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Expression of an archaeal chaperonin in E. coli:
formation of homo- (a, ) and hetero-oligomeric (a + ) thermosome
complexes
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Abstract Co-expression of the two genes encoding the a- and
B-subunit of the Thermoplasma acidophilum thermosome in Es-
cherichia coli yielded fully assembled hetero-oligomeric com-
plexes (a + B). Surprisingly, also separate expression of both
genes resulted in formation of hexadecameric complexes (a, B)
in the bacterial cytoplasm. On electron micrographs these com-
plexes were indistinguishable from each other and from the native
thermosome. The recombinant a-complex as well as the native
thermosome could be reconstituted in vitro from their dissociated
subunits in the presence of Mg-ATP.
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1. Introduction

Chaperonins, a major class of molecular chaperones [1-3],
pliy an important role in the cellular folding of nascent or
ncn-native polypeptides. These high molecular mass ATPases
(Af~1x 10% are formed by either one or several different but
reiated protein-subunits (M,~60,000) which assemble into to-
rce:dal complexes consisting of two stacked 7-9-membered
riz.gs. Two chaperonin-families of distant evolutionary rela-
ticnship have been characterized [4,5] and were recently classi-
ficd as group I and group II [6). Group I chaperonins comprise
th: highly conserved GroEL-like complexes found in eubac-
teria, mitochondna and chloroplasts whereas group II en-
cempasses the cytosolic chaperonins of eukaryotes (known as
TRIC [7] or CCT [8]) and archaebacteria (the thermosome {9,
al.o named TF55/TF56 [10, GenBank accession number
L +4691]). Whereas all members of group I are tetradecameric
ccmplexes built by one or two different subunits, the group II
chaperonins are more heterogeneous regarding the subunit-
cemposition and the rotational symmetry of the toroids. TRiC
is composed of at least eight types of polypeptides which assem-
bl into pseudo eight-fold symmetric complexes [11,12]. In con-
tr.ist, the thermosome consists of only two different subunits
wiich form eight-fold (Pyrodictium occultum, Thermoplasma
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A breviations: AMPPNP, 5-adenylimido-diphosphate; ATPyS, ade-
ne sine 5’-0-(3-thiotriphosphate); CCT, chaperonin containing TCP-1;
IFTG, isopropyl--p-thiogalactopyranoside; ODygy, optical density
measured at 600 nm; PCR, polymerase chain reaction; pl, isoelectric
peint; PMSF, phenylmethanesulfonyl fluoride; TFS55/56, thermophilic
fautor of 55/56 kDa; TRiC, TCP-1 ring complex.

acidophilum) [12,13] or ninefold symmetric rings (Sulfolobus
sp.) [10,14].

A three-dimensional reconstruction of the Pyrodictium occul-
tum thermosome from electron micrographs revealed a kidney-
shape of the subunits apparently formed by two terminal do-
mains interconnected by a smaller central domain [13]. Re-
cently, the primary structure of both thermosome-subunits
from Thermoplasma acidophilum was obtained by cloning and
sequencing of the corresponding genes [15]. Sequence align-
ments with other group I and group II chaperonins revealed a
three-domain architecture [15,16] corresponding to the equato-
rial, intermediate and apical domain which were identified in
the crystal structure of GroEL from E. coli [17).

The thermosome of T. acidophilum appears to contain both
subunits in equal amounts [12]. So far, it was not possible to
decide whether both polypeptides form separate eight-mem-
bered rings or alternate within each ring of the complex. We
expressed in E. coli the genes for the a- and S-subunit jointly
and separately and isolated different ring-shaped thermosome-
like complexes apparently consisting of only the o or 8 or of
a + f polypeptides. For the native thermosome and likewise for
the a-complex we have shown that it can be dissociated and
reassembled in vitro. We anticipate that, as in the case of the
proteasome, another high molecular mass complex from
T. acidophilum [18-21], the expression of functional complexes
in an E. coli system provides a basis for addressing important
issues regarding the assembly pathway or function. The relative
simplicity of the thermosome compared with the eukaryotic
CCT or TRIC greatly facilitates such experiments.

2. Materials and methods

Unless otherwise specified, molecular biology reagents were pur-
chased from New England Biolabs, other chemicals from Sigma or
Merck in the highest quality grade available. Standard molecular biol-
ogy techniques were performed according to Sambrook et al. [22].

2.1. Cloning of the a- and B-gene into the expression vectors

The expression vectors pT7-5, pT7-7 [23] and pRSet 6a [24], which
all contain the pT7-promotor followed by a E. coli Shine-Dalgarno
sequence (not pT7-5) and a polylinker-region, were used for separate
and co-expression of the thermosome-subunits. The reading frames for
the two subunits were amplified by polymerase chain reaction (PCR)
using two pUC 18 clones as templates, which harbour either the thsA
gene for the a- or the thsB gene for the S-subunit on a HindI1I-fragment
[15]. Various non-degenerated primer pairs (26-52-mers) were designed
in order to introduce flanking 5’- and 3’-restriction-sites corresponding
to the respective polylinkers of the used expression vector. In addition,
a Shine-Dalgarno sequence preceding the f-gene and 6 additional C-
terminal histidine residues (indicated as (6 His)) in the a- or f-reading
frame were facultatively inserted. PCR was performed with a Perkin-
Elmer Cetus 480 thermocycler using the heat-stable polymerase Pfu
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isolated from Pyrococcus furiosus (Stratagene). For separate expression
the a-gene was cloned into pRSet 6a or pT7-7 using a 5-Ndel and a
3-EcoRlI site whereas the S-gene was cloned in pT7-5 using a 5'-Sall
and a 3-HindIlI site due to several Ndel sites occuring within the
B-gene. For co-expression of both polypeptides the S-gene was cloned
into pRSet 6a-a using Kpnl and Ps?1 or pT7-7-a using Sa/l and HindII1.
The His-tag was appended either to the a or § polypeptide. Fig. 1 shows
schematically the different expression constructs, named pRset 6a-a(6
His), pT7-5-5(6 His) and pRset 6a-a-f(6 His). The integrity of the
reading frames was confirmed by DNA sequencing on 373A DNA
sequencer using a Dye Deoxy Terminator Cycle sequencing kit (Ap-
plied Biosystems).

2.2. Expression and purification of the recombinant protein complexes

For screeening and propagation of plasmids we used E. coli XL1-blue
(Stratagene); the expression was performed in E. coli BL21(DE3) cells,
which contain the T7 RNA-polymerase gene included in their genome
under the control of a lacUVS5 promoter [25]. The expression vectors
were transformed by electroporation in a E. coli Pulser (Bio-Rad). Cells
were grown in LB-medium (100 ug ampicillin/ml) to an ODg, of 0.8-1
at 37°C and induced with 1 mM isopropyl-f-D-thiogalactopyranoside
(IPTG) for 4 h. After harvesting the cells by centrifugation, the pellet
was frozen and thawed, resuspended in 50 mM sodium phosphate
buffer, pH 7.5, 150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride
(PMSF), 5% (v/v) glycerol. The cells were lysed by sonication (four
times for 30 s) and centrifugated at 100,000 x g for 30 min at 4°C. For
Ni**-chelate affinity chromatography on a Fractogel EMD Chelate
column (Merck) at 4°C the supernatant was diluted twofold with the
column-equilibration buffer (20 mM sodium phosphate, 0.5 M NaCl,
1 mM imidazole, pH 7.0) and applied to the column (8 x 1.5 cm).
Proteins were eluted with a 30 ml gradient of 1-500 mM imidazole in
the equilibration buffer. Fractions containing the expected protein were
pooled, concentrated by ultrafiltration in Centriprep 10 and Centricon
30 columns (Amicon) and loaded on a Superose 6 gel filtration column
running at room temperature in Tris-HCl, pH 7.5, 150 mM NaCl,
1 mM EDTA, 5% (v/v) glycerol (Buffer A) at a flow rate of 0.5 ml/min.
Purification was monitored by Tricine-SDS-PAGE (10% poly-
acrylamide) and non-denaturing PAGE (3-10% polyacrylamide gradi-
ent gels) followed by Coomassie blue staining [12] or by Western blot
analysis. For immuno-staining the polyacrylamide gels were blotted
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onto nitrocellulose and probed with an polyclonal rabbit antiserum
against purified thermosomes from Pyrodictium occultum (kindly pro-
vided by A. Hoffmann and K.O. Stetter, Regensburg) [9]. N-Terminal
sequences of the expressed polypeptides were obtained by Edman-
degradation.

2.3. Electron microscopy and image analysis

For electron microscopy aliquots of purified protein solutions were
applied to carbon-coated copper grids and negatively stained with 2%
uranyl acetate. Images were recorded at a magnification of 33,600x
under low-dose conditions, using a Philips CM12 electron microscope.
Non-overlapping areas of micrographs were digitized using an Eikonix
1412 camera system at a pixel size of 15 nm, corresponding to 0.45 nm
at the specimen level. For image analysis, pictures were band-pass
filtered in Fourier space within the space frequency limits of 0.625 nm™
and 0.05 nm™". The alignment of side-views via cross correlation was
performed with the help of an arbitrarily chosen reference in an iterative
way and using the SEMPER image processing software package [26). For
the image analysis of the ring-shaped end-on views a method based on
cigenvector—eigenvalue data analysis was used as described elsewhere
[14].

2.4. In vitro dissociation and reassembly

The thermosomes from 7. acidophilum were purified as described in
[12]. Fractions containing the thermosome (1.5 mg/ml in 20 mM Tris-
HC], 150 mM NaCl, 1 mM DTT, 5 mM NaN, and approximately 20%
(v/v) glycerol) or the a-complex (in buffer A as purified from E. coli)
were diluted to a protein concentration of 0.55 mg/ml with 20 mM
Tris-HC], pH 7.5. In order to dissociate the hexadecameric complexes,
10% (v/v) of 1 M glycine-HCI, pH 3, was added resulting in a protein
concentration of 0.5 mg/ml, a glycerol concentration of = 5% (v/v) and
a glycine concentration of 100 mM. After a 3 h incubation period,
aliquots of 25 ul of the dissociation mixture were dialyzed overnight in
a microdialysis apparatus as described by Lissin [27] against 2 ml of 50
mM Tris-HCl, pH 6.8, 20% (v/v) glycerol, 1 mM DTT plus, optionally,
20 mM KCl, 10 mM MgOAc, and 1 mM ATP, ADP, ATPyS or
AMPPNP as specified. All experiments were performed at room tem-
perature. 20 ul of the dialysate was applied to a non-denaturing poly-
acrylamide gel, the remainder was used for examination by electron
microscopy.

RSet 6a — ¢ — B(6 His
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Fig. 1. Schematic drawing of the expression constructs pRSet 6a-a-8(6 His), pRset 6a-a(6 His) and pT7-5-8(6 His) used for separate and co-expression

of the genes encoding the thermosome-subunits. Restriction sites for cloning are indicated by vertical arrows. Direction of transcription starting from
the T7-promotor (pT7) is indicated by horizontal arrows. Nucleotide sequences are given for the ribosomal binding site (RBS, underlined) and the
His-tag (6 His); start and termination codons are printed in bold type letters, respectively.
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F 1. 2. SDS-PAGEs of purified recombinant complexes followed by Coomassie blue staining or Western blot analysis. Expression in E. coli was
performed using the constructs indicated in Fig. 1. Lane a = a-complex; lane b = native thermosome of T acidophilum; lane ¢ = a + f-complex; lane
d = f-complex. Molecular mass standards are given on the left side. Each lane contains 5 ug of protein.

3. Results and discussion

3 1. Expression and purification of the recombinant protein
complexes

We have established a system for the efficient expression of
the two subunits of the Thermoplasma acidophilum thermosome
ir. Escherichia coli. The corresponding genes were subcloned
into the expression vector pT7-7 yielding the construct pT7-7-
a-f. Both reading frames were preceeded by an E. coli ribo-
scmal binding site and organized in an operon under the con-
trol of the strong viral T7 promotor. After induction with
H'TG, cell were harvested and a crude separation of cellular
proteins was performed by SDS-PAGE, followed by Western
blot analysis. We found both subunits higly expressed in the
¢:tosol, although the a-polypeptide was found in a slight excess
o the B-polypeptide (data not shown). Expression of that
oneron using the vector pRSet 6a resulted in higher expression
levels than using pT7-7, but did not change the ratio of the two
polypeptides. The recombinant subunits were accessible for
N-terminal protein sequencing, yielding amino acid sequences
(MMTG for a, and M 1 A Q for ) which were identical to
the sequences derived from the 5-end of the genes [15].

The formation of high molecular mass complexes in the bac-
terial cytoplasm containing the two co-expressed proteins was
indicated by size exclusion chromatography or non-denaturing

PAGE of cellular crude extract, both monitored by Western
blot analysis. In order to characterize the composition of these
complexes His-tags were introduced at the C-terminal end of
either the a-gene or the f-gene. These tags allowed the purifica-
tion of the expressed proteins by a Ni**-chelate affinity column.
Unfortunately, the binding efficiency of the polypeptides to the
affinity column was rather low even when a unusually large
column was used. We assume that, as in the GroEL-complex
[17], the C-terminal ends of both subunits are directed towards
the inner cavity of the toroid resulting in a poor accessibility
for the column-bound Ni**-ion. Fractions containing sufficient
amounts of the thermosome subunits, which eluted at imidazole
concentrations of 300-500 mmol, were subsequently concen-
trated and applied to a size exclusion chromatography column.
In high molecular mass fractions the formation of & + f-com-
plexes was indicated by the detection of both polypeptides in
immunostained SDS-gels. These hetero-oligomeric complexes
were reproducibly found when the His-tag was appended either
to the a- or f-subunit. Complexes, which had been purified via
the His-tag of the a-gene, apparently contained the a-polypep-
tide in strong excess of the f-polypeptide. In contrast, com-
plexes purified via the His-tag attached to the §-gene contained
both subunits in nearly a 1:1 ratio (Fig. 2). The eluted protein
fractions were found to be contaminated with small amounts
of E. coli proteins as seen in the SDS-gels. Whether these
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Fig. 3. Comparison of the a-complex with the native thermosome by
polyacrylamide gel electrophoresis. Protein bands were excised from
the non-denaturing gel and analysed by SDS-PAGE. Lane a = native
thermosome of T. acidophilum, lane b = a-complex.

proteins are unspecific contaminations or polypeptides inter-
acting specifically with the chaperonin-complexes in vivo re-
mains unclear. One of the contaminants was identified as E. coli
GroEL by immuno-staining using a sensitive antibody
(Boehringer, Mannheim). Some minor bands were identified by
immunostaining as proteolytic degradation products of the
thermosome subunits. Upon longer storage of fractions con-
taining o + B-complexes at 4°C, an increased degradation espe-
cially of the f-subunit was seen. Interestingly, analysis of the
expressed polypeptides by 2-dimensional PAGE (isoelectric fo-
cusing followed by SDS-PAGE, data not shown) resulted in a
gel-pattern very similar to that of the native thermosome [15].
Both subunits were resolved into several spots of apparently
identical mass but different pl indicating that they were
posttranslationally modified also in the E. coli cytoplasm.

In order to find out whether both polypeptides were able to
form thermosome-like particles separately, the genes were sep-
arately expressed in E. coli. The a-gene possessing the C-termi-
nal His-tag was subcloned into the expression vector pRSet 6a
yielding pRSet 6a-a(6 His). The corresponding polypeptide was
expressed in high levels and could be purified from the bacterial
cytosol. In a denaturing polyacrylamide gel it migrated slightly
higher than the Thermoplasma a-subunit due to the additional
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six histidine residues (Fig. 2). More than 50% of the expressed
protein was found to be part of a high molecular weight com-
plex as judged by size exclusion chromatography (data not
shown). In non-denaturing PAGE this complex migrated more
slowly than the native Thermoplasma thermosome yielding one
high molecular weight band; sometimes a second faint band at
a higher position was visible. When this gel region was excised
and analysed by SDS-PAGE only the a-polypeptide was de-
tected (Fig. 3). The same result was obtained by SDS-PAGE
analysis of purified a-complexes (Fig. 2), proving that these
complexes are indeed homo-oligomeric.

For separate expression of the f-subunit the vector pT7-5
was chosen since the corresponding gene contains several inter-
nal Ndel-sites. The protein was expressed in high levels in the
E. coli cytoplasm and due to the appended His-tag it migrated
above the Thermoplasma B-subunit in SDS-gels. The formation
of B-complexes in the cytosol was detected by size exclusion
chromatography (Fig. 4) and Western blot analysis. A more
detailed biochemical characterization of the S-complex turned
out to be difficult since it was apparently formed with lower
efficiency and appeared to be less stable than the a-complex.
It dissociated during non-denaturing PAGE due to the pH of
8.8 in the gel and was prone to proteolytic degradation when
stored at 4°C. It is unclear at this stage whether these observa-
tions simply reflect artefacts of the purification method, or are
of relevance regarding the assembly mechanism of the thermo-
some in vivo.

In general, Superose 6 chromatograms of a-, 8- and a + §-
complexes were indistinguishable from each other and from the

0OD280 nm
0.04 «l b

0.03

0.02 a
:

0.01 o

0.00

a 21" 23 25 27 29° 31 33 35 t[min]

Fig. 4. Purification of the recombinant S-complex by size exclusion
chromatography. Fractions eluted from the Ni**-chelate column (see
section 2) were applied to a Superose 6 column resulting in separation
of high molecular mass complexes from the copurified subunits.
(A) Chromatogram of the Superose 6 column. Peak a contains high
molecular mass complexes (M,~1 x 10°), peak b = contains proteins of
M ~60,000. (B) Western blot analysis of fractions eluted at the indicated
times and separated by SDS-PAGE. Lane a = native thermosome of 7.
acidophilum.
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Fi.. 5. Electron micrographs of negatively stained preparations containing the recombinant complexes as shown in Fig. 2. (A) a + f-Complexes.
R:1g-shaped end-on views predominate but also some striated side-on views are visible. (B) f-Complexes. (C) a-Complexes. Panel a = electron
m.:rograph; panel b = average of 284 side-on views of the barrel-shaped complex; panel ¢ = average of 968 end-on views revealing an eight-fold

sy nmetric ring with a stain filled cavity at the center.

native thermosome regarding the respective rentention times of
th: complex (~25 min) and of the free subunits (~33 min). No
peak was detected at an elution time in between indicative of
the formation of single octameric rings. For all three different
complexes a weak ATPase activity at 60°C was detected colori-
metrically using Malachite green as color reagent [12]. It is
purhaps surprising that « and f are able to form thermosome-
like complexes on their own since both the native thermosome
from T. acidophilum as well as the TF55-complex from S. solfa-
taricus appear to be composed of two subunits in vivo [28]. In
centrast to the Thermoplasma thermosome, the S. solfataricus
cemplex, which shows a nine-fold rotational symmetry [14], is
assumed to contain both subunits in a 2:1 ratio [28]. The sub-
wiit stoichiometry of the recombinant a + f-complexes was
d:fficult to determine since they could not be distinguished from
homo-oligomeric a- or -complexes under the experimental
conditions used. We cannot exclude that after co-expression of
both subunits all three complexes (a, 8, a + ) co-exist in un-
k:iown ratios in the bacterial cytoplasm. We have indications
that the f-complex is only formed if no a-polypeptide is pres-
ert. Consequently, since in our E. coli expression system the
a-polypeptide was more highly expressed than the S-polypep-
tide, the formation of homo-oligomeric a-complexes may only
o.cur after depletion of free f-polypeptides due to a preferred
a P-interaction.

3 2. Electron microscopy and image analysis

Transmission electron microscopy was used to examine the
structure of the three different recombinant complexes. On
elzctron micrographs of purified o + f-complexes predomi-
nuntly ring-shaped (end-on views) appeared, but also some
siriated complexes (side-on views) were observed (Fig. SA).
Averages of both orientations revealed the characteristic ap-
pearance of the thermosome particle [12,13]: pseudo eight-fold
s: mmetric top views and barrel-shaped side views (data not
sl.own). To examine the structure of the homo-oligomeric (¢,
B complexes, electron micrographs of the corresponding prep-
arations were subjected to a detailed image analysis. In the case

of the a-subunit, end-on as well as side-on views were found
(Fig. 5C). The average of 284 side-on views showed the typical
appearance of the thermosome (Fig. 5C). Image processing
including correspondence analysis (CA) was applied to 968
ring-shaped complexes in the end-on orientation. CA revealed
the existence of only one type of symmetry within the dataset.
The average showed clear eight-fold symmetry, and structure
was indistinguishable at the present resolution from the native
thermosome (Fig. 5C).

On electron micrographs of recombinant f-complexes pre-
dominantly end-on views were seen (Fig. 5B). Classification
and averaging of 990 complexes using CA also revealed eight-
fold symmetry, albeit less clearly. This is probably due to the
poorer structural preservation of most of the complexes reflect-
ing their lower stability (see above). After dialysis of fractions
containing f-complexes against 100 mM Tris-HCl pH 8.8, ring-
shaped particles could no longer be detected.

3.3. In vitro dissociation and reassembly

In order to test whether the thermosome subunits can self-
assemble, we dissociated and reconstituted native and recombi-
nant complexes in vitro (Fig. 6) The requirements for assembly
were established using dissociated thermosomes isolated from
T. acidophilum. As jugded by both non-denaturing PAGE and
electron microscopy the thermosome was stable at pH values
between 4 and 11, but dissociated at pH 3 and lower. Due to
its lower pl value, the f-subunit migrated almost two times
faster than the a-subunit in non-denaturing gels (Fig. 6A, lane
b). We also examined under which conditions the thermosome
subunits were able to reassemble into hexadecameric complexes
(Fig. 6A). Dialysis of pH-dissociated thermosomes against
near-neutral buffer led to the reappearance of thermosome-like
complexes in non-denaturing gels or on electron micrographs
(data not shown) only when both Mg?* and ATP (Fig. 6A, lane
c) or the non-hydrolyzable analogues ATPyS or AMPPNP
(data not shown) were present in the dialysis buffer. When ATP
was replaced by ADP or Mg?* by K*, complexes were detected
neither on non-denaturing gels nor on electron micrographs
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Fig. 6. Dissociation and in vitro reconstitution of the thermosome from Thermoplasma acidophilum (A) and of the recombinant a-complex (B).
Non-denaturing PAGE (3-12% polyacrylamide gradient in Tris-HCI, pH 6.8/8.8) was used to discriminate between hexadecameric complexes (top),
a-subunits (middle) and B-subunits (bottom). (A) Lane a = 10 ug of thermosomes before dissociation; lane b = 10 ug of thermosomes after 3 h
incubation at pH 3; lane ¢ = approximately 10 ug of thermosomes after dissociation at pH 3 and subsequent dialysis against neutral buffer in the
presence of Mg?* and ATP. (B) As in (A), but using recombinant a-complexes instead of the native thermosomes.

(data not shown). Consequently, only binding of Mg-ATP but
not its hydrolysis seems to be necessary for the formation of
hexadecameric complexes. However, this reassembly reaction
was not quantitative and a significant amount of inidividual
subunits was still visible in non-denaturing PAGE. After reas-
sembly of the thermosome, two bands of high-molecular mass
were frequently separated on non-denaturing gels. Separate
excision of these gel regions and analysis by SDS-PAGE
showed that the complexes corresponding to these two bands
were both composed of approximately equal amounts of a- and
[S-subunits (data not shown). On electron micrographs, the
reassembled complexes appeared ring-shaped and were indis-
tinguishable from the originally isolated thermosome.
Following the same protocol, also the recombinant a-com-
plex was dissociated and reassembled in vitro (Fig. 6B). In
non-denaturing gels the band corresponding to the a-complex
(visible in lane a) disappeared after a 3 h incubation at pH 3
(lane b), indicating that the complex had dissociated completely
into subunits. After dialysis of the subunits against neutral
buffer containing ATP and Mg?*, the high-molecular weight
complex reformed (lane c). In accordance with this, ring-shaped
top views of complexes were not detected on electron micro-
graphs of the thermosome incubated at pH 3, but were clearly
visible after dialysis (data not shown). The ability of the a-
subunits to assemble into hexadecameric complexes iis at vari-

ance with observations made with TF55 from S. solfataricus.
This complex was recently reported to reassemble in vitro only
if both subunits were present [28].

Nevertheless, the thermosome and TF55 are similar in their
dependence upon Mg-ATP for in vitro reassembly. As recently
published, Mg?* and ATP also promote the in vitro reassembly
of several group I chaperonins after dissociation by urea [27].
However, also dissociation of these chaperonins is enhanced by
adenine nucleotides [27]. This lead to the proposal, that ATP
facilitates an exchange between monomeric and oligomeric
states of these chaperonins by inducing an assembly-competent
conformation of the chaperonin molecule [27]. Because group
I and group II chaperonins are related to each other in their
equatorial, ATP-binding domain [15,16], a similar mechanism
may also be responsible for the establishment of an equilibrium
between thermosome subunits and complexes. However, be-
cause the thermosome concentration in vivo is not exactly
known at present, the physiological significance of monomeric
versus oligomeric forms of the thermosome remains an open
question that deserves further examination.
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