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Abstract 15 

An adequate response to a sudden temperature rise is crucial for cellular fitness and survival. While 16 
heat shock response is well-described in bacteria and eukaryotes, much less information is available for 17 
archaea, of which many characterized species are extremophiles thriving in habitats typified by large 18 
temperature gradients. Here, we describe known molecular aspects of archaeal heat shock proteins as 19 
key components of the protein homeostasis machinery and place this in a phylogenetic perspective with 20 
respect to bacterial and eukaryotic heat shock proteins. Particular emphasis is placed on structure-21 
function details of the archaeal thermosome, which is a major element of the heat shock response and 22 
of which subunit composition is altered in response to temperature changes. In contrast to the structural 23 
response, it is largely unclear how archaeal cells sense temperature fluctuations and which molecular 24 
mechanisms underly the corresponding regulation. We frame this gap in knowledge by discussing 25 
emerging questions related to archaeal heat shock response and by proposing methodologies to address 26 
them. Additionally, as has been shown in bacteria and eukaryotes, heat shock stress response is relevant 27 
in controlling physiology and growth in various stress conditions beyond temperature stress. A better 28 
understanding of this essential cellular process in archaea will not only provide insights into the 29 
evolution of heat shock response and of its sensing and regulation, it will also inspire the development 30 
of biotechnological applications, both by enabling transfer of archaeal heat shock components to other 31 
biological systems as for the engineering of archaea as robust cell factories.  32 
 33 
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Introduction 48 

A large diversity of archaeal species has been described that inhabit various niches. These species 49 
include both extremophiles living in habitats characterized by extremes of temperature, pH or salinity 50 
or a combination thereoff (e.g. acidic hot springs, hypersaline pools or hydrothermal vents) and 51 
mesophiles living in mainstream habitats such as ocean and soil ecosystems or the human microbiome 52 
(1,2). Archaea are prokaryotic organisms with a relative simple morphology that constitute a 53 
phylogenetic domain distinct from bacteria and eukaryotes (3). While some archaeal characteristics 54 
such as information processing are shared with eukaryotes, others such as metabolic processes are 55 
bacterial-like and yet others are unique (4). The latter is demonstrated by the chemical structure of 56 
archaeal isoprenoid membrane lipids, rendering heat stability and impermeability to cells (5,6,7) and 57 
thereby supporting (hyper-)thermophilicity and acidophilicity (8). Four major groups of model 58 
organisms can be discerned that are used for the fundamental study of molecular-biological processes 59 
in archaea: methanogens, halophiles, hyperthermophilic Thermococcales and thermoacidophilic 60 
Sulfolobales (9).   61 
Heat shock is an important stressor for all living organisms, including archaea, of which different 62 
species evolved to grow optimally at temperatures from below 0°C to exceeding 100°C (10). 63 
Temperatures rising only a few degrees above the optimal growth temperature of the organism pose 64 
already a major challenge to the cells, for a large part caused by protein unfolding and aggregation. 65 
Therefore, an adequate response to heat stress is crucial for cellular survival and fitness. This heat shock 66 
response (HSR) is well understood in bacterial and eukaryotic organisms, both in terms of molecular 67 
mechanisms of heat shock proteins (HSPs) accommodating either chaperone or protease activity and 68 
protecting the cell against protein aggregation as in terms of their regulation. As an example, in the 69 
model bacterium Escherichia coli HSP expression is transcriptionally activated by the alternative s 70 

factor s32 (11). The expression of s32 is regulated in a temperature-responsive manner at different levels, 71 

including by an RNA thermometer (RNAT) element in the 5’-untranslated region (5’-UTR) of the s32-72 
encoding transcript (12). RNATs function by enabling ribosome access to the Shine-Dalgarno (SD) site 73 
only at an increased temperature that causes a double-stranded stem-loop structure to denature thereby 74 
activating translation (13). Also in eukaryotes HSP expression is primarily regulated on transcriptional 75 
level (14). As an example, Saccharomyces cerevisiae harbors a single, essential heat shock transcription 76 
factor (HSF-1) that accumulates in the nucleus upon heat shock response induction and binds to heat 77 
shock elements located in promotor regions of hsp genes, causing an upregulation of the HSPs (15). In 78 
addition to the transcriptional control, expression of hsp genes can also be modulated at the level of 79 
mRNA processing indicating RNAT-mediated translational regulation (16) . Both in bacteria and 80 
eukaryotes, an increasing concentration of unfolded proteins is a major trigger for HSR, underscoring 81 
the connection between molecular chaperones on one hand, key players in HSR, and processes of 82 
protein folding, unfolding and homeostasis on the other hand (17). Recent literature on archaeal HSR 83 
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is scarce and mainly focused on HSP characterization. Here, we provide a concise overview of this 84 
current state of knowledge, formulate major outstanding questions and propose hypotheses and 85 
methodologies that can direct future research toward a better understanding of HSR and its regulation 86 
in archaeal organisms. 87 
 88 

Heat shock proteins in archaea 89 

Molecular chaperones are the predominant class of HSPs. They typically function by forming large 90 
molecular-weight (MW) complexes and binding a wide range of unfolded proteins through the 91 
recognition of hydrophobic amino acids in the substrates that are increasingly exposed upon 92 
denaturation (10,18). As such, they assist a correct folding by preventing unwanted intermolecular 93 
interactions. Molecular chaperones are classified into five major families depending on their MW: small 94 
HSP (sHSP), HSP60 (also called chaperonins), HSP70, HSP90 and HSP100 (10,19). While all five 95 
families are well-conserved amongst bacteria and eukaryotes, this is not the case for archaea, with most 96 
species lacking the three largest-MW chaperones thus indicating a somewhat limited diversity of this 97 
type of HSPs in the archaeal domain of life (Table 1). 98 
When comparing the occurrence of the different molecular chaperone families in different archaeal 99 
lineages (Table 2), it becomes clear that mesophilic archaea have a larger repertoire of chaperones than 100 
thermophilic and hyperthermophilic archaea. This is demonstrated by bacterial-like chaperonins (group 101 
I HSP60, see paragraph HSP60), HSP70-, HSP90- and HSP100-type chaperones being absent in 102 
hyperthermophilic archaea. For example, HSP70-family chaperones have only been found in thermo- 103 
and mesophilic archaea (19). Very likely, these archaea obtained typical bacterial HSP70-type 104 
homologs through horizontal gene transfer, occuring frequently from bacterial to archaeal species living 105 
in similar habitats (20,21), as demonstrated by functional similarities between bacterial and archaeal 106 
HSP70-type DnaK chaperones (22, 23,24). Similarly, the occurence of the bacterial ATP-dependent 107 
HSP100-like ClpA/ClpB chaperones and group I GroEL/GroES chaperonines in mesophilic species 108 
such as Methanosarcina spp. can be explained by horizontal gene transfer events (19, 25). Assays of 109 
substrate specificity of the two chaperonine systems present in Methanosacina spp. showed that the 110 
maintainance of the GroEL/GroES system is mainly due to its employment by archaeal proteins 111 
including some with predicted essential functions (26). This indicates that the Methanosarcina 112 
proteome has co-evolved with and was shaped by the available chaperone machinery, in contrast to the 113 
hypothesis of a recent horizontal gene transfer (26). A limited diversity of chaperone families in (hyper-114 
)thermophilic archaea could also be explained by the observation that these organisms are already well-115 
adapted to living at high temperatures with optimal growth temperatures between 65 and 100°C, in 116 
terms of molecular adaptations such as membrane stability and inherent protein thermostability and that 117 
they rely less on chaperone response upon heat stress. Additionally, it is reasonable to assume that at 118 
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high growth temperatures, a 5°C heat shock has relatively smaller effects on cellular physiology than 119 
at mesophilic growth temperature. 120 
On the other hand, universally occuring ATPase associated proteins (AAA+ proteins), known to be 121 
associated with eukaryotic-type HSP100 chaperones, might also play a role in archaeal HSR. While 122 
these proteins do not have an intrinsic chaperone activity they function as an energy supplier in many 123 
different cellular processes (27) and high similarities between the promoter region of an AAA+ protein-124 
encoding gene and that of a sHSP-encoding gene in Pyrococcus spp. suggest that, given the lack of 125 
HSP100 chaperones in these organisms, they might undergo co-regulation and have similar HSR-126 
associated functions (19).  127 
 128 
sHSP 129 
sHSPs are a ubiquitous and diverse group of chaperones that act as molecular “traps” thereby binding 130 
substrate proteins in a coordinated manner and protecting them from aggregation, although they are 131 
ATP-independent and lack an active refolding function (28-31). The number of different sHSP species 132 
varies between different lineages of the archaeal domain of life, with most archaeal species harboring 133 
one or two types, but for example Halobacteria having up to 5 different sHSPs (32). Despite varying 134 
subunit MWs between 12 and 43 kDa, sHSPs have a similar structure, with each subunit consisting of 135 
an N-terminal domain (NTD), an a-crystalline domain (ACD) and a C-terminal extension (CTE) 136 
(33,34)  (Figure 1A). These sHSP subunits form stable dimers in solution that oligomerize into diverse 137 
higher-order oligomers consisting of 9 to 50 subunits (31,35). This is certainly the case for (hyper-138 
)thermophilic archaeal sHSPs, as illustrated by a Sulfolobus tokodaii sHSP, forming a tight 24-subunit 139 
oligomer consisting of 12 dimers of which each dimer displays four weak interaction sites with 140 
neighboring dimers (35) (Figure 1B). Such higher-order oligomeric states assist the proteins to avoid 141 
denaturation at high temperatures, play a significant role in the activation of the chaperone and are 142 
important for the binding of denatured proteins. (35, 36). Although structural flexibility has been noted 143 
as the fundamental feature of sHSPs for chaperone activity, a structural and molecular study of a 144 
subfamily of sHSPs, found in Sulfolobales, provides evidence that also the NTDs have an intrinsic 145 
conformational plasticity that enables them to bind a large variety of heterogenous target proteins. (34) 146 
While some sHSPs are constitutively expressed and physiologically active in the cells at optimal growth 147 
conditions, others are induced during suboptimal conditions in response to a physical or chemical 148 
stressor such as heat shock and do not show chaperone activity at physiological temperatures (37). For 149 
example, a Sulfolobus solfataricus sHSP was shown to be upregulated upon heat or cold shock (38). In 150 
contrast, sHSPs from Archaeoglobus fulgidus and Methanocaldococcus jannaschii do not undergo heat-151 
stress responsive induction but instead display structural flexibility of the oligomeric assembly that is 152 
correlated with increased chaperone activity (28). 153 

 154 
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HSP60 155 
Of all archaeal molecular chaperones, the HSP60 family is best characterized. They form large 156 
molecular complexes (“cages”) with a MW of about 1 MDa and with a double-ring structure 157 
characterized by a central cavity in which mis- or unfolded substrate proteins are sequestered so that 158 
they can be correctly folded in isolation (39). In contrast to sHSP-mediated mechanisms, this is an ATP-159 
dependent process. Two HSP60 subfamilies exist (Tables 1 and 2, Figure 2): i) group I chaperonins, 160 
which form oligomeric complexes with a seven-fold symmetry and occur in bacteria and eukaryotic 161 
organelles but are rare in archaea and ii) group II chaperonins, composed of two octa- or nonameric 162 
stacking rings with an extension in the apical domain that functions as a “build-in lid” and is essential 163 
for the encapsulation of unfolded proteins (40,41). This group is represented in all archaea, in which it 164 
is also called thermosome, and in the evolutionary related eukaryotic cytoplasm. 165 
Eukaryotic group II chaperonines typically consist of two eight-membered rings with each subunit 166 
being fully differentiated (Figure 2A) (41-44). Similarly, the archaeal thermosome forms a 167 
hexadecameric complex in non-stress conditions, with the number of different subunits varying between 168 
different archaeal species: while most species harbor two different subunits, Sulfolobales and 169 
Halobacteria have three or more and Pyrococcus spp. only a single subunit (Figure 2A and B; Figure 170 
3) (19,42) (45,47). The ubiquitous presence of chaperonins in all archaeal phyla, combined with 171 
phylogenetic studies, suggests that the last archaeal common ancestor harbored a single chaperonin 172 
subunit from which modern subunits evolved through recurring gene duplication events in case two or 173 
more paralogs are found in the genome (48). Indeed, in many archaea, whether they belong to the 174 
TACK-archaeota (Thaum-Aig-Cren-Kor-archaeota) or Euryarchaeota, have paralogous chaperonin 175 
subunit genes that have originated by gene duplication (Figure 2B). Despite the archaeal chaperonins 176 
being essential, they are individually dispensable when different subunits are present as shown in 177 
Haloferax spp. (41). This  points to a more redundant although not identical function of the archaeal 178 
chaperonine subunits in contrast to their  eukaryotic counterparts, which were all shown to be essential 179 
(41,49).  180 
Different chaperonin subunits appear to be differentially expressed and post-translationally regulated 181 
upon temperature changes in Sulfolobus spp., leading to complexes with different subunit compositions 182 
(48,50,51). A structural analysis of the geometry of these different complexes employing 183 
crystallography and electron microscopy (42)  revealed that at physiologically normal growth 184 
temperatures (75°C), octameric complexes are formed alternating a and b subunits in a heterodimeric 185 

manner (Figure 2A). When temperature increases to heat-shock conditions (e.g. 85°C), the b subunit is 186 

strongly upregulated leading to an all-b nonamer with 9-fold symmetry. Finally, upon cold shock (e.g. 187 

60°C) the temperature-unstable g-subunit is present as well leading to a nonameric mixed complex (42). 188 
Similar observations of temperature-dependent subunit compositions are made for other archaea 189 
(25,41,52,53); in contrast, Pyrococcus spp. as well as Methanocaldooccus spp. harbor only a single 190 
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thermosome subunit yielding homohexadecameric complexes (54). Temperature-dependent regulation 191 
of subunit composition is an elegant mechanism to alter substrate specificity of the thermosome 192 
complex, with a larger subunit diversity (such as upon cold shock in Sulfolobus spp.) being consistent 193 
with a greater substrate specificity (42). The thermosome can adopt an open and closed conformation 194 
depending on the stage in the ATP cycle with ATP binding inducing closure of the thermosome at 195 
physiologically relevant temperatures (43,45,47,55-57). Whereas the subunits in a closed thermosome 196 
complex with mixed a and b subunits all have a closed conformation, the open complex is formed with 197 

all b subunits having a closed conformation and a subunits having an extremely open conformation 198 
(42). The ATP-induced conformational change was shown to be a two-step process exhibiting negative 199 
cooperativity with a fast conformational change preceding a slower change, similar to the mechanism 200 
of group I chaperonins (58) . Comparative analysis of the structure of different thermosome complexes, 201 
not only of those with closed and open conformation but also of those with different subunit 202 
compositions, demonstrated geometrical differences that underly differing substrate specificities and 203 
ATP hydrolysis and substrate refolding kinetics, the latter also linked to the intrinsically different 204 
nucleotide affinities of a and b subunits (42). These initial mechanistic insights into the structural 205 
complex group II chaperonin systems pave the way for a further detailed exploration to reach a similar 206 
level of functional understanding as for the group I chaperonins. 207 

 208 

Prefoldin 209 
Prefoldin (PFD) is a molecular ATP-independent chaperone able to bind to a large variety of unfolded  210 
proteins and to transfer them to the thermosome complex for refolding (59-61). During this process, the 211 
thermosome facilitates the release of substrate from PFD (62-64). In all archaeal species one or two 212 
PFD-like proteins are found (62,63,65)  (Table 2). PFD of the thermophilic archaeon 213 
Methanothermobacter thermautotrophicus can complement pfd deletion mutants in Saccharomyces 214 
cerevisiae demonstrating homology and evolutionary conservation (62). Archaeal PFD forms a 215 
hexamer consisting of two α-subunits and four β-subunits harboring a jellyfish shape with a double β-216 
barrel-shaped body and six long tentacle-like coiled coils protruding from it, the latter harboring 217 

partially buried hydrophilic residues that bind substrate proteins (66, 67). The b subunits are essential 218 

for the substrate binding, while the a subunits modulate the shape and width of the central cavity (67) 219 

(Figure 4). Thermococcus kodakaraensis harbors two paralogs of each PFD subunit with different 220 
heterohexamers showing a typical chaperone activity but with differential interaction affinities for 221 
thermosome subunits α and β, suggesting expression of different PFDs for different substrates or 222 
temperature conditions (68). 223 

 224 

Heat shock sensing and regulation 225 

Although the structural components of archaeal heat shock response are well described, little is known 226 
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about the regulation of this response, which is certainly taking place, whether on transcriptional, 227 
posttranscriptional and/or posttranslational levels. Indeed, as explained above, temperature-responsive 228 
changes in the relative subunit composition of the thermosome, the major archaeal HSR component, 229 
underly a specific protective response upon heat shock conditions (42). Moreover, transcriptomic 230 
analysis revealed that 14% and 33% of all genes in A. fulgidus and S. solfataricus, respectively, exhibit 231 
differential transcriptional expression upon a heat-shock shift, albeit being a very dynamic process in 232 
time and seemingly involving many genes with functions not related to HSR and thus also representing 233 
indirect effects (69,70).  234 
Besides the important link between HSR and response to unfolded proteins, heat-shock responsive 235 

regulation is mediated on gene expression level by transcription factors (or s factors also acting on the 236 
transcriptional level) in bacteria and eukaryotes. In archaea, only two HSR-involved transcriptional 237 
regulators have been characterized thus far: Phr in Pyrococcus furiosus and HSR1 in A. fulgidus (70-238 
72). Despite being evolutionary diverse and belonging to a hyperthermo- versus mesophile, both 239 
transcriptional regulators have similar regulons including a sHSP and an AAA+ ATPase, co-transcribed 240 
in the same operon in the case of HSR1. However, given the limited regulon of these regulators, not 241 
including thermosome subunits, it is postulated that these regulators are not the sole or major heat shock 242 
regulators in archaea (72). Furthermore, given that HSR has overlapping functions with protective 243 
responses in other stress conditions, also heat shock regulation is intertwined with other regulatory 244 
processes. For example, Phr gene expression is not only upregulated in Pyrococcus furiosus upon heat 245 
shock but also in the stationary growth phase (71) and CopR in Halobacterium salinarum is not only a 246 
specific regulator of copper efflux but also affects expression of many heat-shock responsive genes, 247 
thereby regulating growth arrest and stimulating regeneration of degraded proteins (73). These 248 
examples only represent the tip of the iceberg of likely much larger gene regulatory networks in which 249 
the regulation of HSR undoubtedly has an important part, but which are currently unknown. 250 
While posttranscriptional regulation in response to heat shock has not yet been described in archaea, 251 
posttranslational regulation has been observed at the level of toxin-antitoxin (TA) systems, consisting 252 
of a proteolytically labile antitoxin and a toxin, which appear to play a direct role in HSR in certain 253 
archaea (74). TA systems of the VapBC family are abundantly present in S. solfataricus, with 26 loci 254 
of which several are upregulated upon heat shock (74). Their involvement in HSR is further underscored 255 
by the observation that the deletion of specific VapBC systems led to S. Solfataricus displaying a more 256 
heat-shock labile phenotype (74). 257 
But how do archaea sense heat shock? Direct thermosensors are largely unknown in archaea, besides 258 
indirect temperature effects on DNA topology and on protein stability of specific substrates. For 259 
example, in S. solfataricus the thermosome subunit g is prone to degradation at physiological 260 
temperatures (42)  while the transcriptional repressor Phr in P. furiosus dissociates from DNA upon 261 
heat-shock conditions thereby causing a derepression of its target genes (71). 262 
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 263 

Future perspectives 264 

As outlined, we have already obtained a basic knowledge on HSR in archaea (Figure 5), mainly based 265 
on early studies, of with the thermosome complex being the best characterized. Nevertheless, 266 
considering the advent of whole-genome high-throughput omics techniques during the last two decades, 267 
recent research progress on archaeal HSR is poor, with only a limited number of omics-based analyses 268 
of HSR in archaeal cells (69,70). In future attempts to improve our understanding of archaeal HSR it is 269 
advised to further identify, map and characterize the diverse group of sHSPs and to elucidate their exact 270 
functions as they seem to play an important role. Considering the thermosome, although recent progress 271 
has been made on the understanding of structure-function relationships in in vitro studies, in vivo studies 272 
are lacking and little is known about the exact mechanisms of action and the identity of substrates. To 273 
this end, basic tools are available for the genetic study of several archaeal model organisms (9). 274 
An important gap in knowledge of archaeal HSR is the sensing and regulation of the process. Despite 275 
several attempts, the major regulatory elements and mechanisms have not yet been identified. The 276 
identification of additional HSR-involved TFs in archaea, besides the already described Phr and HSR1, 277 
could be undertaken by screening transposon insertion mutant libraries available for several archaeal 278 
model organisms for heat-shock sensitivity. (75) Alternatively, TF-encoding genes of which the 279 
expression is significantly upregulated upon heat-shock treatment of the cells are also valuable targets 280 
for further investigation. The characterization of heat-shock involved regulators so far demonstrate that 281 
they might have overlapping functions in other stress conditions. This supports the notion that the 282 
sensing and regulation of HSR is very complex and that it is not straightforward to separately pinpoint 283 
all underlying mechanisms. While a global transcription regulator-system has not yet been found, it 284 
should also be considered that direct sensing and regulation of heat shock might occur on a translational 285 
level, by means of structured RNA elements that undergo temperature-responsive conformational 286 
changes. While RNATs are well-described in bacteria and eukaryotes (16), they have not yet been 287 
identified in archaea, although it is hypothesized that these efficient and simple regulatory elements 288 
originated early in evolution and are therefore predicted to occur in archaeal leadered transcripts as well 289 
(76). Unravelling translational regulation should be possible with the implementation of proteomic 290 
methodologies and established reporter gene systems. 291 
Besides the aim of advancing fundamental knowledge on archaeal physiology, improved insights into 292 
HSR will also contribute to the development of biotechnological applications. Heterologous co-293 
expression of archaeal (hyper-)thermophilic sHSPs was shown to improve solubility of an 294 
overexpressed protein in a bacterial system (38,77). It could be envisaged, given the observed homology 295 
between archaeal and eukaryotic chaperones, that their heterologous expression in eukaryotic cells 296 
could also enhance chaperone substrate recognition and reduce the formation of protein aggregates in 297 
these systems.  298 
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Several archaeal species, especially (hyper-)thermophilic ones, have great potential to be used as 299 
microbial cell factories in biomanufacturing processes with P. furiosus being the proof-of-concept host 300 
(78). To further realize the development of robust archaeal cell factories, a profound knowledge of HSR 301 
offers many opportunities to optimize the system. Given that large-scale bioreactors are characterized 302 
by temperature gradients and fluctuations, taken together with the observation that heat shock causes a 303 
large fraction of genes to be differentially expressed (69,70), it will be essential to investigate if the 304 
overproduction of metabolites or proteins causes a stress response similar to HSR and if this could be 305 
counteracted for by upregulating chaperone expression. The employment of HSR pathways for the 306 
engineering of performant cell factories is currently a major focus in bacterial research, with E. coli as 307 
the major model organism (79). For example, cellular burden-driven feedback control has been 308 
connected to dynamic pathway control employing HSR regulatory systems enabling a finely tuned 309 
adjustment of pathway production levels to stress levels (80).  310 
Archaeal HSR regulatory elements (inducible promoters or RNA elements) have a potential to be used 311 
to control gene expression levels by means of temperature, as has been shown for a heat-shock 312 
responsive promoter in S. solfataricus (81) . Temperature would be technically easy and fast to 313 
implement as an inducer for large-scale cultivations (78). Likewise, similar principles have already been 314 
demonstrated in E. coli (82,83). In conclusion, advances in the knowledge of archaeal HSR will also 315 
open up many perspectives when applying archaea to their full potential in biotechnological 316 
applications by translating synthetic biology engineering approaches successfully used in bacterial 317 
systems. 318 
 319 

Summary points 320 

• Archaeal heat shock proteins belong to a limited repertoire of chaperone families, especially in 321 
(hyper-)thermophiles. 322 

• Thermosome complexes are a major element in archaeal heat shock response and undergo 323 
temperature-responsive regulation of their subunit composition, although direct thermosensors are still 324 
unknown. 325 
• A better understanding of heat shock response in archaea will aid the further development of 326 
biotechnological applications with archaeal cells and components. 327 

  328 
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TABLES 572 

Table 1. Occurence of molecular chaperone families in the three domains of life (19). 573 

 574 

Family name Archaea Bacteria Eukarya 

HSP 100  ClpA, ClpB, HsIU HSP100 

HSP 90  HtpG HSP90/HSP83 

HSP 70 
DnaK 

homologues 

DnaK/DnaJ/GrpE 

system 
HSP70 

HSP 

60 

Chaperonine group I  GroEL In organelles 

Chaperonine group II Thermosome  
T-complex protein 

(CCT) 

Small HSPs sHSPs IbpA, IbpB sHSPs/a-crystallin 

 575 

  576 
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Table 2. Occurrence of molecular chaperone families in different archaeal lineages, verified from 577 
literature (19) or by BLAST analyses. 578 

 579 

Family Hyperthermophiles Thermophiles Mesophiles 

Cren 
archaeota 

Kor 
archaeota 

Thermo 
coccales 

Thermo 
plasmata 

Metano 
Thermo 
bacter 

Halo 
bacteria 

Metano 
sarcina 

spp. 

Thaum 
archaeota 

HSP100 No No No No Yes No Yes No 

HSP90 No No No No No No No No 
DnaK/DnaJ 

/GrpE 
No No No Yes Yes Yes Yes Yes 

Chaperonine 

Group I 
No No No No No No Yes No 

Chaperonine 

Group II 
3 

Subunits 
2 

Subunits 
1 or 2 
Subunits 

2 
Subunits 

1 
Subunits 

2 
Subunits 

3 
Subunits 

2 
Subunits 

HSP10 No No No No No No Yes No 

Small HSPs Yes Yes Yes Yes Yes Yes Yes Yes 

Prefoldin Yes Yes Yes Yes Yes Yes Yes Yes 
AAA+  

proteins 
Yes Yes Yes Yes Yes Yes Yes Yes 

 580 
 581 
 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
 600 
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 601 
FIGURES 602 

 603 

Figure 1. Structure of a Sulfolobus tokodaii  sHSP (84,85). A. Hexameric structure of the sHSP 604 
representing the asymmetric unit in the crystallographically determined 24-mer structure. NTD = N-605 
terminal domain; ACD = a-crystalline domain; CTE = C-terminal extension. B. The 24-mer structure 606 
of the sHSP complex with indication of the asymmetric unit.   607 
  608 
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 609 

 610 

Figure 2. Overview of HSP60-type chaperonines in archaea. A. The eukaryotic group II chaperonin, 611 
CTT, consists of two eight-membered rings harbouring eight paralogous subunits per ring. The 612 
bacterial group I chaperonin, GroEL, consists of 14 copies of the same 60-kDa subunit arranged in 613 
two seven-membered rings. The archaeal group II chaperonin generally consists of two eight-614 
membered rings, arranged with alternating a and b subunits. Sulfolobales harbor 3 paralogous 615 
subunits, arranged in different conformations depending on temperature. At suboptimal physiological 616 
temperatures, the thermosome consist of two nine-membered rings (either homomeric all-b or 617 
heterotrimeric abg). In Thermoplasmata, the homomeric nine-membered ring also occurs but the 618 
dominance of this formation at elevated temperatures is not proven yet. Pyrococcus spp. harboring 619 
only one thermosome subunit forms a homomeric complex of two eight-membered rings. Figure 620 
inspired by (42) B. Phylogenetic tree for the alignment of archaeal chaperonine subunit sequences 621 
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constructed by CIPRES Science Gateway, using MrBayes as phylogenetic inference, and FigTree 622 
software. Probabilities of each separation are given for each branch in percentage. Mr. Bayes 623 
program used the  GTR+G+I algorithm, a variant of the  GTR (Generalised time-reversible) model 624 
of Tavaré. It chosen in this matter there it is the most general neutral, independent, finite-sites, time-625 
reversible model possible. It was first described in a general form by Simon Tavaré in 1986. Using 626 
this algorithm, the probabilities of each change, branch, are calculated.  627 
Color codes refer to the thermosome subunits of panel A.  628 
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 630 
Figure 3. Presentation of the thermosome structure of Thermoplasmata acidophilus. A. 631 
Hexadecameric thermosome structure in different orientations (front and top view) (PDB: 1A6D) 632 
(45). B. Ribbon representation of an individual α and β subunit with indication of apical, intermediate 633 
and equatorial domains.  634 
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 637 

Figure 4 Ribbon presentations of the prefoldin hexamer of Methanothermobacter thermautotrophicus 638 
in different orientations (front and top view) (66).   639 
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 641 

 642 

Figure 5. Overview figure of heat shock response in a hyperthermophilic archaeon. Transcriptional 643 
regulation of sHSP expression has only been described for Pyrococcus furiosus (Phr) (71) (72) and 644 
Archaeoglobus fulgidus (HSR1) (70), respectively, for which homologs have not been found in all 645 
hyperthermophilic archaeal phyla.  646 

 647 
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 649 


