
ABSTRACT 
 

TACHDJIAN, SABRINA. Functional Genomics of Stress Response in the 
Hyperthermophilic Crenarchaeon Sufolobus solfataricus and Role of vapBC Toxin-
Antitoxin Loci in RNA Management. (Under the direction of Dr. R.M. Kelly.) 
 

Functional genomics tools were used to examine the dynamic stress response of the 

hyperthermophile Sulfolobus solfataricus subjected to thermal and pH shifts relative to 

growth under normal conditions. Whole genome oligonucleotide microarray analyses 

revealed substantial transcriptional changes in this crenarcheon upon temperature shifts 

from 80 to 90°C at pH 4.0, and pH shifts from 4.0 to 2.0 at 80°C. ORFs encoding heat 

shock proteins, molecular chaperones, and other known stress response elements 

responded in expected ways. However, genes involved in membrane adaptation, DNA 

repair mechanisms, transcriptional regulation, were also impacted, indicating that stress 

response is complex and implicating metabolic adjustments that go beyond the protective 

effect of stress proteins. It was also observed that, especially under heat shock, genes 

encoding insertion sequence (IS) elements were massively induced, suggesting that this 

microorganism increases genome plasticity as a strategy for dealing with thermal stress. 

In addition, 10 ORFs belonging to vapBC Toxin-Antitoxin (TA) loci were also 

implicated in the stress response of this archaeon. In silico analysis of the structural 

features of S. solfataricus two VapC toxins was conducted to examine the putative roles 

of Toxin-Antitoxin (TA) systems with respect to RNA management. Superimposition of 

predicted VapC structures on the T4 RNAse H template showed conservation of key 

catalytic residues as well as active site conformation, supporting their designation as 

ribonucleases. To confirm this biochemically, a recombinant version of VapBC-22, a heat 

shock-inducible and highly transcribed TA pair in S. solfataricus, was produced in 



Escherichia coli. Mass spectrometry confirmed that both proteins encoded by this locus 

could be recovered in soluble forms and that they associate in vitro. Moreover, 

recombinant VapC-22 exhibited ribonucleic activity. A vapC-22 disruption mutant was 

constructed and transcriptional response analysis showed that toxin impacted RNA 

metabolism and translational functions under thermal stress. Possible connections to a 

putative archaeal RNA interference and/or non-sense mediated decay pathway were 

proposed. Furthermore, the connection between VapBC TA systems and translation 

inhibition was strengthened by the in silico identification of a pattern conserved in most 

archaeal genome sequences, whereby the gene encoding the gamma subunit of translation 

initiation factor 2 was found to overlap with a vapBC locus. The results of this study 

implicate vapBC loci in RNA management and suggest the intriguing possibility that TA 

systems are connected to RNAi/NMD pathways in S. solfataricus and other archaea.  
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ABSTRACT 
 

 Given that some members of the Archaea inhabit extreme environments while 

others occupy more hospitable biological niches, the mechanisms by which this group of 

microorganisms handles stress are well worth examining for clues to prokaryotic 

“disaster” management. The availability of genome sequence information for a number of 

archaea has provided a glimpse into the genetic basis for thriving at extremes of 

temperature, salinity, pH and metal concentrations. Such information has furthermore 

enabled the application of “omics” tools to examine the phenotype that results from 

perturbations that trigger both global and focused survival strategies.  

 

INTRODUCTION 

 Environmental perturbations that result in nucleic acid, protein or membrane 

damage that significantly alter cellular function can trigger a strategic response designed 

to improve chances of survival. The so-called “stress response” comprises a set of 

mechanisms that, among other things, enables cells to minimize damage under adverse 

circumstances by repairing or degrading dysfunctional macromolecules, thereby adapting 

to new environmental conditions (Valentine, 2007). For some microorganisms, such as 

the extremophilic archaea, otherwise debilitating conditions are actually optimal. These 

archaea thrive at biologically extreme temperatures, salinity, pH, and toxic metals and 

have been a source of scientific curiosity for decades. But, for such microorganisms, what 

constitutes “stress”, and what strategies do they invoke when exposed to even more 

biologically extreme conditions? To date, investigations along these lines have focused 

on specific genes and proteins as either the weakest link governing survival or as 
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elements of a cellular rescue strategy which seeks to bring order to the cytosol and 

cellular envelope in the face of destructive forces. Much of the early microbial genome 

sequencing efforts focused on archaea because of their small genomes and for clues to 

evolutionary processes. As a consequence, this facilitated functional genomics efforts to 

explore global strategies for survival to stress. Such studies have provided 

complementary information to efforts to understand the role and fate of specific genes 

and proteins. Among the many interesting findings concerning stress response in archaea 

is the realization that, while common elements thread through stress response 

mechanisms in archaea, there are also “customized” features that relate to the type of 

environmental perturbation encountered. The focus here will be on functional genomics 

approaches to understand both focused and global strategies to handle stress in 

extremophilic archaea.  

 

ARCHAEAL HEAT SHOCK PROTEINS 

 Heat shock response mechanisms have been comprehensively examined in 

bacteria (Arsene et al., 2000; Hecker et al., 1996; Rosen and Ron, 2002). While some 

aspects are conserved in archaea, significant differences exist, especially with respect to 

families of heat shock proteins (HSP) (see Table 1).  

 

HSP70, HSP40 and HSP23. These proteins correspond to DnaK, DnaJ and GrpE, 

respectively, in the bacterial molecular chaperone machine. However, they are not 

present in all archaea and are typically absent in hyperthermophiles. For this reason, it 

has been suggested that DnaK, DnaJ, and GrpE are involved in protein folding at 
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mesophilic temperatures (Cavicchioli et al., 2000). The genes encoding HSP70, HSP40, 

and HSP23 in archaea are consistently grouped in an operon akin to the organization 

found for bacterial heat shock proteins. Whether some archaea received this group of 

genes via lateral gene transfer or the operon was initially present in archaea but was 

subsequently lost in hyperthermophiles is not clear. However, the lack of bacterial-type 

intervening sequences in the operon suggests the presence of a completely different 

regulation mechanism than in bacteria (Clarens et al., 1995). Information from 

transcriptional response analysis may shed light on the regulation of these heat shock 

proteins in the Archaea. 

 

HSP60 (Thermosome/Rosettasome). A unique member of the archaeal heat 

shock protein family is the chaperonin HSP60, also referred to as the “thermosome” 

(Phipps et al., 1993) or “rosettasome” (Kagawa et al., 1995). This protein is similar in 

size to its bacterial counterpart but otherwise distinct in terms of structure and function. 

There are actually two types of Hsp60 chaperonin systems: group I HSP60 (GroEL/ES) 

which is typically bacterial, and group II HSP60 (thermosome/rosettasome), a protein of 

archaeal origin but related to TCP1 in eukaryotes (Trent et al., 1991). At first, group I 

HSP60 chaperonins were thought to occur exclusively in bacteria or in the organelles of 

eukaryotes, indicative of their bacterial origin. The fact that GroEL/ES was later 

identified in Methanococcus mazei (Klunker et al., 2003), a mesophilic archaeon with 

significant lateral gene transfer (~20-35%) from bacteria (Deppenmeier et al., 2002), does 

not necessarily contradict a bacterial origin of group I chaperonins. The biological role of 

GroEL/ES as a chaperonin has been thoroughly investigated in bacteria. While there are 
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in vitro indications that group II HSP60 may play a similar role in archaea (Minuth et al., 

1998), its unusual localization in the membrane (as opposed to the cytoplasm) (Trent et 

al., 2003) and macromolecular self-assembly properties (McMillan et al., 2005) suggest a 

cytostructural function. For example, the thermosome/rosettasome may contribute to the 

preservation of cell membrane integrity under heat stress in archaea, serving as a 

reinforcing scaffold to minimize leakage into or out of the cytosol. In any case, the 

thermosome/rosettasome is a predominant component of hyperthermophilic archaeal 

thermal stress response (Han, 1997; Shockley et al., 2003; Tachdjian and Kelly, 2006). 

 

Prefoldin (PFD), another multimeric molecular chaperone, interacts with HSP60. 

Eukaryal PFDs bind selectively to a small subset of proteins, including actin and tubulin, 

in the process of delivering them to the chaperonin-containing TCP-1 (CCT) (Vainberg et 

al., 1998). In Archaea, a similar role has been shown for PFD in vitro, although high 

subunit flexibility allows binding to a much wider range of substrates (Martin-Benito et 

al., 2007). While PFDs from both domains seem to perform the same cellular function, 

interaction mechanisms between the thermosome and protein substrates diverge to a 

certain extent. Indeed, structural characterization of the Pyrococcus horikoshii PFD 

(Martin-Benito et al., 2007) has confirmed that the chaperone interacts with the 

thermosome through its tentacle tips, and that the latter does not penetrate the 

thermosome cavity to the extent observed for their eukaryal counterpart. Furthermore, 

binding only occurs on one side of the thermosome at a time (Figure 1). The substrate-

binding mechanism also differs, since it does not require encapsulation of denatured 

proteins as in Eukarya. Instead, contact occurs only through tentacle tips, at a binding site 
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that is close - yet distinct - from the thermosome docking site (Okochi et al., 2004). 

Because of its relative simplicity (2 different subunits compared to 6 in Eukarya), and 

lack of substrate specificity, the archaeal PFD can be thought of as a primitive version of 

the eukaryotic PFD, with high specificity and subunit differentiation arising later in the 

Eukarya. 

 

Small Heat Shock Proteins (sHSP). Small heat shock proteins (sHSP), typically 

based on subunits of less than 30~40 kDa, are found in all 3 domains of life. While 

common in extremophilic archaea, only hyperthermophilic versions have been 

characterized. sHSPs act as chaperones to prevent aggregation of denatured proteins 

(Ahrman et al., 2007; Jakob et al., 1993; Laksanalamai et al., 2001). The archaeal sHSPs 

belong to the same family as human alpha-crystallin, a protein component of the eye lens. 

Study of sHSP regulation in P. furiosus first showed that it was heat-shock inducible  

(Laksanalamai et al., 2001), and led to the identification of heat shock regulator Phr and a 

cis-acting regulatory sequence (Vierke et al., 2003). Phr is a constitutively expressed 

repressor that binds the P. furiosus-sHSP promoter region, thereby blocking RNA 

polymerase recruitment. Resolution of the Phr crystal structure, complemented by 

computational and mutational analyses, showed that the repressor uses a novel DNA 

binding mode which may be archaea-specific (Liu et al., 2007). 

The crystal structure of the sHSP in Methanocaldococcus jannaschii revealed a 

24-subunit homo-oligomeric arrangement into a hollow sphere with multiple “pores” 

(Kim et al., 1998a). Comparison with the wheat sHSP structure showed that, while both 

monomers share low amino-acid sequence homology and have different quaternary 
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structures, monomeric folds are strikingly similar across domains (Laksanalamai and 

Robb, 2004). The monomer’s carboxy- and amino-terminal domains both play a role in 

self-assembly of the sHSP complex and oligomerzation as well as in chaperoning (Sun 

and MacRae, 2005), while the central alpha-crystallin domain is not significantly 

involved in the overall quaternary structure. Although the chaperone activity of sHSPs is 

not in doubt, little is known about their mechanism of action in vivo. One puzzling fact is 

that the surface pores are too small to allow entry of the substrate into the sphere’s cavity. 

Hence, it has been proposed that the multimeric form of sHSP performs a cytosolic 

storage function, while chaperone activity is affected by monomers. Another possibility 

is for complex assembly to take place after substrate binding, thereby allowing 

encapsulation of target proteins (Kim et al., 1998b).  

 

Energy-dependent proteases: the proteasome and Lon. Proteolysis is an 

essential feature of stress response. Not only do intracellular proteases degrade denatured 

and misfolded proteins (Esser et al., 2004), they also play a regulatory role in ensuring 

dynamic adjustment of the cytosolic proteome (Maupin-Furlow et al., 2005). In some 

ways, the 26S proteasome can be viewed as the archaeal counterpart to bacterial protease 

complexes (e.g., the Clp system). It has a multimeric, stacked ring structure (i.e., two β7 

rings sandwiched between two α7 rings), with a central cavity in which polypeptide 

digestion takes place. This cylindrical proteolytic core complex (the 20S proteasome or 

core particle) is associated with a 19S homo-oligomeric complex of 6 AAA-family 

ATPase mutlimeric structure, referred to as the proteasome activating nucleotidase 

(PAN). ATP binding promotes the docking of PAN into the proteasome’s α-rings, 
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opening the gate to allow substrate entry. Proteolysis subsequently takes place without 

ATP hydrolysis, the latter only being required for unfolding globular proteins (Smith et 

al., 2006). Although the proteasome’s presence in the cytosol is maintained under normal 

and abnormal growth conditions, subunit composition of the 20S core particle appears to 

be dynamically adjusted in response to environmental conditions and growth phase 

(Shockley et al., 2003; Kaczowka and Maupin-Furlow, 2003). This phenomenon is 

thought to influence stability (Madding et al., 2007) and may control gate opening, 

interactions with AAA regulatory proteins and substrate specificity (Maupin-Furlow et al., 

2005).  

Another energy-dependent proteolytic complex ubiquitous to all three domains of 

life is Lon. While Lon protease domain composition varies greatly in complexity from 

one organism to another, all have in common the presence of a highly conserved Lon 

domain. Membrane association is also a typical feature of archaeal Lon proteases, as 

suggested by the presence of signal peptides and/or transmembrane domains (Maupin-

Furlow et al., 2005). Several archaeal LonB homologs have been characterized and 

crystallized, thus shedding additional light the proteolysis mechanism (Besche et al., 

2004; Im et al., 2004).  

Similar to Lon, HtpX is membrane-bound ATP-dependent protease involved in 

protein turnover in archaea. In E. coli, HtpX is a membrane-bound protease that most 

likely plays a role in degradation of denatured membrane proteins (Sakoh et al., 2005). 

No archaeal version of HtpX has yet been characterized.    
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FUNCTIONAL GENOMICS STUDIES OF STRESS RESPONSE IN ARCHAEA 
 

The post-genomics era has provided research tools that enable comprehensive 

analysis of cellular response for the entire cell or organism. These tools have been used to 

study various types of stress response in the Archaea.  

 
 

Thermal stress response. Most functional genomics efforts to date on stress 

response in archaea have focused on heat shock. The transcriptional response of the 

hyperthermophilic archaeon P. furiosus to a temperature shift from 90 to 105°C was 

followed using a targeted cDNA microarray.  Results illustrated that P. furiosus employs 

a thermal stress response strategy based on chaperones (HSP60, HSP20), proteolysis, and 

compatible solute formation (Shockley et al., 2003). In Archaeoglobus fulgidus, a whole 

genome cDNA microarray was used to track transcriptional response over the course of 

an hour for a temperature shift from 78 to 89°C (Rohlin et al., 2005). Included, among 

the 14% of the genome that was differentially transcribed following the shift, was the 

gene encoding a heat shock regulator, hsr1. DNA foot-printing analysis revealed a cis-

binding motif in the promoter region, and showed that HSR1 was responsible for 

regulating an operon encoding Hsp20 and AAA ATPase cdc48.  Thermal stress response 

of Methanocaldococcus jannaschii to temperature shifts from 85 to 65°C  and 85 to 95°C 

showed that protein folding and degradation pathways are mobilized differently during 

heat shock and cold shock (Boonyaratanakornkit et al., 2005).  In contrast to the 

hyperthermophiles A. fulgidus, P. furiosus, and M. jannaschii, the mesophilic archaeon 

Methanosarcina barkeri genome encodes both HSP70 and HSP60, and seems to induce 

expression of both sets of genes in the face of thermal stress (Zhang et al., 2006).  
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 Global transcriptional response analysis to thermal shifts can reveal cellular 

strategies for stress management that go beyond well-characterized folding and 

proteolysis pathways. For instance, in some cases, temperature shifts were found to 

trigger transcription of genes encoding insertion (IS) elements (Boonyaratanakornkit et 

al., 2005; Tachdjian and Kelly, 2006) and oxidative stress (Zhang et al., 2006). The basis 

for heightened expression of IS elements is not clear as yet but a possible role in a stress-

induced increase in genome plasticity has been proposed (Tachdjian and Kelly, 2006).  

 Few studies have utilized advanced proteomics tools for tracking thermal stress 

response in archaea. In one example of differential proteomics analysis, heat shock of 

Halobacterium salinarum NRC-1 was studied using a combination 2D-gel 

electrophoresis, LC-MS/MS, and MALDI-TOF, showed that a shift from 42 to 49°C 

triggered the up-regulation – among other genes - of 5 putative HSPs (DnaJ, GrpE, sHSP-

1, HSP-5 and sHSP-2) (Shukla, 2006). As proteomics tools become further developed 

and accessible, they will provide insightful complementary information to transcriptional 

response analysis. 

 

Global dynamic transcriptional response of P. furiosus to thermal stress. 

Most reported genome-wide thermal stress response experiments to date have focused on 

differences in transcript levels before and after heat shock. However, it is clear that heat 

shock response is a dynamic process that has elements related to growth environment 

(e.g., media composition) as well as the degree and exposure time of the culture to 

unfavorable conditions (Pysz et al., 2004). To consider this issue for a hyperthermophilic 

archaeon, a whole genome cDNA microarray was used to track the dynamic heat shock 
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response (90 to 105°C shift) of P. furiosus grown in a 14-liter fermentor on carbohydrate 

(maltose)- or peptide (tryptone)-based media, both in the presence of elemental sulfur 

(S°) (Shockley, unpublished data). Samples for transcriptional analysis were obtained 

prior to heat shock (baseline), when cultures reached 105°C (0 min), and then 5, 30, 60 

and 90 min after reaching 105°C. As shown in Figure 2, there is a clear time dependency 

of thermal stress response.  The bulk of differential transcription takes places between 5 

and 30 minutes following temperature perturbation, with only small changes noted after 

60 minutes. Reflected in the transcriptome dynamic are features that point to both gradual 

and abrupt cessation of cellular functions. While DNA and RNA metabolism was initially 

stimulated immediately following temperature shift, perhaps as a biocatalytic response to 

the increased temperature, other cellular functions are affected at longer times. Indeed, 

ribosomal proteins were down-regulated at the later time points, as were several 

translation initiation or elongation factors. DNA replication and damage was also 

apparently an issue, as several genes involved in DNA repair and methylation were 

transiently induced. Stress response past 60 minutes following temperature shift gave all 

indications that cellular functions had ceased or been minimized. While heat shock 

proteins (HSP60, HSP20) are induced immediately after heat shock, transcript levels 

trailed off at longer times. 

 

Compatible solute biosynthesis. Hyperthermophilic archaea are known to 

accumulate compatible solutes in response to thermal stress (Santos and da Costa, 2002); 

indeed, the thermoprotectant role of di-myo inositol phosphate (DIP), a canonical 

compatible solute in archaea, was first identified in P. furiosus (Martins et al., 1996). The 
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proposed biosynthesis pathway for DIP in Pyrococcus woesei involves two enzymes: L-

myo inositol 1-phosphate synthase (encoded by PF1616 in P. furiosus) and a putative and 

yet unidentified DIP synthetase (Scholz et al., 1998). In the dynamic P. furiosus heat 

shock experiment, PF1616 was induced almost immediately on both tryptone and maltose 

following temperature shift. At longer times, P. furiosus transcription of PF1616 

decreased, following the trend for many biosynthetic pathways upon prolonged exposure 

to thermal stress (Shockley, unpublished data). 

 
Response of insertion elements. In the hyperthermophilic crenarchaeon S. 

solfataricus, insertion (IS) element ORFs are heat shock-inducible (Tachdjian and Kelly, 

2006). While there are many fewer IS elements encoded in the P. furiosus genome (we 

have identified 29 thus far) than in S. solfataricus (several hundred), they responded 

significantly to thermal stress. Chromosome shuffling has been proposed to explain the 

presence of large-scale genomic rearrangements of P. furiosus with respect to other 

Pyrococcus species (Zivanovic et al., 2002). As such, it may be that under thermal stress 

P. furiosus is subjected to genome rearrangement, resulting in population diversification. 

 

Cold shock. While the response to stress induced by sub-optimal temperatures 

has, overall, been less studied than the effect of heat shock, this area has recently been 

gathering interest. This subject is all the more relevant considering that some archaeal 

species are cold-adapted, and that the way archaea deal with cold stress appears to be 

unique among prokaryotes. For instance, cold shock proteins (Csps) are cold-inducible 

nucleic acid binding proteins that are widespread in bacteria, but only a small number of 

psychrophiles and mesophiles have Csp homologs, which are virtually absent from 
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thermophiles. An archaeal Csp structure has however been solved and the protein has 

been characterized, indicating a similar role to that played by bacterial Csps (Giaquinto et 

al., 2007). Proteomic analyses of Methanococcoides burtonii cultures grown at 4°C and  

Topt (23°C) complemented by quantitative PCR revealed an effect of thermal stress on 

transcriptional regulation, protein folding, and energy generation (Goodchild et al., 2004).   

The study of cold shock response has not been limited to psychrophilic archaea. 

Indeed, a transcriptional and proteomic study of cold shock  (95 to 72°C) in Pyrococcus 

furiosus over the course of 5 hours allowed the identification of two cold-induced 

proteins or Cip which are widespread in Archaea and seem to be involved in solute 

binding (Weinberg et al., 2005).  The mechanism by which Cip proteins may provide 

cryoprotection is, however, still not clear.  

 

Toxin-antitoxin (TA) loci as elements of stress response. TA loci contain pairs 

of consecutive ORFs encoding a toxin and its antidote (antitoxin), which can bind to the 

former molecule and disables its function as a ribonuclease (Gerdes et al., 2005). The 

toxin is thought to interfere with the translational machinery by degrading messenger 

RNAs and/or interacting with the ribosome. TA loci are widespread in microbial 

genomes (Pandey and Gerdes, 2005). Among the 8 types of TA systems identified, the 

most represented, although least characterized, is the VapBC family.  VapC toxins are 

characterized by the presence of a Pil-N terminus domains (PIN), which functions as a 

nuclease (Arcus et al., 2004), consistent with a putative role in mRNA degradation. 

vapBC TA loci expression seems to be heavily regulated and likely plays an important 

role in stress response (Tachdjian and Kelly, 2006).   
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DNA damage. DNA damage has been investigated using functional genomics 

approaches. Through transcriptional profiling, a novel DNA-repair gene cluster was 

identified in γ-radiation-stressed P. furiosus, which seems to be specific to both 

thermophilic archaea and bacteria (Williams et al., 2006). An unexpected outcome of this 

study was the up-regulation of genes involved in oxygen detoxification and redox 

homeostasis upon exposure to γ-radiation. Along the same lines, UV-induced DNA 

damage on the transcriptome in Halobacterium salinarum NRC-1 resulted in the 

identification of 33 UV-responsive proteins, 26 of which could be assigned putative 

functions (Baliga et al., 2004). The dynamic effect of γ exposure on both the 

transcriptome and proteome of H. salinarum NRC-1 was also investigated, focusing on 

the correlation between mRNA levels and protein abundance and leading to a systems 

model for physiological response to γ-radiation (Whitehead et al., 2006).  

 

Transition metals stress. Metal-rich biospheres (acid mine or rock drainage) are 

mostly dominated by acidophilic archaea, including members of the Ferroplasma genera. 

However, little is known about archaeal metal resistance and homeostasis mechanisms, 

although some efforts to study these effects have been reported. The mechanisms of 

copper resistance in Ferroplasma acidarmus Fer1 were examined using proteomics (2D- 

gels/MALDI-TOF), transcriptional assays (RT-PCR), and genome analyses (Baker-

Austin et al., 2005). Two genes, copZ and copB, were found to be co-expressed and 

strongly induced in the presence of Cu2+, and most likely play a role in copper efflux. 

Protein folding and DNA repair functions were also mobilized, showing that copper 
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resistance is a complex phenomenon. The effect of 6 transition metals on H. salinarum 

NRC1 was modeled using a systems approach to integrate transcriptional data, operon 

prediction, phylogenetic profiles, chromosomal proximity, protein-DNA interactions, 

putative functions, and other databases, such as PDB, PFAM, COG and KEGG (Kaur et 

al., 2006). The study, in which 17 deletion strains were created to probe specific effects, 

highlighted similarities and differences between global responses to different metals, 

provided evidence for control of transcriptional regulation by a TRASH domain, and 

identified ZtnA as a resistance gene against Cu2+, Ni2+, and Co2+ stress. A putative global 

control mechanism mediated by general transcriptional factors and metalloproteins was 

proposed to explain how excess Mn2+ induced Fe deficiency. Mercury resistance in 

archaea has best been characterized in S. solfataricus by disruption of mercuric reductase 

MerA and an associated regulator, MerR (Schelert et al., 2004; Schelert et al., 2006). It 

appears that mercury challenge results in transcription inhibition, which is caused - at 

least in part - by Hg-mediated inactivation of transcription factor TFB (Dixit et al., 2004).  

 

Nutrient limitation. Nutrient-limitation, while not directly resulting in molecular 

damage, can have a broad impact on archaeal metabolism, as evidenced by the global 

transcriptional response of M. mazei strain Gö1 to nitrogen limitation (Veit et al., 2006). 

Promoter analysis of starvation-induced genes showed the presence of a palindromic 

DNA motif, proposed to be involved in nitrogen control in M. mazei. Although not a 

stress response experiment per se, quantitative proteomics and transcriptional analysis of 

acetate- versus methanol-grown Methanosarcina acetivorans revealed a general stress 

response pattern in the presence of acetate (Li et al., 2007). Several regulatory proteins 
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and two-component systems correlated to substrate type, indicative of the high level of 

metabolic regulation in M. acetivorans.  

 

COMPARATIVE GENOMICS APPROACHES FOR EXAMINING ARCHAEAL 
STRESS RESPONSE 

Insights into how archaea deal with stress and how extremophilic archaea have 

been designed to thrive in biologically restrictive habitats can potentially be gleaned from 

comparative genomics analysis. For example, the genome sequence of the extreme 

acidophile Picrophilus torridus has been used to examine the basis for growth at pH 

approaching 0 (Ciaramella et al., 2005; Di Giulio, 2005; Fütterer et al., 2004). The 

organism’s extremely impermeable membrane takes full advantage of the high 

transmembrane proton gradient, as shown by a relative predilection for secondary 

transporter over ATP-dependent transport. Surprisingly, the comparison with genomes 

from other thermoacidophiles, such as close relative T. acidophilum and more the distant 

S. solfataricus, revealed that close phylogenetic relationship played a lesser role than 

ecological proximity in overall genome composition (Fütterer et al., 2004). 

The release of the sequence of Nanoarchaeum equitans (Waters et al., 2003), a 

small parasitic archaeon with about 540 genes, provides a basis for understanding the 

effect of massive reductions in genome content on biological function, including stress 

response (Brochier et al., 2005; Das et al., 2006; Di Giulio, 2006; Makarova and Koonin, 

2005). A key limitation in such approaches is the high proportion of genes annotated as 

hypothetical proteins in archaeal genomes. Due to the phylogenic distance between 
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archaea and better-studied bacteria, the chances of finding sequence-based hits to proteins 

of known functions are often quite limited. 

 As functional genomics databases expand, it will become possible to go beyond in 

silico genome sequence analysis and directly compare genome-wide response to 

particular perturbations as a basis for understanding archaeal stress mechanisms. For 

example, using whole genome cDNA microarrays for the hyperthermophilic archaeon P. 

furiosus and the hyperthermophilic bacterium Thermotoga maritima, we have examined 

heat shock response from a comparative, functional perspective. Transcriptional response 

resulting from temperature shifts of genes from these two microorganisms with 60% or 

higher homology at the amino acid level were clustered side-by-side to assess common 

features. Figure 3 provides a snapshot of this hierarchical cluster, illustrating a case 

where utilization of certain genes varies noticeably between archaea and bacteria. As can 

be seen from Figure 4, the magnitude of the transcriptional response to heat shock is 

greater in P. furiosus (several hundreds of responsive genes) than in T. maritima (dozens 

of responsive genes). This may be attributed in part to somewhat different experimental 

conditions; here T. maritima was exposed to a shift from 80°C to 90°C, while P. furiosus 

was shifted from 90°C to 105°C. However, when S. solfataricus was exposed to a 80°C 

to 90°C shift approximately one-third (~1,000 genes) was differentially transcribed 

(Tachdjian and Kelly, 2006). Some similarities in heat shock response can be identified 

beyond the common use of HSPs. For instance, the strong induction of uncharacterized 

MarR and TetR family regulators has been noticed in both T. maritima and S. solfataricus 

(Pysz et al., 2004; Tachdjian and Kelly, 2006). Other similarities include the mobilization 

of DNA repair proteins as shown by the induction or recA genes or homologs in 
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hyperthermophilic archaea and bacteria (Pysz et al., 2004; Shockley et al., 2003; 

Tachdjian and Kelly, 2006).  

 

CONCLUSION 

Functional genomics efforts to study extremophilic archaeal stress response are in 

their earliest stages. Nevertheless, it is clear that “omics” tools will provide 

unprecedented insights into how this interesting biological phenomenon is initiated and 

develops in these arguably primitive microorganisms. Such insights will be invaluable in 

probing the mechanisms by which stress management proceeds in what (to many 

organisms) are already challenging environments. 
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TABLES 
 

Table 1. Comparison of archaeal and bacterial HSPs and stress proteins 

Archaeal stress 
proteins 

Role in Archaea Bacterial 
equivalent 

Role in Bacteria 

Hsp40*  
 

Binds and tags denatured protein DnaJ Binds and tags denatured protein 

Hsp70* Binds Hsp40-protein complex DnaK Binds DnaJ-protein complex 
Hsp23/GrpE* 
 

- Interacts with Hsp40-protein-Hsp70 complex 
- ADP/ATP exchange factor 

GrpE - Interacts with DnaJ-protein-DnaK complex 
- ADP/ATP exchange factor 

Type I Hsp60**  Protein folding (Klunker et al., 2003) GroEL Protein folding 
Type II Hsp60 
(also referred to 
as: Thermosome, 
ths, rosettasome, 
TF55, CCT, TRiC, 
Cpk, MMTS, 
HHSP) 

- Chaperonin activity (Macario and de Macario, 
1999; Macario et al., 1999): Refolding, protein 
stabilization, protein modification 
- Structural properties:  filament formation, 
membrane scaffolding (Trent et al., 2003) 

none N/A 

Prefoldin Binds and stabilizes unfolded target polypeptides, 
delivers them to type II Hsp60 

none N/A 

sHsp Chaperonin: Refolding, prevention of protein 
aggregation 

sHsp Chaperonin: Refolding, prevention of 
protein aggregation 

HptX None characterized – probably proteolytic  HtpX Degradation of membrane proteins 
Proteasome Protein degradation Clp Protein degradation 
* Not present in hyperthermophilic archaea 
** Only present in Methanosarcinales 
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Table 2. Summary of genomics and proteomics studies of stress response in 
Archaea 
 
Type of stress Organism Type of study References 

S. solfataricus HS, Transcriptome (Tachdjian and Kelly, 
2006) 

A. fulgidus HS, Transcriptome (Rohlin et al., 2005) 
P. furiosus HS, Transcriptome  (Shockley et al., 2003) 
M. jannaschii CS, Transcriptome (Boonyaratanakornkit 

et al., 2005) 
M. barkerii HS, Transcriptome  (Zhang et al., 2006) 

Temperature  

Halobacterium 
NRC-1 

HS, Proteome  (Shukla, 2006) 

P. furiosus Transcriptome  (Williams et al., 2006) DNA damage 
(UV, Gamma) Halobacterium 

NRC-1 
UV & Gamma, 
Transcriptome, LC-
MS, systems 
approach to data 
analysis  

(Baliga et al., 2004; 
Reich et al., 2001) 

Halobacterium 
NRC-1 

Transcriptome, 
systems approach to 
data analysis  

(Kaur et al., 2006) Metals 

S. solfataricus Nickel, 
Transcriptome 

(Tachdjian, Stewart, 
and Kelly unpublished 
data) 

pH  S. solfataricus Acid, Transcriptome  (Tachdjian and Kelly, 
2006) 

 S. solfataricus Base, Transcriptome (Tachdjian & Kelly, 
unpublished data) 

Starvation M. mazei Nitrogen, 
Transcriptome  

(Veit et al., 2006) 

Oxidative M. barkerii Transcriptome (Zhang et al., 2006) 



FIGURES 

Figure 1. Overview of protein folding in Archaea. Note that the Hsp70-Hsp40-GrpE mechanism does not apply 
to hyperthermophilic archaea. 
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Figure 2. Dynamic heat shock response in P. furiosus grown on maltose or 
tryptone. Positive and negative numbers refer to genes up- and down-regulated, 
respectively. “Overlap” bars indicate the number of genes responding in the same 
direction for both substrates. 
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Figure 3. Cross-species differential expression hierarchical cluster for Thermotoga maritima and Pyrococcus furiosus 
genes sharing more than 60% homology. Clustering is based on of log2(fold changes) for each time point with respect to the 
baseline for a given experiment. Heat shock time points were taken at 0, 5, 30, 60 and 90 min.   
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Figure 4.  Comparison of the magnitude of heat shock response from 80 to 90°C 
in T. maritima and from 90 to 105°C in P. furiosus grown on maltose and 
tryptone. 
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ABSTRACT 
 

The transcriptome of the extremely thermoacidophilic archaeon Sulfolobus 

solfataricus was examined with respect to thermal and pH stress response relative to 

growth under normal conditions. Temperature shifts from 80 to 90°C at pH 4.0 and pH 

shifts from 4.0 to 2.0 at 80°C were used to trigger differential gene expression which was 

followed as a function of time using a whole genome oligonucleotide microarray (3057 

ORFs). ORFs encoding heat shock proteins, molecular chaperones, and other known 

stress response elements responded in expected ways. However, membrane adaptation, 

DNA repair mechanisms, transcriptional regulation, toxin-antitoxin loci and insertion 

elements were also implicated in the stress response of this extremely thermoacidophilic 

archaeon. Genome-wide response to either pH or temperature shift was substantial and, in 

many cases, time-dependent. Within 5 min after reaching 90°C, 1088 ORFs were 

differentially expressed 2-fold or more, while 613 ORFs were affected at this level 

between 5 and 30 min following a shift from pH 4.0 to 2.0. Both types of stress triggered 

up-regulation of genes encoding insertion sequence (IS) elements. More than 200 IS 

elements responded to heat shock and 60 responded to acid shift, implicating genome 

plasticity in stress response. In addition, 10 ORFs belonging to VapBC Toxin-Antitoxin 

(TA) loci in the S. solfataricus genome responded to both stresses. From the perspective 

of the transcriptome, these studies show that stress response is complex and implicates 

metabolic adjustments that go beyond the protective effect of stress proteins. 
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INTRODUCTION 

The capacity to deal with various short- and long-term environmental stresses is a 

conditio sine qua non for survival in the microbial biosphere (Aertsen et al., 2004; Moggs 

et al., 2003; Pedone et al., 2004). All microorganisms examined to date have the 

molecular machinery to deal with certain perturbations relative to their natural state, 

albeit to different extents and with varying degrees of persistence (Kultz and D., 2005). 

Extremophilic microorganisms, through their unique capacity to thrive in biologically-

restrictive environments, arguably hold the key to dealing with otherwise adverse living 

conditions related to temperature (Boonyaratanakornkit et al., 2005; Cavicchioli et al., 

2000; Kagawa et al., 1995; Lopez-Garcia et al., 1999; Pysz et al., 2004; Rohlin et al., 

2005; Shockley et al., 2003; Trent et al., 1990), pressure (Canganella et al., 1997; 

Marteinsson et al., 1999; Mombelli et al., 2002; Robb et al., 1999; Sun et al., 2001), ionic 

strength (Russell and J., 1989), acidity (Macalady et al., 2004; Vossenberg et al., 1998), 

alkalinity (Krulwich and A., 1995), metals (Dopson et al., 2003; Nies and H., 1999), and 

radiation (Komori et al., 2000; Napoli et al., 2004; Reich et al., 2001). Nonetheless, when 

exposed to environmental perturbations outside of those normally encountered in their 

natural habitats, extremophiles exhibit elements of stress response not unlike those 

observed in other microorganisms. For example, molecular chaperones and heat shock 

proteins (HSPs) have been identified in extremophilic members of several archaeal and 

bacterial genera, including Sulfolobus (Kagawa et al., 1995; Trent et al., 1990), 

Methanococcus (Bova et al., 2002; Kim et al., 1998), Archaeoglobus (Emmerhoff et al., 

1998), Pyrococcus (Laksanalamai et al., 2001; Okochi et al., 2005), and Thermotoga 

(Michelini et al., 1999). Using DNA microarrays representing entire microbial genomes, 
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it has been possible to examine the transcriptional component of stress response 

comprehensively (Cheung et al., 2003; Han et al., 2005; McCluskey et al., 2004; Merrell 

et al., 2003; Waddell et al., 2004; Zheng et al., 2001). In fact, such efforts have been 

reported for hyperthermophiles (extremophiles with growth Topt ≥ 80°C), focusing on 

heat and cold shock (Boonyaratanakornkit et al., 2005; Pysz et al., 2004; Rohlin et al., 

2005; Shockley et al., 2003; Weinberg et al., 2005). From the perspective of the 

transcriptome, these studies show that stress response is complex and implicates 

metabolic adjustments that go beyond the protective effect of stress proteins. 

Within the domain Archaea, the so-called “extreme thermoacidophiles” are 

particularly intriguing since they inhabit environments in which the temperature (≥ 75°C) 

and pH (≤ 4) each represent biologically restrictive conditions for life (Woese et al., 

1978). Although response to pH perturbations has not been addressed, specific 

mechanisms by which extreme thermoacidophiles deal with thermal stress have been 

examined, focusing on the growth physiology of acquired thermotolerance and the 

biochemical features of specific molecular chaperones involved in heat shock response 

(Han et al., 1997; Peeples et al., 1995; Trent et al., 1990). Genome sequences of extreme 

thermoacidophiles (e.g., Picrophilus torridus (Fütterer et al., 2004), Sulfolobus 

solfataricus (She et al., 2001), Sulfolobus acidocaldarius (Chen et al., 2005), Sulfolobus 

tokodaii (Kawarabayasi et al., 2001), and Thermoplasma acidophilum (Ruepp et al., 

2000)) have revealed that these microorganisms share a subset of ORFs that is genetically 

distinct from other extremophiles (Fütterer et al., 2004). Whether there is a common 

genetic basis for extreme thermoacidophily is not known, nor are genome-wide 

mechanisms by which these microorganisms deal with thermal and pH perturbations. To 
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this end, the transcriptome of S. solfataricus exposed to thermal and pH perturbations 

was examined to gain insights into how this extreme thermoacidophile deals with these 

types of environmental stress. ORFs encoding heat shock proteins, molecular chaperones, 

and other known stress response elements responded in expected ways. However, 

membrane adaptation, DNA repair mechanisms, transcriptional regulation, toxin-

antitoxin loci and insertion elements were also implicated in the stress response of this 

extremely thermoacidophilic archaeon. 

 

 

MATERIALS AND METHODS 
 

Whole genome oligonucleotide DNA microarray design and fabrication. A 

DNA microarray was designed and fabricated based on 3057 protein and RNA coding 

sequences in the S. solfataricus genome (She et al., 2001), obtained from the LBMGE-

Paris Sud database (http://www-archbac.u-psud.fr/projects/sulfolobus/). OligoArray 2.0 

(Rouillard et al., 2003) was used to generate 60-mer oligonucleotides probe sequences, 

one for each open reading frame. Probes were custom-synthesized (Integrated DNA 

Technologies, IA), re-suspended in 50% DMSO, and printed onto Ultragap microarray 

slides (Corning, NY) using a QArrayMini arrayer (Genetix, UK). Each probe was spotted 

five times onto each array to fortify statistical analysis.  

 

Cultivation of S. solfataricus for transcriptional response experiments. S. 

solfataricus DSM 1617 (DSMZ, Germany) was routinely grown at 80ºC on medium 
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DSM 182, adjusted to pH 4.0 with concentrated sulfuric acid. Cells were enumerated by 

epifluorescence microscopy using acridine orange stain, as described elsewhere (Chhabra 

et al., 2002). Time-course experiments were carried out in a modified three-liter glass 

fermenter (Applikon, Schiedam, Netherlands), with a 2.8 L working volume (prior to 

autoclaving), aerated at 250 ml/min, and agitated at 150-200 rpm using a pitch-blade 

impeller. For normal growth conditions, temperature was maintained at 80ºC using an 

integrated heat exchanger, and pH was maintained at 4.0. For thermal stress experiments, 

the culture was shifted from 80 to 90°C at mid-exponential phase. The shift took 

approximately 8 minutes, following which temperature was maintained at 90°C ± 1ºC for 

the duration of the experiment. Four samples for RNA extraction were taken: 10 minutes 

before starting the temperature shift, and then at 5, 30 and 60 minutes after the 

temperature had reached 90ºC. For pH stress experiments, the culture growing in mid-

exponential phase at 80°C, pH 4.0 was rapidly (< 1 min) shifted to pH 2.0 at this same 

temperature by direct addition of concentrated sulfuric acid. Four samples were taken for 

RNA extraction: 1 min before pH shift, and then at 5, 30 and 60 minutes after shift. To 

generate a baseline for the stress response experiments, an unperturbed culture was 

grown at 80°C, pH 4.0 and sampled during mid-exponential, early stationary and late 

stationary phases to provide information on growth phase-related transcriptional changes. 

 

Sampling and RNA purification. Culture samples (400 ml) from each 

experiment were harvested into an ice-chilled flask, and, to limit RNA degradation, were 

immediately transferred into a centrifuge bottle immersed into a dry ice/ethanol bath 

equipped with a refrigerated stainless-steel coil. RNA was then extracted from chilled 
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cells, as discussed previously (Chhabra et al., 2003). After purification, the quantity and 

quality of RNA samples were assessed by UV spectrophotometry and gel electrophoresis. 

 

Target synthesis and microarray hybridizations. Starting with 20 μg of RNA 

template per reaction, first strand cDNA was synthesized overnight at 46ºC using 

Superscript III reverse transcriptase (Invitrogen, CA) and aminoallyl-dUTP (Ambion, 

TX).  Reactions were processed using the Qiaquick purification kit (Qiagen, CA), and 

cDNA samples were eluted into phosphate buffer. Quality and amount of recovered 

cDNA samples were subsequently quantitated by absorbance at 260/280 nm. Cyanine-3 

and Cyanine-5 dye (Amersham, UK) labeling, as well as sample hybridizations, were 

carried out following DNA microarray protocols described elsewhere (Chhabra et al., 

2003), with minor adjustments made to accommodate long-oligonucleotide platforms. 

Samples were hybridized in three separate loops: two 4-slide loops for acid stress (AS) 

and heat stress (HS samples), and one 3-slide loop for the growth phase samples. 

 

Data collection and analysis. After incubation, slides were washed to remove 

non-specifically bound material, and scanned with a ScanArray Lite microarray scanner 

(Perkin Elmer, MA). Data acquisition and spot quantitation were performed with the 

ScanArray Express software (Perkin Elmer, MA). Once all slides were quantitated, data 

from each loop were analyzed with SAS 9.0 (SAS, Cary), as described previously (Pysz 

et al., 2004), using a mixed linear ANOVA model (Wolfinger et al., 2001). To facilitate 

data mining, gene annotations, functional categories, and other features of S. solfataricus 

ORFs were retrieved from public databases (NCBI, TIGR) and incorporated into 
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expression profiles. A ± 2.0 fold-change (FC) value was chosen as a cut-off for 

differential expression. All transcriptional data are available on the NCSU ETD website. 

 

RESULTS AND DISCUSSION 
 

Growth phase-specific transcriptional response of S. solfataricus under 

normal culturing conditions. To provide a baseline for assessing thermal and pH stress 

response, the growth phase-specific transcriptome was obtained for S. solfataricus 

cultured at 80°C and pH 4.0 (see Table 1). Genes that changed 2-fold or more were 

considered to be “differentially expressed”. In the overall comparison between mid-log 

(ML) and early stationary (ES) phases, 569 genes (326 up/243 down) responded, 

accounting for almost a fifth of the genome. The transition from ML to late-log (LL) 

phase was associated with differential expression of 407 genes (198 up/209 down), with 

only 212 genes (128 up/84 down) changing between LL and ES phases. The reduction in 

growth rate associated with the transition from ML to LL to ES phase was reflected in the 

transcriptional response profile (see Supplementary Table 1). For example, down-

regulation of ribosomal proteins and RNA polymerase subunits was noted as the culture 

transitioned into ES phase. Nucleotide metabolism was also affected; the pyrimidine 

synthesis pathway (SSO0610-11, SSO0613) was down-regulated, as was the operon for 

biosynthesis of cobalamin (SSO2296-2308), a cofactor needed for purine and pyrimidine 

production. Subunits of ATP synthase (SSO0559, SSO0564, and SSO0566) and NADH 

dehydrogenase (SSO0322-3, SSO0328) were down-regulated, indicating lower energy 

expenditure as the cells transitioned into stationary phase. Fatty acid degradation operons 
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(SSO1311-4, SSO2017-21, and SSO2621-28) were induced as cells entered stationary 

phase. Several ORFs in these operons have been annotated as phenylacetate degradation 

enzymes, and may be involved in detoxification processes. Many genes in lipid 

degradation pathways were up-regulated as growth developed, including acetyl-CoA 

synthetase (acsA-6 - SSO2059), and acyl-CoA dehydrogenase (acd-3 - SSO2060), 

suggesting that stationary phase cells re-directed fatty acids into energy producing 

pathways as the needs to produce membrane lipids decrease. 

Stress proteins responded to growth phase transitions (see Table 2). These 

included an HtpX homolog (SSO3231) and two genes encoding HSP20 proteins 

(SSO2427 and SSO2603), all of which were up-regulated between ML and ES. SSO1865 

and SSO2778, two universal stress protein homologs, were also up-regulated between 

ML and LL phases. While no changes were noted for genes encoding proteasome and 

exosome subunits, the α and β, but not the γ, subunits of the thermosome were down-

regulated between ML and LL. In addition, three ORFs encoding Sso7d DNA binding 

proteins (SSO9180, SSO9535, and SSO10610) were up-regulated between ML and LL 

and then down-regulated between LL and ES; in vitro studies suggest that Sso7d is 

involved in maintaining negative super-coiling of DNA during thermal stress (Lopez-

Garcia et al., 1998), but the data here suggests that it may also play a role in growth phase 

transitions.  

 

Global transcriptional response to heat stress (HS). When S. solfataricus was 

shifted from 80 to 90°C at pH 4.0, 1407 genes, or nearly half of the genome, were 

differentially expressed for one or more time-point comparisons (see Table 1). In 
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particular, approximately one-third of the genome responded within 5 minutes after the 

culture reached 90ºC (1088 genes, 551 up/537 down), after which differential expression 

was less pronounced; 300 genes (161 up/144 down) changed between 5 and 30 minutes, 

and only 30 genes (18 up/12 down) between the 30 and 60 min. It was interesting to note 

that the overall contrast between before and 60 min after heat shock showed 880 genes 

differentially expressed, indicating that some genes returned to normal levels within the 

time frame examined and would not have been detected if time course samples had not 

been analyzed.  

 

HSPs, chaperonins, and protein turnover. Crenarchaeota genomes lack certain 

heat shock proteins present in Bacteria, such as DnaK, DnaJ, and GroEL. Moreover, no 

homologs of Lon and Clp ATP-dependent proteases have been identified in S. 

solfataricus. Consequently, S. solfataricus apparently relies on HSP20-family small heat 

shock proteins (sHSPs), most likely functioning as molecular chaperones (Laksanalamai 

et al., 2004), on the thermosome (Kagawa et al., 1995) for protein re-folding, and on the 

proteasome (Maupin-Furlow et al., 2000), several HtpX homologs (stress-controlled 

membrane-bound proteases) (Sakoh et al., 2005), and possibly other proteases, for 

protein turnover. Here, two sHSPs (SSO2427 and SSO2603) were up-regulated 5 minutes 

after HS, although HtpX genes (SSO1859, SSO2694 and SSO3231) were not affected 

(see Table 2). The α and β thermosome subunits were not differentially expressed upon 

HS, which is not surprising given the constitutively high expression levels of these 

subunits even under normal conditions (Karlin et al., 2005). The transcript for the γ 

subunit was expressed at significantly lower levels than the α and β subunits under 
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normal conditions and was further down-regulated during the course of HS response; this 

was consistent with previous reports which showed that thermosome composition in S. 

shibatae shifted from a normal ratio of 1α:1β:1γ to a heat-stressed ratio of 2α:1β:0γ 

(Kagawa et al., 2003). Previous studies showed that thermosome activity increased 

considerably with temperature due to conformational changes (Gutsche et al., 2001), 

which may relate to the flat transcriptional profile noted here for α and β during HS. No 

significant changes in expression of the proteasome subunit genes, relative to normal 

growth conditions, were noted (see Table 2). 

 

DNA repair and stabilization. Despite the likely drop in DNA production (DNA 

polymerase II subunits SSO1459 and SSO8124 were repressed following HS), several 

genes involved in DNA repair were up-regulated. These included three putative 

recombinases (SSO2452, SSO1994 and SSO0264), encoding a recA homolog, a protein 

with a RecF/RecN/SMC N-terminal domain, and a putative recB, respectively. Also 

induced were radA (SSO0250) and rad32 (SSO2250), proteins involved in repair of 

double strand breaks and recombination (Tavassoli et al., 1995). Other HS-induced DNA 

repair ORFs included a partial exonuclease (SSO2373), a damage-inducible DNA repair 

polymerase (dinP, SSO2448), a hypothetical protein containing an ATP-dependent DNA 

ligase domain (SSO2734), an ORF with similarities to AP2Ec AP endonuclease family 2 

(SSO3029), and a gene encoding a MutT-like protein (SSO3167). Operon SSO0265-70, 

which appears to be involved in transcription and DNA modification, was induced at 60 

min. This locus encodes a DNA methylase (SSO0265), transcription factor E (SSO0266) 

and a Multi-protein Bridging Factor (MBP-like, SS0270), as well as GTP-binding protein 

 42



HflX (SSO0269). Hence, S. solfataricus may employ DNA methylation as a stabilization 

mechanism under heat stress. In addition, three ORFs encoding Sso7d DNA binding 

proteins (SSO9180, SSO9535, and SSO10610) were induced upon heat-shock. This is 

consistent with in vitro studies that suggest that Sso7d is involved in maintaining 

negative super-coiling of DNA during thermal stress (Lopez-Garcia et al., 1998).   

 

mRNA production and turnover. Several RNA polymerase subunits were 

transiently down-regulated upon HS; for example, after 30 to 60 min, transcriptional 

levels of rpo ORFs initially down-regulated were nearly back to pre-shock levels (see 

Supplementary Table 2). The exosome complex in S. solfataricus is involved in mRNA 

polyadenylation and degradation (Portnoy et al., 2005). Genes encoding exosome 

subunits Rrp42, Rrp41 and Rrp4 (SSO0732 and SSO0735-6) were strongly repressed (-

6.5 to -10.6 fold) immediately after HS (see Table 2). Both observations imply a 

temporary decrease in mRNA production during the early HS response. Significant 

differential expression was also noted for many toxin-antitoxin (TA) pairs (Pandey et al., 

2005), indicating mRNA levels were affected in response to HS (see discussion below). 

 
Energy metabolism. The nuo operon (SSO0323-0329), encoding type I NADH 

dehydrogenase, was strongly repressed 5 min after HS, but transcriptional levels were 

almost back to initial levels within 30 minutes. Type I NADH dehydrogenases mediate 

transfer of electrons to ubiquinone in the electron transport chain (ETC) while producing 

proton motive force (PMF) (Gennis et al., 1996). Other proteins involved in electron 

transport were responsive to heat stress, reflecting the broad impact of HS on 

bioenergetics. For example several flavoproteins were differentially expressed (SSO0584, 
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SSO2348, SSO2353, SSO2762-3, SSO2776, SSO2817, and SSO2819), while doxBCE 

(SSO0044-5, SSO5098) were repressed. In addition, genes involved in redox reactions, 

such as thioredoxins (SSO0368 and SSO2232) and thioredoxin reductases (SSO2416 and 

SSO2765), were up-regulated. 

 

Cofactor biosynthesis. Several genes encoding enzymes of the pyrroloquinoline 

quinone (PQQ) biosynthesis pathway were up-regulated 5 min after HS. In bacteria, PQQ 

is a coenzyme for methanol dehydrogenase, glucose dehydrogenase, among others. 

However, the three glucose dehydrogenases encoded in the S. solfataricus genome were 

either down-regulated or not differentially expressed upon HS and were unlikely to be 

associated with increased production of PQQ. Methanol dehydrogenase, the other 

enzyme typically using PQQ, is not apparent in the S. solfataricus genome. It has been 

suggested that PQQ alone could play a role in protecting cells from oxidative stress by 

scavenging reactive oxygen species in bacteria (Misra et al., 2004). Whether this is the 

case in S. solfataricus remains to be seen. Biosynthesis pathways for cobalamin and 

molybdopterin-guanine dinucleotide (MGD) biosynthesis were also affected by HS. 

MGD production was slightly induced, while cobalamin was momentarily repressed 

around the 5 min time point. The role of the MGD cofactor is further considered below. 

 

Lipids. Microorganisms are known to adjust their membrane lipid composition in 

order to adapt to higher temperatures. While bacteria typically do so by increasing the 

degree of unsaturation of their hydrophobic chains, archaea use a different strategy. 

Archaeal cytoplasmic membranes are composed of a monolayer of tetraether lipids with 
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up to 4 pentacarbon cycles. While such lipids are naturally highly thermostable and effect 

low proton permeability, thermally stressed S. solfataricus tended to increase the number 

of pentacarbon cycles in the isoprenoid chains, making the structure more rigid, thereby 

allowing tighter packing and improved membrane stability (Rosa et al., 1988).  To date, 

the mechanism of archaeal tetraether cyclization had not been elucidated, and the 

enzyme(s) involved in this transformation are unknown. While HS transcriptional 

profiles here showed no direct evidence of increased lipid cyclization, this may well be 

ascribed to the aforementioned lack of annotation of the proteins involved. However, 

transcription of dozens of genes in lipid biosynthesis and degradation pathways was 

impacted by HS. The actual trends for given pathways were somewhat ambiguous, as 

genes with similar functions did not necessarily follow the same expression patterns. This 

was the case, for instance, for acetyl-CoA C-acetyltransferases, where acaB-1, -3, -8 and 

-10 were repressed while acaB-4, -5 and -6 were induced under HS. Overall, lipid 

degradation pathways seem to be favored to some extent over lipid biosynthesis pathways 

following HS. This point is best illustrated by the repression of 6 fabG genes (fabG-2, -4, 

-5, -9 and -10), while only two (fabG-3 and fabG -7) were induced under heat stress.  

 

Transporters. Many transporters were differently expressed under HS; for the 

most part, they were down-regulated. This was probably related to a HS-induced 

metabolic slow-down, putting cellular demand for metabolites and nutrients on hold. 

Substrates of repressed transporters included: iron (SSO0485-7), cobalt (SSO1892-4), 

phosphate (SSO0489-90), sulfate (SSO2469), amino acids (SSO0786, SSO1009, 

SSO1069, SSO1173, SSO2726, SSO2728), peptides (SSO3047-8), oligo/dipeptides 
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(SSO1274-7, SSO1281-3), arabinose (SSO3066-7, SSO3069), glucose (SSO2848-50) 

and maltose (SSO1000, SSO1170, SSO3053).  As for HS-induced transporters, they 

typically fell into drug resistance or efflux categories (SSO2035, SSO2135, SSO2137, 

SSO2228, SSO2704, SSO3012). Hence, the indication is that, under HS, S. solfataricus 

uses transporters for detoxification purposes rather than to scavenge metabolites and 

nutrients. 

 

Transcriptional regulators. Many transcriptional regulators were strongly 

induced by thermal stress, most notably a putative TetR family repressor (SSO2506) and 

two putative GntR family repressors (SSO1255 and SSO1589). SSO2506 and SSO1589 

were among the most highly up-regulated genes during HS response, with fold changes 

of +24.3 and +32.0, respectively. While promoters of SSO1589 and SSO2506 do not 

share obvious similarities, expression levels for both genes were tightly clustered (not 

shown). Interestingly, the GntR family regulator SSO1589 is part of a predicted operon 

comprising two other ORFs encoding membrane-associated proteins: SSO1590 and 

SSO1591; the former is a predicted membrane protein (COG4194) while the latter is 

annotated as a proton symporter. Another GntR family regulator, SSO1255, was also 

induced, albeit more moderately (+4.0 fold change) within 5 min after HS. The TetR 

regulator family has been linked to antibiotic resistance in E. coli (tetracycline). However, 

some TetR homologs also responded to heat shock in Thermotoga maritima (TM0823 

and TM1030) (Pysz et al., 2004), and in Bacillus subtilis (Helmann et al., 2001). In the 

case of SSO2506, little can be inferred from neighboring genes, as it does not belong to a 

predicted operon. Nevertheless, the magnitude of induction of both SSO2605 and 
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SSO1589 within 5 min after reaching 90ºC clearly indicate that these regulators play an 

important role in the early response to HS. In addition to TetR and GntR, many 

MarR/Lrs14 family repressors (SSO0048, SSO0458, SSO1082, SSO1108, SSO1110, 

SSO2138, SSO2897, and SSO3242, all but SSO3242 being up-regulated) also responded 

to HS. In E. coli, the marRAB operon activates both antibiotic and oxidative stress 

resistance genes (Ariza et al., 1994). Furthermore, two marR homologs, TM0816 and 

TM0823, strongly responded to HS in T. maritima (Pysz et al., 2004). Bioinformatical 

searches for MarR DNA-binding sites using bacterial consensus sequences yielded no 

potential targets matching differentially expressed genes, indicating that archaeal MarR 

operator sites may differ to some extent. Since MarR represents a very large family of 

transcriptional regulators, these genes likely control a broad array of cellular functions. 

Finally, many other regulators or putative regulators representing several families 

responded to HS (SSO0200, SSO0239, SSO0618, SSO0669, SSO1952, SSO2131, 

SSO5522, SSO10340, and SSO2827), as well as a number of genes with characteristic 

helix-turn-helix (HTH) domains. The high number of regulatory genes responding to HS 

certainly correlates well with the widespread changes in the transcriptome. 

 

Global transcriptional response to acid stress (AS). As was the case with HS, 

AS also generated dramatic changes in the genome-wide transcriptional profile, although 

the impact of the perturbation was delayed somewhat relative to HS (see Table 1). To 

some extent, this delay could be attributed to experimental protocols since temperature 

shift (8 min) required a longer period of time to implement than pH shift (1 min). 

However, unlike HS, which affects the entire cell instantaneously, AS likely impacts the 
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cell gradually since protons must first negotiate the cell membrane before diffusing into 

the cytoplasm, where some intrinsic buffering capacity can further soften the impact. This 

was reflected in transcriptional response dynamics here, where 70 genes were 

differentially expressed 5 minutes after AS, but over 600 ORFs responded between 5 and 

30 min; between 30 and 60 min, only 96 genes were differentially expressed (see Table 

1).   

 

HSPs, chaperonins, and protein turnover. Several stress proteins responded to 

AS: a sHSP (SSO2603), a putative HtpX (SSO03231), and a USP (SSO3183) were 

induced 5, 3.2, and 2.1 fold, respectively, 60 min after AS (see Table 2). Thermosome 

transcriptional behavior was similar to HS: the γ subunit was repressed while expression 

levels for α and β did not change. Finally, expression of proteasome subunits decreased 

slightly over 60 min, which likely was a consequence of lower protein production. 

 

DNA repair. Several DNA repair genes were up-regulated upon AS (see 

Supplementary Table 3), including rad2 (SSO0179), rad32 (SSO2250), rad25 

(SSO0959), and the DNA ligase lig (SSO0189).  This likely reflected the deleterious 

impact on DNA of acidification of the cytoplasm. Genes encoding Sso7d chromatin 

proteins (SSO9180, SSO9535 and SSO10610) were up-regulated under AS. Note that in 

addition to maintaining negative DNA super-coiling, promoting annealing, and acting as 

a chaperone, Sso7d is also thought to be involved in DNA damage recognition (Cubeddu 

et al., 2005). 
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mRNA production and turnover. While some RNA polymerase subunits were 

down-regulated as a result of pH shift, the polymerase was less affected by AS than by 

HS (see Supplementary Table 3). This was also true for exosome subunits, for which 

transcriptional levels were down-regulated, but not to the extent as with HS.  

 

Membrane bioenergetics and internal pH maintenance systems. Enteric bacteria 

have been shown to use amino acid decarboxylation in order to control their internal pH 

during acid stress (Castanie-Cornet et al., 1999; Foster and J.W., 1999; Foster et al., 

1999). No similar protection system is apparent in S. solfataricus. Many genes involved 

in amino acid metabolism were down-regulated, with some notable exceptions. For 

instance, two glutamate dehydrogenases (SSO1907 and SSO2044) were induced by acid 

stress. These enzymes catalyze the conversion of glutamate to TCA cycle intermediate 2-

oxoglutarate, thereby producing ammonia. The data here suggest that this may be a 

mechanism for internal pH control.  

 

Formate dehydrogenase. Genes SSO1579-80 encoding formate dehydrogenase 

(FDH) subunits were both induced (+4.6 fold) 30 min after AS, along with associated 

MGD and FeS cofactors biosynthesis pathways. FDH subunits were also induced, 

although more moderately, upon HS. FDH is thought to play a role in proton pumping in 

E. coli as part of a redox loop (Jormakka et al., 2002). Furthermore, genes encoding 

proteins in the TAT secretion pathway (SSO0482-4) were also up-regulated upon AS. 

This TAT secretion system has three identified targets in the S. solfataricus genome 

(Albers et al., 2002), of which only the FDH subunit SSO1580 was induced. Figure 1 
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illustrates how these FDH elements could be involved in proton pumping. Another 

possible explanation for the effect of AS on FDH is that it is linked to the potential 

toxicity of formate at low pH. Indeed, it was shown that formate and other weak acids 

were deleterious to Picrophilus oshimae when protonated, inhibiting respiration, 

collapsing ΔpH, and decreasing intracellular ATP levels (Vossenberg et al., 1998). The 

pKa of formate is 3.75, so that upon a pH shift from 4.0 to 2.0, the ratio of formate to 

formic acid decreases dramatically, converting almost all the formate present to its 

protonated form. This may well be related to formate degradation by S. solfataricus at 

low external pH.  

 

Pyruvate. Two pyruvate synthase operons (SSO2756-8 and SSO1206-8), 

associated with the conversion of acetyl-coA to pyruvate, were up-regulated in response 

to AS. Pyruvate seems to be an important intermediate in the acid stress response; 

whether significant amounts of pyruvate are converted to formate is unclear. A putative 

pyruvate formate lyase-activating enzyme was up-regulated (SSO0653) during AS 

response, but no pyruvate formate lyase homolog (catalyzing conversion of pyruvate into 

formate) has been identified in S. solfataricus. 

 

Other ETC and redox proteins. Besides induction of FDH, the most notable 

change in the transcriptional behavior of electron transfer chain (ETC) elements was the 

up-regulation of the terminal oxidase DoxABCDE (subunits encoded in SSO0044, 

SSO0045, SSO5098, SSO1741, SSO1742) upon AS. This complex, which acts as a 

proton pump in Sulfolobus species (Gleissner et al., 1994), provides an additional outlet 
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for excess cytoplasmic protons. In addition, several uncharacterized redox proteins were 

significant in the AS response. For instance, two out of the three COG1032 Fe-S 

oxidoreductases  encoded in the S. solfataricus genome, namely SSO2881 and SSO0477, 

were very highly induced upon AS, with respective fold changes of +19.7 and +14.9, 60 

min after shock. While their role is in S. solfataricus remains unclear, both ORFs contain 

a radical SAM domain and share 60% identity at the protein level. This domain is 

typically involved in a wide range of reactions, from unusual methylations, cyclization, 

and isomerization, to sulfur insertion, anaerobic oxidation and protein radical formation, 

all of which are carried out by a non-conventional Fe-S center generating radical species 

by cleavage of S-adenosylmethionine (SAM) (Hanzelmann et al., 2004; Sofia et al., 

2001). 

 

Lipids. Among AS-responsive genes in lipid pathways, lipid biosynthesis genes 

were down-regulated, while lipid degradation genes were up-regulated. For example, the 

operon encoded by SSO2059-62 (acsA-6, acd-3, acaB-2, acaB-3) was induced; acaB-2 

and 3 are involved in short chain fatty acid degradation, and acd-3 is involved in the fatty 

acid oxidation pathway. This indicates that S. solfataricus cells were reducing protein 

production, most likely as a consequence of the drop in cell division. It was interesting 

that most enzymes in the bile acid biosynthesis pathway were up-regulated (SSO2494, 

SSO3117, SSO2496, SSO2060, SSO2761). Since fused-rings structures, such as sterols, 

are known to rigidify membranes, it is tempting to hypothesize a relationship between 

harsh external pH conditions and membrane modifications leading to increased 

membrane stability. 
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Uncharacterized membrane proteins. Many membrane-bound proteins responded 

to AS. Among these, genes encoding two COG3374 membrane proteins (SSO1807 and 

SSO3150) and containing DUF981 domains (function unknown) were among the most 

strongly up-regulated ORFs upon pH shift. Indeed, these were the first and third most 

highly induced genes at 60 min in the entire dataset, with respective fold changes of +24 

and +16.0, respectively. SSO1807 and SSO3150 are the only two COG3374 genes 

encoded in the S. solfataricus genome. Their functions are unknown, but transcriptional 

data suggest that they play a key role in the acid stress response.  

 

Transporters. Many transporters, including several sugar and peptide transporters, 

responded to acid stress in S. solfataricus. For instance, a maltose transporter (SSO3058-

9) was highly up-regulated upon AS (~ +10 fold), and two operons encoding Opp or 

Dpp-type transporters (SSO3045-8 and SSO1282-4) were also induced. This was not the 

case in the HS dataset, as oligopeptide transporters were not induced, and as a matter of 

fact, several of them were even repressed. Although such transporters are usually 

annotated as oligopeptide transporters, in S. solfataricus they are thought to be involved 

in sugar uptake (Elferink et al., 2001). Based on the data here, AS seems to increase the 

affinity of S. solfataricus for certain sugars. Once transported into the cell, the final fate 

of these sugars remains unclear. In addition to sugar transporters, many COG477 genes 

encoding permeases of the major facilitator family (MFS) were differentially expressed, 

although no trend is apparent as to the direction of differential expression. The MFS 

family, one of the two largest transporter families, mediates the transport of a variety of 
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organic as well as inorganic compounds. Interestingly, SSO1351, one of these MFS 

transporters, seems to be co-expressed with the marR family regulator SSO1352 in a 

pattern consistent with prior operon prediction. Whether marR actually regulates the 

expression of the operon remains to be determined. The promoter sequence for SSO1352, 

however, does not exhibit inverted repeats, which are typically part of the Mar operator 

sequence in bacteria. As in the HS dataset, several amino acid, phenylalanine, and 

phosphate transporters were repressed, a phenomenon likely linked to the drop in growth 

rate. Other notable transporters that responded include a potassium channel (SSO3054, 

induced 2-fold after 30 min at pH 2). In P. oshimae, influx of cations such as K+ helps 

maintain the inversion of the membrane potential (Δψ) to keep the cytoplasmic 

membrane positively charged inside (Albers et al., 2001). This positive charge allows 

cells to compensate for a very high ΔpH. Lastly, a mechano-sensitive (MS) channel 

(SSO2769) was induced +3 fold 60 min after AS. Open or closed configuration of MS 

channels is mechanically controlled by membrane tension (Sukharev and S., 1999). 

BLAST searches revealed that SSO2769 had similarity to representatives of the bacterial 

type MscS (one of three types of MS channels in E. coli), which was shown to be more 

selective for anions over cations (PCl/PK~3) (Martinac et al., 1987). Here it may provide 

another mechanism for balancing electric charge levels inside the cell. An interesting 

feature of the AS response was the increased use of ABC transporters upon pH shift: the 

ratio of the number of induced to repressed transporters was 19:6 for ABC transporters 

(~3.7), compared to 10:17 for the non-ABC type (~0.6). 
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Transcriptional regulators. Some regulators, such as marR, gntR, and tetR family 

proteins, responded to both HS and AS, although not to the same extent. As discussed 

above, SSO1352, a MarR family transcriptional regulator was highly up-regulated upon 

AS. The HS-responsive TetR family regulator (SSO2506) was also induced at low pH, 

but more modestly (+2.3-fold 60 min after AS).  Additionally, fur (SSO2244), a ferric 

uptake transcriptional regulator, was repressed 3-fold 5 minutes after pH shift. Acid 

repression of fur was also observed in H. pylori and it was showed that this regulator 

played a role in acid resistance independently of iron uptake (Bijlsma et al., 2002).  

Overall, more than 20 transcriptional regulators were responsive to acid stress, in line 

with important genome-wide transcriptional changes observed after pH shift. 

 

Common features of global transcriptional responses to thermal or acid 

stress. For extremely thermoacidophilic microorganisms, thermal and acid stress both 

ultimately lead to acidification of the cytoplasm, resulting from either thermal disruption 

of membrane lipids or from significant changes in the transmembrane proton gradient. 

Both stresses are, however, distinct in that heat stress is ubiquitous and affects the entire 

cell contents instantaneously, while acid stress impacts the cell gradually as the external 

pH impairs normal proton pumping mechanisms. As mentioned in earlier sections, most 

differential expression takes place between the first two time points for the HS response, 

and between 5 and 30 min for the AS response (Table 1). Among responsive genes, there 

is a high proportion of ORFs encoding uncategorized hypothetical proteins, proteins with 

no known function (S), or proteins with a general function prediction (R) (see Figure 2). 

These numerous “blanks” are likely due to the unique features of Archaea and to the fact 
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that these microorganisms have not been studied as extensively as the Bacteria. 

Nonetheless, response of these ORFs of unknown function suggests that they are related 

directly or indirectly to stress response. In both the HS and AS response, genes with 

centrally important functions, involved in the amino acid transport and metabolism (E), 

energy production and conversion (C), replication, recombination and repair (L), 

translation (J), and transcription (K), were differentially expressed. Comparing HS and 

AS functional category profiles at the most transcriptionally active time point 

comparisons indicated a higher representation of category L in the HS response, due to 

the substantial up-regulation of IS elements and transposases (see discussion below).  

Figure 3 (A and B) illustrates the overlap between consecutive time-point comparisons 

for HS and AS. For HS, 197 genes continued to change over the 30 min period following 

HS but most of these genes were returning to their pre-shock expression levels after an 

early induction or repression.  Figure 3C shows the overlap between genes responding 

during either HS, AS and GP time courses. Included are all genes differentially expressed 

in at least one of the time-point comparisons presented in this study. Among the 1012 

genes responding to AS and the 1,407 genes responding to HS, 651 are differentially 

expressed in both datasets. These shared genes cover a wide range of cellular functions. 

Approximately 38% of AS-responsive ORFs and 32% of HS-responsive ORFs were also 

changing in growth phase contrasts under normal conditions, suggesting that a significant 

proportion of stress response could be related to growth rate effects. 

 

Response of Toxin-Antitoxin (TA) loci in S. solfataricus under HS and AS. 

One of the most interesting sets of genes in S. solfataricus responding to stress were TA 
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loci. Although first thought to be exclusively associated with post-segregational killing, 

recent indications are that TA loci are more likely to be involved in stress response, such 

that they have a reversible bacteriostatic effect rather than a lethal cellular role (Hayes et 

al., 2003). So far, only one of the seven existing TA families (vapBC) has been identified 

in S. solfataricus (Pandey et al., 2005). As such, 23 vapC toxin genes were represented on 

this array, along with 6 vapB antitoxin genes that had been identified as ORFs in the 

initial genome sequence. Toxins typically contain a PIN domain, and this is the case for 

all but one toxin in S. solfataricus, which has an HTH domain instead. The PIN domain’s 

role as an exonuclease has been demonstrated; by cleaving off mRNA, toxins thus are 

interfering with transcription (Arcus et al., 2004).  

Although not yet shown specifically for the vapBC family, TA operons are 

regulated by the binding of the N-terminal section of antitoxins to their own promoter. 

Toxins also play a role as co-repressors, as binding to the antitoxin seems to increase the 

affinity of the latter for the promoter (Gerdes et al., 2005). It has been proposed that TA 

operon expression seems to be always repressed under normal conditions (Gerdes et al., 

2005), though this was not the case for many S. solfataricus TA loci examined here. In 

fact, a wide variety of expression levels, from very low (vapC-9) to very high (vapBC-22), 

were noted during growth phase transitions and prior to HS and AS (see Figure 4). The 

antitoxin/toxin ratio is thought to regulate transcription of the TA operon (Jensen et al., 

1995). Most vapB antitoxins exhibit a SpoVT_AbrB DNA binding domain. Such proteins 

belong to the superfamily of transcriptional regulators of the same name. AbrB, a major 

member of this family, is a transitional state regulator, which has been studied 

extensively in Bacillus (Strauch et al., 2005; Vaughn et al., 2001; Vaughn et al., 2000). 
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Efforts to find a consensus binding sequence in the promoter regions of the many genes 

controlled by AbrB in Bacillus were unsuccessful. Structural studies showed that the 

binding versatility of this regulator is caused by a binding mechanism that is based on the 

recognition of a specific three dimensional DNA topology, as opposed to the detection of 

a specific nucleotide sequence (Xu et al., 1996). As a consequence, no particular 

similarities between TA loci promoters could be identified in the S. solfataricus genome. 

On the other hand, SSO1589, a gntR family regulator, and SSO1494, a vapB6 antitoxin, 

have similar promoter regions, which was reflected in the comparable transcriptional 

patterns as shown in Figure 5. Since the antitoxins are more susceptible to degradation 

than their partner toxins, their concentrations direct the TA ratio. In bacteria, the Lon and 

Clp proteases are known to degrade antitoxins. However, the protease degrading vap 

family antitoxins has not yet been identified. Proteases that were up-regulated under 

stress could be identified, but a direct connection to TA function will require biochemical 

verification. 

 

IS elements, transposes, and resolvases: can stress reshape a genome? S. 

solfataricus is unique in that it is extremely rich in insertion (IS) elements compared to 

other archaea; its genome encodes about 200 IS elements, as well as numerous IS 

element fragments, representing approximately a tenth of the genome (Brugger et al., 

2002). IS elements and miniature inverted-repeat transposable elements (MITEs) are 

thought to be responsible for the genome shuffling of S. solfataricus and S. tokodaii in 

contrast to S. acidocaldarius which contains no IS elements (Brugger et al., 2004). 

Although transposition mechanisms have been thoroughly studied, transcriptional 
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regulation patterns of IS elements, transposes, and resolvases still remain widely 

unknown. The presence of multiple (almost identical) copies of some sequences made 

tracking of IS element gene expression complex, the focus was placed on the entire 

subset of IS elements as a group. Extensive differential expression of IS sequences, 

transposases and resolvases was noted under HS, with 58.8% of these ORFs differentially 

expressed for at least one time point comparison. This proportion is significantly higher 

than the proportion of “non-IS” HS-responsive genes, and is more than double that of IS 

elements and related ORFs that were differentially expressed during the normal growth 

phase (see Table 3). In contrast, during AS response, the proportion of differentially 

expressed IS elements and related ORFs was actually lower than that of other responding 

genes. Therefore, IS elements appear to be a major component of HS response, and play a 

lesser role in acid stress response. In most cases, far more IS elements and related ORFs 

were induced than repressed. This was particularly evident for 5 min after HS, with 208 

IS-related ORFs being induced and only 3 being repressed (see Table 4).  

The results here suggest the potential for substantial genome plasticity in S. 

solfataricus during HS response. The underlying basis for this is not clear but may be 

related to the role of IS elements in increasing genetic diversity in the face of stress by 

either causing mutations (Martusewitsch et al., 2000) or by moving genes to a different 

chromosomal location. Furthermore, stress-induced IS elements may not only move 

genes from one chromosomal location to another, but also delete or invert ORFs, 

inactivate some by insertion, or activate genes by positioning a promoter upstream of the 

coding region (Blount et al., 2005). Stress-induced IS elements may not only trigger 

internal chromosomal rearrangement, but also favor the uptake of foreign DNA. 
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Moreover, it was shown that transposon mutagenesis is a major factor causing mutations 

in S. solfataricus, and is responsible for the high mutation rate (10–4 to 10–5 in the pyrEF 

region) observed in this organism (Martusewitsch et al., 2000).  The fact that a selective 

agent, in this case HS, could directly increase genetic mutation and rearrangement rates 

in S. solfataricus supports the proposal that that mutations are not completely random and 

spontaneous (Cairns et al., 1988).  

 

 
CONCLUSIONS 

Global transcriptional profiling showed that S. solfataricus HS and AS drive 

extensive transcriptional responses that go beyond changes related to growth phase 

transitions and previously identified stress response genes. While there were many clues 

to cellular strategy for dealing with stress, the complex, interacting metabolic processes 

related to stress response are still far from being understood. For example, of the ORFs 

changing 10-fold or more for particular contrasts (2, 238, and 12 ORFs for growth phase 

transitions, HS, and AS, respectively), many have no clear annotation (see 

Supplementary Table 4). Candidates for key stress-responsive regulators, belonging to 

TetR, GntR and MarR families, were identified by their significant transcriptional 

response to stress. It was also shown that TA loci in S. solfataricus were not all 

constitutively repressed and that some respond to either HS, AS or both. Transcriptional 

levels of a large proportion of IS elements were found to fluctuate as a response to heat 

and acid challenge. This is particularly the case for heat stress, for which both TA loci 

and IS elements were more responsive than other genes in the genome. The possibility 

that TA loci play a role in modulating growth rate under stressful conditions was raised, 
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as was the hypothesis that IS elements promote mutations and genetic rearrangement as 

an adaptation strategy to environmental challenges. While the results here leave many 

unanswered questions, transcriptional data reported here should serve as a guide to direct 

future biochemical and genetic studies focusing on specific genes.  
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TABLES 

Table 1. Summary of differentially transcribed ORFs in S. solfataricus as a function of growth phase, heat shock and 
acid shock 

Growth Phase Heat Shock  
(min) 

Acid Shock  
(min) ORFs 

LL vs. ML ES vs. LL ES vs. ML 5 vs. -10 30 vs. 5 60 vs. 30 60 vs. -10 5 vs.  -1 30 vs. 5 60 vs. 30 60 vs. -1

Up-regulated 198 128 326 551 161 18 489 20 290 59 393 
Down-regulated 209 84 243 537 144 12 391 50 323 37 456 

TOTAL 407 212 569 1088 305 30 880 70 613 96 849 

Abbreviations: ML: mid-log, LL: late log, ES: early stationary 
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Table 2. Response of stress proteins in S. solfataricus to growth phase transitions, heat shock and acid shock 

 
Growth Phase Heat Shock Acid Shock 

Category 
ORF name 

(gene 
symbol) 

Fold 
Change Time point comparison Fold  

Change 

Time point 
comparison 

(min) 

Fold 
Change 

Time point 
comparison 

(min) 
Chaperones,  HSPs and chromatin proteins 

sHSP SSO2427 
SSO2603 

+2.8 
+2.6 

ES vs. ML  
ES vs. ML  

+2.0 
+3.2 

5 vs –10   
5 vs –10 

NC 
+5.0 

 
60 vs -1 

HtpX 
homolog 

SSO1859  
SSO2694  
SSO3231 

NC 
NC 
+2.3 

 
 

ES vs. ML  

NC 
NC 
NC 

 NC 
NC 
+3.2 

 
 

60 vs -1 
USP family SSO0529 

 SSO1865 
SSO2778 
SSO3183 

NC 
+2.0 

+2.6/-2.6 
NC 

 
LL vs. ML 

LL vs. ML/ES vs. LL 
 

-2.0 
+3.7 
+3.0 
+2.0 

5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 

NC 
NC 
NC 
+2.1 

 
 
 

60 vs -1 
Thermosome SSO0862 (α) 

SSO0282 (β) 
SSO3000 (γ) 

-2.1 
-2.1 
NC 

LL vs. ML 
LLvs. ML 

NC 
NC 
-3.0 

 
 

60 vs. -10 

NC 
NC 
-4.9 

 
 

60 vs -1 
Sso7d SSO9180 

SSO9535 
SSO10610 

+2.1/-2.1 
+3.2/-5.3 
+3.2/-4.0 

LL vs. ML/ES.vs. LL 
LL vs. ML/ES.vs. LL 
LL vs. ML/ES.vs. LL 

+4.0 
+4.6 
+4.6 

-10 vs 5 
-10 vs 5 
-10 vs 5 

+2.5 
+2.6 
+2.5 

60 vs -1 
60 vs -1 
60 vs -1 

Protein & mRNA turnover 
Proteasome SSO0738 (α) 

SSO0278  (β1) 
SSO0766 (β2) 

NC 
NC 
NC 

 NC 
NC 
NC 

 -2.5 
-2.0 
-2.8 

60 vs -1 
30 vs. 5 
30 vs. 5 

Exosome SSO0732 rrp42  
SSO0735 rrp41 
SSO0736 rrp4 

NC 
NC 
NC 

 -6.5 
-4.3 
-10.6 

5 vs. -10 
5 vs. -10 
5 vs. -10 

-2.8 
-2.1 
-2.3 

60 vs -1 
60 vs -1 
60 vs -1 
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Table 3. Differential expression of TA genes and IS elements in Sulfolobus solfataricus 

Responsive TA genes and PIN 
domains Responsive IS elements Responsive ORFs in entire 

dataset 
Experiment 

#  
ORFs 

% of all TA & PIN 
ORFs* Probability # 

ORFs 

% of  all 
Transposases & 

ISs** 
Probability # ORFs % of total # ORFs*** 

Heat Shock 22 66.7% 0.017 234 58.8% 5.13E-14 1407 46.0% 

Acid Shock 13 39.4% 0.440 110 27.6% 0.338 1012 33.1% 

HS / AS 
overlap 12 36.4% 0.034 75 18.8% 0.887 651 21.3% 

Growth 
Phase 5 15.2% 0.142 112 28.0% 0.025 806 26.4% 

For comparison purposes, differentially expressed ORFs in the entire dataset are shown for for each experiment. The probability for 
the proportions responsive TA or IS elements were calculated to be the same as the proportion of non-TA or non-IS responsive 
ORFs in the rest of the dataset. 
 
*Out of 33 ORFs detected in the S. solfataricus genome sequence. 
 
** Out of 400 ORFs annotated as either transposases, resolvases, insertion sequence or partial ORFs in transposon in the S. 
solfataricus genome. 
 
*** 3057 ORFs (proteins and RNAs) in the S. solfataricus genome sequence annotation (She et al., 2001). 
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Table 4. Summary of differentially expressed IS elements in S. solfataricus 

Growth Phase Heat Shock 
(min) 

Acid Shock 
(min) ORFs 

LL vs. ML ES vs. LL ES vs. ML 5 vs. -10 30 vs. 5 60 vs. 30 5 vs. -1 30 vs. 5 60 vs. 30 

Up-regulated 15 27 67 208 7 1 1 61 0 

Down-regulated 17 12 7 3 13 0 19 3 0 

Total 32 39 74 205 20 1 20 64 0 
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FIGURES 

 

 
 
 
 
 
 
 
 

Figure 1. Formate dehydrogenase of Sulfolobus solfataricus, and 
possible role in proton pumping. Overall acid shock fold changes 
are indicated next to ORF names. 
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 Figure 2. Time dependant growth phase (A), HS (B), and AS (C) transcriptional response by functional category. Category 
codes are as follows: J: Translation, ribosomal structure and biogenesis, K: Transcription L: DNA replication, recombination and repair, D: Cell division and 
chromosome partitioning, V: Defense mechanisms, T: Signal transduction mechanisms, M: Cell envelope biogenesis, outer membrane, N: Cell motility and 
secretion, U: Intracellular trafficking and secretion, O: Posttranslational modification, protein turnover, chaperones, C: Energy production and conversion, G: 
Carbohydrate transport and metabolism, E: Amino acid transport and metabolism, F: Nucleotide transport and metabolism, H: Coenzyme metabolism, I:  
Lipid metabolism, P: Inorganic ion transport and metabolism, Q: Secondary metabolites biosynthesis, transport and catabolism, R: General function 
prediction only, S: Function unknown. 
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B. Dynamic AS response by COG category
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A

Figure 3. Venn diagrams representing the overlap of differential gene 
expression between time point comparisons for heat (A), acid shock responsive 
genes (B), and total numbers of responsive genes for all studied time point 
comparisons and in heat shock, acid shock and growth phase datasets (C). Note 
that the numbers in each circle are additive.  
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Figure 5. Genetic organization of predicted 
operon SSO1589-91 (A), similarities between 
gntR and vapB-6 promoters (region between 
TATA box and start codon) (B), and HS 
expression patterns of vapBC-6 (SSO1494-3), 
gntR (SSO1589), and ORFs in respective operons 
(C).  

Figure 4. Cell plot representing relative expression levels for toxins, 
antitoxins and PIN domain-containing ORFs probed by the array. 
Values are sorted by the first column on the left. 
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APPENDIX A: SUPPLEMENTARY TABLES 
 

Table S1. Selected growth phase-responsive genes for  
S. solfataricus cultured at pH 4.0 and 80°C. 

 
Metabolic Pathway / Function ORF name & gene symbol 

 
Fold 

Change 
Time point 
comparison 

Nucleotide metabolism 
Pyrimidine synthesis pathway SSO0610 pyrD 

SSO0611 pyrC 
SSO0613 pyrI 

-2.6 
-3.5 
-2 

ES vs. ML  
ES vs. ML  
ES vs. ML 

Cofactors 
Cobalamin biosynthesis SSO2296 cbiE 

SSO2297 cbiG-like 
SSO2299 cbiF 
SSO2301 cbiL 
SSO2303 cbiT 
SSO2305 cbiD 
SSO2306 cbiH 
SSO2308 cbiC  

-2.1 
-2.0 
-2.0 
-2.0 
-2.0 
-2.1 
-2.3 
-2.3 

LL vs. ML  
LL vs. ML  
LL vs. ML  
LL vs. ML  
ES vs. ML  
LL vs. ML  
LL vs. ML 
LL vs. ML 

Energy metabolism 
Subunits of ATP synthase SSO0559 atpI 

SSO0564 atpB 
SSO0566 atpD 

-2.5 
-2.0 
-2.3 

ES vs. LL 
ES vs. LL 
ES vs. LL 

NADH dehydrogenase SSO0322 nuoA 
SSO0323 nuoC 
SSO0328 nuoL 

-2.5 
-3.7 
-2.0 

ES vs. ML  
ES vs. ML  
ES vs. ML 

Lipids 
SSO1311 paaF-3 

SSO1312 
SSO1313 
SSO1314 

+7.0 
+6.1 
+9.8 

+12.1 

ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 

SSO2017 
SSO2018 
SSO2019 
SSO2020 
SSO2021 

+1.7 (NC) 
+3.7 
+2.3 
+7.0 

+1.6 (NC) 

ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 

SSO2621 
SSO2622 
SSO2623 
SSO2624 
SSO2625 
SSO2626 

SSO10784 
SSO2627 
SSO2628 

+2.6 
+4.6 
+3.7 
+3.0 
+2.6 
+3.5 
+4.3 
+4.0 
+2.6 

ES vs. ML 
ES vs. ML  
ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 
ES vs. ML 

Fatty acid degradation 

SSO2059 acsA-6  
SSO2060 acd-3  

+5.7 
+3.7 

ES vs. ML 
ES vs. ML 
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Table S2. Selected heat shock-responsive genes for S. solfataricus  
cultured at pH 4.0 and 80°C and shifted to 90°C 

(ribosomal proteins not listed) 
  

Metabolic Pathway / 
Function 

ORF, gene symbol 
 

FCs Time point 
comparison 

DNA metabolism 

DNA polymerase II SSO1459 
SSO8124 

-4.0 
-12.1 

60 vs. -10 
60 vs. -10 

Recombinases (putative) 
SSO2452 recA 
SSO1994  
SSO0264 putative recB 

+3.7 
+3.5 
+2.0 

60 vs. -10 
5 vs -10  

60 vs. -10 
dsDNA break & 
recombination 

SSO0250 radA  
SSO2250 rad32 

+2.3 
+2.8 

60 vs. -10 
30 vs. 5  

Partial exonuclease SSO2373 +2.1 60 vs. -10 
Damage-inducible DNA repair 
polymerase SSO2448 dinP +3.5 60 vs. -10 

Putative DNA ligase SSO2734 +5.3 5 vs -10  
Putative endonuclease SSO3029 +2.8 60 vs. -10 
MutT-like protein SSO3167 +3.2 60 vs. -10 

Tanscription and DNA 
modification 

SSO0265, DNA methylase 
SSO0266 TFE  
SSO0267 
SSO0269 GTP-binding prot. HflX  
SS0270 MBP-like 

+4.3 
+5.6 
+4.0 
+2.3 
+3.0 

60 vs. -10 
60 vs. -10 
60 vs. -10 
60 vs. -10 
60 vs. -10 

mRNA production 

RNA polymerase 

SSO0223 rpoA2 
SSO0225 rpoA1 
SSO0227 rpoB1 
SSO3254 rpoB2 
SSO0071 rpoD 

-5.8 / +3.4 
-2.2 / +1.4 
-7.1 / +2.5 
-4.8 / +3.5 
-12.6 / +2.9 

5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 

Energy metabolism 

Type I NADH dehydrogenase 

SSO0323 nuoC 
SSO0324 nuoD 
SSO0325 nuoH 
SSO0326 nuoI 
SSO0327 nuoJ 
SSO0328 nuoL 
SSO0329 nuoN 

-2.1/+3.0 
-9.2/+5.6 

-11.3/+4.0 
-10.6/+5.3 
-6.7/+2.8 
-6.5/+2.0 
-7.0/+1.9 

5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 
5 vs -10  / 30 vs. 5 

Flavoproteins 

SSO0584 
SSO2348 
SSO2353 
SSO2762 
SSO2763 
SSO2776 
SSO2817 
SSO2819 

+5.7 
-2.3 
-3.2 
+2.0 
+2.3 
+2.0 
-5.3 
-2.8 

5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 

60 vs. -10 
5 vs -10 
5 vs -10 

Terminal oxidase 
SSO0044 doxB 
SSO0045 doxC 
SSO5098 doxE 

-4.9 
-4.3 
-2.5 

5 vs -10 
5 vs -10 
5 vs -10 

Misc. redox proteins 
SSO0368 trxA-1 
SSO2232 trxA-2 
SSO2416 

+2.6 
+2.6 
+2.3 

60 vs. -10 
60 vs. -10 
60 vs. -10 
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SSO2765 +3.2 60 vs. -10 
Cofactor biosynthesis 

PQQ 

SSO1632 pqqE-3 
SSO1839 pqqE-4 
SSO1840 pqqE-5 
SSO2309 

+5.3 
+4.3 
+2.6 
+4.0 

5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 

Cobalamin 

SSO2305 cbiD 
SSO2296 cbiE 
SSO2299 cbiF 
SSO2297 cbiG-like 
SSO2306 cbiH 
SSO2301 cbiL 
SSO2303 cbiT 

-5.3 
-2.1 
-3.7 
-3.2 
-3.2 
+3.7 
+3.7 

5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 

MGD 

SSO0770 moaC 
SSO0675 mobB 
SSO0676 
SSO2365 moeA 

+2.0 
+3.7 
+2.0 
+2.1 

30 vs. 5 
5 vs -10 

60 vs. -10 
30 vs. 5 

Lipids 

Acetyl-CoA C-
acetyltransferase 

SSO0534 acaB-1 
SSO2062 acaB-3 
SSO2697 acaB-8  
SSO2377 aca-4 
 SSO2496 acaB-5  
SSO2508 acaB-6 
SSO3113 acaB-10 

-6.5 
-2.5 
-3.2 
+3.7 
+3.5 
+2.0 
-4.3 

60 vs. -10 
5 vs -10 

60 vs. -10 
60 vs. -10 
60 vs. -10 
60 vs. -10 
60 vs. -10 

Fatty acid biosynthesis 

SSO1030 fabG-2 
SSO fabG -3 
SSO2205 fabG -4 
SSO2276 fabG -5 
SSO2500 fabG-7 
 SSO3004 fabG -9   
 SSO 3114 fabG -10 

-3.0 
+4.3 
-2.3 
-2.3 
+2.8 
+3.5 
-3.0 

60 vs. -10 
5 vs -10 

60 vs. -10 
5 vs -10 
5 vs -10 
5 vs -10 

60 vs. -10 
Transporters 

Iron 
SSO0485 
SSO0486 
SSO0487 

-4.3 
-4.6 
-4.0 

60 vs. -10 
60 vs. -10 
60 vs. -10 

Cobalt 
SSO1892 
SSO1893 
SSO1894 

-4.9 
-4.9 
4.6 

60 vs. -10 
60 vs. -10 
60 vs. -10 

Phosphate SSO0489 
SSO0490 

-2.1 
-2.5 

60 vs. -10 
60 vs. -10 

Sulfate SSO2469 -4.0 5 vs -10 

Amino acids 

SSO0786 
SSO1009 
SSO1069 
SSO1173 
SSO2726 
SSO2728 

-2.3 
-2.1 
-6.5 
-3.5 
-3.0 
-2.5 

60 vs. -10 
5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 
5 vs -10 

Peptides  SSO3047  
SSO3048 

-2.0 
-2.1 

5 vs -10 
5 vs -10 

Oligo/dipeptides 
SSO1274 
SSO1275 
SSO1276 oppD 

-16.0 
-14.9 
-7.5 

5 vs -10 
5 vs -10 
5 vs -10 
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-8 5 vs -10 SSO1277 oppF 
SSO1281 
SSO1282 oppD 
SSO1283 

-2.5 
-5.3 
-6.5 

5 vs -10 
5 vs -10 
5 vs -10 

Arabinose 
SSO3066 
SSO3067 
SSO3069 

-5.6 
-3.5 
-2.0 

60 vs. -10 
60 vs. -10 
60 vs. -10 

Glucose 
SSO2848 
SSO2849 
SSO2850  

-3.7 
-4.3 
-7.0 

5 vs -10 
5 vs -10 
5 vs -10 

Maltose 
SSO1000 
SSO1170 
SSO3053 

-3.5 
-3.5 
-2.5 

5 vs. -10 
5 vs. -10 

60 vs. -10 

drug resistance / efflux 

SSO2035  
SSO2135  
SSO2137 
SSO2228 
SSO2704 
SSO3012 

+2.0 
+4.6 
+3.0 
+5.3 
+2.8 
+4.3 

60 vs. -10 
60 vs. -10 
60 vs. -10 
5 vs. -10 

60 vs. -10 
60 vs. -10 

Transcriptional regulators 

TetR family repressor SSO2506 +24.3 5 vs. -10 

GntR family repressors 
SSO1255 
SSO1589 

+4.0 
+32.0 

5 vs. -10 
5 vs. -10 

MarR/Lrs14 family repressors  

SSO0048  
SSO0458 
SSO1082 
SSO1108 
SSO1110 
SSO2138 
SSO2897 
SSO3242 

+3.2 
+4.0 
+4.9 
+4.0 
+3.7 
+3.0 
+6.0 
-10.6 

5 vs. -10 
5 vs. -10 
5 vs. -10 
5 vs. -10 
5 vs. -10 
5 vs. -10 
5 vs. -10 

60 vs. -10 

Misc regulators 

SSO0200 
SSO0239 
SSO0618 
SSO0669 
SSO1952 
SSO2131 
SSO5522 
SSO10340 
SSO2827 

-2.6 
-3.2 
+9.1 
+2.1 
-3.5 
+2.5 
+3.2 
+2.8 
+4.0 

60 vs. -10 
5 vs. -10 

60 vs. -10 
60 vs. -10 
60 vs. -10 
5 vs. -10 
5 vs. -10 
5 vs. -10 
5 vs. -10 
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Table S3. Selected acid shock-responsive genes for S. solfataricus  

cultured at pH 4.0 and 80°C and shifted to pH 2.0. 
 

Metabolic Pathway / Function ORF, gene symbol 
 

Fold 
Change 

Time point 
comparison 

DNA metabolism 

dsDNA break & recombination 
SSO0179 rad2 
SSO2250 rad32 
SSO0959 rad25 

+2.8 
+2.0 
+3.7 

60 vs -1 
60 vs -1 
60 vs -1 

DNA ligase SSO0189 lig +4.6 60 vs -1 
mRNA production 

RNA polymerase 

SSO0071 rpoD 
SSO0415 rpoE1 
SSO5798 rpoE2 
SSO0751 rpoF 
SSO6768 rpoK 
SSO5577 rpoL 
SSO5576 rpoM-like 

-4.9 
-2.8 
-4.2 
-6.7 
-5.2 
-2.8 
-2.8 

60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 

Membrane bioenergetics and internal pH maintenance systems 

Glutamate dehydrogenases SSO1907 
SSO2044 

+2.3 
+2.6 

60 vs -1 
60 vs -1 

FDH & TAT pathway See Figure 1 

MGD cofactor 

SSO0675 mobB 
SSO0676 
SSO2365 moeA-2 
SSO0770 moaC 

+4.3 
+2.0 
+2.5 
+4.9 

60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 

SSO2756 porB-2 
SSO2757 porA-2 
SSO2758 porG-2 

+2.1 
+4.3 
+2.5 

30 vs. 5 
30 vs. 5 
30 vs. 5 

SSO1206 porB-1 
SSO1207 porA-1 
SSO7412 porD-1 
SSO1208 porG-1 

+2.5 
+2.6 
+4.0 
+4.6 

60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 

Pyruvate 

pyruvate formate lyase 
activating enzyme SSO0653 

+2.3 60 vs -1 

Terminal oxidase 

SSO0044 doxB 
 SSO0045 doxC 
SSO5098 doxE 
SSO1741 dox 
SSO1742 dox 

+4.6 
+4.6 
+7.0 
+3.7 
+4.9 

60 vs -1 
60 vs -1 
60 vs -1 
30 vs. 5 
30 vs. 5 

COG1032 Fe-S oxidoreductases SSO2881 
SSO0477 

+19.7  
+14.9 

60 vs -1 
60 vs -1 

Lipids 

Fatty acid degradation / oxidation 

SSO2059 acsA-6 
SSO2060 acd-3 
SSO2061 acaB-2 
SSO2062  acaB-3 

+5.6 
+4.6 
+3.0 
+2.5 

60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 

Bile acid biosynthesis pathway 

SSO2494 
SSO2496 
SSO2761 
SSO3117 

+2.0 
+2.0 
+2.1 
+2.0 

60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 

 82



 

Uncharacterized membrane proteins 

COG3374 membrane proteins SSO1807 
SSO3150 

+24.0 
+16.0 

60 vs -1 
60 vs -1 

Transporters  

Maltose  SSO3058 
SSO3059 

+9.8 
+10.6 

60 vs -1 
60 vs -1 

SSO3045 
SSO3046 
SSO3047 
SSO3048 

+2.8 
+4.0 
+4.0 
+4.0 

60 vs -1 
60 vs -1 
60 vs -1 
60 vs -1 Opp or Dpp-type  

SSO1282 
SSO1283 
SSO1284 

+4.3 
+3.5 
+3.5 

30 vs. 5 
30 vs. 5 
30 vs. 5 

MFS family SSO1351  +12.1 60 vs -1 
Potassium channel SSO3054 +2.0 30 vs. 5 
Mechano-sensitive channel SSO2769 +3.0 60 vs -1 
Transcriptional regulators 
MarR family regulator SSO1352 +15.0 60 vs -1 
Tet R family regulator SSO2506 +2.3 60 vs -1 
Ferric uptake regulator SSO2244 fur -3.0 5 vs. -1 
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Table S4. Genes differentially expressed 10 fold in S. solfataricus or  
more during growth phase transitions or under HS or AS 

 
Growth phase (2) 

Fold changes ORF Annotation Gene 
Symbol LL vs. ML ES vs. LL ES vs. ML 

SSO0626 Phosphoribosylaminoimidazole-
succinocarboxamide synthase purC -10.6 7.5 -1.4 

SSO1314 Acetyl-CoA synthetase (acetate-CoA 
ligase)  acsA-1 7.0 1.7 12.1 

Heat shock (238) 
Fold changes ORF Annotation Gene 

Symbol 5 vs. -10 30 vs. 5 60 vs. 30 60 vs. -10
SSO0034 SOJ protein  SOJ  -3.0 -4.9 1.0 -14.9 
SSO0071 DNA-directed RNA polymerase, subunit D  rpoD -13.0 2.8 1.7 -2.5 
SSO0325 NADH dehydrogenase subunit H (NuoH)  -11.3 4.0 2.0 -1.4 
SSO0451 Conserved hypothetical protein  -8.0 -3.5 -1.4 -36.8 
SSO0534 Acetyl-CoA c-acetyltransferase   -12.1 -1.4 2.6 -6.5 
SSO0549 Transposase ISC1439  2.8 2.3 1.6 10.6 

SSO0626 Phosphoribosylaminoimidazole-
succinocarboxamide synthase  purC -5.7 -3.7 1.2 -17.1 

SSO0704 LSU ribosomal protein L5AB (rpl5AB) rpl5AB -11.3 3.5 1.6 -2.1 
SSO0718 LSU ribosomal protein L4AE (rpl4AE) rpl4AE -10.6 3.2 1.2 -2.8 
SSO0787 Transposase ISC1439  2.8 1.7 2.1 10.6 
SSO0881 Conserved hypothetical protein  -2.0 -4.3 -1.3 -11.3 
SSO1027 Hypothetical protein  -4.3 -3.2 -1.2 -16.0 
SSO1274 Oligo/dipeptide transport, permease protein (dppB-1) -16.0 2.1 1.2 -6.1 
SSO1275 Oligo/dipeptide transport, permease protein (dppC-1) -14.9 2.1 -1.1 -7.5 
SSO1367 Transposase ISC1439  3.2 2.1 1.5 10.6 
SSO1445 Conserved hypothetical protein  12.1 -2.5 -1.3 4.0 
SSO1466 Transposase ISC1439  3.0 2.1 1.9 12.1 
SSO1483 Conserved hypothetical protein  11.3 -1.7 -1.3 4.6 
SSO1493 Conserved hypothetical protein  19.7 -2.5 -1.5 5.3 
SSO1494 Conserved hypothetical protein  13.9 -2.0 -1.3 5.3 
SSO1564 Orf in partial transposon ISC1778  17.1 1.0 -1.6 10.6 
SSO1589 Conserved hypothetical protein  32.0 -4.0 -1.6 4.9 
SSO1634 Conserved hypothetical protein  21.1 -6.5 -1.4 2.3 
SSO1658 First ORF in transposon ISC1778  17.1 -1.1 -1.5 11.3 
SSO1701 Hypothetical protein  19.7 -1.4 -1.3 11.3 
SSO1838 Conserved hypothetical protein  14.9 -2.3 -1.9 3.5 
SSO1921 Hypothetical protein  12.1 -2.3 -1.3 4.0 
SSO2370 Hypothetical protein  -4.9 -2.8 -1.2 -17.1 
SSO2506 Transcriptional regulator, putative  24.3 -1.9 1.1 13.0 
SSO2550 Hypothetical protein  13.0 -1.6 -1.4 5.7 
SSO2750 Hypothetical protein  -2.5 -4.0 -1.1 -11.3 
SSO2751 Hypothetical protein  -2.3 -8.6 -1.3 -26.0 
SSO2852 Proline/betaine transporter, putative  -7.0 -2.1 -1.4 -21.1 
SSO3033 Transposase ISC1439  3.7 2.0 1.4 10.6 
SSO3189 Amino acid transporter, putative  -7.5 -1.5 -1.1 -13.0 

SSO8124 DNA polymerase II (DNA polymerase B2) amino-end 
(dpo2)  -4.3 -1.9 -1.4 -12.1 

SSO8620 Conserved hypothetical protein  16.0 -2.5 -1.3 5.3 
SSO9135 Partial ORF from ISC1778  12.1 1.1 1.1 13.9 
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  Acid shock (12) 
Fold changes 

ORF Annotation Gene 
Symbol 5 vs. -1 30 vs. 5 60 vs. 30 60 vs. -1 

SSO0477 Conserved hypothetical protein  1.6 7.5 1.3 14.9 

SSO1012 Acetolactate synthase large subunit  
homolog (ilvB-3)  1.1 10.6 1.0 12.1 

SSO12142 Hypothetical protein    -1.1 -3.7 -2.6 -10.6 
SSO1351 Permease, multidrug efflux  5.3 3.2 -1.3 12.1 
SSO1352 Transcriptional regulator, marR family 4.9 4.3 -1.4 14.9 
SSO1807 Conserved hypothetical protein  7.0 1.9 1.7 24.3 
SSO2697 Acetyl-CoA c-acetyltransferase  acaB-8 -1.2 -5.3 -1.6 -10.6 
SSO2881 Conserved hypothetical protein  1.6 5.7 2.1 19.7 
SSO2912 Sulfate adenylyltransferase (sat) sat -9.2 1.1 -1.5 -13.0 
SSO2913 Hypothetical protein  -7.0 -1.2 -1.3 -10.6 
SSO3059 Maltose ABC transporter, permease  1.1 3.2 3.2 10.6 
SSO3150 Conserved hypothetical protein  14.9 1.1 1.0 16.0 
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ABSTRACT 
 

 
In silico analysis of the structural features of VapC toxins in the hyperthermophilic 

crenarchaeon Sulfolobus solfataricus (Sso) was conducted to examine the putative roles of 

Toxin-Antitoxin (TA) systems with respect to RNA management. The focus here was on Sso 

toxins VapC-1 and VapC-6 which include PIN domains, but the results can be readily 

extended to other toxins. Since no VapC crystal structures are currently available, it was 

necessary to first identify structural templates based on existing PIN domain structures in the 

Protein Database (PDB). Comparisons between predicted structures for VapC-1 and VapC-6 

and their template, allowed the identification of putative amino acid residues implicated in 

ribonuclease activity. Since none of the template proteins had been biochemically 

characterized as RNAses, the predicted VapC-1 and VapC-6 structures for were used in direct 

comparisons with T4 RNAse H. Superimposition of predicted VapC-1 and VapC-6 structures 

on the T4 RNAse H model showed conservation of key catalytic residues as well as 

conformation of the active site. Taken together, these results support the designation of VapC-

1 and VapC-6 toxins as ribonucleases and provide a methodology for examining this issue for 

other PIN domain proteins classified as VapC proteins. 
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INTRODUCTION 
 

Toxin-antitoxin (TA) loci are gene cassettes encoding a cellular poison (toxin) co-expressed 

with either an RNA or protein antidote (antitoxin). TA function appears to be fairly consistent 

across prokaryotic biology (Pandey et al., 2005), but Archaea seem thus far limited to protein-

only TA systems (Gerdes et al., 2007). Toxins typically interfere with transcription or 

translation (via mRNA cleavage) functions in the cell. As long as the co-expressed antitoxin 

is present to bind the toxin, the interaction between both proteins will inhibit the toxin’s 

activity (Figure 1). Antitoxins are typically more labile than their cognate toxin, in that their 

susceptibility to intracellular proteolysis impacts the T/A ratio, thereby providing a 

mechanism for post-transcriptional regulation of toxin activity (Jensen et al., 1995). Control is 

also exerted at the gene expression level, as some TA operons are themselves regulated by the 

binding of the N-terminal section of antitoxins to their own promoter (Kedzierska et al., 2007). 

In some cases, toxins play a role as co-repressors (Figure 1), since binding to the antitoxin 

seems to tune the affinity of the protein cassette for the promoter (Gerdes et al., 2005) (Monti 

et al., 2007). While first isolated in plasmids and implicated in post-segregational killing, a 

large number of chromosome-encoded TA loci have been identified in prokaryotic genomes, 

ranging from many TA loci in some genomes to none in others (Pandey et al., 2005). Recent 

indications are that TA loci are involved in stress response, such that they have a reversible 

cytostatic effect rather than a lethal cellular role in what has been termed “Programmed Cell 

Death” (Hayes et al., 2003). For example, toxins are thought to be responsible for the 

transition of biofilm cells into a rare dormant phase that is vital to survival under harsh 

conditions. These cells, called “persisters”, have very reduced metabolic activity, a state that 

makes them virtually immune to antibiotics (Lewis and K., 2005).  

 The distribution of TA loci in prokaryotic genomes varies widely for reasons that are 

unclear, although their dispersion through lateral gene transfer seems likely (Pandey et al., 
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2005). As shown on Table 1, at least 1240 TA pairs (and 63 T or A solitary genes) have been 

identified in 218 prokaryotic genomes (K. Gerdes, personal communication; (Gerdes et al., 

2005) and fall into 7 (8 if including the putative hicAB system (Makarova et al., 2006)) 

different families (Gerdes et al., 2005), with the most characterized being relBE (Christensen 

et al., 2001; Nieto et al., 2006; Pedersen et al., 2003; Wilson et al., 2005) and mazEF 

(Engelberg-Kulka et al., 2005; Kamada et al., 2003; Kamphuis et al., 2007; Li et al., 2005; 

Loris et al., 2003; Sat et al., 2001; Sat et al., 2003; Zhang et al., 2003a; Zhang et al., 2005; 

Zhang et al., 2003b). However, not enough is known about the biochemical properties and 

physiological roles of TAs to differentiate all families on the basis of cellular function.  

Most toxins characterized to date either act as DNA gyrase inhibitors (Bernard et al., 

1992; Dao-Thi et al., 2005) or as ribonucleases (Kamada et al., 2005; Kamphuis et al., 2006; 

Munoz-Gomez et al., 2005). In the case of the latter, several toxins have been characterized 

with respect to their ability to cleave single-stranded mRNA transcripts (Gerdes et al., 2005).  

Cleavage of mRNA is sequence-specific and, in certain cases, involves interaction with the 

ribosomal A-site. Antitoxins have unstructured, labile domains that are particularly prone to 

degradation by intracellular proteases, such as Clp or Lon (Christensen et al., 2004). Antitoxin 

half-life in vivo is short, typically on the order of an hour (Cherny et al., 2004). Amino acid 

composition of YefM antitoxins showed that their overall high hydrophobicity, and relative 

absence of aromatic residues, is likely responsible for their disordered state (Cherny et al., 

2004). However, antitoxins orient into a defined structure when bound to their cognate toxin 

(Wilson et al., 2005). Antitoxins, such as MazE, Kis, and Phd, bind DNA through their N-

terminal domain (Loris et al., 2003; Santos-Sierra et al., 2002; Smith et al., 2004; Zhang et al., 

2003a) and can act as transcriptional repressors. It was proposed that free-living prokaryotes 

have the most need for TA systems due to the variability of their environment, which is less 

critical for host-associated microorganisms (Pandey et al., 2005). It is not clear why some 
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microbial genomes encode multiple TA loci families and, furthermore, how these loci are 

coordinated during microbial behaviors, such as stress response. For example, the 

Nitrosomonas europeaea genome has 45 TA loci, including members of all families noted in 

Table 1 (Gerdes et al., 2005), but it is not clear whether these various TA systems perform 

redundant roles nor whether one family or members within one family predominate under 

normal and stressed conditions. 

 

Toxin-antitoxin interactions. TA pairs are typically arranged in operons, with 

antitoxin positioned upstream of the toxin (except in the case of higBA where the toxin is 

placed first) and an occasional partial overlap with the toxin (Figure 1). Several studies have 

focused on the interaction between toxin and antitoxin proteins, often aided by the resolution 

of TA complex crystal structures. Such work provides detailed insight into the role of 

antitoxins as toxin inhibitors. A key point is that several antitoxin families were shown to 

interact with the toxin exclusively through their C-terminus, as reported for Phd (Smith et al., 

2004) and members of the CcdA-Kis-MazE superfamily antitoxins (Kamada et al., 2003). It 

was proposed that N- and C-terminal domains of such antitoxins are functionally independent 

of each other - the former being involved in repression while the latter interacts with the toxin 

(Smith et al., 2004). Moreover, NMR spectroscopy revealed that the binding of MazE to the 

MazF homodimer involved two symmetric binding sites, coinciding with the putative 

catalytic sites of the endoribonuclease (Li et al., 2005). The binding affinities of MazE for 

both MazF active sites estimated by NMR were higher (Kd, Kd’ <10-7 M) than that of nucleic 

acid (Kd ~10-5 to 10-6 M), outlining how competitive binding might affect cellular outcomes. 

Structural determination of the YefM-YoeB complex also showed that binding of the 

antitoxin resulted in conformational changes at the ribonucleolytic active site (Kamada et al., 

2005). Toxin-antitoxin binding sites have been determined indirectly using peptide array 
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technology (Cherny et al., 2004). Recently, bioluminescence-based assays have also been 

developed to characterize TA interactions for RelBE (Nieto et al., 2006). 

 

VapBC TA loci. Table 1 shows that among all known TA families, VapBC is the 

most abundant in microbial genomes but the least studied in terms of function and regulation 

(Zhang et al., 2004). They are particularly prominent in archaea (Table 2). Indeed, nearly 50% 

of all TA loci identified in 218 prokaryotic genomes belong to this family (K. Gerdes, 

personal communication; (Pandey et al., 2005)), despite the 10-fold greater number of 

sequenced bacterial genomes. Comprehensive characterization of this particular family is 

crucial for the general understanding of TA systems. Vap TA loci (from Virulence-associated 

protein) were originally identified on a virulence plasmid in Salmonella dublin (Pullinger et 

al., 1992). Subsequently, a vap module was found encoded in the chromosome of 

Dichelobacter nodosus, an obligate anaerobe implicated in foot rot disease in sheep (Katz et 

al., 1992). Phylogenetic studies show that for a given vapBC locus, the toxin and the antitoxin 

do not always share the same origin and may not have been acquired simultaneously. An 

independent origin, as well as the possible existence of a trans-acting mechanism between two 

vapBC systems, has been hypothesized (Zhang et al., 2004).  

 

Relationship between frequency of VapBC loci and growth temperature. At least 

one VapBC locus could be identified in all 22 archaea genome sequences available at the time 

of the survey (K. Gerdes, personal communication). Table 2 shows the distribution of TA loci 

families in archaea and Figure 2 shows how the distribution of VapBC TAs corresponds to 

optimal growth temperature. Note that, in general, the hyperthermophilic archaea sequenced 

to date have the highest number of vap loci. It is interesting that out of 218 microbial genome 

sequences examined, only 23 encode 6 or more vapBC TAs. This includes 10 of 12 
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hyperthermophilic archaeal genome sequences (the other two, Methanopyrus kandleri and 

Nanoarchaeum equitans, have 3 and 2, respectively) as well as the thermophilic bacterium 

Thermus thermophilus. While this is a small sample of microbial genomes, it does raise an 

interesting question: Do VapBC TA systems play a significant role in hyperthermophiles (and, 

perhaps, in prokaryotes) with respect to growth at elevated temperatures and capacity to 

manage stress at temperature extremes? Another set of interesting questions relate to the 

function of vapBC TAs in less thermophilic bacteria. Table 3 lists bacteria with 6 or more 

vapBC loci identified in their genomes (out of 196 bacterial genomes). In particular, note in 

Table 3 that the mesophilic bacteria with significant numbers of vapBC cassettes also have 

other TA families encoded in their genomes, exacerbating efforts to pinpoint the role of 

VapBC TAs. One biologic feature common to these vapBC-rich bacteria is their adaptation to 

stationary phase; perhaps this characteristic underlies vapBC abundance in hyperthermophilic 

archaea. Mycobacteria species have the highest count of vapBC TAs among all sequenced 

microbial genomes; whether this relates to pathogenicity is not known but potentially an 

important issue. Also note that, unlike hyperthermophilic archaea, the two hyperthermophilic 

bacteria whose genome sequences are available, Aquifex aeolicus and Thermotoga maritima, 

have 2 and 0 vapBC loci, respectively. While some patterns exist, the role of VapBC TA 

systems in microorganisms is unknown. There have been only two reports to date focusing on 

the in vivo function of vapBC loci. The expression of vapC from Leptospira interrogans and 

from Nontypeable Haemophilus influenzae (NTHi) in Escherichia coli inhibited growth, an 

effect that could be counteracted if the corresponding vapB gene from this organism was co-

expressed (Daines et al., 2007; Zhang et al., 2004). A number of other TA pairs exhibit this 

same property when expressed in E. coli. Thus, it appears that vapBC loci play roles not 

specific to the natural host organism, and this may be an important angle to consider in 

exploring the mechanistic basis for their function. 
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Features of VapB antitoxins. Most VapB antitoxins contain a SpoVT_AbrB DNA 

binding domain. Such proteins belong to the superfamily of transcriptional regulators of the 

same name. AbrB, a major member of this family, is a transitional state regulator, studied 

extensively in Bacillus species (Strauch et al., 2005; Vaughn et al., 2001; Vaughn et al., 2000). 

Efforts to find a consensus binding sequence in the promoter regions of the many genes 

controlled by AbrB in Bacillus subtilis were unsuccessful. Structural studies showed that the 

binding versatility of this regulator relates to a mechanism based on the recognition of a 

specific 3-D DNA topology, as opposed to the detection of a specific nucleotide sequence (Xu 

et al., 1996). As a consequence, it is difficult to predict TA loci promoters in microbial 

genomes. 

 

Features of VapC toxins. The most notable feature of VapC toxins is the presence of 

a highly conserved PilT N-terminus (PIN) motif (~100 AA in length), so-named because of 

homology with the N-terminus of the pili biogenesis protein (PilT N-terminus) (Wall et al., 

1999). This fold presents similarities to a nuclease, as demonstrated for the crystal structure of 

PIN-domain proteins PAE2754 (Arcus et al., 2004), PH0500 (Jeyakanthan et al., 2005) and 

AF0591 (Levin et al., 2004). This suggested function of a PIN domain arises from the 

conservation of 5 acidic residues and either a Ser or Thr at a 6th conserved position presenting 

similarities with an exonuclease catalytic pocket (Clissold et al., 2000). Biochemical 

characterization also confirmed this hypothesis (Arcus et al., 2004). While the cellular role of 

VapC toxin has not been determined, it is hypothesized to involve an mRNA cleavage 

function. A role of PIN domains in nonsense-mediated RNA degradation (NMD) has been 

proposed (Clissold et al., 2000). More recently, the ribonucleolytic nature of a VapC toxin 

was confirmed in Nontypeable Haemophilus influenzae (NTHi) (Daines et al., 2007). In any 
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case, for VapC, the PIN domain and its potential role in nucleic acid binding may provide 

clues to cellular targets for the toxin.  

 

In the absence of available protein structure information for Sulfolobus solfataricus, 

VapC toxins, and given the difficulties inherent to the recombinant production of proteins 

inhibitory to their host, molecular modeling tools may provide some insights related to VapC 

biochemical function. Using this approach, comparisons were used to examine conserved 

features with well-characterized ribonucleases. Indications are that VapC toxins from 

hyperthermophiles, including VapC-1 and VapC-6 from S. solfataricus, function as putative 

RNAses. 

 

MATERIALS AND METHODS 
 

Structure prediction of S. solfataricus VapC proteins. vapC nucleotide sequences 

not previously identified as ORFs in the original edition of the S. solfataricus  annotated 

genome (She et al., 2001) were retrieved from the NCBI server 

(http://www.ncbi.nlm.nih.gov/) using the genome coordinates provided in the literature 

(Pandey et al., 2005).The corresponding amino acid sequences were used as a base for 

structure prediction, which was carried out using the 3D-JIGSAW Protein Comparative 

Modeling server (Bates et al., 2001; Bates et al., 1999). This computational tool predicts 

three-dimensional models for proteins based on homologues of known structure. First, the 

best template is identified by Position-Specific Iterated (PSI)-BLAST alignment (Altschul et 

al., 1997): the algorithm finds sequences similar to the query and uses all statistically 

significant alignments to build a Position-Specific Score Matrix (PSSM) for the query, which 

is then used to search the database for additional significant alignments. The process may be 

iterated until no new alignments are found; in the case of 3D-JIGSAW predictions, cycles are 
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limited to 5, so that up to 5 “parents” may be selected for 3D alignment. Another module in 

this structural tool then predicts the secondary structure of the target. PSSM files from the 

best template and the target are then fed into a first dynamic algorithm, while the alignment 

between the target and its best template is input to a second dynamic program and generates 

the 3-dimensional multiple alignments to parent structure (Bates et al., 2001). Given the small 

sizes of the proteins studied (all limited to a single PIN domain), the 3D-JIGSAW algorithm 

was run in automatic mode, since the manual “mix-and-match” approach is more relevant to 

complex, multi-domain proteins. 

 

Structural comparison of VapC toxins and T4 RNAse H. 3D-JIGSAW-predicted 

vapC structures in pdb format were compared to the T4 RNAse H structure (pdb: 1TFR) by 

means of superimposition. This was carried out using the automated LOCK 2 server 

(http://motif.stanford.edu/FoldMiner/). The Lock 2 algorithm allows the discovery of distant 

structural relationships by placing more emphasis on the alignment of secondary structure 

elements (Shapiro et al., 2004b). This tool provides rapid alignments of a query structure to a 

user-specified template in order to perform structural superimpositions. The program first 

aligns the secondary structure elements of the query and template, and subsequently proceeds 

to adjustments by aligning individual residues (Shapiro et al., 2004a).   

The PyMol software (DeLano Scientific LLC) was used to visualize the generated 

alignments in pdb format, inspect catalytic sites, and generate graphics.  
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RESULTS AND DISCUSSION 

Until recently, only a few reports supported the proposition that VapBC PIN-domain 

proteins are ribonucleolytic (Arcus et al., 2004). However, more evidence is emerging in this 

regard. For example, it was just reported (Daines et al., 2007) that VapC1 in Nontypeable 

Haemophilus influenzae (NTHi) is an RNAse, based on biochemical assay (note that the 

numbering scheme for TA loci is microorganism-specific). The NTHi VapC exhibited 

nonspecific ribonuclease activity against E. coli ribosomal RNA in vitro. At the same time, it 

had no nuclease activity against either single- or double-stranded DNA. The NTHi VapC 

ribonuclease seems to play a general role in mRNA turnover, as hypothesized for VapCs in S. 

solfataricus, and contributes to general stress physiology, such as has been shown in E. coli 

for the MazEF toxin-antitoxin cassette (Engelberg-Kulka et al., 2006).  

 Here, in silico structural prediction and comparison of Sso VapC toxins with known 

ribonucleases were used to support the classification of toxins as ribonucleases. 3D-JIGSAW 

(Bates et al., 2001), a structural prediction tool that searches the Protein DataBase (PDB) for 

matching templates for a protein of interest, based on amino acid sequence and secondary 

structure homology, was used in this regard. For Sso VapC22, a target of functional genomics 

efforts given its high transcriptional level under normal and stress conditions (Tachdjian et al., 

2006), had no close homologs that could be identified in the current PDB. However, for 

VapC6, a heat shock inducible toxin, a close match was found to PAE0151 (Figure 3 A-B), a 

PIN-domain protein and putative toxin from the hyperthermophile, Pyrobaculum aerophilum 

(Arcus et al., 2004). VapC1 from Sso also had a close match to a PIN-domain protein 

(AF0591) from the hyperthermophile, Archaeoglobus fulgidus (Levin et al., 2004) (Figure 

1C-D). In both cases, the models showed > 90% secondary structure homology with their 

template, and the confidence level of structure predictions (or “accuracy”) was a > 95%, 

indicative of high quality matches. Model accuracy was determined based on the calculated 
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expected average deviation per backbone atom from the overall sequence identity (Chothia et 

al., 1989). Both PIN-domain templates were crystallized as homodimers, suggesting that 

VapC-1 and VapC-6 may form similar structures. For VapC-1, a catalytic site delimited by 4 

acidic residues (D17, D97, D115 and E117) could be predicted, which was aligned (sequence 

alignment not shown) with the residues in the putative catalytic site of template AF0591 (D17, 

D88, D106 and E108). In a similar fashion, 3 putative acidic catalytic amino acids in VapC-6 

could be identified, namely E13, D73 and D91, which corresponded, respectively, to the 

predicted ribonucleolytic residues E42, D100 and D116 in PAE0151. However, no 

counterpart to D6, the fourth putative active residue in PAE0151 was noted, since VapC-6 is a 

shorter protein lacking approximately the first 30 residues of its template. This apparent 

“truncation” results in a more open conformation in VapC-6 (Figure 3C) than in PAE0151 

(Figure 3D), VapC-1 (Figure 3A) and AF0591 (Figure 3B), allowing greater access to the 

catalytic site. The lack of this residue and increased accessibility of the active site likely 

affects the specificity and nucleolytic properties of the toxin. 

While structural modeling was useful to visualize folds and locate catalytic sites, the 

comparison between the VapCs and their templates cannot confirm ribonucleolytic function, 

since neither AF0591 nor PAE0151 have been characterized biochemically. Indeed, both of 

their active sites were predicted based on structural homology with other RNAses. In order to 

make a stronger case for the ribonucleolytic nature of VapCs, it is necessary to establish a 

direct comparison between the VapC toxins and structural and catalytic features of a 

characterized RNAse. As such, the Sso VapC-1 and VapC-6 predicted structures were 

compared to T4 RNAse H (pdb: 1TFR), using an in silico superimposition tool, LOCK 2 

(Shapiro and Brutlag, 2004). All of the predicted catalytic residues in VapC-1 and VapC-6 

matched known T4 RNAse catalytic residues (D19, D71N D132, and D155 (Bhagwat et al., 

1997)), and the overall RNAse H active site configuration was conserved in both toxins 
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(Figure 4). This supports their designation as ribonucleases and indicates that, lacking the 

capability to produce PIN-domain toxins that can be characterized biochemically, in silico 

methods may be useful for assessing ribonucleolytic capacity of putative VapC toxins 

identified in microbial genomes. While the work reported here presented models for only two 

of the 26 toxins identified in the S. solfataricus genome, these were not the only VapCs 

structures that could be examined using this method. Note, however, that not all VapC 

structures can be modeled with this approach, as success depends on the availability of an 

appropriate, homologous template structure. For example, attempts to model VapC-22 

resulted in a partial match, such that the truncated structure was less useful. Nevertheless, this 

analysis lays the basis for the work presented in the Chapter 4. Given problems arising from 

recombinant production of proteins that are toxic to their host, this approach offers an 

alternative and/or complement to biochemical characterization. The increasing volume of 

protein sequences in the pdb database, as well the relatively high numbers of vapBC loci in 

prokaryotes, will undoubtedly improve model accuracy and template-identification success 

rates for representatives of this TA family.  
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TABLES  

 

Table 1. TA loci grouped by gene families 
(adapted from  (Gerdes et al., 2005), (Pandey et al., 2005), K. Gerdes (personal communication) and (Makarova et al., 2006)) 

TA Family ccdAB relBE Phd-doc higBA mazEF  
(or chpAB) parDE vapBC hicAB 

(putative) 

Toxin CcdB RelE Doc HigB MazF ParE/Kid/ 
PemK VapC HicB 

Antitoxin CcdA RelB Phd HigA MazE ParD/Kis VapB HicA 

Target DNA gyrase 
poison mRNA cleavage Translation Unknown mRNA 

cleavage 

DNA 
replication, 

mRNA cleavage
Unknown RNA ? 

Protease Lon Lon ClpAP Unknown ClpXP, Lon Unknown Unknown Unknown 
# loci in 

microbial 
genomes 

10 274 41 143 119 91 562 ~230 hicA  
~450 hicB 

# loci in bacteria 10 243 38 143 117 91 354 - 
# loci in archaea 0 31 3 0 2 0 208 -  

Crystal 
structure(s) or 
stoichio-metry 

E.coli CcdB,  
pdb: 1VUB, 

2VUB, 3VUB, 
4VUB (Buts et 

al., 2005) 

P. horikoshii Archaeal 
RelB-RelE complex, pdb:

1WMI (Takagi et al., 
2005) 

E.coli RelBE (Wilson et 
al., 2005) 

Hetero-
trimer  

2 Phd:1 Doc 
(Gazit et al., 

1999) 

Equi-molar 
ratio 

complex 
(Tian et al., 

2001) 

E.coli MazEF 
complex,  

pdb: 1UB4 
(Kamada et al.,

2003) 

E. coli 
ParD/RNA 
complex,  

pdb: 2C06 
(Kamphuis et al.,

2006) 

Some PIN 
domain 

structures 
available

T. thermophilus 
HicA & HicB  
Pdb : 1WHZ & 
1WV8 (Hattori 
et al., 2005) 

mRNA cleavage 
site N/A 

See reference (Pedersen et 
al., 2003) for a complete 

list 
N/A - ACA (Zhang 

et al., 2003b)

UUACU 
(Pimentel et al., 

2005) 
- -  
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Table 2. Distribution of TA families in archaeal genome sequences 

((Gerdes et al., 2005), K. Gerdes, personal communication) 

Archaeon Topt (°C) relBE parDE higBA vapBC mazEF phd/doc ccdAB Total 

Haloarcula marismortui chr II 50 1 0 0 1 0 0 0 2 
Methanococcus maripaludis 35 1 0 0 1 0 0 0 2 
Meth. Thermoautotrophicum 65 0 0 0 2 0 0 0 2 
Thermoplasma acidophilum 59 1 0 0 2 0 0 0 3 
Thermoplasma volcanium 60 0 0 0 2 0 0 0 2 
Nanoarchaeum equitans 90 0 0 0 2 0 0 0 2 
Halobacterium sp NRC 1 50 1 0 0 3 0 0 0 4 
Methanopyrus kandleri AV19 98 0 0 0 3 0 0 0 3 
Haloarcula marismortui chr I 50 0 0 0 4 0 0 0 4 
Methanosarcina mazei 30 5 0 0 4 0 1 0 10 
Picrophilus torridus 60 0 0 0 4 0 0 0 4 
Methanosarcina acetivorans 35 8 0 0 5 0 0 0 13 
Methanococcus jannaschii 85 4 0 0 6 0 0 0 10 
Aeropyrum pernix 95 1 0 0 11 0 0 0 12 
Pyrobaculum aerophilum 100 0 0 0 11 0 0 0 11 
Pyrococcus horikoshii 98 3 0 0 11 0 0 0 14 
Pyrococcus furiosus 100 1 0 0 16 0 0 0 17 
Pyrococcus abyssi 96 1 0 0 19 0 0 0 20 
Sulfolobus solfataricus 80 0 0 0 26 0 0 0 26 
Archaeoglobus fulgidus 83 4 0 0 28 0 0 0 32 
Sulfolobus tokodaii 80 4 0 0 30 0 3 0 37 
Thermococcus kodakaraensis 95 2 0 0 34 2 0 0 38 
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Table 3. Distribution of TA families in selected bacteria genome sequences 

((Gerdes et al., 2005), K. Gerdes, personal communication) 

Bacterium Topt (°C) relBE parDE higBA vapBC mazEF phd/doc ccdAB Total 

Mycobacterium bovis 37  3 2 1 46 8 0 0 60 
M. tuberculosis H37Rv 37  3 2 1 45 9 0 0 60 
M. tuberculosis_CDC1551 37  3 2 1 45 7 0 0 58 
Gloeobacter violaceus 25  9 6 1 25 6 1 0 48 
Nostoc sp PCC 7120 30  6 0 3 18 5 1 0 33 
Nitrosomonas europaea 28  10 6 7 17 5 2 1 48 
Azoarcus sp 26  10 0 5 14 1 0 1 31 
Treponema denticola 37  6 0 2 13 2 0 0 23 
Synechocystis PCC6803  30 3 0 1 11 1 0 0 16 
S. meliloti 1021 chr  26 2 0 3 11 0 0 0 16 
Rhodopseudomonas palustris 34  0 0 3 7 1 0 0 11 
Thermus thermophilus HB8  75 0 0 0 6 0 0 0 6 
Rickettsia conorii Malish 35  1 0 1 6 2 0 0 10 
Aquifex aeolicus 90 0 0 0 2 0 0 0 2 
Thermotoga maritima 80 0 0 0 0 0 0 0 0 
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T

Figure 1. Toxin (T)-Antitoxin (A) putative mechanism of action, 
locus organization, and putative regulation. Top: mechanism of toxin 
inhibition by antitoxin binding. Antitoxins are prone to protease 
degradation, which affects the T/A ratio thereby modulating toxin 
activity at the protein level. Bottom: autoregulation of TA locus 
expression. Some antitoxins have been shown to act as repressors, with 
toxins tuning their promoter binding affinity. Note that this schematic is 
not representative of T/A complex stoichiometry which may vary from 
one family to another. 
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Figure 2. Relationship between number of VapBC TA loci in archaea 
genomes (y-axis) and organism’s optimal growth temperature (x-axis) 
(based on data by K. Gerdes, personal communication). 
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Figure 3. Structural models of Sso VapC proteins generated with 3D-JIGSAW. 
Predicted Sso VapC1 structure and catalytic site (A) were based on the AF0591 template 
(B), while the model for Sso VapC6 (C) was based on PAE0151 (D).   
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Superimposed structures of T4 RNAse H (blue, PDB:1TFR) & Sso VapC1 model
(green) 

Figure 4. Superimposition of Sso VapC models (green) onto T4 RNAse H (blue) and spatial alignment of 
catalytic sites. Sso VapC1 (A and B) and Sso VapC6 (C and D) putative catalytic residues (stick representation) are 
highlighted in red, whileT4 RNAse H catalytic residues are shown in yellow.   
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ABSTRACT 
 

The ORFs encoding the putative vapBC-22 toxin(SSO3078)/antitoxin(SSO11914) (TA) 

locus in the hyperthermophilic crenarchaeon Sulfolobus solfataricus were transcribed at high 

levels during normal growth and stimulated by a temperature shift from 80 to 90°C. As a 

predominant TA locus in S. solfataricus, vapBC-22 was examined for its role in S. solfataricus 

physiology. The toxin was produced recombinantly in tandem its cognate antitoxin vapB-22; 

mass spectrometry analyses showed that both proteins associate in vivo. Recombinant VapC-22 

was purified by excising the corresponding band from native and SDS PAGE and, as expected, 

exhibited ribonucleic activity. A vapC-22 disruption mutant was constructed and examined in 

relation to the wild-type using transcriptional response analysis before and after thermal 

challenge. Microarray results showed that toxin impacted RNA metabolism and translational 

functions. Possible connections to a putative archaeal RNA interference and/or non-sense 

mediated decay pathway could be proposed. Furthermore, the connection between VapBC TA 

systems and translation inhibition was strengthened by the in silico identification of a conserved 

archaeal pattern, whereby the gene encoding the gamma subunit of translation initiation factor 2 

was almost invariably overlapping with a vapBC locus. This work therefore contributed in 

understanding the role played by vapBC loci in RNA management and suggested an intriguing 

association between TA loci and possible archaeal RNAi/NMD pathways.  
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INTRODUCTION 

 
Toxin-antitoxin (TA) systems are widely distributed in prokaryotic microorganisms 

(Pandey et al., 2005). TA loci can be classified into 7 different families (8 if including the 

putative new hicAB family, see Chapter 3). The genome of the hyperthermophilic acidophilic 

crenarchaeon, Sulfolobus solfataricus (Sso) encodes at least 26 several representatives of the 

VapBC TA family (Gerdes, personal communication). Previous heat shock response 

transcriptional analysis for S. solfataricus P2 demonstrated that some vapBC TA loci are induced 

by thermal stress (Tachdjian et al., 2006). As shown in Figure 1, the predominant TA locus in the 

transcriptome during normal and stressed growth corresponds to the vapBC-22 pair (encoded by 

ORFs SSO11914 (vapB) and SSO3078 (vapC)). It should also be noted that the vapBC-6 is the 

most highly induced TA locus under heat shock: vapB-6 and vapC-6 were up 14- and 20-fold 5 

within 5 min after heat shock, respectively, compared to 2.2-fold and 2.1-fold for vapBC-22 for 

the same conditions.  

The significance of TA loci in microbial biology is an emerging story, and all indications 

are that many TAs play a role in RNA management. Our previous efforts have shown that many 

S. solfataricus TAs are responsive to changes in environmental conditions other than heat shock 

(see Chapter 2), but their precise roles and functional mechanisms are not yet known (Tachdjian 

et al., 2006). VapC toxins are PIN-domain proteins, hypothesized to be ribonucleases and, as 

such, could play a role in mRNA turnover and, possibly, in RNAi-related functions. Here, we 

examine whether VapC-22 is ribonucleolytic and further compare the transcriptomes of both S. 

solfataricus PBL2025 and a vapC-22-deficient mutant of this strain under normal growth and 

heat shock conditions for evidence of impact on RNA management functions. The results point to 

a link between the RNA/translation machinery and VapBC TAs in this crenarchaeon.  
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MATERIALS AND METHODS 

 

Strains and vapC-22 gene disruption. Using the Sso 98-2 strain (PBL2025), the vapC-22 

gene was disrupted by an insertion of the Sso lacS gene (Haseltine et al., 1999) and its flanking 

sequences (Worthington et al., 2003) at the 28th nucleotide of vapC-22 by overlap extension PCR. 

The resulting gene disruption cassette (Figure 2) was then used to replace the wild-type 

chromosomal vapC-22 allele using a modified strategy based on linear DNA recombination 

(Schelert et al., 2006). The genotype of the resulting purified mutant was confirmed by PCR and 

DNA sequence analysis. 

 

Thermal stress response gene expression profiles of Sso PBL2025 and the vapC-22 

disruption mutant. A 3L glass fermentor (Applikon) (2.8 L working volume) was used to grow 

Sso PBL2025 (control) or vapC-22- strains at pH 4.0 on DSM medium 182, inoculated with an 

actively growing shake flask culture to an initial cell density of 4.106 cells/mL. Once the 80°C 

culture reached approximately 4x107 cells/mL, a 400 mL pre-heat shock sample (baseline) was 

collected in a vacuum flask stored on ice, immediately transferred to a chilled centrifuge bottle, 

then rapidly cooled down by circulating fluid from a dry-ice ethanol bath through a stainless steel 

heat-exchanger coil placed in the flask containing the culture sample. Cells were harvested by 

centrifugation for 10 minutes at 7,500 rpm (9,510 g), and then processed to recover RNA as 

discussed below. Within 10 min after harvesting the 80°C sample, the fermentor’s temperature 

was shifted to (and subsequently maintained at) 90°C using a heated thermal jacket; the 10-

degree temperature shift was completed within approximately 8 minutes. Previous efforts had 

shown that most of the transcriptional changes in Sso occur within the first 5 minutes following 
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this particular temperature shift (Tachdjian et al., 2006). The heat-shocked culture sample (400 

mL) was taken 5 minutes after the temperature reached 90°C, and processed as described above. 

 

RNA extraction. Total RNA from PBL2025 and vapC-22- was extracted from 80°C and 

heat shocked samples, as described previously (Tachdjian et al., 2006). RNA quality was 

assessed by separating 2 μg RNA samples on 1.2% agarose 1X TBE gels and viewing under UV, 

following staining with ethidium bromide.  

 

cDNA synthesis, labeling and microarray hybridizations. Construction of a whole 

genome, long oligonucleotide DNA (60-mer probes) microarray, based on the S. solfataricus P2 

sequence (She et al., 2001), as well cDNA synthesis, labeling, and hybridization procedures, were 

done as described elsewhere (Tachdjian et al., 2006). Transcriptional data are available on the 

NCSU ETD website. 

 

Cloning and expression of the VapBC-22 proteins. Cloning and expression of the 

VapB-22 and VapC-22 proteins in E. coli proved to be problematic because of problems with 

VapC toxicity and extensive inclusion body formation. As such, VapBC-22 were co-expressed, 

following the method described by Daines et al. (Daines et al., 2007). The vapBC-22 operon and 

flanking sequences were first amplified from Sso P2 genomic DNA. Another round of PCR was 

carried out to add an XhoI restriction site before the vapB-22 start codon, as well as an NdeI site 

either before or after the vapC-22 stop codon, for production of His- and non-His tagged proteins, 

respectively. Inserts and the pET21b plasmid were digested with XhoI and NdeI, then purified, 

ligated, transformed into chemically-competent Novablue, and plated on Luria-Bertani (LB) 
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medium/agar containing 50 μg/mL carbenicillin, according to standard protocols (Sambrook et 

al., 1989). Overnight cultures of transformants were used for plasmid amplification and 

purification (Miniprep kit, Qiagen). Purified pET21b::vapBC-22 and pET21b::vapBC-22-His 

plasmids were later transformed in chemically competent Rosetta DL3, plated on LB/agar with 

50 μg/mL carbenicillin and 50 μg/mL chloramphenicol. Rosetta DL3 transformants were 

subsequently used for expression in LB medium. Expression trials were conducted with a 1% 

inoculum, grown overnight in a total volume of 0.5 or 1 L, agitated at 250 rpm. Cells were grown 

at 30°C until OD600 reached ~0.7, then induced with 1 mM IPTG and switched to 15°C for 

overnight expression (approximately 20 hours) to a final OD600 of 1.5-1.7. Cells were harvested 

and spun at 6000 rpm (6080 x g) for 10 minutes. The resulting pellets were frozen until processed, 

at which time they were re-suspended in a surfactant mixture (BugBuster, Novagen). Finally, 

soluble and insoluble fractions were then separated in a benchtop centrifuge at 13,000 rpm for 10 

minutes. 

 

Gel electrophoresis. 15% tricine SDS-PAGE was used, as described previously 

(Schagger et al., 1987), to visualize samples from protein expression trials in denaturing 

conditions. For semi-native conditions, 12% SDS-PAGE (Sambrook et al., 1989) was used but 

DTT was omitted from the loading buffer and protein samples were not denatured by heat.   

 

Expression of Sso VapB-22 and VapC-22 proteins in E. coli and mass spectrometry 

analyses. A 1 ml sample from induced pET21b::vapBC-22 Rosetta DL3 culture was processed 

with BugBuster (Novagen) and the soluble fraction was separated by 15% tricine SDS PAGE. 

Bands corresponding to 7 (~ VapB-22 size) and 14 kDa (~ His-tagged VapC-22 size) molecular 
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masses were noted and excised from the gel, to facilitate analysis by mass spectrometry. Three 

samples (~7 kDa and ~14 kDa bands, as well as the combined lane after excision of these two 

bands) were prepared by in-gel digestion: each gel fragment was cut into 1 mm3-pieces, rinsed 

with 50 mM NH4CO3, dehydrated with MeCN, and then dried in a vacuum centrifuge. Gel-

entrapped proteins were then reduced for 1 hour at 56°C with 10 mM DTT in 50 mM NH4CO3, 

and subsequently incubated at room temperature in 55 mM iodoacetamide for 45 minutes. 

Samples were then digested at 37°C overnight, following addition of 25 μL trypsin (1μg/μL in 50 

mM acetic acid) and 50 μL of 250 mM NH4CO3 to 7 and 14 kDa samples, while 75 μL trypsin 

and 250 μL NH4CO3 were used for the larger sample covering the rest of the lane.  Digested 

protein was extracted from gel samples by rinsing/dehydration cycles with 50 mM NH4CO3 pH 

7.8 and 50% MeCN 5% formic acid. Another round of extraction was done with two additional 

rinsing/dehydration cycles, this time with 50 mM NH4CO3  (pH 7.8) and 100% MeCN. 

Supernatants from all dehydration steps were pooled for each sample and dried in a vacuum 

centrifuge. Dried samples were then re-suspended into 40 μL buffer A (0.01% TFA, 0.005% 

heptafluorobutyric acid in water) for the single bands, and about 120 μL for the combined lane. 

Samples were analyzed with a Thermo LTQ LC-MS (Thermo Scientific). For each sample, 5 μL 

were injected onto a 150 x 0.5 mm Jupiter C18 column (Phenomenex), and a gradient of 3 to 

60% buffer B (0.01% TFA, 0.005% heptafluorobutyric acid in acetonitrile) was applied over the 

course of 35 min, at  28 μl/min flow rate. XcaliburTM software (Thermo Scientific) was used for 

data analysis. 

 

Ribonuclease activity assays. Samples were tested for ribonuclease activity on total E. 

coli RNA (Ambion), as described elsewhere (Daines et al., 2007), with a few modifications. For 
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assays of proteins separated by gel electrophoresis, bands of interest were first excised from the 

gel and placed in an appropriate amount (400 to 500 μL depending on their size) of reaction 

buffer (15 mM NaCl, 10 mM HEPES, pH 6.0), then crushed with a glass rod, and incubated at 

42°C. Once re-suspended, samples were filtered with a 0.22 μM membrane, and 5.6 μL aliquots 

were used in ribonuclease assays. Each reaction also contained 400 ng E. coli RNA, bringing the 

total reaction volume to 6 μL. Reactions were carried out at 60°C for 15 minutes. In positive 

control reactions, sample was replaced with 0.1 μL RNAseA (10 mg/mL, Qiagen) and reaction 

buffer was added to bring the volume to 6 μL. Reactions were stopped by addition of 3 μL DNA 

loading dye and the entire volume was loaded and separated on a 1.2% agarose 1X TBE gel, 

before staining with ethidium bromide. All buffers and solutions were prepared with diethyl 

pyrocarbonate-treated water. 

 

RESULTS AND DISCUSSION 

Co-expression of the VapBC-22 toxin-antitoxin proteins and indication that VapC-

22 is a ribonuclease. In order to produce the VapC-22 toxin and determine whether it was 

ribonucleolytic, the genes comprising the S. solfataricus vapBC-22 cassette were cloned and 

expressed in E. coli. Previous efforts in expressing the VapC-22 toxin alone had resulted in poor 

growth and expression; co-expression of the toxin and antitoxin avoided this problem. Cell 

extracts when separated by Tricine-SDS-PAGE indicated the presence of bands corresponding to 

7 and 14 kDa in both the soluble and insoluble fraction (Figure 3), which were the approximate 

Mrs of the VapB22 antitoxin (7.1 kDa) and the His-tagged VapC22 toxin (13.1 kDa + 1.2 kDa 

from the His-tag), respectively.  Both the 7 and 14 kDa bands band were excised from the gel and 

analyzed separately by LC/MS, and confirmed to be Sso VapB-22 and Sso VapC-22-His proteins. 
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In spite of the denaturing conditions used in preparation of these samples, analysis of the VapB-

22 (7 kDa) band also revealed the presence of small amounts of VapC-22-His, and vice versa, 

indicating strong binding affinity between the cognate pair. The rest of the lane (minus the 7 and 

14 kDa bands) was also analyzed by mass spectrometry; small amounts of VapC-22 were found, 

indicative of the existence of higher order structure(s) in vivo. Indeed, other available PIN 

domain crystal structures suggest that VapC toxins tend to form homodimers so it is likely that 

even under denaturing conditions a residual amount of VapC22 may be present as a higher 

molecular mass complex (Jeyakanthan et al., 2005; Levin et al., 2004).  

Efforts to recover His-tagged VapC-22 using Ni-affinity columns were unsuccessful. 

Alternatively, the bands corresponding to the MS-analyzed bands from the 15% tricine SDS-

PAGE, as well as a band corresponding to VapBC over-expression from semi-native SDS-PAGE, 

were excised and assayed for RNAse activity. After 15 minutes at 60°C, VapC22 recovered from 

the semi-native gel completely degraded  E. coli RNA. Indeed, both ribosomal bands disappeared, 

a result similar to what was observed in our RNAse A-treated positive control. Partial clearing of 

ribosomal bands was achieved by VapC-22 extracted from tricine SDS-PAGE. The negative 

control showed that RNA did not degrade after 15 minutes at 60°C in reaction buffer, confirming 

that any ribonucleolytic activity was attributed to VapC-22 presence. These results indicate that 

the VapC-22 toxin is, as hypothesized, a ribonuclease. Further purification and characterization 

efforts are underway to determine the ribonucleolytic specificity of VapC22.  

 

Transcriptional response analysis of the vapC-22 disruption mutant. Given its 

putative role as a ribonuclease, the impact of a vapC-22 gene disruption on Sso growth under 

normal and heat-shocked conditions was examined using transcriptional response analysis. vapC-

22 was silenced by inserting the lacS gene and flanking sequences (Haseltine et al., 1999; 
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Worthington et al., 2003), a disruption that did not affect the expression of antitoxin vapB-22 

located upstream. Both the reference strain PBL2025 and the vapC-22 knockout were grown to 

mid-exponential phase at 80°C, and heat shocked to 90°C. Each culture was sampled twice for 

RNA: once 10 minutes before starting the temperature shift, and once 5 minutes after reaching 

90°C. Microarray analysis of samples from both strains focused on determining the impact of the 

vapC-22 disruption pre- and post-heat shock (HS) on the transcriptome. 

The comparison of pre-HS samples revealed that PBL2025 and vapC-22- had similar 

transcriptomes under normal growth conditions. Fifteen genes were differentially transcribed 

during exponential growth at 80°C (Table 1A and 1B). The two most highly induced genes in the 

vapC-22- strain with respect to PBL2025 were SSO3019 (lacS), and SSO3017, +21.0 and +23.3 

fold, respectively, which was expected since a fragment containing lacS and its flanking 

sequences was used to create the vapC-22 disruption mutant. Note that SSO3017 is directly 

upstream of lacS in Sso PBL2025 and that the insertion element SSO3018 present in the 

published Sso P2 genome sequence is not part of the construct. The latter, therefore, followed a 

different transcriptional pattern than SSO3017 and SSO3019. Moreover, the probe for SSO3021, 

the ORF directly downstream of lacS, covered a section of the gene that was not part of the 

construct, so its transcriptional profile was similarly unaffected. The most down-regulated gene 

in the mutant was the disruption target, vapC-22, which was 5.5-fold lower than the reference 

strain. vapC-22 transcripts were detected, which was expected since the lacS insertion occurred 

towards the beginning of the transcript, and would be detected by the SSO3078 probe designed 

for vapC-22. The pre-HS comparison also showed the down-regulation of a sulfur utilization 

operon (SSO2909-2914) for reasons that were unclear.  
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With 174 genes differentially transcribed between both strains within 5 min after thermal 

challenge, the vapC-22 disruption significantly impacted the heat shock transcriptome, 

suggesting that the role of the VapC22 toxin is most important under stress. 

 

Genes induced in vapC22-. In contrast to the very similar 80°C transcriptomes, 68 genes were 

induced 2-fold or more in the vapC22- mutant with respect to PBL2025 within 5 min following 

HS (Figure 4). As was the case for the baseline comparison, lacS (SSO3019) and the adjacent 

hypothetical protein SSO3017 were the most highly induced ORFs in the vapC-22- strain 

compared to PBL2025, up-regulated 23.4 and 69.9-fold after HS, respectively. Moreover, several 

carbohydrate-utilization genes, such as maltose transporter components (SSO3054-5, SSO3058-9, 

and SSO1000) and an α-glucosidase (MalA, SSO3051), were also induced in the mutant. This is 

likely related to the lacS insertion and not to the absence of vapC-22. Several metabolic genes 

were impacted by the absence of VapC, (for example soxB, soxC and soxF), and ORFs involved 

in pyruvate metabolism (SSO1526-7, SSO2756 and SSO11071), possibly a by-product of the 

lacS insertion. Furthermore, genes implicated in lipid metabolism, hdb-2 (SSO2871), gdS-1 

(SSO0061), fadD-2 (SSO2523), acaB-8 and acaB-9 (SSO2874 and SSO2697), as well as two 

ORFs involved in lipopolysaccharide synthesis (SSO0293 and SSO1781), were induced. While it 

is not clear whether these transcriptional changes are a consequence of the lacS insertion or of the 

vapC-22 disruption, they may explain the mucoidy phenotype noted for the knockout strain when 

grown on solid medium at 80°C following heat shock at 90° (P. Blum, personal communication). 

 

HS-effected transcriptional responses implied changes in RNA metabolism and translation. 

In particular, translation initiation factor iEF2γ (SSO0412), elongation factor EF-2 (SSO0728), 
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several genes encoding ribosomal proteins (SSO0073-4, SSO0215, SSO6401 and SSO0718), as 

well as RNA polymerase subunits rpoB2 (SSO3254) and D (SSO0071), were induced in the 

absence of VapC-22 (Table 2A). The possibility that, in the absence of ribonucleolytic VapC22, 

certain transcripts were more abundant points to the possibility that these are targets of the toxin. 

Certainly, the imbalance of key translation factors could impact many other cellular processes, a 

hypothesis that merits further examination. 

  

Genes repressed in vapC-22-. After thermal challenge, 106 genes were significantly down-

regulated in the vapC-22 knockout in comparison to the reference strain (Figure 5). vapC-22 was 

the most highly repressed gene in the knockout strain, with 10.2-fold lower transcription in 

comparison to PBL2025. Note that 60 of the 106 ORFs down-regulated in vapC22- were insertion 

sequences (IS elements), while none of these elements were found to be induced with respect to 

the wild-type (Figure 5). This was interesting in light of previous results showing that IS 

elements were highly responsive to thermal stress (Tachdjian et al., 2006). Such behavior makes 

sense, as mobile DNA elements have been shown to increase the frequency of genome 

rearrangement events (Blount et al., 2005; Martusewitsch et al., 2000), therefore facilitating a 

more rapid response to stress. While the contribution of IS elements in driving genome evolution 

has been pointed out (Brugger et al., 2004), the mechanisms regulating their expression are still 

virtually unknown. These results indicate that the absence of vapC-22 reduces IS element 

transcriptional levels, possibly through the degradation of transcripts associated with global IS 

repressor(s).  

vapC-22 disruption impacted transcript levels of other TA loci. Indeed, vapBC-8, vapB-15, 

vapC-6 and 3 PIN domains (putative VapCs) were down-regulated after HS in comparison to 

PBL-2025, implying interactions between different VapBC pairs. TA loci transcription is thought 
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to be auto-repressed as a consequence of the binding of antitoxins to their cognate promoter. 

Since vapB-22 was not disrupted, its binding to non-cognate TA loci cannot be ruled out.   

The ORF encoding the LCTR1d gene (Long Cluster of Tandem Repeats, also referred to 

as a Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) elements) was the 

second most repressed gene in the knockout strain (8.0-fold) within 5 min following the shift 

from 80 to 90°C. Although LCTR1d was also induced in the vapC22- strain as a result of heat 

shock, the increase took place more gradually (+2.3-fold within 5 min and +20.3-fold within 60 

min, versus +13.4-fold within 5 min in the wild-type). It was recently shown that CRISPR and 

CRISPR-associated (cas) genes function as a defense mechanism providing anti-viral resistance 

(Barrangou et al., 2007) in a manner similar to RNA interference (RNAi) (Makarova et al., 2006). 

The slower induction of LCTR1d in the vapC-22 deletion mutant, as well as the differential 

transcription of a number of genes involved in the RNA metabolism (Table 2B), raises the 

prospect that this TA system is connected to a putative archaeal RNAi-like response. This 

connection may actually extend beyond RNA interference, as a link between the RNAi and non-

sense mediated RNA decay (NMD) pathways has been suggested in eukarya (Domeier et al., 

2000). NMD is the mechanism responsible for the turnover of mRNAs, inserting pre-mature stop 

codons in eukaryotic systems. While this pathway has not been identified in archaea, the presence 

of conserved archaeal homologs, such as NMD3 (60S ribosomal subunit export adapter), 

suggests the existence of a similar system in this domain of life. Interestingly, eukaryotic NMD 

pathways are known to involve PIN domain proteins, such as C. elegans SMG-5, SMG-6 and 

SMG-7, Saccharomyces cerevisiae NMD4p, and Drosphila melanogaster Anon-34Ea. Indeed, a 

link between PIN domain-containing TA loci and NMD has already been proposed 

(Anantharaman et al., 2003). In addition, phylogenetic similarities between some eukaryotic 
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translation initiation factors (eIFs) and NMD proteins, as well as evidence of interactions 

between components from both pathways, indicate a close association between NMD and the 

translation system (Aravind et al., 2000; Ponting and P., 2000). Through in silico analyses, a 

connection between the Vap TA family and archaeal eIFs can be made (see below), reinforcing 

the hypothesis that the VapBC system plays a role in translation as well as in NMD-like functions.   

 

 eIF2γ and the vapBC-1 TA locus: an intriguing combination. While the vast majority 

of TA loci are independent, free-standing ORFs, the vapB-1 gene in S. solfataricus overlaps with 

the C-terminus of SSO0412 (Figure 6), encoding the γ-subunit of translation initiation factor eIF2.  

Note that SSO0412 was up-regulated 2.1-fold in the mutant following HS. Both eIF2γ and vapB-

1 are encoded on the same DNA strand, implying that VapB-1 is contained within the structure of 

eIF2γ as the C-terminal domain of the subunit. Since VapC-1 is thought to bind VapB-1, and the 

latter almost certainly mimics the C-terminal domain of eIF2γ, such that eIF2γ could be a target 

of the VapC-1 toxin. If so, this would constitute a novel regulation mechanism of translation in 

Archaea. Indeed, eIF2γ is an important constituent of the translational machinery, as it is part of a 

multi-subunit complex that delivers initiator methionyl-tRNA to the 40S ribosomal subunit 

(Gonsky et al., 1990). In S. solfataricus, vapB1 overlaps with the section of eIF2γ encoding C-

terminal domains II and III, that is to say the two beta barrels responsible for the binding of 

methionyl-tRNA (Figure 7).  

To examine whether the eIF2γ/vapB collocation in Sso was more widely observed, the 

genomic context of eIF2γ loci in all other archaeal genomes for which sequences are available 

was examined. This is indeed a common feature in Archaea (Figure 8), as most eIF2γ loci 

examined turned out to be immediately followed by a COG1412 gene (PIN domain), which in 
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most cases had earlier been identified as a vapC using in silico analysis (Pandey et al., 2005). The 

presence of the cognate vapB was also observed (Pandey et al., 2005), their locations matching 

the C-termini of archaeal eIF2γ sequences. The biochemical and physiological consequence of 

this observation remains to be studied but the bioinformatic analysis suggests that this an 

important feature of archaeal translational and regulatory processes. 

 

CONCLUSIONS 

 Transcriptional, biochemical, and computational analyses support the contention that 

VapBC TA systems play an important role in RNA turnover, and that they may constitute a key 

element of a putative archaeal RNA interference and/or non-sense mediated decay pathway. 

Moreover, this link between TA loci and translation was strengthened by the ubiquitous 

association in archaea of vapBC loci and genes encoding gamma subunits of translation initiation 

factor 2. The results here also confirmed the ribonucleolytic function of VapC-22, and suggested 

the presence of an interaction between the toxin and its cognate antitoxin. The specificity of 

VapC-22 as a ribonuclease is currently under investigation, as is the characterization of the 

VapBC-22 complex. Further work will also be guided by the subset of putative VapC-22 targets 

provided by microarray results, in order to determine how toxins function in the Sso cytosol.  
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TABLES 
 
 
 
 
 

Table 1A. ORFs implicated in RNA metabolism and translation functions up-regulated 
before heat shock in the vapC-22- mutant  

Name Annotation 
Fold 

Change 
-log10(P-
value) 

SSO8948 DNA-binding protein, conserved dbpA homolog (dbpA) 2.1 5.3 
SSO1920 Hypothetical protein 2.1 5.0 
SSO2228 Transport protein, hypothetical 2.1 7.4 
SSO2972 Quinol oxidase-2, sulfocyanin (blue copper protein) (soxE) 2.1 6.9 
SSO3017 Conserved hypothetical protein 23.3 43.5 
SSO3019 Beta-glycosidase (lacS) 21.0 23.9 
SSO3054 Oxidoreductase 2.0 5.7 

 
Table 1B. ORFs implicated in RNA metabolism and translation functions down-regulated 

before heat shock in the vapC-22- mutant 

Name Annotation 
Fold 

Change 
-log10(P-
value) 

SSO1964 First ORF in transposon ISC1913 -2.0 8.4 
SSO10704 Conserved hypothetical protein  -2.2 8.3 
SSO2909 Sulfite reductase hemoprotein beta component (cysI) -2.1 7.8 
SSO2912 Sulfate adenylyltransferase (sat)  -2.8 13.4 
SSO2913 Hypothetical protein -2.7 7.0 
SSO2914 Hypothetical protein -2.3 11.5 
SSO3078 Conserved hypothetical protein -5.5 17.7 
SSO3207 Ser/thr protein kinase, putative -2.3 10.1 
SSO1964 First ORF in transposon ISC1913 -2.0 8.4 
SSO10704 Conserved hypothetical protein  -2.2 8.3 
SSO2909 Sulfite reductase hemoprotein beta component (cysI) -2.1 7.8 
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Table 2A. ORFs implicated in RNA metabolism and translation functions up-regulated by 

heat shock in the vapC-22- mutant  

Name Annotation 
Fold 

Change 
-log10(P-
value) 

SSO0071 DNA-directed RNA polymerase, subunit D (rpoD) 2.2 8.3 
SSO0073 SSU ribosomal protein S4AB (rps4AB) 2.0 6.7 
SSO0074 SSU ribosomal protein S13AB (rps13AB) 2.0 7.1 
SSO0215 SSU ribosomal protein S10AB (rps10AB) 2.0 8.3 

SSO0292 
Conserved hypothetical protein  
(Note: Csl4 predicted subunit of archaeal exosome) 2.7 9.9 

SSO0412 Translation initiation factor eiF 2 gamma (eif2G) 2.1 9.0 
SSO0504 Leucyl-tRNA synthetase (leuS-1) 2.3 12.3 
SSO0718 LSU ribosomal protein L4AE (rpl4AE) 2.4 10.6 
SSO0728 Elongation factor 2 (EF-2) 2.0 8.3 
SSO3254 DNA-directed RNA polymerase, subunit B (rpoB2) 2.3 9.2 
SSO6401 LSU ribosomal protein L23AB (rpl23AB) 2.3 10.4 

 
Table 2B. ORFs implicated in RNA metabolism and translation functions down-regulated 

by heat shock in the vapC-22- mutant 

Name Annotation 
Fold 

Change 
-log10(P-
value) 

SSO0091 LSU ribosomal protein L7AE (rpl7AE) -2.1 8.7 
SSO0551 rnase P RNA component -2.1 9.4 
SSO5866 Protein translation factor SUI1 homolog -2.3 9.7 
SSO6901 Conserved hypothetical protein -2.6 10.0 
5SRNA 5SRNA -2.4 13.8 

snoRNA_6 snoRNA_6 -2.1 6.0 
SSOLCTR1d Long Cluster of Tandem Repeats d -8.0 17.0 

tRNA19.AlaCGC tRNA19.AlaCGC -2.5 7.4 
tRNA27.TyrGTA tRNA27.TyrGTA -2.2 8.6 
tRNA4.AlaTGC tRNA4.AlaTGC 2.2 8.6 
tRNA7.AlaGGC tRNA7.AlaGGC 2.2 7.2 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Gene expression levels (least 
square means estimates) of S. solfataricus P2 
TA loci during a 60 min 80 to 90°C heat 
shock time course. 
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Figure 2. vapC-22 knockout construct. Since 
the toxin gene is downstream of the antitoxin, 
the disruption did not affect vapB-22. 
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Figure 3. Production of VapBC-22 in pET21b (Panel A, B). vapB-22/C-22 were cloned in 
tandem to overcome toxicity in an E. coli host. Circled bands from semi-native (Panel A, 12% 
SDS-PAGE) and denaturing (Panel B, 15% Tricine-SDS-PAGE) gels correspond to VapC-22 
in a cell-free extract, as confirmed by LC/MS analysis of excised bands. 1.2% agarose gel 
showing VapC-22 RNAse activity after incubation with E. coli total RNA for 15 min at 
60°C (Panel C). Lanes were as follows : (+) RNAse A positive control, (A) VapC-22 sample 
recovered from semi-native gel in Panel A, (B) VapC-22 band from denaturing gel in Panel 
B, (-) E. coli total RNA negative control in reaction buffer. 
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Figure 4. Functional distribution of the 68 genes induced 
2-fold or more in post-HS vapC22- in comparison to post-
HS PBL2025. Energy metabolism, transporters, lipid and 
biofilm metabolism are affected, most likely as a side effect 
of the lacS insertion. On the other hand, impact on the RNA 
metabolism, however, was a direct consequence of the lack 
of vapC22. 
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Figure 5. Functional distribution of genes repressed 2-fold or 
more in post-HS vapC22- in comparison to post-HS PBL2025. 
Chart shows predominance of IS elements as well as genes 
involved in transcriptional/translational processes, and RNA 
management (i.e. vaps & PIN domains). 
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Figure 6. Operon organization of the eIF2γ locus in S. solfataricus. Top: view of the entire 
eIF2γ operon (the ORF labeled COG1412 is vapC22). Bottom: the red box shows the 
SSO0412-0412 region, illustrating the collocation of vapB1 and translation initiation factor 
eIF2γ on the same DNA strand. 
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Figure 7. Structure of the archaeal initiation factor eIF2 alpha-gamma heterodimer 
from S. solfataricus (PDB: 2AHO (Yatime et al., 2006)). In the gamma subunit (left), we 
highlighted the C-terminal domain corresponding to the VapB amino-acid sequence in 
yellow, covering domains II and III.   
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Figure 8. Parallel view showing occurrence of eIF2γ and vapBC loci collocation in 
archaeal genomes. In the central red box are a/eIF2γ loci, which are most often immediately 
followed by PIN domains encoding VapC proteins (also boxed in red, here marked as 
COG1412 genes). Overlapping vapB loci are not shown here since they were often not 
detected in published genome sequences. However, we could confirm their presence by 
checking against a more comprehensive TA database (Pandey et al., 2005). Graphics 
generated by microbesonlines.org. 
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