes have been completely sequenced,
M. genitalium possesses the smallest genome. The
A. laidlawii genome contains 12 genes coding for the
analogues of the known HSP. A. laidlawii is the only
mycoplasma occurring in the natural environment out
of the host organism. This “ubiquitous” mycoplasma
was isolated from soil, compost, wastes, as well as from
the tissues of humans, plants, and animals [11]. The
HSP genes homologous to those found in A. laidlawii
genome individually are present in the genomes of
other 34 mycoplasma species. Probably, higher capac�
ity of A. laidlawii for survival under unfavorable condi�
tions compared with other mycoplasma is associated
with the fact that this organism possesses a more com�
plete set of the genes encoding the HSP.

In almost all mycoplasma with sequenced
genomes, the genes for the DnaK/DnaJ/GrpE chap�
erone complex have been found. The proteins of this
complex provide co�translational and post�transla�
tional protein folding in a bacterial cell [26]. The only
exception is M. crocodyli, the genome of which does
not contain the dnaK gene, while retaining the genes
coding for the co�chaperones (dnaJ and grpE). Both
for gram�negative Escherichia coli and for gram�posi�
tive Bacillus subtilis the groEL gene has been previ�
ously shown to be essential for cell viability, while the
dnaK gene was shown to be not essential [27, 28]. In
both cases the cells carrying mutations in the dnaK
exhibited seriously impaired growth, up to loss of via�
bility, only at elevated temperature. However, in
M. crocodyli the genes groEL/groES were not
detected, and the only predicted protein with chaper�
one function was the Tig indicating its unique role in
the folding.

In A. laidlawii the genes dnaK, dnaJ, and grpE are
located as a cluster and are organized in the operon:
probably, inducible HSP synthesis in A. laidlawii is
mediated by retaining of the functional dnaKJ operon
[29]. The dnaKJ operon was also found in M. capri�
colum [30]. In the chromosome of Ureaplasma ure�
alyticum the dnaK gene is located separately and is
flanked by two ORFs coding for the putative products
with unknown functions. The residue of the dnaKJ
operon in this mycoplasma is represented by the grpE
and dnaJ cluster [31]. In the chromosomes of M. geni�
talium and M. pneumoniae the genes are organized in
the same way: the grpE and dnaJ form a cluster, and
the dnaK is located separately [32]. In addition, these
mycoplasmas contain two more putative ORFs
homologous to the dnaJ.

Loss of the genes for the GroEL/GroES chaperone
complex by many mycoplasma species was surprising
for the investigators. For many years it has been con�
sidered that the GroEL was necessary for the viability
of any bacterial cell. For example, in E. coli the
GroEL/GroES system is the only chaperone system
necessary for viability of the cell, both under normal
and heat shock conditions [33]. The GroEL and

GroES proteins mediate the folding of approximately
10% of the newly synthesized proteins [34]. The
GroEL homologues are important for the viability of
B. subtilis cells [35]. However, even weak homologues
of the groEL have not been found in many myco�
plasma genomes. Moreover, the GroEL proteins of
M. pneumoniae and M. genitalium were shown to be
inessential for cell viability [36]. Under heat shock
conditions, the level of the groEL expression did not
increase in M. genitalium [37] and increased insignifi�
cantly in M. pneumoniae [22]. In mycoplasmas certain
functions of the GroEL could be fulfilled by the Tig
and DnaK/DnaJ/GrpE proteins. However, substrate
specificity of the Tig and DnaK is significantly differ�
ent from that of the GroEL. The Tig and DnaK bind
to the proteins in an opened conformation at early
folding stages, while the GroEL protein recognizes
compact intermediates. The GroEL/GroES remains
to be the only bacterial chaperone system where
polypeptide folding is going in the cavity formed by the
chaperone complex [34]. That is why other myco�
plasma chaperones can hardly substitute the GroEL
protein completely. The mechanisms providing pro�
tein homeostasis in mycoplasma may differ signifi�
cantly from those of other bacteria. It was suggested
that a fundamental shift towards the processes provid�
ing degradation of the defective proteins rather than
their folding occurred in mycoplasmas in the course of
evolution [25]. The genomes of mycoplasmas with the
minimal number of the HSP contain only one gene
encoding for the protein with chaperone functions
(Tig or DnaK), although they retain the genes for two
different proteases (FtsH and Lon). Notably, the genes
coding for the Clp protease complex and the DegP
(HtrA) proteinase were absent from all the sequenced
mycoplasma genomes. Thus, the mycoplasma multi�
chaperone network contains both less chaperones and
less proteases than that of other bacteria.

The genome of Candidatus Mycoplasma haemola�
mae does not contain the genes with homology to the
genes for bacterial GroES co�chaperones, while it
contains two ORFs encoding the products homolo�
gous to the second component of the GroEL/GroES
complex, the GroEL chaperone. The groEL gene is
considered to be lost by the common mycoplasma
ancestor; the groEL in the genome of the highly inva�
sive species M. penetrans could appear as a result of a
horizontal transfer from the unrelated invasive bacte�
ria Helicobacter pylori [38]. Among other mycoplasma
that contain the GroEL/ES system, invasive species
are also present: M. gallisepticum, M. pneumoniae, and
M. genitalium. In these mycoplasma, the GroEL is
suggested to act as an adhesin–invasin. However, the
mechanism of GroEL�mediated invasion has not been
studied yet [39]. The same may be the case of the
groEL gene of Candidatus M. haemolamae. Neverthe�
less, the absence in this mycoplasma genome of the
gene coding for the homologue of the GroES co�
chaperone still remains a mystery.
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As for the proteins whose folding depends on the
GroEL, a significant number of the genes encoding
the homologues of these proteins could be lost in the
course of evolution due to the high level of myco�
plasma genome reduction. For example, in the
genome of M. capricolum only 61 homologues from
252 proteins of E. coli GroEL substrate proteins were
found, and only 3 of them are obligate substrates for
the GroEL [40]. Using computer modeling, in
11 mycoplasma species the homologues of the known
bacterial proteins being obligate substrates for the
GroEL/ES complex were predicted to lose their
dependence on the GroEL [38]. This loss was con�
firmed experimentally [41].

What could be an evolutionary significance of this
loss of the most important chaperone system
(GroEL/ES)? Recognition of certain phenotypes of a
parasite by the host could stimulate the loss of specific
genes that maintained these phenotypes [25]. This
may be an explanation for the loss of some chaperones
that are not significant for the slowly growing myco�
plasma cells [11, 15, 36] but are rather immunogenic
[42, 43]. Mycoplasmas are known to use different ways
to minimize the host immune response [11]. Muta�
tions resulting in a loss of the GroEL protein may
therefore be considered an adaptation to the protective
reactions of the host organism. The absence of the
GroEL/GroES chaperone system in 25 of 35 myco�
plasma genomes sequenced so far suggests a unique
role of the DnaK/DnaJ/DnaE system and of the Tig
chaperone in the protein folding and re�folding.

Another protein complex within the pool of bacte�
rial HSP, Clp, is an ATP�dependent heterogenous
protease complex, which contains several subunits. It
contains the HSP100 that are closely related to the
HSP70 and also have the protective function. HSP100
form ring�shaped complexes [44]. The E. coli HSP100
include ClpA, ClpB, ClpX, ClpP, ClpY (HslU), and
ClpQ (HslV). One of the distinguishing features of the
mycoplasma genomes is the absence of the genes cod�
ing for these proteins. The only exception is the pre�
dicted product of the PAM_667 ORF in Ca. P. asteris
str. OY�M genome, which is homologous to bacterial
ClpX proteases. The authors who sequenced Ca. P. as�
teris str. OY�M genome didn’t comment the described
“anomaly” [45]. The gene coding for the putative
ClpX homologue could probably get into the myco�
plasma genome by horizontal transfer of the genes.
The genes coding for the CtsR (negative regulators of
the clp genes expression in many gram�positive bacte�
ria), ClpS (modulators of the ClpAP substrates recog�
nition), and SspB (stimulators of the ClpXP pro�
teolytic activity) proteins also have not been found in
mycoplasmas [46]. All studied mycoplasmas also don’t
have the clpA genes. Despite the importance of the
Clp proteins for bacterial cells under stress conditions,
mycoplasmas don’t have the genes coding for the
HSP100 except the clpB. It was found in 14 of
35 sequenced mycoplasma genomes. The ClpB pro�

tein, unlike other Clp proteins that form protease
complex, is a molecular chaperone and participates in
re�folding of the aggregated proteins by interaction
with the DnaK/DnaJ/GrpE chaperone system. In
M. capricolum the genes clpB, dnaK, dnaJ, and grpE
are organized in an operon [30], and in M. pneumoniae
and M. genitalium the clpB and dnaK genes are not
connected spatially but are expressed under control of
the common regulatory element [37, 47, 48].

The molecular chaperone Tig (trigger factor)
which participates in co�translational folding of the
polypeptides [26] is expressed by all mycoplasma cells
except Mycoplasma mycoides subsp. mycoides SC,
M. suis, M. haemominutum, M. wenyonii, Ca. M. hae�
molamae, and Ca. P. asteris OY�M. In the cells of
Mycoplasma hyopneumoniae the Tig protein was sug�
gested to replace the function of the absent SecB pro�
tein that retains secreted proteins in the state compe�
tent for translocation, as the Tig is involved in secre�
tion of some proteins [49]. The genes or ORFs encoding
molecular chaperones HtpG (Hsp90) relating to the
Hsp90 family are absent in all sequenced mycoplasma
genomes, except the genome of Mesoplasma florum.
The level of similarity of amino acid sequences of
M. florum Mfl628 ORF putative product to those of
bacterial HSP90 proteins made it possible to designate
the Mfl628 product as a Hsp90. The Hsp90 is known
to be necessary for the yeasts and for Drosophila mela�
nogaster, although it is not significant for E. coli or
other bacteria [50]. As for the genes encoding the
chaperones of Hsp33 family, they are predicted for
eight mycoplasma: Mycoplasma conjunctivae,
M. leachii, M. mobile, M. florum, M. mycoides, M. cap�
ricolum, and A. laidlawii. Chaperone activity of these
proteins is redox�dependent, and they efficiently pre�
vent the aggregation of both thermally damaged pro�
teins and the proteins damaged by oxidative stress
[51]. The function of the mycoplasma analogues of the
Tig, HtpG, and Hsp33 proteins was not confirmed
experimentally.

The genes for the sHSP were revealed only in four
species of the Mollicutes and are apparently not
present in other mycoplasma studied. Except for the
A. laidlawii ibpA gene product, whose chaperone func�
tions were recently shown [23, 52], the genes for
the sHSP were predicted for three phytoplasmas:
Ca. P. asteris AYWB, Ca. P. asteris OY�M, and
Ca. P. australiense. These mycoplasmas belong to the
family Acholeplasmataceae and are plant pathogens.
The role of these proteins in the phytoplasma cells was
not experimentally confirmed. Not all the sHSP func�
tion as molecular chaperones [53, 54]. However,
amino acid sequence of the IbpA (Hsp20) from
A. laidlawii demonstrated high level of similarity to the
predicted sequences of the phytoplasma ibpA (hsp20)
genes putative products, thus indicating their similar
functions.

Why do some representatives of the class Mollicutes
carry the genes for the sHSP while others do not? One
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could suggest that in most mycoplasma the sHSP are
absent due to significant reduction of their genomes.
However, the genes for the sHSP were absent not only
in M. genitalium, which is known to have the minimal
genome (0.58 Mb) among the organisms capable of
independent reproduction [47], but also in
M. mycoides subsp. mycoides SC str. PG1 [55] and
M. penetrans HF�2 [56] with genome sizes of 1.2 and
1.36 Mb, respectively. In the genome (1 Mb) of an
intracellular parasite Chlamydia trachomatis [57] the
sHSP are also absent. At the same time, the genes for
sHSP were found in small genomes of the intracellular
parasites Buchnera sp. APS (0.64 Mb) and Rickettsia
prowazekii (1.1 Mb), which spend most of their life
cycle in poikilothermic insects [58, 59]. Probably, the
presence or absence of the sHSP depends on the tem�
perature regimen of the environment, rather than on
the size of the genome [60]. Thus, most mycoplasmas
not carrying the genes for sHSP are human and animal
parasites and inhabit isothermal niches. Unlike other
mycoplasma, representatives of the family Acholeplas�
mataceae inhabit mainly the plant tissues. However,
the genome of the phytoplasma Candidatus Phyto�
plasma mali [61] has been sequenced recently. This
mycoplasma causes the diseases of apple�trees and is
currently related to the family Acholeplasmataceae. In
its genome no one ORF was found corresponding to
the gene encoding the sHSP homologue. Notably, the
features of Ca. P. mali differ significantly from both
those of the phytoplasmas Ca. P. asteris and Ca. P. aus�
traliense and from all known species of the Mollicutes.
In Ca. P. mali the nucleoid is organized in a linear
chromosome, while in all other mycoplasmas it is a
circular DNA. Moreover, the Ca. P. mali genome is
smaller (0.6 Mb) than that of the phytoplasmas
Ca. P. asteris OY�M (0.86 Mb) [45], Ca. P. asteris
AY�WB (0.71 Mb) [62], Ca. P. australiense (0.88 Mb)
[63], and of the mycoplasma A. laidlawii (1.5 Mb)
[64]. The DNA C+G content in Ca. P. mali is very low
(21.4%), and the metabolic capabilities of this phyto�
plasma are highly limited compared to those of other
mycoplasmas. Nevertheless, the phytopathogenic
organism Ca. P. mali may survive within a wide range
of temperatures. The question of why the genes for
sHSP are present or absent in different mycoplasma
genomes still has no answer.

It is suggested that since mycoplasmas lost the
HslUV (ClpYQ) protease system, the Lon (La) or
FtsH proteases may replace its function [25]. For
example, mutations in the lon gene in E. coli could be
suppressed by overproduction of the HslUV [65].
Moreover, the Lon and HslUV proteases possess cross
substrate specificity. The genes coding for the
Lon protease, which provides for the degradation of
incorrectly folded and inactivated proteins, have been
found in all mycoplasma genomes without exceptions.
Any analogues of the other protease, ftsH, were not
found in M. florum and U. urealyticum. It must be

noted that none of the mycoplasma genomes encodes
bacterial DegP (HtrA) protease.

In some mycoplasma genomes, paralogous genes
were found whose putative products demonstrated
high level of similarity with the known bacterial HSP.
For example, in M. fermentans genome two putative
genes encoding for the tig and tig�2 homologues of the
trigger factor were found. In M. genitalium, M. pneu�
moniae, and M. florum three ORFs corresponding to
the paralogous genes for the DnaJ�like proteins were
predicted, while in M. gallisepticum genome eight of
such genes were found. The genome of the phyto�
plasma Ca. P. mali is a good example of the presence of
several copies of the same gene within one genome. It
contains 12 ORFs that correspond to the ftsH paralo�
gous genes. In the genomes of Mycoplasma haemoca�
nis and Ca. M. haemolamae two ORFs were found
coding for the proteins that possess different levels of
similarity to the GrpE and GroEL chaperones,
respectively. The functional role of duplication of the
genes coding for the HSP in small mycoplasma
genomes with limited encoding capability is not clear.

The studies on mycoplasmas provoked a discussion
regarding the size and content of the so�called “mini�
mal genome.” The criterion for the introduction of the
gene into the list of “necessary” genes was the fact that
its product, together with the products of other candi�
date genes, could provide the viability of the putative
“minimal” cell. The list of the genes coding for the
chaperones and proteases of such a cell was suggested
by Gil et al. [16]: dnaJ, dnaK, groEL, groES, grpE, hflB
(ftsH), and lon. Although the authors named the groEL
and groES genes as significant for the “minimal” cell,
impaired groEL, while negatively affecting M. pneu�
moniae and M. genitalium cells, was not shown to
result in the loss of their viability [36]. It is presently
known that the groELS operon is absent in most myco�
plasmas. The DnaK/DnaJ/GrpE complex also causes
some questions. It is involved in many cellular pro�
cesses, such as protein folding and translocation
through biological membranes, the assembly of the
oligomeric proteins, and their degradation. The DnaK
protein is insignificant for some free�living bacteria
[27, 28], although it is necessary for the M. genitalium
cells viability [36]. In other mycoplasma, M. crocodyli,
the dnaK gene is absent; among all genes encoding the
chaperones, only tig was retained in this organism. The
trigger factor (Tig) is also not necessary for all myco�
plasmas: the tig gene was not found in 6 of
35 sequenced genomes. In 2006 under laboratory con�
ditions using rich culture media and mutagenesis tech�
nique, Glass et al. carried out a big study of M. geni�
talium aiming to detect the genes insignificant for the
mycoplasma survival [66]. According to their results,
the clpB and tig genes were included into the list of
100 insignificant genes. Thus, the discussion regarding
the complete set of the HSP in a “minimal” cell is not
closed.
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The genome of a natural “minimal” cell, the small�
est cell among all known mycoplasmas, deserves spe�
cial consideration. Among the genes for the HSP,
M. genitalium genome (0.58 Mb) contains the hrcA
(encodes the HrcA regulatory protein), lon, dnaK, and
clpB genes [47]. Promoters of the lon, dnaK, and clpB
genes contain the CIRCE regulatory element (control
inverted repeat chaperone expression), which binds to
the HrcA repressor. The groEL and groES genes, as
well as tig and ftsH were also found in M. genitalium
genome, while they were absent in the larger genomes.
M. pneumoniae, M. gallisepticum, and M. penetrans
have an analogous set of the HSP genes. However, in
M. mycoides, M. capricolum, and M. mobile the genes
encoding the Hsp33 were found, while in M. geni�
talium the gene encoding for this chaperone homo�
logue was absent. Moreover, in the genome of M. geni�
talium several genes�paralogues of the dnaJ were
found. Except this mycoplasma, multiple copies of the
dnaJ were found only in M. pneumoniae, M. gallisepti�
cum, and M. florum. Thus, the HSP genes are well rep�
resented even in the smallest mycoplasma genome and
some of them even have several copies.

EXPRESSION OF MYCOPLASMA HSP GENES

To understand an adaptation of the cell to unfavor�
able environmental changes, it is necessary to study
the regulatory mechanisms that control the numerous
genes and operons with the subsequent interaction of
these genes products. Expression of the HSP in
prokaryotes occurs at transcriptional, posttranscrip�
tional, and posttranslational levels.

Transcription�regulatory factors have been studied
in detail for E. coli [67] and B. subtilis [68]. Typical
for E. coli cells is a positive regulation involving the
σ

32 factor. For B. subtilis three regulatory mechanisms
have been described: negative control involving the
HrcA repressor; positive regulation which depends on
the alternative σB factor; and negative regulation
mediated by the CtsR protein (class three stress
response regulator). Mycoplasmas have no alternative
sigma factors (σ32, σB) that are typical of bacteria and
are involved into the heat shock response. Only one
sigma factor was identified in mycoplasma: this is a
homologue of B. subtilis σA. The mycoplasma genes
are considered to be regulated by a limited set of tran�
scriptional regulators typical for the “minimal” cell
[46]. One of these regulators (if not the only) is the
HrcA protein which was identified in all sequenced
mycoplasma genomes.

In gram�positive bacteria, negative regulation of
the HSP genes under heat shock is performed by the
mechanism involving the CIRCE element and the
HrcA repressor. HrcA binds to the CIRCE inverted
repeat TTAGCACTC�N9�GAGTGCTAA (where N
may be represented by any base) and prevents tran�
scription of the downstream genes [68]. Conservatism

of the nucleotides within the CIRCE determines an
efficiency of repression. In many gram�positive bacte�
ria, the inverted repeat within the CIRCE element was
found upstream the dnaKJ and groESL operons, but it
never was laying upstream the other HSP genes [69].
In most mycoplasmas the genes that organize the
groESL operon were not found. However, upstream
the dnaK, clpB, and lon genes the CIRCE�like repeat
was identified [25]. General expression regulation of
these genes in mycoplasmas suggested the overlapping
functions of their products, the ClpB, DnaK, Lon,
and GroEL proteins. However, upstream the ftsH gene
the CIRCE element was absent.

The first detailed study of the transcriptional pro�
file changes in response to heat shock was carried out
for M. pneumoniae [48]. During the study, 47 genes
were identified whose expression increased with an
increase in temperature from 32 to 42°C, and 30 genes
whose expression decreased under the same condi�
tions. The genes that demonstrated an induced
expression under heat shock conditions included con�
servative HSP genes, the genes for several ribosomal
proteins, and also 10 genes with unknown functions.
Among the genes encoding the classical HSP, an
increase in the level of expression was observed for the
dnaK, lonA, groES, and mpn002 (encodes the pre�
dicted product containing the DnaJ j�domain), as well
as clpB. Maximal increase in the level of expression
was shown for the clpB, presupposing that the ClpB
protein is very important for this mycoplasma under
heat shock conditions. The details of transcriptional
regulation of gene expression in M. pneumoniae under
heat shock still remain unclear. Since CIRCE is lying
upstream the dnaJ, lonA, dnaK, and clpB genes, their
transcription presumably depends on the HrcA
repressor. However, analysis of the promoters of other
genes whose expression was induced under heat shock
did not reveal any regulatory sequence typical for the
promoters of the HSP genes.

Analysis of M. hyopneumoniae transcriptome under
heat shock conditions was carried out [70]. Under
stress conditions the level of the dnaK gene increased
almost 14�fold, of the dnaJ, twofold, and of the clpB,
6.3�fold. In promoters of the dnaK and dnaJ, as in case
of M. pneumoniae, the inverted CIRCE repeats were
identified. While the parC and ffh are the genes not
belonging to the typical HSP genes, they demon�
strated increased expression at elevated temperature.
As for the ffh gene, this is the only described case of its
expression regulation in response to heat shock. For
example, the level of transcription of this gene ana�
logue in M. pneumoniae under heat shock conditions
remains unchanged [48]. Therefore, mycoplasmas are
capable of different gene control in response to
stresses. In general, in M. hyopneumoniae the level of
expression of 50 genes increased in response to heat
shock, and that of 41 other genes decreased signifi�
cantly [70].
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Despite its small genome size, M. genitalium pos�
sesses a set of the genes associated with heat shock
response. The analogues of most genes for bacterial
regulatory proteins, including the two�component
transduction systems, were not found in its genome, as
in the genomes of other mycoplasmas; however, the
putative gene encoding the HrcA repressor was identi�
fied [47]. In M. genitalium genome three copies of the
CIRCE sequence were also found in the promoters of
the dnaK, clpB, and lon [37]. This suggests the func�
tional activity of the HrcA�CIRCE regulatory mecha�
nism. Musatovova et al. demonstrated that induced
expression of the HSP genes in M. genitalium under
heat shock was selective and reversible. Among the
genes with an induced expression appeared to be the
lon, dnaK, clpB, dnaJ3, and grpE. The dnaJ1, dnaJ2,
groES, groEL, tig, ftsH, hrcA, rpoD, and tuf genes dem�
onstrated the same level of expression or its decrease.
The most significant increase was observed in the
expression of the genes encoding the DnaK, Lon, and
ClpB proteins. After heat shock, the level of the HSP
genes transcription returned to the control values after
1 h of incubation at 37°C, thus illustrating the tempo�
rary character of transcriptional response to the stress.
None of the known regulatory sequences was found in
the promoter of the dnaJ3 gene, although its expres�
sion increased under heat shock. The CIRCE�like
sequence different from the consensus one by several
nucleotide substitutions was identified lying upstream
the dnaJ2 gene. However, expression of the dnaJ2 did
not change in response to heat shock. In M. genitalium
combined transcription of the tig and lon genes was
shown, although the lon has its own promoter. Nota�
bly, expression of the groELS operon did not change at
elevated temperature. In the promoter zone of this
operon, the CIRCE sequence typical for the groELS
bacterial genes was identified. This may be considered
an experimental confirmation of the hypothesis
regarding a fundamental shift in the mycoplasma pro�
tein homeostasis towards degradation.

Identification in mycoplasma genomes of the only
sigma factor, the HrcA repressor, and of the sequences
homologous to the CIRCE indicates that all myco�
plasma probably use the HrcA�mediated mechanism
of negative regulation in response to heat shock. This
may be the only regulatory mechanism in mycoplasma
cells [46]. In this case, it could be an example of the
simplest and the most economical way for the HSP
genes control. However, the changes in the level of
transcription of a number of genes with their promot�
ers containing no known bacterial regulatory
sequences indicate that mycoplasmas presumably
have different, as yet unstudied regulatory mecha�
nisms. Interesting to note, some mycoplasmas are
capable of inducible synthesis of the HSP (A. laidlawii,
M. pneumoniae), while others synthesize them only
constitutively (M. genitalium, M. fermentas) [71].

The regulation of mycoplasma adaptive responses
to heat shock performed at posttranscriptional and

posttranslational levels still remains unclear. Pro�
teomic analysis of the A. laidlawii PG8 cells subjected
to different stresses has been performed recently
[72, 73]. Under the cold shock and oxidative stress the
synthesis of the IbpA (Hsp20) protein decreased; how�
ever, when the main substrate in the culture medium
was changed from glucose to trehalose, the IbpA syn�
thesis increased as well as the synthesis of such stress
proteins as GroEL, ClpB, and Lon. Production of the
GroEL, GroES, Lon, Hsp20, GrpE, and Tig proteins
by A. laidlawii cells increased after the combined effect
of several stress factors. The Hsp20, Lon, and 21 more
proteins are general stress�reactive proteins in case of
short�term action of the stress factors, and four more
proteins including the Lon protease are general stress�
reactive proteins whose expression changes under all
stress conditions. Transcriptional analysis, as in case of
M. genitalium, M. pneumoniae, and M. hyopneumo�
niae, was not performed for A. laidlawii. Probably, a
combination of transcriptomic and proteomic
approaches could elucidate the mechanisms of myco�
plasma stress response, including the heat shock
response.

In many microorganisms, modification of the
chaperone proteins is known to occur under stress
conditions, including temperature changes, starva�
tion, and changes in pH. In M. pneumoniae and
M. genitalium cells the DnaK, DnaJ, GroEL, and
Tig proteins were shown to be phosphorylated [74].
During the stationary phase of growth of both myco�
plasmas the levels of DnaK and GroEL synthesis
increased, as well as the degree of their phosphoryla�
tion. In A. laidlawii cells the IbpA (Hsp20) protein is
probably also modified under different stress condi�
tions: three forms of this protein were detected using
two�dimensional PAGE; they were registered in dif�
ferent combinations depending on the stress factors
[72, 73]. The modified (phosphorylated) HSP could
act as the sensors and modulated the mycoplasma
stress response [74].

PROPERTIES AND FUNCTIONS 
OF THE MYCOPLASMA HSP

Are specific HSP functionally active in myco�
plasma cells, or are their functions weakened,
changed, or lost? In the discussion regarding the com�
ponents of a hypothetical “minimal” cell [16] many
proteins were considered as necessary for the cell sur�
vival, including the GroEL/GroES system and the key
protein for prokaryotic cell division, FtsZ. However,
the homologues of these proteins in mycoplasma cells
have been subsequently shown not to be significant for
their viability [36, 75]. Moreover, in most mycoplas�
mas the genes encoding the CroEL/GroES chaperone
complex were shown to be absent [39], and in 8 of
35 mycoplasma species with completely sequenced
genomes (Ureaplasma urealyticum, U. parvum, Myco�
plasma cynos, M. suis, M. haemocanis, M. haemominu�
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tum, Ca. M. haemolamae, and M. wenyonii) the gene
for the FtsZ protein was also not found. More recently,
this protein was considered as the necessary compo�
nent of the septation groove in all prokaryotes.
Genome sequencing and identification of ORFs
encoding the proteins possessing high levels of similar�
ity with the known proteins can not guarantee the
presence in mycoplasmas of functionally active prod�
ucts acting in the same mode as in bacterial or eukary�
otic cells. It is necessary to support the theoretical dis�
cussion regarding the role of certain proteins in myco�
plasma cell homeostasis by experimental data.

Up to now only a small part of the HSP from myco�
plasmas belonging to different families has been char�
acterized, and their properties and functions are
incompletely studied. A little more is known concern�
ing the immune properties of mycoplasma chaper�
ones. In case of mycoplasmosis, as in case of any
infectious diseases caused by pathogenic microorgan�
isms, an immune response of the host organism
occurs. Among the HSP the strongest antigens are the
HSP70 (DnaK, Hsp70) and HSP60 (GroEL). They
are considered as potential targets for the development
of diagnostic tests and vaccines.

The DnaK (HSP70) proteins. The properties of
several DnaK�like mycoplasma proteins were
described: DnaK from A. laidlawii, HspA1 from
M. suis, and DnaK from Mycoplasma haemofelis [17,
19, 29]. Western blotting revealed that heat shock
resulted in an increase of the DnaK amount in the cells
of A. laidlawii and M. pneumoniae [71]. However, the
cells of M. genitalium and M. fermentans under normal
conditions contained considerable amounts of the
DnaK, which did not increase after heat shock. Prob�
ably, the HSP synthesis regulation differs significantly
in different species of mycoplasmas. For the efficient
functioning of the DnaK/DnaJ/GrpE chaperone
complex, the proteins must be present in the cell in a
certain ratio [76]. The ratio of the number of DnaK
and DnaJ molecules in B. subtilis is 3 : 1 [77]. In the
case of A. laidlawii, the level of DnaJ expression was
shown to be lower than that of the DnaK [78]. Pre�
sumably, the DnaK/DnaJ/GrpE complex in A. laid�
lawii functions in a similar way to that of B. subtilis.

The gene encoding A. laidlawii DnaK has been
sequenced long before the complete sequencing of its
genome was performed [29, 78]. This gene encodes
the DnaK protein of 65721 Da consisting of
610 amino acid residues. It contains all three motives
typical for the bacterial HSP70 (DnaK). These
motives are located between 9–17, 169–183, and
310–325 amino acid residues. Similar to the DnaK
protein from B. subtilis, the DnaK from A. laidlawii
contains an additional amino acid at 81 position of the
consensus sequence. The frequencies of the charged,
basic, polar, and other types of amino acid residues in
the DnaK proteins of these two bacteria are also the
same. The A. laidlawii DnaK at 394–424 positions
contains the motif of a leucine zipper. It may be

responsible for dimerization or multimerization of the
DnaK molecules. Compared with the DnaK from
B. subtilis, that from A. laidlawii contains three addi�
tional N�terminal amino acids but shows significantly
lower frequencies of glycine (by 18.67%) and proline
(by 20.7%). At the same time, the frequencies of ala�
nine (by 7.5%) and arginine (by 6.19%) are higher,
while the frequency of lysine (by 2.62%) is unexpect�
edly lower. The DnaK from A. laidlawii contains all
conservative glycine doublets and triplets that may
participate in the formation of a frame for the tertiary
protein structure. The biochemical properties of the
A. laidlawii DnaK have not been reported.

The HspA1 is present in the M. suis cells in the
cytoplasmic and membrane�bound form [19]. Its
localization on the surface of the M. suis cells was
revealed by immune electron microscopy using spe�
cific antibodies to the HspA1. The amino acid
sequence of this protein has 58–63% identity with the
DnaK proteins from other mycoplasmas. The recom�
binant HspA1 possesses ATPase activity typical for the
HSP70. Apart from its chaperone function, the HspA1
protein is suggested to be involved in adhesion of the
M. suis cells to the surface of erythrocytes. Numerous
functions of the proteins belonging to the DnaK fam�
ily in mycoplasmas are biologically understandable,
since these microorganisms have small genomes and
therefore limited encoding capability.

The DnaK protein from M. haemofelis is well char�
acterized [17]. Among all mycoplasma DnaK proteins
it has the highest percent of similarity (72%) with the
HspA1 (DnaK) from M. suis. Molecular mass of the
DnaK protein from M. haemofelis is 66.5 kDa. The
chaperone activity of M. haemofelis recombinant
DnaK produced under heat shock conditions by the
E. coli cells deficient in the dnaK was confirmed by
complementation analysis. Recombinant DnaK had
typically low ATPase activity in the absence of the
DnaJ and GrpE co�chaperones. During thermal
denaturation of the DnaK, two transitions were
observed. The first one was presumably associated
with denaturation of the N�terminal nucleotide�bind�
ing domain, and the second, with denaturation of the
C�terminal substrate�binding domain. ATP stabilized
the DnaK molecule and enhanced the temperature
threshold of the first transition. K+ and Mg2+ ions also
had a stabilizing effect on the chaperone molecule.
The data on the secondary structure, thermal denatur�
ation, and ATPase activity of the DnaK from
M. haemofelis indicate this protein to be the typical
representative of the DnaK (Hsp70) family.

Immunogenic properties of the mycoplasma
HSP70 are well studied. The Hsp70 from M. mycoides
subsp. mycoides is one of the antigens able to cause an
immune response in cattle in case of pleuropneumo�
nia [79]. Among the most immunogenic proteins of
M. synoviae are the trigger factor Tig and the chaper�
one DnaK [80]. The M. hyopneumoniae Hsp70 is a
highly immunogenic protein: monospecific antibodies
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to this protein may block the growth of mycoplasma
cells, and the DNA vaccine on the base of the
P65 gene encoding the Hsp70 causes induction of
both humoral and cell immunity of the infected
organism [18]. The M. suis HspA1 protein (Hsp70) is
localized on the surface of the cell and acts as an
immunodominant antigen in case of the porcine
eperytrozoonosis [19]. The biological role of HspA1 in
the pathogenesis of this infection is unclear, as well as
the putative participation of this protein in the interac�
tion of the host and pathogen. The M. haemofelis
DnaK protein also possesses immunogenic properties:
the serum obtained from the cats infected with
M. haemofelis, M. haemominutum, and Candidatus
Mycoplasma turicensis reacted with the DnaK from
M. haemofelis while the non�immune cat serum did
not [17]. The antibodies to the human Hsp70 were
shown to interact with the DnaK proteins of different
mycoplasma species: A. laidlawii, M. genitalium,
M. pneumoniae, and M. fermentans [78].

DnaJ�like proteins (Hsp40). Scarce information
exists regarding the DnaJ�like proteins from M. geni�
talium and M. pneumoniae [20, 21]. The M. genitalium
genome contains three genes coding for the DnaJ�like
proteins [47]. The DnaJ1 and DnaJ3 proteins have
one J�domain each and belong to the III type of J�pro�
teins that stimulate ATP hydrolysis by the chaperones
of the Hsp70 (DnaK) family [21]. J�Domains of all
three M. genitalium DnaJ�like proteins have common
properties. Analysis of the secondary structure of these
domains made it possible to predict four α helix (I–
IV): the II helix was rich in basic amino acid residues,
the loops between the II and III helix contained a con�
servative HPD motif, while the hydrophobic residues
that were necessary for the structure stabilization were
conservative. Apart from the J�domain, DnaJ2 con�
tained two additional conservative domains similar to
those from E. coli DnaJ co�chaperone (J�protein of
the I type). Central domain, a “zink finger,” of the
M. genitalium DnaJ2 protein contains three complete
and one incomplete CXXCXGXG motives. This
domain is involved in substrate binding. Similar to
E. coli, the region between the J�domain and the “zink
finger” is rich in glycine residues. In addition, the
M. genitalium DnaJ2 contains also the C�terminal
domain homologous to that of E. coli DnaJ co�chap�
erone.

The DnaJ�like protein from M. pneumoniae is
named TopJ. It is a co�chaperone containing the so�
called J�domain typical for the DnaJ proteins and the
unique APR and C�terminal domains that were found
in the terminal organelle proteins [20]. M. pneumoniae
terminal organelle participates in adhesion, gliding
motility, and division of the mycoplasma cells. The
TopJ mediates the functions of the terminal organelle
and stabilizes the P24 protein, which is necessary for
initiation of the organelle formation. The J�domain
provides the co�chaperone function of the TopJ.

The GroEL/GroES (Hsp60/10) proteins. Despite
an interest of the scientists to the genes and proteins of
the mycoplasma GroEL/GroES chaperone complex
associated with the discussion regarding the content of
a “minimal” cell [25, 36, 38, 39], no experimental
data exist so far confirming the properties and func�
tions of these proteins in mycoplasma cells. However,
immunogenic properties of these proteins during the
interaction of mycoplasma with macroorganisms in
the “parasite–host” system were proved.

Since the antigenic structure is highly conservative,
bacterial GroEL protein (Hsp60) is frequently
referred to as a general bacterial antigen. Its homo�
logues with molecular masses of 58–65 kDa are
present in the cells of most bacteria and archaea [43].
Antigenic structure of the GroEL family proteins in
mycoplasmas is variable and does not contain a set of
conservative epitopes that are typical for most bacte�
rial HSP60. Nevertheless, cross interaction of the
GroEL�specific antibodies with different GroEL
mycoplasma proteins was shown repeatedly. For
example, the 62�kDa proteins from M. pneumoniae,
M. genitalium, and M. fermentans reacted with the
antibodies to the GroEL from Legionella micdadei
[43]. Production by mycoplasmas of the HSP with
molecular mass of 60 kDa was detected in M. salivar�
ium and M. orale; antibodies to the H. pylori Hsp60
were used for immunoblotting [81]. Western blotting
with antibodies to the Pseudomonas aeruginosa GroEL
revealed its expression and intracellular accumulation
under heat shock in A. laidlawii and M. pneumoniae
cells [71].

Some patients infected with M. pneumoniae dem�
onstrated a strong immune reaction to the mycoplas�
mal GroEL. The immune serum appeared to be spe�
cific to M. pneumoniae and did not react with the
M. genitalium GroEL protein, which is most close to
the M. pneumoniae GroEL in its antigenic properties:
amino acid sequences of the Hsp60 chaperones of
these mycoplasmas are identical by 85% [42].
Although the GroEL is considered insignificant for
the viability of M. pneumoniae and M. genitalium, in
M. pneumoniae cells its expression is high [36]. At the
same time, antibodies to the GroEL from M. pneumo�
niae were found in the serum of less than 20% of the
patients infected with this mycoplasma: the GroEL
protein appeared to be unusable as the marker for
serological studies [42].

The ClpB protein (Hsp100). Only one mycoplasma
ClpB protein has been described in detail so far: it was
isolated from M. pneumoniae [22]. The size of
M. pneumoniae ClpB molecule differs from that of
E. coli ClpB. The mycoplasma protein consists of
715 amino acid residues, the E. coli protein, of 857.
In E. coli ClpB is synthesized in two forms—of 93
(ClpBEC) and 79 kDa (ClpB'EC) [82]. Two sites of
translation initiation were identified in the transcript
of the M. pneumoniae clpB [22]. Recombinant
M. pneumoniae ClpB is produced by E. coli cells also in



MICROBIOLOGY  Vol. 82  No. 6  2013

MYCOPLASMA HEAT SHOCK PROTEINS AND THEIR GENES 663

two forms: of 85 and 65 kDa [82], while the native
ClpB in mycoplasma cells is present in only one form
[22]. M. pneumoniae ClpB contains two conservative
AAA�domains (ATP�1 and ATP�2) consisting of 234
and 192 amino acid residues, respectively. Both ATP�
binding domains of M. pneumoniae ClpB have the core
region with a nucleotide�binding pocket where the
“central pore” responsible for substrate binding is
located. M. pneumoniae ClpB is highly variable in the
middle of the molecule and its C�terminal region is
homologous to the ClpB proteins of other bacteria,
although its amino�terminal region is shortened. The
“coiled−coil” sequence in the middle of the molecule
is involved in the protein−protein interactions associ�
ated with the DnaK�dependent re�folding of the
polypeptides. Recombinant M. pneumoniae ClpB pos�
sesses ATPase activity [22]. In the presence of the
functional DnaK/DnaJ/GrpE system and of the
DnaK protein without the co�chaperones, the recom�
binant ClpB promoted disaggregation and reactivation
of luciferase. Casein and lysine slightly stimulated the
ATPase activity of M. pneumoniae ClpB as compared
with other bacteria. This may be due to the too short
N�terminal sequence of this chaperone. The ClpB
protein is probably the key chaperone participating in
solubilization of the protein aggregates in mycoplasma
cells. Deletion of the clpB gene affected the growth of
M. pneumoniae cells that were unable to compensate
for the loss of the ClpB protein. The ClpB protein
caused also a strong immune response in the patients
infected by M. pneumoniae.

Small heat shock proteins (sHSP). Only one sHSP
from mycoplasmas has been identified and character�
ized: the IbpA from A. laidlawii [23, 52, 60]. This pro�
tein attracted attention due to the fact that its synthesis
increased dramatically under heat shock. Its amount
increased up to 7.2% of the total protein amount, indi�
cating its unique role in mycoplasma cells under stress
conditions. All other HSP accumulated in A. laidlawii
cells in smaller quantities [71]. A. laidlawii IbpA was
identified as the sHSP since it possessed the properties
typical for this family: the presence of a conservative
α�crystallin core domain; capability for spontaneous
in vitro oligomerization; and chaperone activity
against the model substrates [23]. The IbpA amino
acid sequence flanking the conservative α�crystallin
core domain at the N�terminus has low homology
with the prokaryotic sHSP, while the C�terminal
sequence demonstrates high similarity with analogous
sequences of the predicted sHSP from Ca. P. asteris
strains AYWB and OY�M as well as from Ca. P. aus�
traliense. The degree of similarity between the sHSP
from various bacteria is known to be lower than that for
other chaperones [83]. Nevertheless, A. laidlawii IbpA
demonstrates significant similarity with the sHSP
from phytoplasmas [23]. The capability of the IbpA to
form oligomers is presumably determined by the pres�
ence at the N�terminus of the protein of a relatively
conservative sequence FDDFFEDF similar to the

double WDPF motif, which is responsible for sponta�
neous multimerization of the sHSP [84]. IbpA is an
efficient chaperone only at elevated temperatures
[23], similar to the Hsp26 from Saccharomyces cerevi�
siae [10]. Moreover, recombinant IbpA from A. laid�
lawii protects some proteins of E. coli cell extract from
denaturation and aggregation at high temperature and
enhances the resistance of E. coli cells to heat shock
[52]. In the mycoplasma cells, the IbpA probably also
has a chaperone�like function. Under heat shock a sig�
nificant amount of the IbpA molecules in A. laidlawii
cell is associated with the cellular structural elements
(membrane, cytoskeleton�like elements, “granular
bodies,” and the site of septation) [23]. The sHSP may
have multiple targets in mycoplasma cells and partici�
pate in stabilization of various structures under heat
shock. The targets for the IbpA have not been identi�
fied as yet.

CONCLUSIONS

Taking into account that in the course of evolution
mycoplasmas lost a significant amount of the genetic
material of their ancestors, the presence of the HSP in
mycoplasma cells indicates a fundamental role of
these proteins for the viability of the cell. The HSP
form one of the most conservative families and play an
important role for the viability of the cell under both
normal and stress conditions. However, among bacte�
ria capable of independent reproduction mycoplasmas
have the minimal set of the genes encoding the chap�
erones and proteases, and their expression regulation
may also be simplified. The protein homeostasis
mechanisms in mycoplasmas probably differ essen�
tially from those of other bacteria. This suggestion is
supported by the fact that transcription of many myco�
plasma genes is changed in the absence of universal
bacterial regulatory sequences in the relevant pro�
moter regions. This indicates the presence of other,
unknown regulatory mechanisms in mycoplasmas. It
is likely that in mycoplasma metabolism a notable shift
occurred towards intensification of the processes, pro�
viding for the degradation of incorrectly folded or
damaged proteins and, on the contrary, towards the
weakening of the processes providing for protein struc�
tural reparation.

Mycoplasmas appear to be the leaders among other
microorganisms with regard to the number of species
with completely sequenced genomes. This fact favors
comparative studies of their genes, including the genes
for the HSP, and promotes the investigations of spe�
cific proteins, although the HSP remained insuffi�
ciently studied. Only a small number of various myco�
plasma HSP has been characterized so far, and the
available data were reported in the section “Properties
and functions of the mycoplasma HSP” of this review.
The absence in mycoplasma genomes of the genes that
were considered necessary for the viability of any bac�
terial cell (for example, the genes for the GroEL and
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Clp) and the unique fact of the absence of the DnaK
protein in M. crocodyli genome have not been
explained yet. The functions of these chaperones and
proteases in mycoplasma cells may be fulfilled by the
other HSP.

The chaperones from the DnaK, DnaJ, and GrpE
families, as well as some others, may have plural func�
tions in mycoplasma cells. This seems to be biologi�
cally reasonable for the organisms with small genomes
due to their limited encoding capability. For example,
the HspA1 protein from M. suis (the DnaK analogue),
apart from its chaperone function, is involved in the
adhesion of the mycoplasma cells to the surface of
erythrocytes. The TopJ from M. pneumoniae contains
the J�domain typical for the DnaJ proteins and is
found in the protein from the terminal organelle,
which participates in adhesion, gliding motility, and
cell division of this mycoplasma. The sHSP integrated
into the multichaperone network which controls the
state of the proteins in a cell may simultaneously play
the role of regulators of the fluidity of the cell mem�
brane, stabilize the liquid crystal bilayer state, and
maintain the membrane integrity during thermal fluc�
tuations. The sHSP are universal protectors of the pro�
teins and the cell structures together with other chap�
erones possessing ATPase activity, including the
DnaK, GroEL, and ClpB proteins. Some patterns of
the IbpA localization in A. laidlawii cells indirectly
confirm the plural functions of this protein.

Mycoplasma HSP are rather immunogenic and
could be considered as potential targets for develop�
ment of the novel diagnostic tests and vaccines. The
loss of the important GroEL/GroES chaperone sys�
tem (these proteins are strongly immunogenic) by
many mycoplasma species may be partially explained
by the pressure from the immune system of the host.
For slowly�growing mycoplasma cells, this chaperone
system could be of less importance. If it is so, the
retaining of mutations resulting in the loss of the
GroEL could be considered a counteraction to the
protective mechanisms of the host. Then the role of
the DnaK/DnaJ/GrpE system and of the Tig in the
protein folding and re�folding in mycoplasmas
becomes of a special significance.

Investigation of the simplest cell capable of inde�
pendent reproduction (as mycoplasma cells) is very
important for the understanding of the regulatory
mechanisms in all cells. Detailed understanding of the
role which the HSP play in mycoplasmas and other
prokaryotic cells may result in the development of new
strategies for the treatment of the diseases caused by
persisting pathogenic microorganisms.

ACKNOWLEDGMENTS

The work was supported by the Russian Founda�
tion for Basic Research, project no. 13�04�02070�a.

REFERENCES

1. Borchsenius, S.N., Budantseva, E.V., and Vonsky, M.S.,
The heat�shock proteins of Acholeplasma laidlawii, in
Recent Advances in Mycoplasmology, Stanek, G.,
Cassell, G., Tully, J.G., and Whitcomb, R.F., Eds., Stutt�
gart: Gustav Fisher, 1990, pp. 657–658.

2. Dascher, C.C., Poddar, S.K., and Maniloff, J., Heat
shock response in mycoplasmas, genome�limited
organisms, J. Bacteriol., 1990, vol. 172, no. 4,
pp. 1823–1827.

3. Völker, U., Engelmann, S., Maul, B., Riethdorf, S.,
Völker, A., Schmid, R., Mach, H., and Hecker, M.,
Analysis of the induction of general stress proteins of
Bacillus subtilis, Microbiology (UK), 1994, vol. 140,
no. 4, pp. 741–752.

4. Gross, C.A., Function and regulation of the heat shock
proteins, in Escherichia coli and Salmonella typhimu�
rium: Cellular and Molecular Biology, Neidhardt, F.C.,
Curtiss, R.I., Ingraham, J.L., Lin, E.C.C., Low, K.B.,
Magasanik, B., Reznikoff, W.S., Riley, M., Schaechter, M.,
and Umbarger, H.E., Eds., Washington, ASM Press,
1996, vol. 1, pp. 1382–1399.

5. Parsell, D.A. and Lindquist, S., The function of heat�
shock proteins in stress tolerance: degradation and
reactivation of damaged proteins, Annu. Rev. Genet.,
1993, vol. 27, pp. 437–496.

6. Panasenko, O.O., Kim, M.V., and Gusev, N.B., Struc�
ture and properties of small heat shock proteins, Usp.
Biol. Khim., 2003, vol. 43, pp. 59–98.

7. Kampinga, H.H., Hageman, J., Vos, M.J., Kubota, H.,
Tanguay, R.M., Bruford, E.A., Cheetham, M.E.,
Chen, B., and Hightower, L.E., Guidelines for the
nomenclature of the human heat shock proteins, Cell
Stress Chaperones, 2009, vol. 14, no. 1, pp. 105–111.

8. Yoshimune, K., Yoshimura, T., Nakayama, T.,
Nishino, T., and Esaki, N., Hsc62, Hsc56, and GrpE,
the third Hsp70 chaperone system of Escherichia coli,
BBRC, 2002, vol. 293, no. 5, pp. 1389–1395.

9. Narberhaus, F., α�Crystallin�type heat shock proteins:
socializing minichaperones in the context of a multi�
chaperone network, MMBR, 2002, vol. 66, no. 1,
pp. 64–93.

10. Haslbeck, M., Walke, S., Stromer, T., Ehrnsperger, M.,
White, H.E., Chen, S., Saibil, H.R., and Buchner, J.,
Hsp26: a temperature�regulated chaperone, EMBO J.,
1999, vol. 18, no. 23, pp. 6744–6751.

11. Razin, S., Yogev, D., and Naot, Y., Molecular biology
and pathogenicity of mycoplasmas, MMBR, 1998,
vol. 62, no. 4, pp. 1094–1156.

12. Borchsenius, S.N., Chernova, O.A., Chernov, V.M.,
and Vonskii, M.S., Mikoplazmy: molekulyarnaya i kle�
tochnaya biologiya, vzaimodeistvie s immunnoi sistemoi
mlekopitayushchikh, patogennost’, diagnostika (Myco�
plasms: Molecular and Cell Biology, Interaction with
Mammalian Immune System, Pathogenicity, and
Diagnostics), St.�Petersburg: Nauka, 2002.

13. Woese, C.R., Bacterial evolution, Microbiol. Rev.,
1987, vol. 51, no. 2, pp. 221–271.

14. Morowitz, H.J., The completeness of molecular biol�
ogy, Isr. J. Med. Sci., 1984, vol. 20, no. 9, pp. 750–753.



MICROBIOLOGY  Vol. 82  No. 6  2013

MYCOPLASMA HEAT SHOCK PROTEINS AND THEIR GENES 665

15. Moran, N.A., Microbial minimalism: genome reduc�
tion in bacterial pathogens, Cell, 2002, vol. 108, no. 5,
pp. 583–586.

16. Gil, R., Silva, F.J., and Moya, A., Determination of the
core of a minimal bacterial gene set, MMBR, 2004,
vol. 68, no. 3, pp. 518–537.

17. Wolf�Jäckel, G.A., Jäckel, C., Museux, K.,
Hoelzle, K., Tasker S., Lutz, H., and Hofmann�Leh�
mann, R., Identification, characterization, and appli�
cation of a recombinant antigen for the serological
investigation of feline hemotropic mycoplasma infec�
tions, Clin. Vac. Immun., 2010, vol. 17, no. 12,
pp. 1917–1925.

18. Chen, Y.L., Wang, S.N., Yang, W.J., Chen, Y.J.,
Lin, H.H., and Shiuan, D., Expression and immuno�
genicity of Mycoplasma hyopneumoniae heat shock pro�
tein antigen P42 by DNA vaccination, Infect. Immun.,
2003, vol. 71, no. 3, pp. 1155–1160.

19. Hoelzle, L.E., Hoelzle, K., Harder, A., Ritzmann, M.,
Aupperle, H., Schoon, H.A., Heinritzi, K., and Wit�
tenbrink, M.M., First identification and functional
characterization of an immunogenic protein in uncul�
turable haemotrophic mycoplasmas (Mycoplasma suis
HspA1), FEMS Immun. Med. Microbiol., 2007, vol. 49,
no. 2, pp. 215–223.

20. Cloward, J.M. and Krause, D.C., Functional domain
analysis of the Mycoplasma pneumoniae co�chaperone
TopJ, Mol. Microbiol., 2010, vol. 77, no. 1, pp. 158–
169.

21. Walsh, P., Bursac, D., Law, Y.C., Cyr, D., and
Lithgow, T., The J�protein family: modulating protein
assembly, disassembly and translocation, EMBO Rep.,
2004, vol. 5, no. 6, pp. 567–571.

22. Kannan, T.R., Musatovova, O., Gowda, P., and Base�
man, J.B., Characterization of a unique ClpB protein
of Mycoplasma pneumoniae and its impact on growth,
Infect. Immun., 2008, vol. 76, no. 11, pp. 5082–5092.

23. Vishnyakov, I.E., Levitskii, S.A., Manuvera, V.A., La�
zarev, V.N., Ayala, J.A., Ivanov, V.A., Snigirevskaya, E.S.,
Komissarchik, Y.Y., and Borchsenius, S.N., The iden�
tification and characterization of IbpA, a novel α�crys�
tallin�type heat shock protein from mycoplasma, Cell
Stress Chaperones, 2012, vol. 17, no. 2, pp. 171–180.

24. Csermely, P., Korcsmaros, T., Kovacs, I.A.,
Szalay, M.S., and Söi, C., Systems biology of molecular
chaperone networks, Novartis Found. Symp., 2008,
vol. 291, pp. 45–58.

25. Wong, P. and Houry, W.A., Chaperone networks in bac�
teria: analysis of protein homeostasis in minimal cells,
J. Struct. Biol., 2004, vol. 146, nos. 1−2, pp. 79–89.

26. Deuerling, E., Schulze�Specking, A., Tomoyasu, T.,
Mogk, A., and Bukau, B., Trigger factor and DnaK
cooperate in folding of newly synthesized proteins,
Nature, 1999, vol. 400, no. 6745, pp. 693–696.

27. Paek, K.H. and Walker, G.C., Escherichia coli dnaK
mutants are inviable at high temperatures, J. Bacteriol.,
1987, vol. 169, no. 1, pp. 283–290.

28. Schulz, A., Tzschaschel, B., and Schumann, W., Isola�
tion and analysis of mutants of the dnaK operon of
Bacillus subtilis, Mol. Microbiol., 1995, vol. 15, no. 3,
pp. 421–429.

29. Usoskin, D.G., Vonsky, M.S., and Borchsenius, S.N.,
Molecular cloning, sequencing and characterization of
dnaK�operon of Acholeplasma laidlawii, in 13th Int.
Congr. IOM, 2000, Fukuoka, Abstracts, p. 109.

30. Falah, M. and Gupta, R.S., Phylogenetic analysis of
mycoplasmas based on Hsp70 sequences: cloning of the
dnaK (hsp70) gene region of Mycoplasma capricolum,
Int. J. Syst. Bacteriol., 1997, vol. 47, no. 1, pp. 38–45.

31. Glass, J.I., Lefkowitz, E.J., Glass, J.S., Heiner, C.R.,
Chen, E.Y., and Cassell, G.H., The complete sequence
of the mucosal pathogen Ureaplasma urealyticum,
Nature, 2000, vol. 407, no. 6805, pp. 757–762.

32. Himmelreich, R., Plagens, H., Hilbert, H., Reiner, B.,
and Herrmann, R., Comparative analysis of the
genome of the bacteria Mycoplasma pneumoniae and
Mycoplasma genitalium, Nucleic Acids Res., 1997,
vol. 25, no. 4, pp. 701–712.

33. Fayet, O., Ziegelhofer, T., and Georgopoulos, C., The
groES and groEL heat shock gene products of Escheri�
chia coli are essential for bacterial growth at all temper�
atures, J. Bacteriol., 1989, vol. 171, no. 3, pp. 1379–
1385.

34. Hartl, F.U. and Hayer�Hartl, M., Converging concepts
of protein folding in vitro and in vivo, Nat. Struct. Mol.
Biol., 2009, vol. 16, no. 6, pp. 574–581.

35. Kobayashi, K., Ehrlich, S.D., Albertini, A., et al.,
Essential Bacillus subtilis genes, Proc. Natl. Acad. Sci.
USA, 2003, vol. 100, no. 8, pp. 4678–4683.

36. Hutchison, C.A. III, Petterson, S.N., Gill, S.R.,
Cline, R.T., White, O., Fraser, C.M., Smith, H.O., and
Venter, J.C., Global transposon mutagenesis and a min�
imal Mycoplasma genome, Science, 1999, vol. 286,
no. 5447, pp. 2165–2169.

37. Musatovova, O., Dhandayuthapani, S., and
Baseman, J.B., Transcriptional heat shock response in
the smallest known self�replicating cell, Mycoplasma
genitalium, J. Bacteriol., 2006, vol. 188, no. 8,
pp. 2845–2855.

38. Williams, T.A. and Fares, M.A., The effect of chapero�
nin buffering on protein evolution, Genome Biol. Evol.,
2010, vol. 2, pp. 609–619.

39. Clark, G.W. and Tillier, E.R., Loss and gain of GroEL
in the Mollicutes, Biochem. Cell Biol., 2010, vol. 88,
no. 2, pp. 185–194.

40. Kerner, M.J., Naylor, D.J., Ishihama, Y., Maier, T.,
Chang, H.C., Stines, A.P., Georgopoulos, C., Frish�
man, D., Hayer�Hartl, M., Mann, M., and Hartl, F.U.,
Proteome�wide analysis of chaperonin�dependent pro�
tein folding in Escherichia coli, Cell, 2005, vol. 122,
no. 2, pp. 209–220.

41. Fujiwara, K., Ishihama, Y., Nakahigashi, K., Soga, T.,
and Taguchi, H., A systematic survey of in vivo obligate
chaperonin�dependent substrates, EMBO J., 2010,
vol. 29, no. 9, pp. 1552–1564.

42. Ben ina, D., Slavec, B., and Narat, M., Antibody
response to GroEL varies in patients with acute Myco�
plasma pneumoniae infection, FEMS Immun. Med.
Microbiol., 2005, vol. 43, no. 3, pp. 399–406.

43. Søndergärd�Andersen, J., Jensen, J.S., Uldum, S.A.,
and Lind, K., Heat�shock protein in Mycoplasma pneu�
moniae shown by immunoblotting to be related to the

c

ˆ



666

MICROBIOLOGY  Vol. 82  No. 6  2013

VISHNYAKOV, BORCHSENIUS

bacterial common antigen, J. Infect. Dis., 1990,
vol. 161, no. 5, pp. 1039–1040.

44. Horwich, A.L., Weber�Ban, E.U., and Finley, D.,
Chaperone rings in protein folding and degradation,
Proc. Natl. Acad. Sci. USA, 1999, vol. 96, no. 20,
pp. 11033–11040.

45. Oshima, K., Kakizawa, S., Nishigawa, H., Jung, H.Y.,
Wei, W., Suzuki, S., Arashida, R., Nakata, D.,
Miyata, S., Ugaki, M., and Namba, S., Reductive evo�
lution suggested from the complete genome sequence
of a plant�pathogenic phytoplasma, Nat. Genet., 2004,
vol. 36, no. 1, pp. 27–29.

46. Chang, L.J., Chen, W.H., Minion, F.C., and
Shiuan, D., Mycoplasmas regulate the expression of
heat�shock protein genes through CIRCE�HrcA inter�
actions, BBRC, 2008, vol. 367, no. 1, pp. 213–218.

47. Fraser, C.M., Gocayne, J.D., White, O., et al., The
minimal gene complement of Mycoplasma genitalium,
Science, 1995, vol. 270, no. 5235, pp. 397–403.

48. Weiner, J. III, Zimmerman, C.U., Gohlmann, H.W.,
and Herrmann, R., Transcription profiles of the bacte�
rium Mycoplasma pneumoniae grown at different tem�
peratures, Nucleic Acid Res., 2003, vol. 31, no. 21,
pp. 6306–6320.

49. Minion, F.C., Lefkowitz, E.J., Madsen, M.L.,
Cleary, B.J., Swartzell, S.M., and Mahairas, G.G., The
genome sequence of Mycoplasma hyopneumoniae
strain 232, the agent of swine mycoplasmosis, J. Bacte�
riol., 2004, vol. 186, no. 21, pp. 7123–7133.

50. Buchner, J., Hsp90 & Co.—a holding for folding,
Trends Biochem. Sci., 1999, vol. 24, no. 4, pp. 136–141.

51. Jakob, U., Muse, W., Eser, M., and Bardwell, J.C.,
Chaperone activity with a redox switch, Cell, 1999,
vol. 96, no. 3, pp. 341–352.

52. Vishnyakov, I.E., Levitskii, S.A., Lazarev, V.N.,
Aiala, Kh.A., Ivanov, V.A., Snigirevskaya, E.S., Komis�
sarchik, Ya.Yu., and Borkhsenius, S.N., Oligomeric
forms, functions and cellular localization of α�crystal�
lin type protein from Acholeplasma laidlawii, Tsi�
tologiya, 2010, vol. 52, no. 11, pp. 938–945.

53. Henriques, A.O., Beall, B.W., and Moran, C.P., CotM
of Bacillus subtilis, a member of the α�crystallin family
of stress proteins, is induced during development and
participates in spore outer coat formation, J. Bacteriol.,
1997, vol. 179, no. 6, pp. 1887–1897.

54. Leroux, M.R., Ma, B.J., Batelier, G., Melki, R., and
Candido, E.P.M., Unique structural features of a novel
class of small heat shock proteins, J. Biol. Chem., 1997,
vol. 272, no. 19, pp. 12847–12853.

55. Westberg, J., Persson, A., Holmberg, A., Goesmann, A.,
Lundeberg, J., Johansson, K.E., Pettersson, B., and
Uhlén, M., The genome sequence of Mycoplasma
mycoides subsp. mycoides SC type strain PG1T, the
causative agent of contagious bovine pleuropneumonia
(CBPP), Genome Res., 2004, vol. 14, no. 2, pp. 221–
227.

56. Sasaki, Y., Ishikawa, J., Yamashita, A., Oshima, K.,
Kenri, T., Furuya, K., Yoshino, C., Horino, A.,
Shiba, T., Sasaki, T., and Hattori, M., The complete
genomic sequence of Mycoplasma penetrans, an intra�
cellular bacterial pathogen in humans, Nucleic Acid
Res., 2002, vol. 30, no. 23, pp. 5293–5300.

57. Stephens, R.S., Kalman, S., Lammel, C., Fan, J., Mar�
athe, R., Aravind, L., Mitchell, W., Olinger, L.,
Tatusov, R.L., Zhao, Q., Koonin, E.V., and
Davis, R.W., Genome sequence of an obligate intracel�
lular pathogen of humans: Chlamydia trachomatis, Sci�
ence, 1998, vol. 282, no. 5389, pp. 754–759.

58. Shigenobu, S., Watanabe, H., Hattori, M., Sakaki, Y.,
and Ishikawa, H., Genome sequence of the endocellu�
lar bacterial symbiont of aphids Buchnera sp. APS,
Nature, 2000, vol. 407, no. 6800, pp. 81–86.

59. Andersson, S.G., Zomorodipour, A., Andersson, J.O.,
Sicheritz�Ponten, T., Alsmark, U.C., Podowski, R.M.,
Naslund, A.K., Eriksson, A.S., Winkler, H.H., and
Kurland, C.G., The genome sequence of Rickettsia
prowazekii and the origin of mitochondria, Nature,
1998, vol. 396, no. 6707, pp. 133–140.

60. Borkhsenius, S.N., Vishnyakov, I.E., Budantseva, E.V.,
Vonskii, M.S., Yakobs, E., and Lazarev, V.N., The heat
shock protein of α�crystallin type from mycoplasma
(Acholeplasma laidlawii), Tsitologiya, 2008, vol. 50,
no. 7, pp. 613–618.

61. Kube, M., Schneider, B., Kuhl, H., Dandekar, T.,
Heitmann, K., Migdoll, A.M., Reinhardt, R., and
Seemuller, E., The linear chromosome of the plant�
pathogenic mycoplasmas “Candidatus Phytoplasma
mali,” BMC Genomics, 2008, vol. 9, p. 306.

62. Bai, X., Zhang, J., Ewing, A., Miller, S.A., Radek, A.J.,
Shevchenko, D.V., Tsukerman, K., Walunas, T., Lapi�
dus, A., Campbell, J.W., and Hogenhout, S.A., Living
with genome instability: the adaptation of phytoplas�
mas to diverse environments of their insect and plant
hosts, J. Bacteriol., 2006, vol. 188, no. 10, pp. 3682–
3696.

63. Tran�Nguyen, L.T., Kube, M., Schneider, B., Rein�
hardt, R., and Gibb, K.S., Comparative genome analy�
sis of “Candidatus Phytoplasma australiense” (sub�
group tuf�Australia I; rp�A) and “Ca. Phytoplasma ast�
eris” strains OY�M and AY�WB, J. Bacteriol., 2008,
vol. 190, no. 11, pp. 3979–3991.

64. Lazarev, V.N., Levitskii, S.A., Basovskii, Y.I., et al.,
Complete genome and proteome of Acholeplasma laid�
lawii, J. Bacteriol., 2011, vol. 193, no. 18, pp. 4943–
4953.

65. Wu, W.F., Zhou, Y., and Gottesman, S., Redundant
in vivo proteolytic activities of Escherichia coli Lon and
the ClpYQ (HslUV) protease, J. Bacteriol., 1999,
vol. 181, no. 12, pp. 3681–3687.

66. Glass, J.I., Assad�Garcia, N., Alperovich, N., Yooseph, S.,
Lewis, M.R., Maruf, M., Hutchison, C.A. III,
Smith, H.O., and Venter, J.C., Essential genes of a minimal
bacterium, Proc. Natl. Acad. Sci. USA, 2006, vol. 103, no. 2,
pp. 425–430.

67. Segal, G. and Ron, E.Z., Regulation of heat�shock
response in bacteria, Ann. N.Y. Acad. Sci., 1998,
vol. 851, pp. 147–151.

68. Hecker, M., Schumann, W., and Volker, U., Heat�
shock and general stress response in Bacillus subtilis,
Mol. Microbiol., 1996, vol. 19, no. 3, pp. 417–428.

69. Narberhaus, F., Negative regulation of bacterial heat
shock genes, Mol. Microbiol., 1999, vol. 31, no. 1,
pp. 1–8.



MICROBIOLOGY  Vol. 82  No. 6  2013

MYCOPLASMA HEAT SHOCK PROTEINS AND THEIR GENES 667

70. Madsen, M.L., Nettleton, D., Thacker, E.L.,
Edwards, R., and Minion, F.C., Transcriptional profil�
ing of Mycoplasma hyopneumoniae during heat shock
using microarrays, Infect. Immun., 2006, vol. 74, no. 1,
pp. 160–166.

71. Vonskii, M.S., Astvatsaturyants, G.V., and Borkhse�
nius, S.N., Expression of heat shock proteins in myco�
plasms, Dokl. Akad. Nauk, 1993, vol. 331, no. 1,
pp. 112–115.

72. Chernov, V.M., Chernova, O.A., Medvedeva, E.S.,
Sorvina, A.I., Davydova, M.N., Rogova, M.A., and
Serebryakova, M.V., Responses of Acholeplasma laid�
lawii PG8 cells to cold shock and oxidative stress: pro�
teomic analysis and stress�reactive mycoplasma pro�
teins, Dokl. Biochem. Biophys., 2010, vol. 432, pp. 126–
130.

73. Chernov, V.M., Chernova, O.A., Medvedeva, E.S., and
Davydova, M.N., Adaptation of mycoplasmas to envi�
ronmental conditions: features of the proteome shift in
Acholeplasma laidlawii PG8 at persistent exposure to
stressors, Dokl. Biochem. Biophys., 2011, vol. 438,
pp. 134–137.

74. Su, H.C., Hutchison, C.A. III, and Giddings, M.C.,
Mapping phosphoproteins in Mycoplasma genitalium
and Mycoplasma pneumonia, BMC Microbiology, 2007,
vol. 7, no. 1, p. 63.

75. Lluch�Senar, M., Querol, E., and Pin~ol, J.,  Cell divi�
sion in a minimal bacterium in the absence of ftsZ, Mol.
Microbiol., 2010, vol. 78, no. 2, pp. 278–289.

76. Schonfeld, H.J., Schmidt, D., Schröder, H., and
Bukau, B., The DnaK chaperone system of Escherichia
coli: quaternary structures and interactions of the DnaK
and GrpE components, J. Biol. Chem., 1995, vol. 270,
no. 5, pp. 2183–2189.

77. Mogk, A., Tomoyasu, T., Goloubinoff, P., Rüdiger, S.,
Röder, D., Langen, H., and Bukau, B., Identification
of thermolabile Escherichia coli proteins: prevention
and reversion of aggregation by DnaK and ClpB,
EMBO J., 1999, vol. 18, no. 24, pp. 6934–6949.

78. Vonskii, M.S., Heat shock proteins in mycoplasmas:
cloning and dnaK gene expression, Cand. Sci. (Biol.)
Dissertation, St.�Petersburg, Institute of Cytology,
Russ. Acad. Sci., 2001.

79. Jores, J., Meens, J., Buettner, F.F., Linz, B., Naessens, J.,
and Gerlach, G.F., Analysis of the immunoproteome of
Mycoplasma mycoides subsp. mycoides small colony
type reveals immunogenic homologues to other known
virulence traits in related mycoplasma species, Vet.
Immunol. Immunopathol., 2009, vol. 131, nos. 3−4,
pp. 238–245.

80. Bercic, R.L., Slavec, B., Lavric, M., Narat, M.,
Bidovec, A., Dovc, P., and Bencina, D., Identification
of major immunogenic proteins of Mycoplasma syn�
oviae isolates, Vet. Microbiol., 2008, vol. 127, nos. 1−2,
pp. 147–154.

81. Chattin�Kacouris, B.R., Ishihara, K., Miura, T.,
Okuda, K., Ikeda, M., Ishikawa, T., and Rowland, R.,
Heat shock protein of Mycoplasma salivarium and
Mycoplasma orale strains isolated from HIV�seroposi�
tive patients, Bull. Tokyo Dent. Coll., 2002, vol. 43,
no. 4, pp. 231–236.

82. Squires, C.L., Pedersen, S., Ross, B.M., and
Squires, C., ClpB is the Escherichia coli heat shock pro�
tein, J. Bacteriol., 1991, vol. 173, no. 14, pp. 4254–
4262.

83. Caspers, G.J., Leunissen, J.A.M., and de Jong, W.W.,
The expanding small heat�shock protein family, and
structure predictions of the conserved “alpha�crystallin
domain,” J. Mol. Evol., 1995, vol. 40, no. 3, pp. 238–
248.

84. Lambert, H., Charette, S.J., Bernier, A.F., Guimond, A.,
and Landry, J., HSP27 multimerization mediated by
phosphorylation�sensitive intermolecular interactions
at the amino terminus, J. Biol. Chem., 1999, vol. 274,
no. 14, pp. 9378–9385.

Translated by L. Gabdrakhmanova


