
ABSTRACT 

NOTEY, JASPREET SINGH. Microbial Physiology Studies of Hyperthermophilic 
Microorganisms: Functional Genomics Analysis of Post-Exponential Growth and 
Biochemical Specificity of Ribonucleolytic VapC and HicA Toxins. (Under the 
direction of Dr. Robert M. Kelly). 

Transcriptional and Post-transcriptional regulation of growth plays an important role 

in microbial physiology, governing many different choices that microorganisms make 

in response to nutritional conditions and environmental stresses. To effect these 

responses, they possess an artillery of small molecules, examples include chemical 

signals, transcriptional regulators, antimicrobial peptides (bacteriocins) and Toxin-

Antitoxin (TA) systems. These molecules are universal, as it is being realized that 

they are present just as much in hyperthermophilic microorganisms as they are in 

the common, more extensively studied mesophiles. Also, as hyperthermophiles are 

being metabolically engineered for recombinant production of biofuels, 

understanding of growth phase transitions, adaptation and stress response becomes 

ever more crucial, in not just these extremophiles, but for all microbes. 

 In first portion of this work, growth phase transitions occurring in 

hyperthermophilic archaeon, Pyrococcus furiosus (WT) DSM 3638 and its 

spontaneous mutant (SM), were studied. The SM exhibited an extended exponential 

phase and atypical cell aggregation patterns. Unlike the wild-type (WT), the SM 

lacked flagella and showed minimal evidence of exopolysaccharide-based cell 

aggregation in post-exponential phase. Despite numerous mutations in the SM, 

insights into P. furiosus post-exponential phase physiology could be obtained 



through comparative analysis of the WT and SM genomes and their respective 

phase transition transcriptomes. The WT down-regulated amino acid biosynthesis 

operons in post-exponential phase (14h post-inoculation), and triggered flagellar 

protein biosynthesis, a trend that reversed in stationary phase (24h post-inoculation). 

The SM transcriptome revealed only minimal changes until 24h post-inoculation, 

indicative of a prolonged exponential phase. A putative radical SAM family protein 

(PF2064) was the most highly up-regulated ORF (>25-fold) in the WT between 

exponential and stationary phase, but was unresponsive in the SM. PF2064 is part 

of a gene cluster implicated in bacteriocin biosynthesis and its expression was an 

indicator of stationary phase onset. Frame-shifting mutations in the SM genome 

negatively impacted transcription of a flagellar biosynthesis operon (PF0329-

PF0338). Electron microscopy of a PF0331-PF0337 deletion mutant indicated that 

absence of flagella impacted normal cell aggregation and showed that flagella play a 

key role, beyond motility, during growth phase transitions in P. furiosus.    

  From global physiological changes during phase transition, going deeper on 

to a molecular level, TA loci are known to be post-transcriptional regulators through 

the Toxin’s ribonucleolytic activity, managing RNA levels inside the cell. Despite 

recently growing knowledgebase on mesophilic bacterial Toxins, their thermophilic 

counterparts haven’t been studied to any significant extent. S. solfataricus vapBC TA 

loci have been reported to be differentially up-regulated under thermal shock 

conditions and VapC6 Toxin was shown to cleave TetR (heat shock regulator) 

transcripts. HicA Toxin encoded in T. maritima (TM1312) is located in a locus that is 

highly up-regulated under growth phase transitions associated with nutritional stress. 



Given these evidences, MS2 RNA based primer extension method was utilized to 

determine cleavage site specificities for S. solfataricus VapC6, VapC18, VapC1 and 

T. maritima HicA (TM1312) Toxins. VapC6, VapC18 and HicA showed 

endoribonucleolytic activity on MS2 RNA in vitro and a consensus cleavage site 

(C/U) (C/U) CC// (A/G/U) was proposed for VapC Toxins. HicA showed relatively 

weak activity and only one cleavage site could be identified with no additional data to 

gauge consensus. Bioinformatics analyses in conjunction with transcriptomic data 

from heat shock and phase transition experiments were used to predict putative 

gene targets for VapC and HicA toxins.     
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INTRODUCTION 

Extremely thermophillic microorganisms came into limelight in the late 20th 

century because of their high optimum growth temperatures, novel metabolic 

strategies in extreme environments (1), and the unusual thermostability of their 

enzymes, the latter characteristic providing a significant biotechnological impetus (2) 

(3). Many extreme thermophiles are Archaea, now recognized as a separate domain 

of life, with both prokaryotic and eukaryotic traits (4). Over the years, the 

technological importance of extremely thermophiles has only increased; for example, 

they are now one of major players in bioenergy-biofuel efforts (5) (6) (7), and some 

have unique microbial physiological and ecological features that relate to bioleaching 

of heavy metals (8) (9). With the advent of genetic systems for certain extreme 

thermophiles (10,11), efforts are underway to use them as metabolic hosts for 

production of liquid fuels and industrial chemicals (12) (13) (7).  

Despite the wide range of studies on extreme thermophiles and many 

sequenced genomes, a large number of their gene annotations are still classified as 

‘hypothetical’ or ‘conserved hypothetical’. Of these, the largest group is made up of 

putative small proteins, containing 100 or fewer amino acid residues (see Table 1.1). 

These smaller ORFs likely encode a variety of important peptides and proteins, 

perhaps involved in signaling and governing critical physiological responses. These 

could include quorum-sensing molecules (14) that trigger biofilm formation, anti-

microbial peptides (15) and post-transcriptional regulators. Of interest here are these 

small proteins and peptides that play critical roles in the microbial physiology of 
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extreme thermophiles. To put this into context for extreme thermophiles, discussed 

in this Chapter are features of growth phase transitions in prokaryotes, stationary 

phase physiology, regulatory networks associated with biofilm formation, and post-

transcriptional RNA management. 

 

GROWTH PHASE TRANSITIONS AND CELLULAR SIGNALING 

Extremely thermophilic microganisms have been isolated from diverse high 

temperature environments, ranging from shallow hot springs, to ore deposits and to 

deep-sea geothermal vents (16) (17) (18) (19). These organisms are capable of 

degrading a wide range of carbohydrates (20) (21) (22) and peptides (23) (24), some 

can deconstruct cellulose (25) (26) (27), and others can mobilize metals from their 

ores by oxidative biotransformations (28) (8).  

One key question is whether extreme thermophiles use novel physiological 

mechanisms for growth and metabolism or whether they use similar, albeit more 

thermophilic, processes akin to those used by microorganisms from more moderate 

biomes. Of interest here are the triggers that drive growth phase transitions, 

especially the transition into stationary phase, and how these, in extreme 

thermophiles relate to known mechanisms in mesophilic bacteria. ‘Viable But Not 

Culturable’ or VBNC (29) is a label currently used to describe the situation in which 

mesophilic bacteria can fail to grow (or grow at extremely low rates), but still appear 

to be viable based on outer membrane integrity and their ability to recover growth 

through temperature shifts (29). Some have suggested that VBNC is a misnomer, 
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since it may just be that the right growth conditions have not been identified (30). 

Nonetheless, bacteria are known to transition into and out of dormant phases which 

are distinct from complete dormancy associated with spore formation (31). The 

extent to which the VBNC tag exists among extreme thermophiles is not known. 

Also, RNA management strategies are important during growth phase transitions. 

Toxin-Antitoxin (TA) modules are widely distributed among bacteria and implicated 

in controlling growth (32). These modules consist of a stable “Toxin” protein, whose 

activity either results in growth arrest or cell death, and a labile “Antitoxin” that 

counteracts the toxin’s activity. The precise function of TA modules in the cell has 

been debated, since the genes for these can be found to be encoded on plasmids or 

directly in the chromosome (33) (34).  

Identification of signaling mechanisms that regulate cell growth is critical to 

understanding how microorganisms inhabit diverse environments and how they 

adapt as they passage through growth phase transitions. Triggers for stationary 

phase onset include starvation and nutrient limitation, accumulation of toxic by-

products, and anti-microbial defense strategies. It is important to understand the 

signals that regulate these processes.          

The onset of stationary phase in bacteria and archaea is coincident with a 

cascade of signaling pathways leading to very unique and distinct phenotypes. 

Among the most studied phenotypes is the microbial biofilm. Cells in biofilm 

communities behave very differently than planktonic cells (35) (36). For example, 

evidence from molecular microbial ecology studies over the past 10-15 years have 
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established that bacteria utilize a chemical language, which consists of a variety of 

small signaling molecules/peptides/proteins (35) (37). Also clear is that microbial 

communities are not merely a collection of unicellular and isolated individuals, but 

rather a cooperative society capable of acting on a multi-cellular level (38). A wide 

spectrum of molecules are known to be released in the surroundings by the bacteria, 

and their ability to sense the concentration of these molecules through receptors in 

the cell membrane forms the basis of this chemical language. Quorum sensing is 

defined as the ability of a single cell to sense the number of bacteria in its proximity 

based upon the accumulation of signaling molecules (39). Quorum sensing controls 

a variety a cell-density dependant physiological processes, such as adaptation to 

nutrient limitation, and defense against other microorganisms (35,37). Hindering 

quorum sensing-associated signaling can impact biofilm formation and stability, thus 

leading to reduced virulence (40). Interspecies signaling in bacteria has been noted 

to be carried out through a wide variety of AI-type (Autoinducer) molecules (see 

review (14)). On the other hand, intraspecies signaling between bacteria is mediated 

by AHLs (Acyl-Homoserine-Lactones) and small signaling peptides (14). Very little is 

known about these signaling mechanisms in hyperthermophilic archaea with only a 

few studies reporting only evidence of autoinducer like signaling molecules, with no 

clear detection of such molecules (41) (42). However, AHL type molecules were 

detected in the moderately thermophilic methanogenic archeaon Methanosaeta 

harundinacea 6Ac and other related species, and these seemed to regulate cell-

density dependent, cell-morphology transitions (43). Extremely thermophilic archaea 
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and bacteria form biofilms, although the details of the accompanying processes are 

just beginning to be understood (44) (45) (46).         

 

Biofilms in Extreme Thermophiles  

Quorum sensing has been shown to control population density dependent 

biofilm formation in several mesophilic bacteria (47) (48).  Interestingly, 

hyperthermophiles have been shown to form biofilms, but the pathways utilized and 

potential role of quorum sensing had not been addressed (49) (50) (51).  Co-

cultivation of T. maritima, a fermentative anaerobe that produces molecular 

hydrogen as a by-product, with the hyperthermophilic archaeon, Methanococcus 

jannaschii, resulted in a five-fold increase in T. maritima cell densities, as well as an 

increase in exopolysaccharide formation, when compared to mono-cultures (52).  

Increased biomass production from the co-cultivation of methanogens and 

fermentative anaerobes arises from the methanogen serving as a hydrogen sink, 

thereby eliminating inhibitory levels of hydrogen to the fermentative anaerobe (53).  

Studies have shown that microbial interactions in mesophiles are enhanced by the 

formation of biofilms, held together or engulfed by exopolysaccharides (54). 

Whole genome transcriptional analysis revealed a strong differential 

regulation of the TM0504 gene in the co-cultivation of T. maritima and M. jannaschii 

at high cell densities compared to low cell density pure cultures (52).  Examination of 

the TM0504 gene, which codes for a 43 amino acid peptide, revealed a GG motif 

similar to the cleavage point for the active form of peptide autoinducers found in 



 

7 

Streptococcus pneumoniae and lactic acid bacteria. This suggested the possibility of 

peptide based quorum sensing mechanisms in T. maritima (55). The genomic 

neighborhood of TM0504 includes two permeases, TM0503 and TM0502, and ATP-

binding subunits, TM0501 and TM0500, which comprise an oligopeptide ABC 

transporter (see Figure 1.1).  Because a periplasmic-binding protein is missing from 

the TM0504 operon, the ABC transporter is thought to export the mature form of the 

peptide coded for by TM0504 from the cell. 

To determine the role of the peptide encoded within TM0504, a truncated 

version of the mature peptide was synthesized and dosed into pure cultures of T. 

maritima during early log phase.  The truncated peptide consisted of 28 amino acids 

corresponding to the portion of the peptide following the second GG motif, which is 

believed to be the active form of the peptide based upon the presence of an ATPase 

subunit (TM0043) with a predicted N-terminal double-glycine cleaving domain.  

Exopolysaccharide (EPS) production was observed 30 minutes after dosing, while 

no EPS production was noted in cultures without the peptide (see Figure 1.1). Also, 

no exopolysaccharide production was observed until 10 minutes after dosage, 

suggesting that a period of time was necessary for uptake of the peptide and the 

subsequent response. Transcriptional analysis revealed four glycosyl transferases 

were upregulated in T. maritima in both the scenarios: co-cultivation with M. 

jannaschii, and pure cultures dosed with the peptide, with the transcription level 

correlated to cell density (higher for the co-culture).   
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Archaea have also been noted to form biofilms, aggregating structures that 

are held together through EPS (56) (57) (see Table 1.2). In the case of biofilm noted 

in Thermococcus litoralis, EPS was found to be composed of mannose as the major 

constituent monosaccharide upon acid hydrolysis analysis (57). Furthermore, the 

predominant polysaccharides identified in the EPS of T. litoralis, Sulfolobus species, 

and haloarchaeal species have been mannose, galactose, glucose, N-

acetylglucosamine and N-acetylneuraminic acid (58) (56) (59) (57). Also, the 

presence of extracellular DNA has been noted for biofilms formed by Sulfolobus 

species (56) (58). A recent study reported the first enzyme affecting the amount of 

EPS in S. sulfolobus biofilms (60). Similarly, significant reduction in the amount of 

EPS formation was noted for flagellar gene knockouts in P. furiosus akin to what 

was observed for a spontaneous mutant isolated upon growth challenge and 

multiple liquid culture passages (unpublished work, in review). The has been 

proposed to be related to the architectural role flagella play in biofilm formation as 

well as to the disruption of some unknown signaling cascade controlling flagella and 

EPS production in the archaeal biofilm phenotype. However, the structural role of 

EPS in archaeal biofilms is not yet understood.  

Flagella and pili play a critical role in the signaling processes associated with 

biofilm formation in that they have been primarily attributed to effect initial 

attachment to surfaces and to other cells initiating biofilm formation (36). Many 

studies have focused on discerning the regulatory connections between genes 

encoding flagellar biosynthesis proteins, curli fimbriae biosynthesis, biofilm 
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formation, EPS production and other carbon metabolism pathways in various 

mesophilic bacteria (61) (62) (63). Recently, a structural role in forming biofilms was 

proposed for the flagella in E. coli macro-colonies, that in many ways goes beyond 

the traditional motility functional assignment (64). In archaea, the ‘archaellum’ refers 

to the important role of flagella and pili in surface adhesion and cell-cell connections 

leading to biofilm structures (65). Pyroccocus furiosus, a hyperthermophilic 

archaeon, adheres to and forms dense microcolonies on various biotic and abiotic 

surfaces, with the exception of glass, using their flagella (66). Thus, a multifunctional 

role for flagella in archaea was highlighted, in that the flagella are used for motility, 

adhesion to surfaces, and cell-cell connections like their mesophilic bacterial 

counterparts. For the first time, an archaeal bi-species biofilm was reported for P. 

furiosus and Methanopyrus kandleri (46). It was seen that interactions between the 

two archaea were mediated not only by flagella, but also by direct cell-cell contact 

(see Figure 1.2). Similar observations have been noted for other archaea, such as 

Methanocaldococcus villosus, and M. maripaludis Mm900 (67) (68).  

The structural proteins of the archaellum and archaeal pili are related to the 

bacterial Type IV pili, but show distinct differences, including N-glycosylation of the 

pili subunits and conformational differences in pili structures (45) (69). The pili of S. 

solfataricus, Methanothermobacter thermoautotrophicus, Hfx. volcanii DS70, and 

Methanococcus maripaludis Mm900 mediate surface adhesion (70) (71) (67) (59). 

Differences were observed in preferential surface adhesion and cell aggregation in 

deletion mutants of S. acidocaldarius and S. solfataricus strains (72) (73). The 
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strong possibility that variable combinations of pilin subunits exists, and the 

existence of multiple type IV pili in these archaeal species is likely. Very recently, 

Lrs14 transcriptional regulators were shown to influence biofilm formation and 

motility in S. acidocaldarius (44). Three deletion mutants of the lrs14-like genes 

(among six encoded in the S. acidocaldarius genome) displayed markedly altered 

biofilm phenotypes. This study is one of its first kind for archaeal and sheds some 

light on the molecular regulation involved in archaeal biofilm formation.        

It now seems that archaeal biofilms are widespread and just as complex as their 

bacterial counterparts. The role of cell-cell signaling in the archaea and the 

fundamentals of biofilm formation, architecture, composition and regulation is just 

starting to be understood. The recent advances in genetic systems for these species 

gives hope for an accelerated pace for new discoveries and key insights. 

 

TOXIN-ANTITOXIN LOCI: POST-TRANSCRIPTIONAL GROWTH REGULATORS 

In addition to the small quorum-sensing signaling molecules that drive biofilm 

formation processes, Toxin-Antitoxin (TA) loci are another type of small 

biomolecules that modulate the growth physiology of prokaryotes through 

mechanisms that are not yet completely understood (74) (75). Initially, these TA loci 

were thought to be non-essential genes whose expression led to inhibition of growth 

and, sometimes, cell death. TA loci were first identified as plasmid maintenance 

systems (76), and since then have been found to be both chromosomally- and 

plasmid-encoded in free-living prokaryotes (77-79) (80). Typically, the Toxin 
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component is co-expressed with a cognate, short-lived, neutralizing Antitoxin; TA 

loci are arranged in operons in which the Antitoxin gene is typically located upstream 

of the Toxin gene (with the exception of hicAB and higBA families) (see Figure 1.3).  

TA loci have been classified into three categories according to the molecular identity 

of each component. In Type I systems, the Antitoxin is a small antisense RNA 

molecule that inhibits Toxin translation. Type II systems consist of an Antitoxin 

protein that binds its cognate Toxin protein and inhibit activity, while Type III family 

contains a RNA Antitoxin that forms a complex with the protein Toxin and interferes 

with Toxin activity rather than expression. A summary of these three mechanisms is 

presented in Figure 1.3. Recently, two novel TA loci organizations have been 

proposed as Type IV and Type V (81) (82). Type IV system is characterized by a 

Antitoxin that does not bind to its cognate Toxin but acts as an antagonist for Toxin 

activity (81). In the Type V TA loci, the protein Antitoxin inhibits Toxin activity by 

cleaving its mRNA (82). 

Among the typical three TA systems (I, II and III), the Type II system has 

been the most studied, partly due to the fact that both partners are proteins that can 

be purified and used for in vitro analyses, as compared to other Types where the 

Antitoxin is a RNA molecule. One of the first comprehensive reviews on Type II TA 

systems reported 7 major TA families (78). Despite the inherent difficulty in 

classifying these TA families and characterization of Toxin activity, biochemical 

regulation of the TA pair, their structural details and physiological impact, advances 

have been made on all these fronts (see Table 1.3) (83). The Toxin component of 
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the TA loci exerts its physiological impact by targeting essential cellular functions, 

such as mRNA stability, DNA replication, translation, cell division and peptidoglycan 

biosynthesis (32) (78) (34). It is important to note that TA activity is regulated at two 

levels: TA transcript level and TA protein level. Thus, the Toxin’s effect is modulated 

by regulating the transcription of the TA operon as well as by controlling TA protein 

levels through certain proteases (e.g., Clp family, Lon family) (84) (85) (86) (87).  

MazEF and VapBC are well-studied Type II systems. HicAB is also a 

translation-independent mRNA interferase (88) (89), where mRNA interferase is a 

term used to describe Toxins that cleave targeted cellular mRNA (90). The 

discussion that follows provides details on these model TA loci in terms of coverage 

of site-specific cleavage information, structural basis for Toxin activity and its 

physiological impact on cellular function.  

 

MazEF Module: A Prototype for Understanding TA Systems 

mRNA interferases can be classified into two groups, one being ribosome-

dependent, which cleave RNA only when associated with the ribosome (e.g., RelE), 

the second being ribosome-independent (e.g., MazEF, VapBC). The latter are 

sequence-specific endoribonucleases that target specific sites on the RNA 

sequence. The MazF RNA interferase from E. coli inhibits translation by cleaving 

mRNA both in vitro and in vivo (84) (91). MazF mediated cleavage is site-specific at 

the 5’ end of ACA sequences, causing the release of 2’3’-cyclic phosphate group at 

one side and a free 5’-hydroxyl group at the other (91) (92). Even though MazF 
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cleaves RNA directly, it has been shown to cleave translated mRNA more efficiently, 

probably due to removal of secondary structure (91) (93). RNA bound to proteins 

can inhibit cleavage by Toxin, as was the case with a Staphylococcus aureus MazF, 

which cleaved certain mRNA transcripts in vitro, but was shown incapable to do so 

in vivo (94). 

The MazF cleaves RNA in a sequence-specific manner with the E. coli MazF 

cleaving at /ACA or A/CA three-base recognition sequences (/ indicated cleavage 

location), independent of the ribosome and reading frame. It and is also able to 

cleave its own mRNA (91). S. aureus MazF cleaves RNA at U/ACAU five-base 

sequences (95). This sequence motif is common among several genes responsible 

for pathogenesis including sraP, which is involved in adhesion of S. aureus to 

human tissues (96). Of the nine MazF homologs in M. tuberculosis, seven MazF-

mt1-7 have been characterized (97) with cleavage target sites for mt1, mt3, mt6 and 

mt7 identified (97) (98). Recently, a 7-base cleavage site recognition sequence 

(UU/ACUCA) for MazF homolog from halophilic archaeon Haloquadratum walsbyi 

was reported (99). The rationale behind having a 3-, 5-, 7-base cleavage site 

sequence in unclear, but it is thought that MazF is efficient at eliminating most of the 

cellular target mRNAs when cleaving at /ACA or A/CA sequences and becomes 

more targeted to a specific group of mRNAs as the recognition sequence is 

extended. Having many TA systems from the same family within a genome (e.g., M. 

tuberculosis) probably allows for targeting a range of mRNAs based on different 



 

14 

recognition specificities of MazF in order to control different physiological pathways 

(97).  

With regards to structural details of toxins, they are known to belong to a 

limited number of structural families despite the abundance of TA loci (83). The 

crystal structure of the MazF-MazE complex revealed a linear symmetrical 

heterohexameric (2:4) complex that is composed of alternating Toxin and Antitoxin 

homodimers (MazF2-MazE2-MazF2) (100). NMR studies using a MazF mutant and a 

13 base ssDNA as an mRNA substrate analog revealed that the MazF homodimer 

contains two symmetrical RNA binding sites (101). It is unclear whether the MazF 

homodimer can act as a divalent enzyme cleaving two RNA molecules 

simultaneously, or results in a single cleaved RNA product with a non-cleaved 

molecule released.  

Among other physiological functions, MazF has been proposed to mediate 

Programmed Cell Death (PCD) in E. coli (102). Induction of MazF causes cell death, 

or a reversible bacteriostasis, where in some cases cells can be resurrected through 

expression of Antitoxin MazE (103) (104). A cell density dependent signaling 

molecule called EDF (Extracellular Death Factor) has been identified in E. coli, 

which induces MazF expression (105). Under conditions where Antitoxin MazE is 

inhibited, MazF inhibits translation, except for select group of proteins which 

continue to be synthesized. The genes encoding these proteins have been termed 

death and survival genes, with some conferring increased resistance and increased 

susceptibility to stress. Relative amounts to these proteins are thought to decide a 
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cell’s fate (survival) following activation of MazF (106). This is the first instance 

where a more complex death network triggered by a TA module is hypothesized to 

cause survival of portion of a cell population. 

 

VapBC Module: The Most Prevalent TA System 

vap (virulence associated protein), genes were first identified in pathogenic 

bacterium Dichelobacter nodosus (107). They are most prevalent TA system in 

microbial genomes and there are usually 1-5 copies of vapBC. But, some genomes 

tend to have a large number of these modules e.g., M. tuberculosis has 45 putative 

vapBC operons (108) (107) (109). VapBC modules have been proposed to have a 

broad-ranged physiological impact as they have been implicated in global control of 

translation (110), nitrogen fixation rate regulation in a host plant (111), controlling 

bacterial growth (112), controlling carbon substrate utilization (113), and adaptation 

to heat shock (114) (115). 

 vapC component belonging to the PIN-domain family of proteins defines 

VapBC TA loci. The PIN-domains are a large family of proteins originally named for 

their sequence similarity to the N-terminal domain of the PilT protein (PIN for PilT N-

terminal domain). Mg2+-dependent ribonuclease activity was predicted for the PIN-

domain proteins, based on bioinformatic analyses. Also, the conserved active site 

was predicted to be similar in structure to phage T4 RNaseH and Flap 

endonucleases (116). Three well-conserved acidic residues (at positions 4, 40 and 

93 roughly) constitute a characteristic feature of ~ 130 amino acid sequence of PIN-
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domain protein family. A lack of sequence conservation, apart from these three 

conserved residues, across the family is rather complemented by conservation of 

three-dimensional structure.  This structure brings together the three conserved 

residues, together forming a proposed active site (117) (118). Further analyses 

revealed that the genes immediately upstream of the PIN-domain family protein had 

features similar to known transcriptional factors and formed an operon with the PIN-

domain, and thus, the operons were identified as Toxin-Antitoxin loci (119) (78). 

VapC proteins belong to PIN-domain family, Pfam: PF01850, and 10 three-

dimensional structures for PIN-domains have been reported. These reveal that the 

three conserved acidic amino acid residues are brought together to form an active 

site, binds to Mg2+ or Mn2+ ions (117) (120). The structures of two VapBC complexes 

from M. tuberculosis have been solved and reveal tight binding between VapB and 

VapC and a tetramer of VapBC heterodimers (121). Through these structural details, 

a mechanism for M. tuberculosis VapC was proposed that involves two metal ions. 

However, a crystal structure of VapC from the thermophilic archaeon Pyrobaculum 

aerophilum contains just a single Mn2+ ion in the active site. Hence, the relationship 

between structure and activity of VapC toxins is yet to be discovered. 

 Until recently it was unknown whether the RNase activity for VapC toxins was 

generally specific or non-specific. VapC from Shigella flexneri 2a and Salmonella 

enterica has been shown to inhibit translation by cleaving tRNAfMet in the anticodon 

stem loop in a heterologous host (110). In Sulfolobus solfataricus, transcripts 

encoding oligopeptide permease and transcription factor TetR were shown to be 
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targeted by VapC6 toxin (115). In mycobacterial species, purified VapC toxins have 

been shown to cleave single-stranded RNA in a site-specific manner at a targeted 

location AUA(U/A)-hairpin-G and indicated that the secondary structure contributed 

to the VapC recognition motif (113) (122). These studies supported a single metal 

catalytic mechanism for VapC RNA cleavage. Sequence-specific RNase activity on 

mRNA substrates has also been reported for VapCRv0595c from M. tuberculosis. But, 

this catalytic activity is perceived to be relatively weak and instead the proposed 

biological function has been modified to one of stable, sequence-specific RNA 

binding, rather than cleavage (123). It should be noted that the effect of the 

observed catalytic activity was still growth and translation inhibition in the cell, but 

the mode presumably was not cleavage, but RNA binding. 

 VapBC display varied physiological roles in different cells across different 

families. Several vapBC modules have been shown to increase plasmid stability on 

which they are encoded (124) (125). Also, VapC ribonucleases play a key role in 

adaptation of bacteria to new environments or growth conditions (112) (111). They 

help pathogenic bacteria execute metabolic adjustments during the shift from an 

extracellular to intracellular lifestyle (112). Environmental changes also refer to 

recovery from stressful conditions that jeopardize cell survival and viability. An 

increase in vapBC transcripts in response to thermal stress in S. solfataricus 

highlights the important role of VapBC family in metabolic regulation (126). This 

hyperthermophilic acidophile’s genome encodes 26 vapBC TA modules. While 

deletion of VapC22 resulted in no obvious phenotype, approximately 100 ORFs 
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were up-regulated (≥2-fold) (114). On the other hand, VapC6 deletion mutant 

resulted in a thermally-labile phenotype and heat-dependent growth rate reduction 

(115). These two phenotypes suggest different roles for the two VapC toxins in S. 

solfataricus.                         

 Recently another TA loci family of translation-independent mRNA 

interferases, namely HicA, has been reported in E. coli (89). Prior to this, 

bioinformatics analyses had led to the identification of the HicAB cassette in 

microbial genomes (88). The two components, Toxin HicA and Antitoxin HicB, were 

seen to have domains and structural folds akin to other TA modules. HicAB systems 

have only been recently discovered in other bacteria (127) (128).   

 Recent literature concerning TA systems report transcriptional cross-

activation between many different TA families(129). The chromosomal relBEF 

operon was activated in response to production of the toxins MazF, MqsR, HicA, and 

HipA in E. coli. Thus, cross-interacting TA systems have a potential to form a 

complex network of mutually activating regulators in bacteria. Previously, cross-

activation between two Toxin families was demonstrated where VapC in Salmonella 

LT2 was shown to activate YoeB mRNA interferase (130). Further, activation of 

YoeB was dependent on Lon protease, in that it degraded the antitoxin YefM, thus a 

model for YoeB was proposed.    

 Despite the abundance of TA systems in microbial genomes, there is still 

much to be understood about the details of ribonuclease activity, their biochemical 

role, intra-family and inter-family interactions, and their physiological impact on the 
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cellular processes. Based on what is known, it is clear that TA systems are not just 

‘selfish’ molecular entities inside the cell, but are part of a very intricate network 

involving regulation of the TA operon itself, cross-talk between other families, and 

biochemical control of different cell functions.  The literature is in its infancy but is 

expanding rapidly; where novel families and toxin candidates are being discovered. 

Interestingly, as is the case with their mesophilic counterparts, there is a large 

representation of TA systems in extreme thermophile genomes although little is 

known about the details of their ribonucleolytic activity, mRNA or other RNA targets. 

This presents an opportunity to determine the similarities between mesophilic and 

extremely thermophilic versions of TA loci and their impact on the cells harboring 

these systems.  
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Table 1.1 Distribution of ORFs annotated as “hypothetical proteins” based on the number of amino acid 

residues encoded in them in selected microbial genomes (using NCBI annotations).   

  Total no. of ORFs / No. of ORFs annotated as hypothetical or conserved hypothetical 

MICROBE 1-100 101-200 201-300 301-400 401-500 501-600 601-700 > 700 

T. maritima MSB8 167/113 382/209 453/178 383/108 237/67 87/23 69/13 80/22 

P. furiosus DSM 3638 286/210 545/330 502/228 395/140 225/67 64/18 45/10 63/14 

C. saccharolyticus DSM 8903 233/142 631/289 588/142 512/125 341/59 159/17 82/16 133/17 

S. solfataricus 98/2 396/275 717/362 537/165 549/74 240/31 113/17 59/13 68/15 

B. anthracis A0248 860/692 1239/570 1159/341 817/163 509/65 510/58 109/13 145/22 

H. pylori J99 123/177 331/165 349/151 272/79 189/50 77/14 59/20 88/4 

E. coli K-12 MG1655 423/20 887/1 949/0 785/0 539/0 224/0 118/0 220/0 

TOTAL 2488/1629 4732/1926 4537/1205 3713/689 2280/339 1234/147 541/85 797/94 

% HYPOTHETICAL 65.5% 40.7% 26.6% 18.6% 14.9% 11.9% 15.7% 11.8% 
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Table 1.2 Archaeal species forming surface-attached biofilms or multicellular structures. 

 Archaeal order or species Biofilms or multicellular structures Reference(s) 

Euryarchaeota Halobacterium salinarum DSM 3754
T
, 

R1, Antarctic isolate t-ADL DL24, 
Haloferax volcanii DSM 3757 and 
Halorubrum lacusprofundi DL28 

Carpet-like multilayered biofilms 
containing micro- and macro-colonies or 
biofilms of surface-attached large 
aggregates 

(58) 

Methanosarcinales (ANME group) Spherical dense aggregates, synergistic 
community with sulfate-reducing bacteria 

(131) 

Methanosarcina mazei S-6 Lamina structure formed in the stationary 
growth phase or induced by Ca

2+
 and 

Mg
2+

 

(132) 

Methanosarcinales, Thermococcales 
and Archaeoglobales 

In mixed biofilms with bacteria, with a 
deep-sea sulfide black smoker chimney 
finn 

(133) 

Archaeoglobus fulgidus DSM 4304
T
 Multi-stress-induced biofilms (49) 

Pyrococcus furiosus DSM 3638
T
, 

Methanopyrus kandleri DSM 6324
T
 

Bi-species biofilm (46) 

Ferroplasma acidarmanus strain fer1 In mixed biofilms with Leptospirillum spp. 
in acid mine drainages 

(134) 

SM1 euryarchaeon ‘String of pearls’ community together with 
Thiothrix spp. in cold sulfurous marsh 
water 

(135) (136) 

Thermococcus litoralis DSM 5473
T
 Biofilm on polycarbonate filters and glass 

slides when grown with maltose 
(57) 

Crenarchaeota Sulfolobus solfataricus DSM 1617, 
DSM 1616

T
, Sulfolobus 

acidocaldarius DSM 639
T
 and 

Sulfolobus tokodaii DSM 16993
T
 

Flat biofilms or patched biofilms with 
tower-like aggregates or carpet-like 
biofilms containing surface-attached 
aggregates formed UV-damage-induced 
intra-species aggregates 

(56) (72) (137) 
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Sulfolobus metallicus Applied in biotricking filter to oxidize H2S (138) 

Metallosphaera sedula DSM 5348
T
 Biofilms attached to FeS2 (139) 

   

Ignisphaera aggregans In consortia with Pyrobaculum isolated 
from geothermal hot springs 

(140) 

Cre1 crenarchaeon In community with Thiothrix and the 
bacterium ‘Sip100’ thriving among white-
greenish ‘streamers’ in cold sulfurous 
marsh water 

(141) 

(Adapted from (142)) 
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Table 1.3 Summary of toxin–antitoxin structures for the Type II systems and the singular Type III system, ToxIN, held in 

the Protein Data Bank. 

Toxin 
Family 

Accessi-
on 
number

a
 

 Toxin    Antitoxin      Ligand(s)               Source Toxin details Antitoxi
-n   
family 

Antitoxin details Complex 
stoichiometry 

Reference 

Kid 
 
 

1M1F Kid       E. coli pRl mRNA interferase   T2 (143) 

2CO6 Kid  Noncleavable 
RNA, 5 nt 

 mRNA interferase. 
Two 
substrate binding 
sites formed by Kid 
dinner, only one 
active at a 
time 

  T2:RNA1 (144) 

2XDD 
 
 
 

ToxN Toxl  P.atrosepti
cum 
pECA1039 

mRNA interferase. 
Phage resistance 
system, first Type III 
TA system 

Toxl Pseudoknot  NA, forms 
TA complex solely 
through RNA–protein 
contacts 

3(T1:A1) (145) 

1UB4 MazF MazE  E. coli mRNA interferase. 
Dual, negatively co-
operative, antitoxin 
binding sites 

AbrB N-terminal  DNAbinding 
domain. C- terminal 
domain 
wraps and inhibits 

T2:A2:T2 (100) 

1MVF  MazE  E. coli  AbrB N-terminal DNAbinding 
domain formed from 
intermolecular beta-sheet. 
Unstructured C-terminal 
domain 
until toxin bound 

A2 (146) 
 

1NE8 YdcE   B. subtilis mRNA interferase   T2 (147) 
2KMT CcdB   V. fischeri DNA gyrase inhibitor   T2 (148) 
3G7Z CcdB CcdA  E. coli DNA gyrase inhibitor. 

Asymmetric antitoxin 
binding sites  

 C-terminal, cdB binding 
domain; CcdA

37–72
 

T2:A2 (149) 
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2H3C  CcdA 12 bp DNA E. coli  Arc/Met
J 

CcdA
R70K

.  Nterminal 
RHHmotif 
DNA-binding 
domain 

A2:DNA (150) 

1X75 CcdB  GyrA363– 494 E. coli DNA gyrase inhibitor, 
binds asymmetrically 
to 
GyrA subunits 

  T2:GyrA2 (151) 

1VUB CcdB   E. coli DNA gyrase inhibitor   T2 (152) 

RelE 3KIQ   RelE  Ribosome, 
RNA 
substrate 

E. coli RelE, T. 
Thermophilus 70S 
ribosome 

   T1:Ribos
ome1: 
RNA1 

(153) 

3BPQ   RelE RelB  Methanococcus 
jannaschii 

Inactive RelE
R62S

. A site 
endoribonudease, 
in combination with ribosomal 
7OS subunit. 
Inhibited as RelB wraps 
across RelE, forming an 
Intermolecular beta-sheet 

No related 
family 

Binds deep positive cleft in 
RelE  

T1:A2:T1 (154) 

1WMI   RelE RelB  Pyrococcus 
horikoshii OT3 
aReIBE 

A site endoribonuclease, in 
combination with ribosomal 
70S subunit. Inhibited by 
RelB  wrapping across the 
surface 

No related 
family 
 

DNA-binding domain motif 
unclear, potentially leucine 
zipper dimerisation with 
N-terminal basic residues 
used for DNA recognition 
 

T2:A2 (155) 

2KC8   RelE RelB  E. coli Low toxicity RelE
R81A/R83A

 Arc/MetJ C-terminal, 
RelB

K47–L79
 

T1:A1 (156) 

2K29  RelB  E. coli  Arc/MetJ N-terminal RelB
4– 53

. RHH-
motif DNA-binding domain 

A2 (157) 

2A6Q  YoeB YefM  E. coli Antitoxin alters and 
inactivates toxin active site 

YefM/PhD C-terminal domain becomes 
structured upon binding 
YoeB 

T1:A2 (158) 

3CTO  YefM  M. tuberculosis  YefM/PhD Fully structured in solution A2 (159) 

Table 1.3 Continued 
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3HI2 MqsR MqsA  E. coli Ribosomedependent 
endoribonuclease 

Xre-HTH N-terminal,  zinc co- 
ordinating, toxin binding 
domain. Cterminal HTH 
DNAbinding domain 

T1:A2:T1 (160)  

3KXE   parE parD  C. crescentus 
parDE-1 

Lacks RelE residues required 
for mRNA cleavage at the 
ribosome. DNA gyrase 
inhibitor 

Arc/MetJ 
 

N-terminal RHHmotif DNA-
binding domain 

T2:A2 (161) 

2AN7  parD  E. coli  Arc/MetJ N-terminal RHH 
DNA-binding 
domain, Cterminus 
unstructured 

A2 (162) 

Doc 3DD7 Doc PhD  Phage P1 Doc
H66Y

. Structural homology 
to Fic protein. Inhibits 
translation by association 
with ribosomal 30S subunit. 
Used for phage plasmid 
maintenance and activation 
induces RelE 

YefM/PhD C-terminal peptide, 
PhD

52–73
 

T1:A1 (76) 

3HS2  PhD  Phage P1  YefM/PhD N-terminal domain, PhD
1–57

 A2 (163) 

VapC 3DBO VapC VapB  M. tuberculosis 
vapBC-5 
 

Mg
2+ 

dependent 
endoribonuclease. PIN 
domain  

Arc/MetJ VapB
R53–T86

. Unstructured 
Nterminal DNAbinding 
domain, predicted to be 
RHH-motif. 

T1:A1 (121) 

2FE1 VapC   Pyrobaculu m 
aerophilum 

Mn
2+

 dependent 
endoribonuclease. PIN 
domain 

  T1 (117) 

2H1O FitB FitA 36 bp 
DNA 

N. gonorrhoeae Proposed Mg
2+ 

dependent 
endoribonuclease. PIN 
domain. Forms a tetramer 
of heterodimers with 
antitoxin, binding dsDNA 

Arc/MetJ N-terminal RHHmotif DNA-
binding domain 

4(T1:A1):
DNA 

(164) 

HipA 3DNV HipA HipB 21 bp 
DNA 

E. coli Eukaryotic Ser/Thrkinase, 
targets EF-Tu. In complex, 
sandwiches antitoxin dimer 
bound to DNA 

Xre-HTH Causes DNA distortion upon 
binding, unlike other Xre-
HTH domain proteins 
such as Cro 

Tl: 
(A2:DNA
1): Tl 

(165)  

ζ 1GVN ζ ε  S. pyogenes 
pSM19035 

Phosphotransferase Arc/MetJ 
(ω protein) 

Note transcriptional 
repression by third protein, ω 

T1:A2:T1  (166) 

Table 1.3 Continued 
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(RHHmotif) 
2P5T PezT PezA  S. pneumoniae Phosphotransferase Xre-HTH N-terminal HTH 

DNA-binding 
domain 

T1:A2:T1 (167) 

    T, toxin; A, antitoxin.  
     a

 Most pertinent of multiple Protein Data Bank entries for the given group of structures. (Adapted from (83)) 

Table 1.3 Continued 
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FIGURES 

 

 

 

 

 

Figure 1.1 Overview of the proposed peptide-based (TM0504) signaling mechanism in 
T. maritima. (A) Epifluorescence images of T. maritima mono-culture (left) and T. maritima  
and M. jannaschii co-culture (168), where T. maritima displays rod morphology while M. 
jannaschii is the cocci bound up in the middle of the aggregate; (B) TM0504 putative 
signalling peptide with its predicted cleavage site after the GG motif; (C) schematic of the T. 
maritima cells in the co-culture summarizing the predicted export pathway for TM0504; (D) 
Acridine orange (62) and Calcofluor (169) stained cells of T. maritima 30 min after dosing 
with either buffer PBS (168), or synthetic TM0504 peptide (left). (Adapted from (170)
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Figure 1.2 Development of the archaeal bi-species biofilm over time. The coculture was 
diluted 1:100 into various serum bottles containing parts of glass cover slips, which were 
removed after various times (a. 8 h, b. 12 h, c. 13.5 h, d. 15 h; size bars 10 µm); detection of 
cells was via DAPI-staining and light microscopy. SEM of the developing biofilm: e. 
adherence of M. kandleri onto glass of serum bottles after 8 h incubation, size bar 1 µm; f. 
adherence of the coculture onto glassy carbon after 12 h incubation, size bar 1 µm; g. 
adherence of the coculture onto glassy carbon after 18 h incubation, size bar 5 µm. 
(Adapted from (46)) 
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Figure 1.3 Typical Toxin-Antitoxin Systems. a. Regulation of type I toxin–antitoxin (TA) 
systems. The toxin and RNA antitoxin (antisense RNA) genes are transcribed separately. 
RNA antitoxin binds to the toxin-encoding mRNA to form a duplex, inhibiting translation of 
the toxin-encoding mRNA. b. Regulation of type II TA systems. Antitoxin- and toxin-
encoding mRNAs are synthesized from the same promoter and translated to produce 
proteins. The antitoxin forms a complex with the toxin to inhibit the toxicity of the toxin and to 
autoregulate the TA module . Antitoxin alone can also autoregulate the TA system, but more 
weakly than the TA complex. Antitoxins are subjected to cleavage by ATP-dependent 
proteases under stress conditions, releasing the toxin from the TA complex to attack its 
cellular target. This toxin activity leads to the arrest of bacterial cell growth and to eventual  
cell death. c. Regulation of type III TA systems. RNA antitoxin binds to the toxin protein and 
inhibits toxicity. (Adapted from (171))  
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ABSTRACT 

 

A spontaneous mutant (SM) of the hyperthermophilic archaeon Pyrococcus 

furiosus DSM 3638 was identified that exhibited an extended exponential phase and 

atypical cell aggregation patterns. Unlike the wild-type (WT), the SM lacked flagella 

and showed minimal evidence of exopolysaccharide-based cell aggregation in post-

exponential phase. The SM genome contained 145 genes distributed throughout the 

genome with one or more insertions, deletions, or substitutions (12 silent, 33 amino 

acid substitutions, and 100 frame-shifts). Approximately half of the mutated genes 

were transposases or hypothetical proteins. Despite numerous mutations, insights 

into P. furiosus post-exponential phase physiology could be obtained through 

comparative analysis of the WT and SM genomes and their respective phase 

transition transcriptomes. The WT down-regulated amino acid biosynthesis operons 

in post-exponential phase (14h post-inoculation), and triggered flagellar protein 

biosynthesis, a trend that reversed in stationary phase (24h post-inoculation). The 

SM transcriptome revealed only minimal changes until 24h post-inoculation, 

indicative of a prolonged exponential phase. A putative radical SAM family protein 

(PF2064) was the most highly up-regulated ORF (>25-fold) in the WT between 

exponential and stationary phase, but was unresponsive in the SM. PF2064 is part 

of a gene cluster implicated in bacteriocin biosynthesis and its expression was an 

indicator of stationary phase onset. Frame-shifting mutations in the SM genome 

negatively impacted transcription of a flagellar biosynthesis operon (PF0329-
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PF0338). Electron microscopy of a PF0331-PF0337 deletion mutant indicated that 

absence of flagella impacted normal cell aggregation and showed that flagella play a 

key role, beyond motility, during growth phase transitions in P. furiosus.  
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INTRODUCTION 

Historically, the occurrence of unintended spontaneous mutations in 

microorganisms has been difficult to discern, unless the genetic change confers a 

readily observable loss or gain in function. Furthermore, even when a functional 

change is evident, it is usually not mapped back to a specific mutation that is 

responsible for the physiological alteration. However, as DNA sequencing 

capabilities have expanded and become more affordable, it is now plausible to seek 

out specific nucleotides associated with spontaneous mutations genome-wide. 

Consequently, a comprehensive cause-and-effect analysis can be conducted. This 

is especially useful for studying unintentionally created “lab strains” that accumulate 

mutations that can lead to subtle physiological differences that can go unnoticed, but 

directly or indirectly impact interpretation of experimental results. The intentional 

creation of spontaneous mutants, and subsequent comparisons with the wild-type 

strain, also offers a strategy for probing aspects of microbial physiology, perhaps 

providing clues to the function of hypothetical proteins. 

The susceptibility of microorganisms to spontaneous mutations has often 

been considered through the impact that natural environments have on DNA 

integrity (1-4). Of particular interest have been the extreme thermophiles that, by 

virtue of the high temperature biotopes that they inhabit, could be especially 

vulnerable to DNA damage (5-15). The relative rate of spontaneous mutations in 

extreme thermophiles compared to mesophiles is not known in any comprehensive 

sense. Intuitively, high temperatures potentially present an intrinsic challenge to 
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DNA integrity. However, extreme thermophiles may actually have lower 

spontaneous mutation rates than less thermophilic microorganisms, given the 

necessary balance between errors that improve as opposed to damage cellular 

function (6).  

 The consequence of spontaneous mutations has been investigated in some 

extremely thermophilic microorganisms. For example, spontaneous mutation 

characteristics in target genes in Thermus thermophilus (a bacterium) and 

Sulfolobus acidocaldarius (an archaeon) were found to be comparable, despite the 

phylogenetic and physiological differences that exist between the two 

microorganisms (9). Also, a chloramphenicol-resistant, spontaneous mutant of the 

hyperthermophilic bacterium Thermotoga maritima possessed several nucleotide 

changes in ribosomal genes, resulting in significant transcriptomic differences 

between the mutant and wild-type during growth in the presence and absence of the 

antibiotic (16). Spontaneous mutations were identified in a laboratory strain of the 

hyperthermophilic archaeon, Pyrococcus furiosus DSM 3638 (17).  Termed strain 

COM1, it is a genetically tractable mutant with over 100 impacted genes through 

chromosomal insertions and deletions.  COM1 now serves as the basis for 

development of a genetic system for P. furiosus that is being used to explore 

aspects of this archaeon’s physiology (18,19). 

 Here, a spontaneous mutant of P. furiosus DSM 3638 was identified during 

efforts to improve growth media. P. furiosus typically grows on a variety of 

carbohydrates as primary carbon and energy sources, including maltose (20), 
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cellobiose (21), β-glucans (22), and starch (23), but also requires a complex 

component, such as yeast extract, tryptone or peptone for unspecified nutritional 

needs (24). In all cases, CO2, acetate, alanine (25), and H2 (or H2S, when grown on 

S°) are the primary metabolic products (26). While the use of pyruvate as the sole 

energy and carbon source has also been shown (27), mixtures of single amino 

acids, not associated with peptides, do not support significant growth of P. furiosus. 

However, successful attempts to grow other Thermococcales on mixtures of single 

amino acids have been reported (28-30): Pyrococcus abyssi GE5 grew on a mixture 

of nine amino acids and vitamins (30), and Thermococcus litoralis grew on a defined 

medium of 16 amino acids (31,32). Although single amino acids may not serve as 

sole carbon and energy sources for P. furiosus, they may improve growth as 

medium supplements.  

In this study, maltose-based cultures containing yeast extract were passed on 

media supplemented with L-tryptophan, L-glutamine, L-asparagine, and thiamine-

HCl, resulting in a strain that had an extended exponential phase and, consequently, 

achieved significantly higher final cell densities compared to the wild-type (WT). 

Furthermore, atypical cell aggregation patterns were observed for the mutant strain, 

especially at high cell densities. Sequencing of the genome of the spontaneous 

mutant, in conjunction with transcriptomic analysis, revealed mutations in annotated 

genes which were examined in light of the physiological differences between the SM 

and WT strains. In particular, a role for flagella during transition to stationary phase 

in WT P. furiosus became apparent.  



 

 54 

MATERIALS AND METHODS 

Cultivation of Pyrococcus furiosus DSM 3638 and the spontaneous mutant   

P. furiosus DSM 3638 (WT) and a corresponding spontaneous mutant (SM) 

were cultured anaerobically at 80C or 95°C on sea salts medium (containing per 

liter: 40 g of sea salts (Sigma), 3.1 g of PIPES [piperazine-N,N-bis(2-ethanesulfonic 

acid)], 1 g of yeast extract, and 1 ml of a trace elements stock, which contained the 

following (per 100 ml): nitrilotriacetic acid, 1.50 g; FeCl26H2O, 0.50 g; 

Na2WO72H2O, 0.30 g; MnCl24 H2O, 0.40 g; NiCl26H2O, 0.2 g; ZnSO47H2O, 0.1 g; 

CoSO47H2O, 0.1 g; CuSO45H2O (10 mg/ml), 1.0 ml; and Na2MoO45H2O (10 

mg/ml)) in an orbital shaking oil bath at 80 rpm. Cultures were grown in 1 L bottles 

with 370 mL sea salts medium containing 3.3 g/L maltose, using a 0.5% (v/v) 

inoculum already established on the growth substrate. Cell enumeration was 

performed throughout the growth by epifluorescence microscopy with acridine 

orange staining (33). Maltose consumption rates were determined for both wild-type 

and mutant strains by measuring the amount of glucose present in the cell-free 

spent media, using an -glucosidase (Sigma-Aldrich, St. Louis, MO) and a liquid 

glucose (oxidase) reagent set (Pointe Scientific Inc., Brussels, Belgium).  A baseline 

was established by measuring glucose present in samples, with and without the 

addition of the -glucosidase. 

 

 RNA isolation and purification  
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WT and SM cells were harvested by rapid cooling, followed by centrifugation at 

4,230 x g for 10 min; samples were taken at mid-exponential phase (10h, ~5 x 107 

cells/mL), the bifurcation point in the growth curve of the two strains (14h, 9.7 x 107 

cells/mL for WT and 1.2 x 108 cells/mL for SM), and stationary phase (24h, 2.7 x 108 

cells/mL for WT and 1.6 x 109 cells/mL for SM).  After centrifugation, cells were 

washed in ice-cold TE buffer and stored at -80C until further processing. Total RNA 

was isolated by re-suspending the cells in TRIzol reagent (Invitrogen, San Diego, 

CA).  RNA was purified using an RNEasy kit (Qiagen, Valencia, CA). RNA was then 

reverse transcribed to cDNA using Superscript III (Invitrogen), random primers 

(Invitrogen), and the incorporation ofaminoallyl-DUTP, 5-(3-aminoallyl)-2’-

deoxyuridine 5’-triphosphate (Ambion, Austin, TX), as described previously (26).  

cDNA was labeled with either Cy3 or Cy5 dye (GE Healthcare, Little Chalfont, United 

Kingdom), and hybridized to one of six microarray slides (Corning, Acton, MA) in the 

loop design (see Figure 2.A1), following protocols previously described (26). 

 

Transcriptional response analysis    

Slides were scanned using an Axon scanner (Sunnyvale, CA) and quantified 

using GenePix Pro, version 6.0 software.  Normalization of data and statistical 

analysis of a mixed effects ANOVA model for the microarray loop were performed 

using JMP Genomics (version 3.1) software (SAS, Cary, NC).  Differential 

transcription was defined as a log2 value of ±1 with -log10 p-values greater than 4.7. 

Microarray data will be deposited to GEO upon acceptance of the manuscript.  
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Bioinformatics analysis  

Sequence information for P. furiosus DSM 3638 was obtained from NCBI 

database (http://www.ncbi.nlm.nih.gov/genome). KEGG ortholog annotation and 

pathway identification were performed on proteins encoded in ORFs meeting the 

log2 value of ±1 threshold and with –log10 p-values greater than 4.7, using the KO-

Based Annotation System (http://kobas.cbi.pku.edu.cn/) (34). Protein alignments 

were performed using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2). Results 

from the Database of prOkaryotic OpeRons (DOOR) were used for operon 

prediction (35,36). The genome sequences were compared and analyzed with the 

help of ViroBLAST 2.2+ (37).  

 

DNA isolation 

The WT and SM cultures were grown overnight on sea salts medium, 

supplemented with 1 g/L yeast extract and 3.3 g/L maltose.  Cells were harvested at 

4,230 x g for 10 min, and the cell pellet was washed with ice cold TE buffer.  

Genomic DNA was isolated using TE-saturated Phenol (pH 8.0) (Ambion, Austin, 

TX), with additional purification steps, including Proteinase K, SDS, and RNaseA 

(Invitrogen), followed by chloroform/isoamyl alcohol extraction and isopropanol 

precipitation.  Genomic DNA was validated using 260/280 ratios, as well as 

visualization on 0.7% agarose gel.  P. furiosus specific primers for PF0073 were 

used to confirm the identity of both P. furiosus DSM 3638 and the P. furiosus 

spontaneous mutant. 

http://kobas.cbi.pku.edu.cn/
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Genome sequencing of the P. furiosus SM strain  

Purified P. furiosus mutant genomic DNA was submitted to the Genomic 

Sciences Laboratory at North Carolina State University for sequencing.  Sequencing 

was performed using a 454 GS FLX (Roche Diagnostics, Indianapolis, IN).  Genome 

coverage was approximately 10x.  The average read length was 378 nucleotides, 

with a median length of 430. 

 

Electron Microscopy 

Transmission Electron Microscopy (38) imaging of cells was carried out by 

performing a negative stain of cell sample using 1% (w/v) sodium phosphotungstate 

5% (w/v) bacitracin solution (39). Scanning Electron Microscopy (SEM) imaging of 

cells was performed using 12-mm round glass cover slips coated with a 0.1% 

solution of poly-L-lysine in phosphate-buffered saline (pH 7.2) (40).  

 

Construction of a knock-out cassette by overlapping PCR  

The knock-in cassette was created by overlapping PCR, where the primers 

used contained approximately 20-30 base pair overhangs (Figures 2.A2-2.A7). The 

selectable marker and flanking regions were amplified from pGLW021 (19) and P. 

furiosus strain COM1 genomic DNA, respectively. The diagrammatic representation 

of the knock-out cassette and sequence detail has been provided in Figures 2.A2-

2.A7.  PCR products corresponding to flanking region and marker cassette were 

purified using a commercial extraction protocol (Stratagene, Santa Clara, CA) and 
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were used in overlapping PCR reactions using the Prime STARHS Premix 

(Clonetech). Final overlapping PCR products were gel purified and used for COM1 

transformation, as previously described (19). 

 

Pyrococcus furiosus transformation and construction of the ∆PF0337, 

∆PF0331-PF0337, and ∆PF1269, strains  

Transformations were carried out using freshly grown COM1 strain (uracil 

auxotroph), a competent strain of P. furiosus (17). For transformation, 500 ng DNA 

(knock-out cassette was mixed with 100 µl of an overnight culture of COM1 cells and 

grown on defined medium. After incubation at 90°C for 68 hours, plates were 

examined for colonies on defined medium plates for gain of the pyrF marker, after 

marker replacement, as transformed cells are able to grow without uracil. Three 

colonies were picked from defined medium plates, grown overnight in 5 ml defined 

media and 1.5 ml samples were used to isolate genomic DNA.  PCR was used to 

confirm the correct insertion using the primers listed in Figures 2.A2-2.A7, which 

were designed to bind outside of the homologous flanking regions (UFR) and marker 

cassette. PCR-positive colonies were further purified by three separate consecutive 

transfers in defined media lacking uracil in order to confirm the culture phenotype. 

PCR screening was done after each round to ensure proper incorporation of the 

knock-in cassette was maintained. All three knock-outs were confirmed by PCR 

using gene specific primers. 
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RNA isolation and qPCR for verification of knock-out  

Total RNA was extracted from 10 ml of mid-log phase cultures grown in rich 

maltose medium using the Absolute RNA prep kit (Stratagene) and quantified by 

Thermo scientific Nanodrop spectrophotometer. Before qPCR analyses, the RNA 

was treated with TURBO DNase (Ambion; Applied Biosystems, Bedford, CA, USA) 

for 30 min at 37°C and further purified using the DNase inactivation reagent 

(Ambion; Applied Biosystems, Bedford, CA). cDNA was prepared using the Affinity 

Script quantitative PCR (qPCR) cDNA synthesis kit (Agilent Technologies, Santa 

Clara, CA). All quantitative reverse transcription-PCR (RT-qPCR) experiments were 

carried out with an Mx3000P instrument (Stratagene) with the Brilliant SYBR Green 

qPCR master mix (Agilent Technologies). The genes encoding the pyruvate 

ferredoxin oxidoreductase gamma subunit (PF0971) were used as internal positive 

controls.  Internal controls were taken into account in order to demonstrate that 

equal amounts of same cDNA were used for qPCR. 

 

RESULTS 

Growth dynamics of P. furiosus WT and SM strains. Growth of P. furiosus 

on maltose-based media, in the absence of elemental sulfur, typically achieves cell 

densities of approximately 2-5 x 108 cells/mL, depending upon complex media 

components (e.g., yeast extract) (41). Previous analysis of the P. furiosus stationary 

phase transcriptome implicated certain amino acid and vitamin limitations in 

stationary phase onset (Chou and Kelly, unpublished data). In an effort to improve 
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cell yields, P. furiosus WT was serially passed at 80°C on maltose (no sulfur), 

supplemented with L-tryptophan, L-glutamine, L-aspartate, and thiamine-HCl. 

Growth at 80°C rather than 98°C (Topt) was done to minimize thermally induced 

deamination of L-glutamine. Although the supplemented cultures grew to cell 

densities in excess of 109 cells/mL, it was subsequently determined that these cell 

density levels were also observed in some cultures lacking the additional amino 

acids and thiamine. As such, a spontaneous mutant (SM) was suspected. Growth 

rate comparisons were then done with a fresh stock culture of P. furiosus DSM 3638 

and the putative SM at 80°C and 98°C. At 80°C, both cultures exhibited the same 

exponential growth rates (td = ~2 hours) (see Figure 2.1) and had similar maltose 

consumption profiles. Comparable results were observed at 98°C, although the 

growth rates were ~ 1.5-fold faster (data not shown). Growth of WT at 80°C leveled 

off at ~5 x 108 cells/mL. However, the SM strain continued to grow to an excess of 

109 cells/ml. Unlike the WT, the SM cultures experienced a rapid loss in viability, 

coupled with cell lysis and little or no evidence of a long stationary phase (see 

Figure 2.1, top inset). Epifluorescence microscopy of culture samples taken post-24 

h after inoculation indicated that the SM cells were spatially closer compared to the 

WT. Calcofluor staining of cells post-24 h revealed significant exopolysaccharide 

(EPS) formation for both WT and SM (see Figure 2.1-B,D). However, SEM images 

of post-24 h samples showed that while the WT was encased in EPS (Figure 2.1-

A,B), very little EPS was associated with the SM.  SEM images also showed that 

SM cells formed an array of spatially-proximate cells, but with no apparent physical 
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connection between cells (Figure 2.1-C,D). Another distinctive difference noted 

through TEM was that, unlike the WT (Figure 2.1-E,F), the SM (Figure 2.1-G,H) 

was not flagellated. Taken together, results showed that the SM had an extended 

exponential phase, rapidly lysed once the peak cell density was reached, produced 

EPS that, unlike the WT, was not directly associated with cell aggregates (by SEM 

imaging), and was likely non-motile given the absence of flagella.     

           

 Genome sequencing of the P. furiosus mutant strain. The basis for the 

differences between the WT and the SM cultures was investigated by sequencing 

the genomic DNA of the mutant strain. Assembly of the ~157 K sequences yielded a 

draft genome for the mutant strain of 1.89 Mb (compared to 1.91 Mb for the wild-

type), organized into 64 large contigs with an average size of ~29 Kb; the gaps 

between contigs likely accounted for most of the 200K difference between the two 

sequences. The contigs were compared to the P. furiosus DSM 3638 genome 

sequence (NC_003413), revealing over 1,000 mutations, both within ORFs and 

within intergenic regions. A total of 145 ORFs in the SM were not identical to the 

corresponding ORFs in DSM 3638 (see Tables 2.A2, 2.A3). Of these, 12 involved 

silent mutations, 33 had in-frame changes in amino acid residues, and 100 had 

frameshifts (see Table 2.A2, 2.A3). Approximately half of the affected ORFs were 

annotated as either hypothetical proteins (57) or transposes (~18). It is interesting 

that many (~ 20) of the hypothetical proteins with mutations corresponded to ORFs 

of less than 400 nucleotides. The mutations within ORFs were distributed throughout 
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the genome (see Figure 2.3), as were mutations in intergenic regions.   

           

 Genome-wide transcriptomic analysis of wild-type (WT) P. furiosus DSM 

3638 and the spontaneous mutant (SM). To further examine the nature and 

consequence of the substitutions, deletions and insertions in the SM genome, a 

cDNA microarray for P. furiosus was used to compare the two strains. An 

experimental loop was designed (Figure 2.A1) such that the growth phase trajectory 

of each strain could be tracked, as well as allowing for cross-strain contrasts at the 

three time points: exponential phase (10 hours), a bifurcation point between the 

growth curves (14 hours), and at 24 h when both cultures appeared to be in 

stationary phase.  Transcriptomic changes corresponding to growth phase 

transitions were first analyzed for each strain, following which the two strains were 

compared at each sampling time.        

           

 Wild-type (WT) growth transcriptome. As microorganisms transition from 

exponential to stationary phase, a host of cellular responses are triggered in 

response to nutrient limitations, intercellular signaling, and inhibiting effect of 

metabolic products. For the WT, transition from exponential (10 h) to post-

exponential phase (14 h) was accompanied by the two-fold or more differential 

transcription of 92 ORFs (62 up/30 down), including up-regulation of genes involved 

in flagellar biosynthesis (PF0330-0337) and down-regulation of genes involved in 

methionine/cysteine biosynthesis (PF1266-1269) (see Table 2.A5, Figure 2.4). As 
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the WT moved from post-exponenital (14 h) to stationary phase (24 h), these 

patterns reversed such that flagellar protein synthesis was significantly reduced, 

concomitant with the up-regulation of many amino acid and purine/pyrimidine 

pathways. For this transition, 114 ORFs (69 up/45 down) were differentially 

transcribed. Of particular note in WT stationary phase were genes in the PF1678-

1712 locus, which encodes proteins involved in amino acid biosynthesis. These 

genes were up-regulated as much as 14-fold. PF1713-1714, encoding carbamoyl 

phosphate synthase, which contributes to pyrimidine biosynthesis, was up-regulated 

16-20 fold. From a transcriptomic perspective, it appears that the WT produces 

flagellar proteins, perhaps to promote cell-cell network formation (42), and minimizes 

biosynthetic operations upon entrance into post-exponential phase. However, in 

stationary phase, the situation reverses, suggesting efforts to synthesize necessary 

metabolic building blocks and minimizing flagellar protein formation.   

            

 Spontaneous mutant (SM) growth transcriptomes. The growth 

transcriptome of the SM was in stark contrast to the WT. For the period 

corresponding to 10 h and 14 h, only 27 ORFs in the SM were differentially 

transcribed two-fold or more (21 up, 6 down), suggesting that the SM remained in 

exponential phase. At around 24 h, the results shown in Figure 2.1 suggest that the 

SM growth slowed, presumably indicative of stationary phase onset, which was 

concomitant with the differential transcription of 96 genes (34 up/62 down). While 

there were a few genes in common between the phase transitions of the WT and SM 
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(e.g., PF0462, encoding a glycerol-3-phosphate 3-phosphatidyltransferase was 

down-regulated 10-fold or more in each strain), few discernible patterns were 

evident for the SM. Of interest for the SM in stationary phase was the up-regulation 

of PF1528-1529, which encodes pyridoxine biosynthesis proteins; this was not 

observed for the WT. Note also that PF2064, annotated as an arylsulfatase 

regulatory protein, was significantly up-regulated in the WT (~10-fold in post-

exponential phase, and 3-fold further, or >25-fold, overall), while no differential 

transcription of this ORF was seen for the SM throughout its growth.  

           

 Contrasting the SM and WT growth transcriptomes. The experimental 

loop design allowed for direct comparisons between the WT and SM transcriptomes 

at the three time points sampled (Figure 2.1). Table 2.1 lists those ORFs 

differentially transcribed 10-fold or more between the WT and SM at 10, 14 and 24 h 

(For a complete list of all ORFs changing 2-fold or more for the WT vs. SM contrast, 

see Table 2.A5). In several cases, these large fold changes corresponded to genes 

that had disruptive mutations leading to frame shifts, apparently impacting 

transcription. For example, the flagellar biosynthesis operon (PF0330-0337) was 

significantly down-regulated in the SM at all three time points. Also, the locus 

PF0351-0352, implicated in CRISPR-related functions, was 10- to 24-fold lower in 

the SM than the WT (43,44). Several ORFs associated with aspartate metabolism 

(PF0121, PF0207, PF1056, PF1472) were down-regulated in the SM vs. WT. At all 

three time points, Met biosynthesis (PF1266-1269) was down-regulated in the SM; 
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note that PF1267 and PF1268 had mutations corresponding to frame shifts. It is 

interesting that PF1678-PF1684, which contains genes involved in Lys and Leu 

biosynthesis, were up-regulated 2 to 3-fold in the SM at 14 h, but down-regulated 

more than 10-fold at 24 h. PF2064, mentioned above as a putative arylsulfatase 

regulatory protein, was down 10- to 25-fold in the SM at 14h and 24 h, respectively, 

compared to the WT.         

   

 Deletion of selected ORFs in the WT encoding mutated genes in the SM.  

Certain genes that were the most transcriptionally dynamic in the WT as it 

progressed through phase transitions, and for which transcription in the SM was 

impacted by mutations, were selected for further analysis.   

Methionine biosynthesis (PF1266-PF1269). In the SM, the methionine 

biosynthesis pathway (PF1266-69) was significantly down-regulated for all 

conditions tested. There were mutations in two of the ORFs in this operon. PF1267 

encodes a methylenetetrahydrofolate reductase (MTHFR), which converts 

homocysteine to methionine, while PF1268 (metE) encodes a 5-

methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, which 

catalyzes the transfer of a methyl group from 5-methyltetrahydrofolate to 

homocysteine to form methionine. This operon is not conserved in all Pyrococcus 

species. For example, Pyrococcus abyssi lacks the MTHFR gene needed to convert 

homocysteine to methionine, making it a methionine auxotroph (45).  Here, in the 

WT, this operon was transcribed at high levels at 10h, down-regulated at 14h, and 



 

 66 

then up-regulated at 24h. These genes were transcribed at very low levels in the 

SM, possibly because of polar effects related to mutations in PF1267 and PF1268. 

Deletion of PF1269 (methionine synthase) resulted in no observable phenotype, 

although deletion of PF1267 (methionine synthase) led to a non-viable phenotype. 

Since the SM was able to grow well even with this operon transcribed at very low 

levels and no effect was noted when additional methionine was added to the 

medium, it is likely that some compensatory mechanism was activated. Given the 

large number of hypothetical proteins responding during growth, one or more of 

these could be involved (see Table 2.1, Table 2.A4, Table 2.A5, and Figure 2.4).   

Flagellar biosynthesis. One striking difference between the transcriptomes of 

the SM and WT involved genes related to flagellar protein biosynthesis (PF0329-

PF0338). PF0332, PF0334 and PF0337 had frameshift mutations in the SM, and this 

negatively impacted transcription of this operon to a significant extent, compared to 

the WT, perhaps because of polar effects. This is consistent with the images shown 

in Figure 2.2 that indicate that the SM lacked monopolar flagella. PF0331-PF0337 

and PF0337 (which was mutated in the SM) were each deleted from the WT. 

Deletion of PF0337 (Figure 2.2-K), the last but one gene/ORF in the operon, did not 

completely eliminate formation of cell protrusions and possibly immature flagella are 

present (Figure 2.2-I), but no EPS was observed, as was found for the WT (Figure 

2.2-A,B). However, deletion of PF0331-PF0337 resulted in no observable flagella 

(Figure 2.2-J), mimimal EPS formation, and cell patterns along the lines seen with 

the SM (Figure 2.2-C,D).  
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Stationary phase response of PF2064. The most responsive (>25-fold) gene 

for the WT transition from exponential to stationary phase is for PF2064 and this is 

annotated as a putative arylsulfatase regulatory protein. This gene was 

unresponsive in the SM over the time period examined (see Figure 2.4). Upon 

closer inspection, PF2064 contains a single [4Fe-4S] cluster domain and belongs to 

the radical SAM superfamily, with 38.4% identity to a bacteriocin maturation enzyme 

in Clostridium sp. BNL100. Furthermore, examination of this gene cluster (Figure 

2.5) revealed an organization closely related to operons in Bacillus sp. that encode 

peptide bacteriocins that are post-translationally modified by radical SAM enzymes, 

such that peptides contain Cys to α-carbon intrachain linkages, such as subtilosin A 

(46) and thuricin CD (47). In the same reading frame as PF2064 is a putative 46-

amino acid peptide, which has three Cys residues, similar to the two Bacillus 

bacteriocins. The fact that the locus containing PF2064 is induced in the WT in post-

exponential and stationary phase could relate to competitive strategies that are 

triggered when nutrients are limited or other stationary phase drivers (quorum 

sensing) are activated. PF2064 transcript levels in the WT and SM were identical for 

exponential phase (Figure 2.4), but remain at low levels in the SM, consistent with 

the observed extended exponential phase. Thus, transcription of PF2064 (and other 

ORFs in this gene cluster) could serve as an indicator of post-exponential phase 

onset in P. furiosus. 
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DISCUSSION 

Post-exponential microbial growth, triggered by sub-optimal nutrient 

concentrations, can be associated with initial stages of biofilm formation, driven by 

changes in regulatory factors and nucleotide second messengers (48). Recent 

studies focused on Escherichia coli revealed that flagella play an important 

architectural role in bacterial biofilm formation. Observations along these lines have 

been reported for P. furiosus, which produces monopolar flagella composed of up to 

50 filaments of a glycoprotein that is similar to other archaeal flagellins (42). Unlike 

bacteria, archaea flagella are composed flagellins that are more closely related to 

bacterial type IV pili; these reportedly require 12 fla genes for synthesis, compared 

to 50 or more for bacteria (49-51). Previous studies have shown that P. furiosus 

flagella are multifunctional, used for swimming, adhesion to surfaces, and forming 

cable-like, cell-cell connections, which could be involved in biofilm formation (42). 

Recently, it was proposed that, in E. coli, flagella tether cells together and, 

furthermore, through rotation, tighten up the linkages formed to create a robust 

macrocolony (48). This level of detail is starting to become available for the archaea 

(e.g., (42,49,52) and it will interesting to see just how similar the trajectory of biofilm 

formation processes are between the two domains. 

The results shown in Figure 2.2-G,H, in contrast to those of Figure 2.2-E,F 

demonstrate that the SM mutant of P. furiosus lacked flagella. Furthermore, at 24h, 

while the WT showed significant formation of EPS-based cell aggregates (Figure 

2.2-A,B), this was not the case for the SM (Figure 2.2-C,D). PF0329-PF0338 



 

 69 

encodes genes implicated in a flagellar biosynthesis operon, three of which 

(PF0332, PF0334, and PF0337) had frame-shifted mutations in the SM. ORFs in this 

operon were transcribed at low levels in the SM and, unlike the WT, were not 

responsive to growth phase transitions (see Figure 2.4). When PF0331-0337 was 

deleted, there was no flagella formation (Figure 2.2-L) and EPS-aggregates were 

not observed (Figure 2.2-J). Deletion of PF0337, which encodes a putative flagellin 

protein and is located towards the end of the operon, showed possible formation of 

immature flagella but no EPS-aggregate formation (Figure 2.2-I). Taken together, 

these observations point to an essential role of flagella in P. furiosus in post-

exponential cell aggregation and potentially biofilm formation. 

The relationship between flagella and biofilm formation has been established 

in bacteria. In E. coli, the master biofilm regulator, CsgD, cross-regulates biofilm 

formation and flagellar synthesis (53). Various factors, such as low temperature, 

starvation, low osmolarity and high cell density, are known to influence expression of 

CsgD. This regulator suppresses formation and function of flagella, leading to 

inhibition of planktonic growth and the switch to biofilm formation. Whether a similar 

regulatory process occurs in P. furiosus is not known. The closest homolog in P. 

furiosus to E. coli CsgD is a hypothetical protein encoded by PF1260 (28% identical 

and 48% similar over 55% of the 304 amino acid ORF in P. furiosus). This gene was 

essentially deleted in the SM (the frameshift would have resulted in translation of 19 

residues   (Table 2.A3), although no significant transcriptional differences between 

the SM and WT were noted. The lack of a functional regulator could have been 
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responsible for the unusual post-exponential behavior of the SM. Since archaea lack 

σ-factors and particularly those that regulate stationary phase and general stress 

response in bacteria, drivers for entrance to stationary phase are unknown, but any 

counterpart could interact with the CsgD ortholog in P. furiosus. The identification of 

such factors remains to be seen. 

 Unlike the SM, the WT transcriptome showed significant regulation of amino 

acid biosynthetic pathways during growth phase transitions (Figure 2.4). Failure to 

manage nutritional resources could have been responsible for the extended 

exponential growth and then rapid cell lysis at 24h noted for the SM (see Figure 

2.1). Following exponential phase, amino acid biosynthesis pathways in the WT, 

initially down-regulated, were triggered, in response to depletion of amino acid 

sources (54) (see Figure 2.4). In particular, operons involved in biosynthesis of 

branched chain amino acids (PF1678-80), lysine (PF1681-86), and aromatic amino 

acids (PF1705-12) were subsequently up-regulated as the WT culture entered 

stationary phase. Furthermore, components of the arginine (PF0207-PF1209) and 

methionine (PF1266-PF1269) biosynthesis pathways also followed this trend. As 

such, genes in the methionine pathway most significantly impacted by mutations in 

the SM where examined. Although the mutation in the key gene involved in Met 

biosynthesis, PF1268 (metE), was silent, an insertion mutation in PF1267, annotated 

as a hypothetical protein in this operon, would lead to premature truncation. Low 

transcript levels for the PF1266-PF1269 were possibly due to translational polarity. 

Nonsense-codon-mediated polarity in operon expression has been demonstrated to 
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occur in the closely-related hyperthermophile Thermococcus kodakaraensis (55,56). 

Based on the transcription pattern observed in the PF1266-PF1269 operon and 

others (e.g. PF0329-38), it seems that translational polarity also occurs in P. 

furiosus.  No clear effect of the mutated methionine biosynthesis pathway on cell 

growth could be identified. As mentioned above, addition of methionine to the SM 

medium resulted in no differences with the WT. A knock-out strain lacking PF1269 

(methionine synthase) was viable, but showed no significant differences in 

phenotype compared to the WT.  Attempts were made to create a PF1267 knock-out 

mutant, but this strain was not viable, suggesting that PF1267 is an essential gene 

for the growth and sustainability of P. furiosus.  

 The extensive regulation of amino acid biosynthetic pathways in the WT, and 

not in the SM, in post-exponential phase suggests certain global factors could be 

responsible. In E. coli, “feast” and “famine” modes (57,58) are associated with the 

Leucine-responsive regulatory protein (Lrp) (59). Despite limited information on 

archaeal transcription regulators, some are paralogs of the E. coli Lrp (60), and have 

been referred to as Feast-Famine Regulatory Proteins (FFRPs) (57). Interestingly, 

Pyrococcus OT3 has one such FFRP, called FL11, that senses the levels of lysine to 

control growth mode by changing its oligomeric state, octamer or dimer, in the 

presence of high or low levels of this amino acid, respectively (61). Also, there are 

indications of other similar FFRPs that respond to amino acid levels (FL4 with 

glutamic acid, FL9 and DM2 with glutamine) in the cell. At this point, it is not clear if 
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methionine is involved in global cell metabolic regulation in P. furiosus through 

FFRPs, but merits further investigation given the results here.    

A CRISPR-associated gene (PF0352) was also highly up-regulated in the WT 

compared with the SM (over 20-fold at 24h). PF0352 has been proposed to be a 

cmr1-type RNA binding protein (RAMP); RAMP proteins are involved in a psiRNA-

guided destruction of invading target RNA, thus providing phage-immunity (43,44). It 

is interesting to note that the only other cmr1-type RAMP protein identified in the P. 

furiosus genome (43), PF1130, was also mutated, as was the neighboring CRISPR-

cas6 family protein (PF1131); these were 2.5-fold up-regulated in the WT over the 

SM, at 10h and 14h. Whether the low transcription levels of PF0352 in the SM 

compared to the WT was related to the offset in phase transitions between the SM 

and WT is not known. 

The largest fold changes observed for any of WT vs. SM contrasts was 

PF2064, which was 13- and 26-fold up-regulated in the WT at 14h and 24h, 

respectively (Table 2.1, Figure 2.5). Whether PF2064 is involved in bacteriocin 

formation remains to be seen, but its up-regulation served as an indicator that P. 

furiosus had entered post-exponential phase. The master regulators that trigger 

post-exponential strategies by the extremely thermophilic archaea are yet unknown, 

and whether these are unique to or similar to bacterial factors is just starting to be 

examined in detail (52). The fact that P. furiosus and other extremely thermophilic 

archaea form biofilms is clear (62), and likely involves quorum sensing and other 

ecological triggers. How the locus containing PF2064 is activated likely relates to 
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regulation leading to post-exponential phase, and this issue is currently being 

examined.  
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TABLES 

Table 2.1 ORFs differentially transcribed 10-fold or more for P. furiosus wild-type 

(WT) and spontaneous mutant (SM) growth contrasts. 

Gene 
ID 

Fold change  

SM vs. WT  

 10h 14h 24h Annotation Comment 

PF0121 9.2 17.1 18.4 aspartate aminotransferase  PF0122 mutated (D) 

PF0207 2.5 2.6 9.8 argininosuccinate synthase  PF0209 mutated (S) 

PF0333 4.0 14.9 2.1 flagella-related protein g  Flagella biosynthesis; 

PF0332, PF0334, 

PF0337 mutated (FS) 

PF0335 4.3 16.0 3.7 flagella-related protein d  

PF0336 11.3 45.3 7.0 hypothetical protein  

PF0351 7.0 13.0 12.1 CRISPR-related protein   Both mutated (FS),  

CRISPR-related PF0352 13.9 19.7 24.3 RNA-binding protein (RAMP)  

PF1056  2.6 13.9 Asp-semialdehyde dehydrogenase  Asp metabolism 

PF1133 5.7 8.6 13.0 hypothetical protein  (68 aa)  PF1132 mutated 

PF1266 10.6 2.5 13.0 cystathionine gamma-synthase  Met biosynthesis 

PF1267 12.1 3.5 13.0 hypothetical protein  Mutated 

PF1268 24.3 3.5 24.3 homocysteine methyltransferase  Mutated 

PF1269 13.0 2.0 7.5 methionine synthase  Met biosynthesis 

PF1472  2.5 9.8 aspartate/serine transaminase  PF1474 mutated 

PF1480 
 3.0 11.3 

formaldehyde:ferredoxin 

oxidoreductase wor5  Mutated 

PF1528   14.9 Gln amidotransferase, PdxT   

PF1529  2.3 13.0 pyridoxine biosynthesis protein   

PF1549 10.6 11.3 14.9 RNA 3'-terminal-phosphate cyclase  PF1553 mutated 

PF1664  2.8 13.9 phosphoribosyl-AMP cyclohydrolase   

PF1678  3.0 11.3 2-isopropylmalate synthase  

Lys, Leu biosynthesis 

PF1679  2.8 14.9 3-isopropylmalate dehydratase 

PF1680  2.6 13.9 3-isopropylmalate dehydratase  

PF1682 
 2.1 10.6 

ribosomal protein s6 modification 

protein  

PF1683  2.5 9.8 N-acetyl- -glutamyl-P- reductase  
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PF1684  2.1 10.6 acetylglutamate kinase  

PF1713 2.3  10.6 carbamoyl phosphate synthase Pyrimidine metabolism 

PF2064  13.0 26.0 arylsulfatase regulatory protein  SAM radical family 

 

D = deletion; S = in-frame substitution; FS = Frame shift 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1 Continued 
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   FIGURES 

 

 

 

 

(A)                            (B)  (C)                                 (D)

Spontaneous Mutant                                                                   Wild-type 

Figure 2.1 Growth curves and epifluorescence micrographs, WT vs SM.  

(Top) Growth of P. furiosus DSM 3638 (O) and the P. furiosus spontaneous mutant () at 
80°C. Samples were taken at 10, 14 and 24 hours for transcriptomic analysis. Inset shows 
spontaneous mutant cell density decreasing from cell lysis.  
(Bottom) A and C: Epifluorescence micrographs (acridine orange stain) of mutant (left two 
panels) and wild-type (right two panels) P. furiosus cultures after 24 hours post-inoculation, 
showing significant cell aggregation in the spontaneous mutant compared to wild-type 
strains, B and D: Epifluorescence micrographs (acridine orange and calcofluor stain) of the 
SM (left panel) and WT (right panel) cultures at 14h showing production of EPS 
surrounding the cells from exponential phase.    
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                          (B) 

         

                     (C) 
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                   (I) 

 

                          (J) 

       

                    (K) 

          

                    (L) 

        

 

Figure 2.2 Electron micrographs of wild-type (WT) and spontaneous mutant (SM) P. furiosus post-24 h following 
inoculation.  A,B. WT (SEM); C,D. SM (SEM); E,F. WT (38); G,H. SM (38); I. PF0337 KO (SEM); J. PF0331 KO (SEM);  K.    

     PF0337 KO (38); L. PF0331 KO (38). 
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Figure 2.3 Distribution of ORFs containing mutations in the P. furiosus spontaneous 
mutant (SM) genome. Mutations in intergenic regions were also distributed throughout the 
genome (data not shown). 
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Figure 2.4 Heat plot showing ORFs responding to growth phase transitions for the 
wild-type (WT) and spontaneous mutant (SM) P. furiosus strains growing at 80°C. For 
the heat plot, black indicates higher transcript levels (>1), white indicates lower (<-1), and 
grey denotes average transcript levels (Least squares mean from mixed effects ANOVA 
model shown, where 0 is average transcript level). 

  

Gene ID 10h 14h 24h 10h 14h 24h

PF0329 -1.0 -0.6 -1.4 -0.1 1.3 -1.2 hypothetical protein 

PF0330 0.5 0.7 0.5 0.7 1.9 0.7 flagellar assembly protein J 

PF0331 -1.9 -2.0 -1.8 -0.5 1.1 -1.3 putative type II secretion system protein 

PF0332 -1.0 -1.1 -1.0 -0.1 1.3 -0.6 flagellar accessory protein FlaH 

PF0333 -3.5 -3.8 -3.7 -1.4 0.1 -2.6 putative flagella-related protein g 

PF0334 0.8 1.0 0.9 1.3 2.7 1.2 putative flagella-related protein 

PF0335 -0.7 -1.0 -1.3 1.5 3.1 0.6

PF0336 -2.8 -2.8 -2.9 0.6 2.7 -0.1

PF0337 -1.7 -2.0 -2.1 1.5 2.9 0.5

PF0338 0.3 0.4 0.3 2.9 3.4 2.6

PF0207 0.1 0.0 0.1 -1.2 -1.4 3.4

PF0208 -0.5 -0.9 -1.1 -1.2 -1.2 2.6

PF0209 0.1 0.0 0.5 -0.3 -0.7 2.1

PF1266 -0.3 -0.8 -0.9 3.2 0.6 2.8

PF1267 -0.3 -0.5 -0.8 3.2 1.3 2.9

PF1268 -1.7 -1.7 -2.6 2.9 0.1 1.9

PF1269 -0.7 -0.6 -0.6 3.0 0.4 2.3

PF1678 0.3 0.8 -0.5 0.1 -0.8 3.0

PF1679 -0.5 0.1 -1.5 -0.8 -1.4 2.4

PF1680 -2.7 -2.3 -3.6 -3.4 -3.7 0.2

PF1681 0.1 0.0 -0.3 -0.4 -0.8 2.6

PF1682 -0.9 -0.8 -1.4 -1.5 -1.8 2.0

PF1683 0.5 0.7 -0.1 -0.2 -0.6 3.2

PF1684 0.8 0.9 0.3 0.0 -0.2 3.1

PF1685 0.6 0.7 0.3 0.2 -0.2 2.9

PF1686 -0.5 -0.9 -1.3 -0.6 -1.9 1.7

PF1705 0.5 -0.2 -0.4 -0.8 -1.5 0.4

PF1706 -7.5 -7.4 -10.4 -8.2 -6.2 -7.9

PF1707 1.1 0.5 0.1 -0.5 -0.7 1.0

PF1708 1.8 1.3 0.8 0.0 -0.3 1.7

PF1709 1.8 1.0 0.6 0.0 -0.4 1.7

PF1710 2.0 1.4 0.9 0.6 -0.2 2.2

PF1711 2.6 2.0 1.9 1.2 0.4 2.9

PF1712 -1.9 -2.1 -2.1 -1.7 -2.0 -1.8

PF1713 0.1 0.0 0.2 -1.0 -0.9 3.6

PF1714 -0.2 -0.1 -0.4 -0.9 -1.2 2.8

PF0121 -0.6 -1.0 -1.5 2.6 3.2 2.6

PF0351 -0.6 -0.7 -0.5 2.3 3.0 3.1

PF0352 -2.7 -2.2 -2.5 1.0 2.1 2.1

PF1472 0.3 0.4 0.4 -1.0 -0.9 -0.2

PF1480 2.9 2.9 2.8 2.3 1.3 2.2

PF1528 -1.3 -0.9 2.5 -1.5 -1.4 -1.3

PF1529 0.4 0.5 3.1 0.2 -0.7 -0.6

PF2064 -2.0 -2.4 -2.0 -2.0 1.2 2.7

 isopropylmalate dehydratase large subunit-3

 isopropylmalate dehydratase small subunit-3

Lysine Biosynthesis

hypothetical protein (Lysine biosynthesis protein LysW)

ribosomal protein s6 modification protein 

N-acetyl-gamma-glutamyl-phosphate reductase 

cystathionine gamma-synthase 

hypothetical protein 

5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase 

methionine synthase 

Valine, Leucine and Isoleucine Biosynthesis

 isopropylmalate synthase-2

N-(5'-phosphoribosyl)anthranilate isomerase 

anthranilate synthase component II 

anthranilate synthase component I 

anthranilate phosphoribosyltransferase 

indole-3-glycerol-phosphate synthase 

hypothetical protein 

acetylglutamate kinase 

acetylornithine/acetyl-lysine aminotransferase 

acetyl-lysine deacetylase 

Aromatic Amino Acid Biosynthesis

tryptophan synthase subunit alpha 

tryptophan synthase subunit beta 

CRISPR-associated RAMP protein, Cmr1 family

aspartate/serine transaminase 

formaldehyde:ferredoxin oxidoreductase wor5 

glutamine amidotransferase subunit PdxT 

pyridoxine biosynthesis protein 

arylsulfatase regulatory protein, putative 

Pyrimidine Biosynthesis

carbamoyl phosphate synthase small subunit 

carbamoyl phosphate synthase large subunit 

Others

putative aspartate aminotransferase 

hypothetical protein 

flagellin 

Arginine Biosynthesis

argininosuccinate synthase 

argininosuccinate lyase 

ribosomal protein s6 modification protein 

Methionine Biosynthesis

Microarray Signal

Annotation

SM WT

Flagellar Biosynthesis

flagella-related protein d, putative 

putative archaeal flagellar protein c

flagellin 
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Figure 2.5 PF2064 locus organization and gene response during growth phase 
transitions in WT and SM. (A) The PF2064 locus includes small hypothetical ORFs, 
bacteriocin synthesis related genes, radical SAM proteins, transporters, toxins/antitoxins, 
and a transcriptional regulator containing HTH domain. PF2065 is the last annotated gene 
in P. furiosus genome and hence, PF0001-0005 genes are depicted to be a part of this 
locus. Gene organization was generated using Vector NTI (Invitrogen). (B) The amino acid 
sequence (46 residues) of a putative small peptide, presumably bacteriocin-like, 
discovered in the locus. Cysteines are highlighted in black. Amino acids are noted by their 
one letter code. (C) Transcriptional response of genes in the PF2064 locus. Increasing 
fold-changes are marked by an increase of grey hue (numbers indicated in the boxes are 
LSM, least squares mean of normalized log2 transcription levels, with the average 
transcriptional level being set to zero). 
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Table 2.A1 Strains generated for gene knock-outs. 

Strain Designation Genotype 
Deleted or Inserted 

ORF/Elements 
Source 

COM1 ΔpyrF PF1114 (19) 

KO1269 ΔPf1269 PF1269 This study 

KO0337 ΔPf0337 PF0337 This study 

KO0331 ΔPf0331-0337 PF0331-37 This study 
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Table 2.A2 Summary of affected ORFs in the P. furiosus spontaneous mutant 

(SM).* 

ORF Annotation Mutation ORF Annotation Mutation 

PF0002 hypothetical protein AA PF0463 
2-haloalkanoic acid 
dehalogenase 

AA 

PF0036 daunorubicin resistance  I, D, AA PF0472 hypothetical protein (45 aa) I, AA 

PF0057 hypothetical protein  I, D, AA PF0499 arginase 1-like protein D, T 

PF0058 
dolichol MP mannose 
synthase 

AA PF0509 glycosyltransferase I, D, AA 

PF0067 cobalt ABC transporter D, AA PF0534 
indolepyruvate OR 
subunit B 

D, AA, T 

PF0069 transposase Many PF0539 transposase Many 

PF0070 hypothetical protein  D, T PF0552 arsenical-resistance, acr3 I, D, AA 

PF0079 cyclic 2,3-DPG- synthetase D PF0563 hypothetical protein  D, AA, T 

PF0085 DNA helicase D, AA PF0572 
dna2-nam7 helicase 
family 

AA 

PF0122 
Transl. initiation factor IF-

2B  
AA PF0592 

ATP-dependent RNA 
helicase 

AA 

PF0132 -glucosidase  D, AA PF0600 hypothetical protein  AA 

PF0149 short chain dehydrogenase D, T PF0605 transposase Many 

PF0179 
V-type ATP synthase sub 
E 

AA PF0622 hypothetical protein (33 aa) I, AA, T 

PF0209 
ribosomal protein s6 
modif.  

AA PF0714 hypothetical protein  D, T 

PF0226 hypothetical protein (90 aa) AA PF0756 transposase Many 

PF0228 hypothetical protein (67 aa) I, AA PF0764 DEXX-box atpase D, AA, T 

PF0232 
ArsR family transcriptional 
reg. 

AA PF0777 hypothetical protein  D, I, AA 

PF0244 hypothetical protein (84 aa) I, T PF0780 transposase Many 

PF0270 alanyl-tRNA synthetase I, D PF0782 
hypothetical protein (109 
aa) 

AA 

PF0274 transposase Many PF0785 transposase Many 

PF0314 signal peptidase D, AA PF0786 transposase Many 

PF0332 flagellar  protein FlaH T PF0787 
hypothetical protein (129 
aa) 

I, AA 

PF0334 flagella-related protein D, T PF0793 hypothetical protein (81 aa) AA 

PF0347 hypothetical protein  I, T PF0800 transposase Many 

PF0348 transposase Many PF0817 transposase Many 

PF0351 
hypothetical protein 
CRISPR 

I, D, AA, T PF0856 isopentenyl PP isomerase I, AA, T 

PF0352 
RNA-binding protein 
RAMP  

I, D, AA, T PF0868 NDP-sugar synthase S 

PF0356 beta-galactosidase AA PF0871 hypothetical protein S 

PF0357 dipeptide-binding protein D PF0872 
hypothetical protein (125 
aa) 

I, AA 

PF0360 
oligopeptide ABC 
transporter 

D, AA, T PF0873 
hypothetical protein (49 
aa) 

D, AA 

PF0363 beta-galactosidase D, T PF0874 membrane dipeptidase I, T 
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precursor 

PF0389 transposase Many PF0884 hypothetical protein  AA 

PF0393 hypothetical protein  D, AA, T PF0889 hypothetical protein  S 

PF0404 hypothetical protein  S PF0901 
hypothetical protein (137 
aa) 

I, AA, T 

PF0411 protein-export (membrane) I, T PF0921 ABC transporter I, AA 

PF0423 hypothetical protein (50 aa) AA PF0933 DNA repair helicase rad3 D, AA 

PF0424 hypothetical protein   D, T PF0955 hypothetical protein   D, AA, T 

PF0439 hypothetical protein  I, AA PF0960 
hypothetical protein (112 
aa) 

D, AA, T 

PF0445 galactokinase S PF0978 hypothetical protein  I, D, AA, T 

PF0446 NDP-sugar synthase AA PF1030 methionyl-tRNA synthetase AA 

PF0447 transposase Many PF1433 NADH dehydrogenase S 

PF1109 hypothetical protein  D, AA, T PF1434 NADH dehydrogenase S 

PF1113 hypothetical protein  I, AA PF1474 hypothetical protein (98 aa) D, AA, T 

PF1120 
ATP-depend. RNA 
helicase 

AA PF1480 formaldehyde:fd OR wor5 I, AA, T 

PF1121 
CRISPR-assoc Cas5 
family  

AA PF1482 hypothetical protein (73 aa) I, T 

PF1130 
RNA-binding protein 
(RAMP)  

D, AA PF1494 hypothetical protein  I, AA 

PF1131 
CRISPRassoc Cas6 
family  

AA PF1553 
sun family nucleolar protein 
I 

D, AA 

PF1132 carbamoyl transferase D, T PF1567 exosome Rrp42 AA 

PF1159 L-tyrosine decarboxylase D, AA PF1572 hypothetical protein  I, AA, T 

PF1168 hypothetical protein  AA PF1573 hypothetical protein  S 

PF1182 
hypothetical protein (126 
aa) 

D, T PF1589 hypothetical protein  AA 

PF1191 hypothetical protein  D, T PF1624 hypothetical protein  AA 

PF1192 hypothetical protein (96 aa) D, AA PF1718 tRNA-modifying enzyme AA 

PF1200 transposase Many PF1725 DNA primase I, AA 

PF1207 hypothetical protein (76 aa) AA PF1749 sulfate transport protein D, AA, T 

PF1212 
peptide ABC uptake 
protein 

D, T PF1761 hypothetical protein  I, T 

PF1225 hypothetical protein (95 aa) AA PF1774 
Fe III ABC transp., ATP-
binding  

D, T 

PF1227 transposase Many PF1831 histone a1 AA 

PF1238 ABC transporter I, AA PF1864 transposase Many 

PF1248 transposase Many PF1869 hypothetical protein  D, T 

PF1250 hypothetical protein  D, AA PF1878 cysteine methyltransferase I, T 

PF1258 ribose-5-P isomerase A I, D, AA PF1882 cell division protein CDC48 AA 

PF1259 
hypothetical protein (106 
aa) 

I, AA PF1902 
DNA repair helicase 
putative 

AA 

PF1260 hypothetical protein  D, T PF1910 putative oxidoreductase S 

PF1267 hypothetical protein  I, T PF1926 RadA S 

PF1268 5-MTHPTG-homocysMT S PF1934 amylopullulanase  I, AA, T 

PF1290 hypothetical protein  S PF1935 amylopullulanase I, D, AA 

Table 2.A2 Continued 



 

92 

PF1305 hypothetical protein  I, AA PF1960 aldose reductase I, T 

PF1328 
ferredoxin-NADP 

reductase  
AA PF1971 

ribonucleoside triphosphate 
reduct. 

I, D, AA 

PF1339 hypothetical protein  D, T PF1989 translocase subunit SecE AA 

PF1342 hypothetical protein  D, T PF2011 hypothetical protein (82 aa) D, AA, T 

PF1380 arginyl-tRNA synthetase D, AA, T PF2035 transposase Many 

PF1407 uridylate kinase AA    

 

KEY: I  = insertion; D = deletion; S= silent; AA=  amino acid residue; T = truncation due to frame 
shift 
 
*bolded ORFs were differentially transcribed for at least one contrast. 
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Table 2.A3 Details for mutations in P. furiosus spontaneous mutant. 

ORF Annotation Mutation Details – Referenced to Pf WT 

PF0002 hypothetical protein  
1304/1305 

(1305) 
Nt 495 changed from A to T 
[missense mutation L165F] 

PF0036 
daunorubicin resistance 
membrane protein  

790/792 
(792)  

Frameshift deletion Nt 736 C and 
insertion C after Nt 739 [missense 
mutation R146A]  

PF0057 
 
 
 
 
 hypothetical protein PF0057  

1644/1657 
(1656) 

Point mutations at 1425, 1443, 1572; 
deletions of Nt 1433, 1466, 1561, 
1565, 1567, 1568; insertions at Nt 
1455, 1575, 1582 [12 aa residues 
different and one deleted]  

PF0058 
dolichol monophosphate 
mannose synthase  

1058/1059 
(1059) 

Nt 897changed from A to T [missense 
mutation L299F] 

PF0067 

cobalt transport ABC 
transporter, integral membrane 
component  

485/486 
(486) 

Frameshift deletion at Nt 462 [last 8 
aa residues from 154-161 different]   

PF0069 transposase  
570/676 

(702) 

In total106 Nt changes including point 
mutations, deletions and insertions 
(Numerous) 

PF0070 hypothetical protein PF0070  
902/903 

(903) 
Frameshift deletion at Nt 343 [Protein 
truncated after 133

rd
 residue]   

PF0079 
cyclic 2,3-diphospoglycerate-
synthetase  

1293/1296 
(1296) 

Deletions from Nt 1119 to 1121 [373
rd

 
aa residue deleted] 

PF0085 DNA helicase  
3836/3837 

(3837) 

Frameshift deletion at Nt 3813 
[missense mutations residues 1272-
74 changed RIP to AYL, G1277V] 

PF0122 
translation initiation factor IF-2B 
subunit delta  

965/966 
(966) 

Nt 634 changed from C to A 
[missense mutation Q212A] 

PF0132 hypothetical protein PF0132  
1461/1464 

(1464) 

Nt 697, 706, 710 deleted [Frameshift 
deletion at 237

th
 residue, 234-235 

residues changed from GN to AM] 

PF0149 short chain dehydrogenase  
791/792 

(792) 

 
Frameshift deletion Nt153 A [Protein 
truncated after the 51

st
 residue]  

PF0179 V-type ATP synthase subunit E  
596/597 

(597) 
Nt 355 changed T to A [missense 
mutation L119I] 

PF0209 
ribosomal protein s6 
modification protein  

820/822 
(822) 

Nt 51 changed from T to G, Nt 466 
changed from A to T [missense 
mutation F17L, N156Y] 

PF0226 hypothetical protein PF0226  
272/273 

(273) 
Nt 43 denoted as unknown N – should 
be G 

PF0228 hypothetical protein PF0228  
204/205 

(204) 

Frameshift insertion T after Nt 137 
[Only first 45 of the 56 residues 
match] 
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PF0232 
ArsR family transcriptional 
regulator  

563/564 
(564) 

Nt 56 changed from C to T [missense 
mutation S19F] 

PF0244 hypothetical protein PF0244  
255/257 

(255) 

Frameshift insertions of C and C after 
Nt 96 and Nt 142, respectively [Only 
the first 31 of 84 residues in wildtype 
match; protein truncated after 53

rd
 

residue]  

PF0270 alanyl-tRNA synthetase  
2742/2745 

(2745) 

Frameshift insertion G after Nt 2057, 
frameshift deletion of G at Nt 2061, Nt 
2059 changed G to A [No change in 
protein sequence ]  

PF0274 transposase  
570/676 

(702) Numerous 

PF0314 signal peptidase  
209/210 

(210) 
Frameshift deletion of C at Nt 175 
[missense mutations M1V, Q59S] 

PF0332 flagellar accessory protein FlaH  
614/615 

(615) 
Nt 159 changed G to T [Protein 
truncated after the 3

rd
 residue]  

PF0334 putative flagella-related protein  
556/558 

(558) 

Nt 1-9 deleted, Nt 66 C and 68 A 
frameshift deletion [Initial 3 residues 
missing and protein truncated after 
the 29

th
 residue F] 

PF0347 hypothetical protein PF0347  
978/979 

(978) 

Frameshift insertion of C after Nt781 
[missense mutations R261P, R262A 
and F264I, protein truncated after 
264

th
 residue] 

PF0348 transposase  
570/676 

(702) Numerous 

PF0351 hypothetical protein PF0351  
857/859 

(858) 

Frameshift insertion A after Nt66 and 
deletion A at Nt 576 [Missense 
mutations T23N,  N24K, A25C protein 
truncated after 25

th
 residue] 

PF0352 hypothetical protein PF0352  
563/565 

(564) 

Frameshift deletion of Nt314 A, and 
insertion of A after Nt564 [Missense 
mutation T105P, I106L, protein 
truncated after 106

th
 residue] 

PF0356 beta-galactosidase  
1450/1452 

(1452) 

Nt734 changed A to G, Nt765 
changed C to T [Missense mutation: 
K245R] 

PF0357 dipeptide-binding protein  
1893/1896 

(1896) 

Nt1372 (T), Nt1374 (C) and Nt1376 
(A) deleted [456

th
 aa residue Y 

deleted] 

PF0360 oligopeptide ABC transporter  
910/921 

(975) 

Nt1-54 deleted, Nt127 C to G, Nt216 
A to G, Nt219 C to T, Nt333 G to A, 
Nt239 C to T, Nt245 C to A, Nt248 A 
to G, Nt251 G to A, Nt474 A to 
G.Nt95-96 AA frameshift deletion [aa 
residues 1-18 missing, mutation 
R43G, truncated after 65

th
 residue] 

PF0363 beta-galactosidase precursor  
2318/2319 

(2319) 

 Nt18 (C) frameshift deletion [protein 
truncated after 18

th
 residue, only 

residues 1-7 match] 

Table 2.A3 Continued 
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PF0389 transposase  
570/676 

(702) Numerous 

PF0393 hypothetical protein PF0393  
724/726 

(726) 

Nt 230-231 (TA) frameshift deletion 
[Y78H mutation and protein truncated 
after the 86

th
 residue] 

PF0404 hypothetical protein PF0404  
1256/1257 

(1257) 
Nt840 T to A silent mutation [No 
change in aa sequence] 

PF0411 
protein-export membrane 
protein  

2232/2233 
(2232) 

Frameshift addition A after Nt336 
[Protein truncated after 114

th
 residue]  

PF0423 hypothetical protein PF0423  
129/130 

(153) 
Nt3 changed G to T [M1V missense 
mutation] 

PF0424 hypothetical protein PF0424  
518/519 

(519) 

Frameshift deletion Nt81 C [Protein 
truncated after the 64

th
 residue, also 

29 residues different]  

PF0439 hypothetical protein PF0439  
930/931 

(930) 

Frameshift insertion G after Nt883 
[M1V mutation and sequence different 
from 295

th
 residue, no stop at 310

th
 

residue position] 

PF0445 galactokinase  
1058/1059 

(1059) 
Nt171 changed G to A [Silent 
mutation] 

PF0446 NDP-sugar synthase  
458/459 

(459) 
Nt236 changed T to G [V78G 
missense mutation, also M1L] 

PF0447 transposase  
570/676 

(702) Numerous 

PF0463 

hydrolase related to 2-
haloalkanoic acid 
dehalogenase  

704/705 
(705) 

Nt141 changed C to G [D13E 
missense mutation] 

PF0472 hypothetical protein PF0472  
138/139 

(138) 

Frameshift insertion of A after Nt124 
[Mutations: S42Y, Q43T, no stop 
codon at the 45

th
 residue]   

PF0499 arginase 1 -like protein  
713/714 

(714) 
Frameshift deletion of A at Nt394 
[Protein truncated after 131

st
 residue] 

PF0509 
integral membrane 
glycosyltransferase  

2102/2104 
(2103) 

Frameshift insertion T after Nt429 and 
deletion T at Nt524 [Mutations M1V, 
residues144-148 from TLLMF to 
YFTHV, 150-159 changed 
NTSHGKLLLT to EYFSRQIITY,161-
171 changed QVIMLWLPSYL to 
PGYHALVALLS and 173-175 from 
LRL to FKT] 

PF0534 
indolepyruvate oxidoreductase 
subunit B  

639/645 
(645) 

Nt533 changed A to G, Frameshift  
deletion T at Nt592, Nt626-627 
changed GG to TT and deletion G at 
Nt628 [N178S mutation, 198-20 
residues CERTCL changed to 
ALEMLA, protein truncated after 204

th
 

residue]   

PF0539 transposase  
669/670 

(873) Numerous 

PF0552 
arsenical-resistance protein 
acr3  

1198/1201 
(1200) 

Frameshift insertions C after Nt1082 
and C after Nt1086, deletion C at 

Table 2.A3 Continued 
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Nt1089 [Mutations W362M, 365-376 
changed LRN to TEE] 

PF0563 hypothetical protein PF0563  
965/966 

(966)  

Frameshift deletion A at Nt926 
[Mutations K309R, 311-313 changed 
KQM to SRC, Protein truncated after 
318

th
 residue]  

PF0572 
dna2-nam7 helicase family 
protein  

1967/1968 
(1968) 

Nt325 changed C to A [Missense 
mutation P108T] 

PF0592 
ATP-dependent RNA helicase, 
putative  

2601/2604 
(2604) 

Nt2109 changed C to A, Nt2199 
changed T to C, Nt2297 changed C to 
A [Missense mutation P766H] 

PF0600 hypothetical protein PF0600  
1057/1059 

(1059) 

Nt100 changed C to G, Nt380 
changed A to G [Mutations M1L, 
missense L34V, E127G] 

PF0605 transposase  
661/670 

(873) Numerous 

PF0622 hypothetical protein PF0622  
102/103 

(102) 

Frameshift insertion A after Nt12 
[Mutations M1L, residues 6-10 
changed RLEKM to KTRED, 12-16 
changed IVTLE to NCDAR, protein 
truncated after 17

th
 residue] 

PF0714 hypothetical protein PF0714  
521/522 

(522) 

Frameshift deletion  of Nt506 C 
[Protein truncated after the 168

th
 

residue] 

PF0756 transposase  
570/676 

(702) Numerous 

PF0764 DEXX-box atpase  
1295/1296 

(1296) 

Frameshift deletion of Nt691 T 
[Mutation W231G, residues 233-243 
different and protein truncated after 
243

rd
 residue] 

PF0777 hypothetical protein PF0777  
647/649 

(648) 

Frameshift deletion of Nt71 C, 
Frameshift insertion G after Nt149 
[Mutations: M1V, residues 25-36 
changed from PRSCHARLSELP to 
LVLATLGFQNSL, residues 38-41 
from KGGC to REVA, 43-50 from 
LHGAGAVE to YMEREPSR]  

PF0780 transposase  
570/676 

(702) Numerous 

PF0782 hypothetical protein PF0782  
328/330 

(330) 

Nt47 changed A to G, Nt53 changed 
A to G [Missense mutations E16G, 
E18G] 

PF0785 transposase  
673/676 

(702) Numerous 

PF0786 transposase  
667/670 

(873) Numerous 

PF0787 hypothetical protein PF0787  
310/311 

(390) 

Frameshift insertion T after Nt236 
[Mutations: M1V, L79F, no matching 
residues from 79-103, nt sequence 
corresponding to residues 104-129 
not present in the sequence results for 

Table 2.A3 Continued 
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mutant] 

PF0793 hypothetical protein PF0793  
245/246 

(246) 
Nt244 changed to T to A [Instead of 
the stop codon residue L present] 

PF0800 transposase  
669/670 

(741) Numerous 

PF0817 transposase  
570/676 

(702) Numerous 

PF0856 
isopentenyl pyrophosphate 
isomerase  

1185/1186 
(1185) 

Frameshift insertion G after Nt1108 
[Mutations A370G, residues 373-374 
changed LRF to VKI, truncated after  
374

th
 residue] 

PF0868 NDP-sugar synthase  
1241/1242 

(1242) 
Nt691 changed A to G [Silent 
mutation] 

PF0871 hypothetical protein PF0871  
452/453 

(453) 
Nt354 changed T to A [Silent 
mutation] 

PF0872 hypothetical protein PF0872  
377/379 

(378) 

Frameshift insertion T after Nt57 
[Mutations M1L, residues 10-19 
changed from KRIHHAACDR to 
NEYITRLVID] 

PF0873 hypothetical protein PF0873  
149/150 

(150) 

Frameshift deletion of Nt105 C 
[Residues 36-49 do not match, stop 
codon not present after 49

th
 residue] 

PF0874 membrane dipeptidase  
1139/1141 

(1140) 

Frameshift insertion A after Nt9, 
Nt145 changed G to C [Only 8 
residues in first 21 match, protein 
truncated after 22

nd
 residue] 

PF0884 hypothetical protein PF0884  
1043/1044 

(1044) 
Nt592 changed from T to A [Missense 
mutation: M1L, L198I] 

PF0889 hypothetical protein PF0889  
977/978 

(978) Nt327 changed T to A [silent mutation] 

PF0901 hypothetical protein PF0901  
413/415 

(414) 

Frameshift insertion  A after Nt356, 
Nt374 changed C to G [Residues 120-
124 changed from TVLIY to DCFNL 
and 126-127 from RK to EE, protein 
truncated after 134

th
 residue] 

PF0921 putative ABC transporter  
870/871 

(870) 

Frameshift insertion C after Nt853 
[Residues 285-288 changed from 
QRSH to PKES, stop codon not 
present after the 289

th
 residue]  

PF0933 
DNA repair helicase rad3, 
putative  

1895/1896 
(1896) 

Frameshift deletion of Nt1876 C 
[Residues 626-631 at the end 
changed from HYENKT to T MRIKL, 
no stop codon at 632

nd
 residue]  

PF0955 hypothetical protein PF0955  
968/969 

(969) 

Frameshift deletion of Nt456 A 
[Mutation: M1V, protein truncated 
after the 153

rd
 residue]  

PF0960 hypothetical protein PF0960  
338/339 

(339) 

Frameshift deletion of the Nt44 C 
[Only the first 6 residues match, 
protein truncated after the 17

th
 

residue] 

PF0978 hypothetical protein PF0978  978/988 Nt884 changed C to G, Frameshift 

Table 2.A3 Continued 
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(987) deletion of Nt908 C, Frameshift 
insertion of G after Nt910, Nt949 
changed C to T, Nt951-952 changed 
AT to GG, insertion of G after Nt952, 
Nt961 changed A to G, Nt976 
changed  A to G, Nt979 changed A to 
T [Mutation T295R, T303M, protein 
truncated after the 316

th
 residue] 

PF1030 methionyl-tRNA synthetase  
2174/2175 

(2175) 
Nt1643 changed C to T [Missense 
mutation A548V] 

PF1109 hypothetical protein PF1109  
2910/2911 

(2910) 

Frameshift deletion of Nt2864 A 
[Missense mutation N955T, protein 
truncated after 955

th
 residue] 

PF1113 hypothetical protein PF1113  
654/656 

(654) 

 Frameshift insertion G after 
Nt579 and C after Nt593 [Missense 
mutations R194A, residues 197-202 
changed QPSRCS to AALHVA, 
residue A inserted after 202

nd
 residue, 

R203V, residues 207-209 changed 
RPT to DQL, Q211R, residues 212-
217 changed  GNIGGG to EILEVA, 
 No stop codon at 218

th
 

position] 

PF1120 ATP-dependent RNA helicase  
2174/2175 

(2175) 
Nt623 changed G to A [Missense 
mutation: G208E] 

PF1121 hypothetical protein PF1121  
629/630 

(630) 
Nt452 changed G to A [Missense 
mutation: M1L, G151E] 

PF1130 hypothetical protein PF1130  
1013/1017 

(1017) 

Nt29 changed C to T, Frameshift 
deletion of Nt35 C Nt41 C and Nt72 C 
[Frameshift: mismatch in the first 24 
residues] 

PF1131 hypothetical protein PF1131  
689/690 

(795) 

Nt429 changed A to C and First 105 
nt missing [Missense mutation K143N 
and missing first 35 residues]  

PF1132 putative carbamoyl transferase  
1610/1611 

(1611) 

Frameshift deletion of Nt 209 A 
[Protein truncated after the 72

nd
 

residue] 

PF1159 L-tyrosine decarboxylase  
1115/1116 

(1116) 

Frameshift deletion of Nt1085 C 
[Mismatches in the last 11 residues 
after 361

st
 residue] 

PF1168 hypothetical protein PF1168  
1354/1356 

(1356) 

Nt238 changed T to C, Nt263 
changed C to A [Missense M1L and 
S88Y] 

PF1182 hypothetical protein PF1182  
379/381 

(381) 

Frameshift deletion Nt22 G and Nt23 
changed G to A [Protein truncated 
after 11

th
 residue] 

PF1191 hypothetical protein PF1191  
785/786 

(786) 
Frameshift deletion of Nt17 C [Protein 
truncated after the 8

th
 residue] 

PF1192 hypothetical protein PF1192  
290/291 

(291) 

Frameshift deletion of Nt271 C 
[Missense Q91K and last 5 residues 
mismatch] 
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PF1200 transposase  
378/452 

(480)  

PF1207 hypothetical protein PF1207  
230/231 

(231) 
Nt83 changed A to G [Missense 
mutation E28G] 

PF1212 
putative peptide ABC uptake 
protein  

913/921 
(969) 

Nt183 changed G to A, Nt187 G to C, 
Nt522 changed G to A, Nt 523 
changed C to A, Nt546 changed A to 
G, Frameshift deletion Nt186 C and 
Nt192 G [Protein truncated after 119

th
 

residue] 

PF1225 hypothetical protein PF1225  
287/288 

(288) 
Nt154 changed C to A [Missense 
mutation M1V and P52T] 

PF1227 transposase  
174/177 

(225) Numerous 

PF1238 putative ABC transporter  
1898/1900 

(1899) 

Frameshift insertion G after Nt595, 
deletion of Nt725 C [Missense 
mutations C232W, S234K, L235P, 
A236S, S237F, G238W, R239P, 
K240E, R241K and L242I] 

PF1248 transposase  
666/670 

(873) Numerous 

PF1250 hypothetical protein PF1250  
620/621 

(621) 
Frameshift deletion of Nt602 A 
[Missense mutation K201S] 

PF1258 
ribose-5-phosphate isomerase 
A  

689/691 
(690) 

Frameshift insertion C after Nt161, 
deletion of Nt192G [Missense 
mutations P56T, P57S, I58Y, K59Q, 
Q60A, F62I, R64A] 

PF1259 hypothetical protein PF1259  
321/324 

(321) 
Insertion AGG after Nt74 [M1V, 
insertion G after 25

th
 residue] 

PF1260 hypothetical protein PF1260  
914/915 

(915) 
Frameshift deletion of Nt43 G [Protein 
truncated after 19 residues] 

PF1267 hypothetical protein PF1267  
488/490 
(1017) 

The first 528 nt. are missing, 
Frameshift insertion T after Nt550, 
Unknown nt. N at 578

th
 position (T) 

[No functional protein]   

PF1268 

5-
methyltetrahydropteroyltrigluta
mate--homocysteine 
methyltransferase  

929/930 
(930) Nt54 changed G to A [Silent mutation] 

PF1290 hypothetical protein PF1290  
568/569 

(570) 
Nt566 changed A to G [Silent 
mutation] 

PF1305 hypothetical protein PF1305  
2161/2166 

(2166) 

Nt641 changed C to A, Nt1340 
changed A to G,Frameshift insertion 
G after Nt1494 T, deletion of Nt1499 T 
[Missense mutation T241N, E447G, 
E499G, L500T] 

PF1328 
ferredoxin--NADP(+) reductase 
subunit alpha  

836/837 
(837) 

Nt753 changed C to G [Missense 
mutation D251E] 

PF1339 hypothetical protein PF1339  549/550 Frameshift deletion Nt531 G, part of 
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(672) the sequence on contig00030, and 
part found on contig 00038, a gap in 
sequencing suspected [Protein 
probably truncated after 177

th
 residue]  

PF1342 hypothetical protein PF1342  
542/543 

(543) 
Frameshift deletion Nt222 A [M1L, 
protein truncated after 74

th
 residue] 

PF1380 arginyl-tRNA synthetase  
1889/1890 

(1890) 

Frameshift deletion Nt584 A 
[Missense mutation I197Y, P198Q, 
N200T, protein truncated after 200

th
 

residue] 

PF1407 uridylate kinase  
677/678 

(678) 
Nt583 changed T to A [Missense 
mutation S195T] 

PF1433 

mbh11 membrane bound 
hydrogenase beta (NADH 
dehydrogenase)  

521/522 
(522) 

Nt420 changed T to C [Silent 
mutation]  

PF1434 

mbh12 membrane bound 
hydrogenase alpha (NADH 
dehydrogenase)  

1283/1284 
(1284) 

Nt903 changed C to A [Silent 
mutation] 

PF1474 hypothetical protein PF1474  
296/297 

(297) 

Frameshift deletion Nt112 T 
[Residues 38-42 changed SYIAI to 
RILPL, E44K, protein truncated after 
the 44

th
 residue] 

PF1480 
formaldehyde:ferredoxin 
oxidoreductase wor5  

1749/1751 
(1749) 

Frameshift insertion G after Nt1699, 
insertion G after Nt1727 [Missense 
mutations – residues 567-569 
changed VLS to GPV, 571-573 
changed ERH to GKA, T575N, protein 
truncated after 575

th
 residue]  

PF1482 hypothetical protein PF1482  
180/181 

(222) 
Frameshift insertion A after Nt204 
[Protein truncated after 68

th
 residue] 

PF1494 hypothetical protein PF1494  
579/582 

(579) 

Frameshift insertion CT after Nt402, 
insertion C after Nt409 [N135L, 
insertion I after 135

th
 residue, S136A] 

PF1553 
nol1-nop2-sun family nucleolar 
protein I  

935/936 
(936) 

Frameshift deletion Nt30 A [Mismatch 
with first 6 residues, missense 
mutation K9R, insertion QKN after 
10

th
 residue]  

PF1567 
exosome complex RNA-binding 
protein Rrp42  

833/834 
(834) 

Nt583 changed T to C [Missense 
mutation M1V, S195P] 

PF1572 hypothetical protein PF1572  
526/529 

(528) 

Nt418 changed G to A, Nt437 
changed T to C, Frameshift insertion 
A after Nt490 [Missense mutation 
E140K, I146T, S164Y, L166I, protein 
truncated after 166

th
 residue] 

PF1573 hypothetical protein PF1573  
1367/1368 

(1368) 
Nt1302 changed G to A [Silent 
mutation] 

PF1589 hypothetical protein PF1589  
754/756 

(756) 

Nt377 changed T to C, Nt387 
changed T to C [Missense mutation 
F126S] 
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PF1624 hypothetical protein PF1624  
527/528 

(528) 
Nt145 changed A to T [Missense 
mutation R49W] 

PF1718 tRNA-modifying enzyme  
1016/1017 

(1017) 
Nt613 changed T to A [Missense 
mutation S205T] 

PF1725 DNA primase  
1328/1359 

(1344) 

Nt891 changed C to A, Frameshift 
insertion A after Nt893, insertion A 
after Nt904, insertion A after Nt929, 
Nt833 changed T to A, insertion T 
after Nt834, insertion A after Nt839, 
insertion A after Nt843, Nt850 
changed G to A, deletion Nt852 A, 
insertion A after Nt859, insertion A 
after Nt861, insertion A after Nt862, 
insertion A after Nt863, Nt867 
changed C to A, insertion A after 
Nt983, insertion A after Nt890, 
insertion A after Nt994, Nt1002 
changed C to A, Nt1021 changed C to 
A [Missense mutation D297E, L299V, 
L300I, T301N, residues 302-307 
IVQQRK 
deleted, D311N, residues 313-321 
GKSFYEIVK deleted, residues 322-
330 LGRERRRGG changed to 

EREKEEDER, insertion E after 337
th
 

residue, K338E, G340E, N343K, 
H349Q] 

PF1749 
putative sulfate transport 
integral membrane protein  

685/687 
(687) 

Frameshift deletion Nt16 C, Nt100 
changed T to C [Residues 8-12 
EWYRR changed to NGTEG, 13

th
 

residue V deleted, E17Q, protein 
truncated after 17

th
 residue] 

PF1761 hypothetical protein PF1761  
1167/1168 

(1167) 
Frameshift insertion A after Nt1124 
[Protein truncated after 375

th
 residue] 

PF1774 
iron III ABC transporter, ATP-
binding protein  

1091/1092 
(1092) 

Frameshift deletion Nt1027 C [Protein 
truncated after 342

nd
 residue] 

PF1831 histone a1  
203/204 

(204) 
Nt151 changed G to A [Missense 
mutation A51T] 

PF1864 transposase  
570/676 

(702)  

PF1869 hypothetical protein PF1869  
905/906 

(906) 
Frameshift deletion Nt810 A [Protein 
truncated after 270

th
 residue]  

PF1878 
methylated-DNA--protein-
cysteine methyltransferase  

316/317 
(525) 

Frameshift insertion A after Nt224, 
Sequence present in parts on contigs 
00056 and 00057, a gap in 
sequencing suspected [Protein 
truncated] 

PF1882 cell division protein CDC48  
2390/2391 

(2391) 
Nt88 changed G to A [Missense 
mutation E30K] 

PF1902 DNA repair helicase putative  
1341/1344 

(1344) 
Nt1072 changed T to A, Nt1079 
changed C to A, Nt1118 changed C to 
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A [Missense mutations M1V, Y358N, 
A360E, A373E] 

PF1910 putative oxidoreductase  
1430/1431 

(1431) 
Nt1314 changed C to T [Silent 
mutation] 

PF1926 
DNA repair and recombination 
protein RadA  

1049/1050 
(1050) 

Nt594 changed G to A [Silent 
mutation] 

PF1934 hypothetical protein PF1934  
420/421 

(420) 

Frameshift insertion C after Nt21 
[Residues 9-11 changed QAV to 
AGC, protein truncated after 11

th
 

residue] 

PF1935 amylopullulanase  
2905/2950 

(2958) 

Nt2760 changed T to C, Nt 2775 
changed C to T, Nt 2784-2785 
changed AA to TG, Nt2787 changed T 
to C, Frameshift deletion Nt2789 A, 
Frameshift insertion A after Nt2792, 
Insertion G after Nt2795, Deletion 
Nt2797 G, Deletion Nt2805 G, Nt2809 
changed C to G, Insertion G after 
Nt2809, Nt2814 changed A to G, 
Deletion Nt2823 T, Insertion A after 
Nt2824, Deletion Nt2826 C, Insertion 
G after Nt2829, Nt2833-2834 changed 
GG to AA, Insertion C after Nt2834, 
Insertion AA after Nt2835, Nt2841 
changed T to C, Nt2844 changed G to 
T, Nt2847 changed C to G, Nt2849-
2850 changed AT to GG, Nt2852 
changed C to G, Nt2855 changed C to 
T, Nt2859 changed C to T, Nt2863-
2864 changed GT to AC, Nt2868-
2870 changed TTC to AAG, Nt2908 
changed C to G, Nt2920 changed A to 
G [Missense mutations, protein 
produced] (based on the NCBI 
sequence entry)    

PF1960 aldose reductase  
721/722 

(837) 

Frameshift insertion A after Nt125, 
Sequence present in parts on contigs 
00035 and 00017 and possibly more, 
a gap in sequencing suspected 
[Protein truncated] 

PF1971 
anaerobic ribonucleoside 
triphosphate reductase  

1816/1818 
(1818) 

Frameshift insertion G after Nt1362, 
deletion Nt1365 G [Missense mutation 
Q455A] 

PF1989 
preprotein translocase subunit 
SecE  

185/186 
(186) 

Nt53 changed C to T [missense 
mutation A18V] 

PF2011 hypothetical protein PF2011  
248/249 

(249) 

Frameshift deletion Nt142 A 
[Missense mutation M1V, protein 
truncated after 49

th
 residue] 

PF2035 transposase  
570/676 

(702) Numerous 
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Table 2.A4 ORFs differentially transcribed in P. furiosus wild-type and (WT) 
spontaneous mutant (SM) during growth phase transitions. 

If Log2 Fold Change <  ABS(1.0), reported as no change – gray shading 

 
Gene ID 

 
Log fold change  

Annotation 14h  vs 10h 24h  vs 14h 

 WT SM WT SM 

 62/30 21/6 69/45 34/62  

PF0002 1.4    hypothetical protein  

PF0003 1.3    moeB-like protein  

PF0004 1.3  1.2  hypothetical protein  

PF0005 1.2    ABC transporter, ATP-binding protein  

PF0016 -1.3  1.1 -3.6 5'-methylthioadenosine phosphorylase II 

PF0018 1.5  -1.6 -1.5 DNA polymerase II small subunit 

PF0027   -1.7 -2.7 integral membrane transport protein 

PF0030 1.4 1.6  -2.8 hypothetical protein  

PF0034 1.9    hypothetical protein  

PF0054    1.1 AsnC family transcriptional regulator 

PF0101 2.3  1.9  hypothetical protein  

PF0106 1.2    hypothetical protein  

PF0107 2.6  -2.2 -2.5 hypothetical protein  

PF0201   1.5  aconitate hydratase  

PF0203   1.0  citrate synthase  

PF0207   4.7  argininosuccinate synthase  

PF0208   3.8  argininosuccinate lyase  

PF0209   2.8  ribosomal protein s6 modification protein  

PF0225 1.3   -1.7 N-acetyltransferase 

PF0239    1.4 hypothetical protein  

PF0246    1.1 hypothetical protein  

PF0281 1.5 1.1 -1.3  hypothetical protein  

PF0298    1.2 hypothetical protein  

PF0317 1.7 1.8  -1.1 hypothetical protein  

PF0324    -1.0 hypothetical protein  

PF0329 1.4  -2.5  hypothetical protein  

PF0330 1.1  -1.2  flagellar assembly protein J  

PF0331 1.6  -2.5  type II secretion system protein  

PF0332 1.4  -1.9  flagellar accessory protein FlaH  

PF0334 1.4  -1.5  flagella-related protein  

PF0335 1.6  -2.4  flagella-related protein d, putative  

PF0336 2.0  -2.8  flagella accessory C family protein 

PF0337 1.5  -2.4  flagellin  

PF0339 1.9  -1.9  methyltransferase  

PF0340 1.6  -1.4  HTH transcription regulator  

PF0341 1.0  -1.0  hypothetical protein  

PF0352 1.0    hypothetical protein – CRISPR-related 

PF0383 2.2  -1.9 -3.5 hypothetical protein  (111 aa) 

PF0420    -1.0 hypothetical protein  
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PF0430 -2.5 1.1   phosphoribosylglycinamide formyltransf. 2 

PF0444   -1.2 -1.1 hydrolase 

PF0449   1.4  hypothetical protein  

PF0450 -1.1  2.0  glutamine synthetase  

PF0462  -1.4 -3.4 -4.2 
CDP-diacylglycerol--glycerol-3-phosphate 
3-phosphatidyltransferase 

PF0481   -1.0 1.1 translation initiation factor IF-2 subunit beta 

PF0489   1.9  hypothetical protein  

PF0498 2.9 2.0 -2.3 -3.8 hypothetical protein (105 aa) 

PF0548 1.5  -1.6 -1.9 hydrogenase expression/formation protein 

PF0578    -1.1 hypothetical protein  

PF0581 1.3    hypothetical protein  

PF0598 -1.0  2.2  aspartate carbamoyltransferase reg subunit  

PF0599   1.4  asp carbamoyltransferase catalytic subunit  

PF0613 1.6  1.0  hypothetical protein  

PF0665    1.4 hypothetical protein  

PF0670 2.5  -1.7 -2.1 putative ATPase RIL 

PF0687    1.1 transcription initiation factor IIB chain b 

PF0688    1.5 subtilisin-like protease 

PF0690 2.5  -1.6 -1.1 hypothetical protein  

PF0700 1.2  -1.1  x-pro dipeptidase, N-terminal fragment  

PF0741  -1.0 -1.9 -2.0 hypothetical protein  

PF0742    1.2 putative ferritin 

PF0743 1.5  -1.1 -1.9 hypothetical protein  

PF0772 -1.9  1.0  hypothetical protein  

PF0781    -2.0 hypothetical protein  

PF0783    -1.0 hypothetical protein  

PF0822    1.1 hypothetical protein  

PF0838    1.3 hypothetical protein  

PF0858 2.2 1.4  -1.9 hypothetical protein  

PF0886 1.1    hypothetical protein  

PF0887 1.1    hypothetical protein  

PF0925 2.5   -2.5 heme biosynthesis protein 

PF0928   -1.5 -2.0 hypothetical protein  

PF0961  1.1   hypothetical protein  

PF0962    1.0 hypothetical protein  

PF1003 -2.7   1.1 phosphate-binding protein precursor 

PF1021 -2.0  1.1  hypothetical protein  

PF1022    1.5 AsnC family transcriptional regulator 

PF1033   -1.0 -1.6 peroxiredoxin 

PF1035    1.1 50S ribosomal protein L21e 

PF1052 -2.4  1.6  aspartate kinase  

PF1053 -1.5  2.2  aspartate kinase  

PF1054 -1.1  2.5  homoserine kinase  

PF1055 -1.7  3.1  threonine synthase  

PF1056 -1.3  2.5  aspartate-semialdehyde dehydrogenase  

PF1087    1.0 hypothetical protein  

PF1095 1.0    hypothetical protein  

PF1096  1.2 -1.3 -3.1 isoleucyl-tRNA synthetase 
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PF1195   1.0  hypothetical protein  

PF1199    1.0 hypothetical protein  

PF1206    -1.2 hypothetical protein  

PF1208  -1.3 -1.7  beta-mannosidase 

PF1211 -1.3  1.8  dipeptide ABC transporter, permease  

PF1217    -2.1 hypothetical protein  

PF1220 1.2  -1.4 -2.6 sulfate adenylyltransferase 

PF1233 -1.3   -2.4 putative chitinase 

PF1238    1.5 putative ABC transporter 

PF1240   2.1  purine permease  

PF1241   1.4  uracil phosphoribosyltransferase  

PF1256 2.8  -1.0 -2.4 hypothetical protein  

PF1266 -2.6  2.3  cystathionine gamma-synthase  

PF1267 -1.9  1.6  hypothetical protein  

PF1268 -2.8  1.9  5-MTHPTG-homocysteine MT 

PF1269 -2.6  1.9  methionine synthase  

PF1315 2.9  -2.7 -2.6 hypothetical protein  (85 or 97 aa) 

PF1347   1.8  hypothetical protein  

PF1348   1.0  hypothetical protein  

PF1432    1.2 mbh10 NADH dehydrogenase subunit 

PF1455   -1.1 1.5 hypothetical protein  

PF1456 2.7 2.1  -1.0 hypothetical protein  

PF1467 1.6 1.3 -2.1 -3.8 putative ABC transporter 

PF1476   1.8  hypothetical protein  

PF1483    1.0 hypothetical protein  

PF1489 2.9  -1.3 -2.2 hypothetical protein  

PF1506 3.3 2.6 -1.1 -3.0 hypothetical protein  

PF1524 1.6   -1.8 hypothetical protein  

PF1528    3.4 glutamine amidotransferase subunit PdxT 

PF1529    2.5 pyridoxine biosynthesis protein 

PF1539 1.8  -1.5 -2.5 dihydroorotate dehydrogenase 1B 

PF1542    1.2 small nuclear ribonucleoprotein 

PF1546    1.1 hypothetical protein  

PF1563   1.1  DNA-directed RNA polymerase subunit a  

PF1564 1.0    DNA-directed RNA polymerase subunit beta  

PF1592 -1.3  1.5  tryptophan synthase subunit beta  

PF1597 -1.4  1.9  heat shock protein x  

PF1620   1.0  hypothetical protein  

PF1621   2.1  hypothetical protein  

PF1647 -1.1   -1.0 DNA-directed RNA polymerase subunit D 

PF1678   3.8 -1.4 2-isopropylmalate synthase  

PF1679   3.8 -1.6 
3-isopropylmalate dehydratase large 
subunit 

PF1680   3.8 -1.3 
3-isopropylmalate dehydratase small 
subunit 

PF1681   3.5  hypothetical protein  

PF1682   3.8  ribosomal protein s6 modification protein  

PF1683   3.8  N-acetyl-g-glutamyl-phosphate reductase  

PF1684   3.3  acetylglutamate kinase  
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PF1685   3.1  acetylornithine/acetyl-lys aminotransferase  

PF1686 -1.4  3.6  acetyl-lysine deacetylase  

PF1688 -1.6  2.0  transketolase N-terminal section  

PF1689  -1.2   transketolase C-terminal section 

PF1690 -1.0  2.0  3-deoxy-7-phosphoheptulonate synthase  

PF1696  -1.3   putative ABC sugar transporter 

PF1702 -1.4  2.8  aspartate aminotransferase  

PF1703   1.4  prephenate dehydrogenase  

PF1705   2.0  tryptophan synthase subunit alpha  

PF1706 2.0  1.7 -3.0 tryptophan synthase subunit beta 

PF1707   1.7  
N-(5'-phosphoribosyl)anthranilate 
isomerase  

PF1708   2.0  anthranilate synthase component II  

PF1709   2.1  anthranilate synthase component I  

PF1710   2.4  anthranilate phosphoribosyltransferase  

PF1711   2.5  indole-3-glycerol-phosphate synthase  

PF1713   4.5  carbamoyl phosphate synthase small sub 

PF1714   4.0  carbamoyl phosphate synthase large sub  

PF1719   -1.2 1.2 intracellular protease 

PF1727  1.5  -2.0 hypothetical protein  

PF1734 2.0 1.1  -2.1 AsnC family transcriptional regulator 

PF1736    -1.7 transposase 

PF1751 -1.3   -1.1 putative solute binding lipoprotein 

PF1754 2.6  -2.3 -2.3 fumarate hydratase 

PF1780    -2.4 putative ABC transporter 

PF1789 2.2 1.7  -1.2 
hydrolase related to 2-haloalkanoic acid 
dehalogenase 

PF1795    -1.6 sarcosine oxidase subunit alpha 

PF1796    -1.0 putative polyferredoxin 

PF1827    1.0 hypothetical protein  

PF1844   1.1  hypothetical protein  

PF1852 -1.1  -1.4 1.4 putative glutamate synthase subunit beta 

PF1854 1.4 1.0   
molybdenum cofactor biosynthesis protein 
C 

PF1859    -2.8 adenylate cyclase  

PF1863 1.4 1.9 -2.2 -3.7 dimethyladenosine transferase 

PF1866    1.2 S-adenosylmethionine synthetase 

PF1907    1.2 hypothetical protein  

PF1909    1.3 ferredoxin 

PF1930    1.2 S-adenosylmethionine decarboxylase  

PF1942 2.3 1.6   hypothetical protein  

PF1949   1.9  hypothetical protein 

PF1950 -1.1  2.0  
xanthine-guanine 
phosphoribosyltransferase  

PF1951 -1.6  2.9  asparagine synthetase A  

PF1955   -1.8 -3.1 hypothetical protein (71 aa) 

PF1963 1.4 2.6  -1.8 prenyltransferase UbiA-like protein 

PF1967 1.0    hypothetical protein  

PF1973 2.8 1.7 -2.2 -2.2 hypothetical protein  
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PF1975 -1.3  1.5  phosphoenolpyruvate carboxylase  

PF2002    -1.1 sucrose transport protein 

PF2023    -1.2 DNA invertase 

PF2026  -1.4   putative polyferredoxin 

PF2031 2.1   -2.4 iron-sulfur cluster binding protein 

PF2032   1.7  hypothetical protein  

PF2052   -1.8 -1.1 putative regulatory protein 

PF2053    1.5 AsnC family transcriptional regulator 

PF2056   1.0  30S ribosomal protein S15P  

PF2058  1.0   hypothetical protein  

PF2061 2.7 1.7  -2.3 putative ABC transporter 

PF2063   2.0  aminopeptidase  

PF2064 3.3  1.4  arylsulfatase regulatory protein  
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Table 2.A5 Transcriptomic contrast between P. furiosus spontaneous mutant 

(SM) and wild-type (WT) during growth phase transitions. 

If Log2 Fold Change <  ABS(1.0), reported as no change – gray shading 
Yellow highlight = 5–fold or more 

Green highlight = in same operon as gene(s) changing 5-fold 
 

Gene 
ID 

Log fold change Annotation 

SP vs. WT  

 10h 14h 24h  

PF0001   -1.0 hypothetical protein  

PF0002  -1.7 -1.9 hypothetical protein  

PF0003  -1.1 -1.7 moeB-like protein  

PF0004  -1.9 -2.5 hypothetical protein  

PF0005 -1.3 -2.4 -2.1 ABC transporter, ATP-binding protein  

PF0006  -1.2 -1.2 ABC transporter  

PF0013  1.5 1.0 transposase  

PF0040  1.3 1.0 type II phosphatidic acid phosphatase  

PF0069 1.4 1.5 -1.3 transposase  

PF0101  -2.1 -4.1 hypothetical protein  

PF0119  -1.1 -1.0 perplasmic sugar binding protein  

PF0121 -3.2 -4.1 -4.2 aspartate aminotransferase  

PF0126 -2.1 -1.4 -1.4 DNA repair protein rad25  

PF0129 1.0 1.5 1.7 hypothetical protein  

PF0142 -1.1  -0.7 asparaginase 

PF0155  1.5  asparaginyl-tRNA synthetase  

PF0185  1.1 1.7 partial alanyl-tRNA synthetase matches COOH terminus 

PF0189  1.0 1.2 dihydroorotase  

PF0191 -1.0 -1.5 -1.4 oligopeptide transport system permease protein  

PF0195 -1.1 -1.6 -1.4 hypothetical protein  

PF0201 1.5 1.6  aconitate hydratase  

PF0203  1.2 -1.2 citrate synthase  

PF0204  1.8 1.0 hypothetical protein  

PF0205 2.0 1.7 1.8 glutamate synthase subunit alpha  

PF0206 1.0 1.2 1.1 hypothetical protein  

PF0207 1.3 1.4 -3.3 argininosuccinate synthase  

PF0208   -3.7 argininosuccinate lyase  

PF0209   -1.6 ribosomal protein s6 modification protein  

PF0224   1.2 hypothetical protein  

PF0233 -0.7 -1.0  hypothetical protein  

PF0272   -1.7 alpha-amylase  

PF0274 1.2 1.8 1.0 transposase  

PF0276 1.2 1.3 1.6 oxidoreductase  

PF0286 -1.4 -2.0 -1.4 hypothetical protein  

PF0287 1.1 1.6  pyrolysin  

PF0289 -1.0 -1.2 -0.7 phosphoenolpyruvate carboxykinase 

PF0298  -1.3  hypothetical protein  

PF0311 1.1 1.3  hypothetical protein  
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PF0324   -1.1 hypothetical protein  

PF0329  -1.9  hypothetical protein  

PF0330  -1.2  flagellar assembly protein J  

PF0331 -1.4 -3.1  type II secretion system protein  

PF0332  -2.5  flagellar accessory protein FlaH  

PF0333 -2.0 -3.9 -1.1 putative flagella-related protein g  

PF0335 -2.1 -4.0 -1.9 flagella-related protein d, putative  

PF0336 -3.5 -5.5 -2.8 hypothetical protein  

PF0337 -3.1 -4.9 -2.6 flagellin  

PF0338 -2.7 -3.0 -2.4 flagellin  

PF0339  -2.2  methyltransferase  

PF0340  -1.7  HTH transcription regulator  

PF0341  -1.1  hypothetical protein  

PF0347 -2.4 -2.5 -2.8 hypothetical protein  

PF0348  1.5 1.0 transposase  

PF0351 -2.8 -3.7 -3.6 hypothetical protein – CRISPR-related 

PF0352 -3.8 -4.3 -4.6 hypothetical protein – CRISPR-related 

PF0370  -1.0    2-hydroxyacid dehydrogenase  

PF0388  -1.5 -1.3 hypothetical protein  

PF0389 1.1 1.6 1.0 transposase  

PF0401 -1.0 -2.1 -2.5 methyltransferase  

PF0407 1.9 2.1 1.5 hypothetical protein  

PF0408  1.3  transposase  

PF0421 
-1.0 1.2 2.0 

5-formaminoimidazole-4-carboxamide-1-(beta)-D-
ribofuranosyl 5'-monophosphate synthetase-like   

PF0422   1.1 phosphoribosylamine--glycine ligase  

PF0426  1.8 1.9 phosphoribosylaminoimidazole carboxylase ATPase   

PF0427  1.4 1.7 phosphoribosylaminoimidazole carboxylase catalytic   

PF0429 1.5 2.4 2.5 proline permease  

PF0430 -1.5 2.0 2.3 phosphoribosylglycinamide formyltransferase 2  

PF0440   1.8 ribonucleotide-diphosphate reductase subunit alpha  

PF0443 -1.1 -1.3 -0.9 putative membrane transport protein  

PF0445 -1.2 -1.1 -0.7 galactokinase  

PF0447 1.8 1.6 -0.9 transposase  

PF0450 1.3 1.3  glutamine synthetase  

PF0476   -1.2 competence damage-inducible protein A  

PF0477   -1.5 cytoplasmic alpha-amylase  

PF0478  -1.2 -1.7 alpha-amylase  

PF0479   -1.6 hypothetical protein  

PF0482  1.0 1.2 cell division control protein 21  

PF0489  1.2  hypothetical protein  

PF0523   1.0 hypothetical protein  

PF0524  -1.2 -1.1 hypothetical protein  

PF0525   -1.3 cell division protein FtsZ  

PF0532 -2.3 -3.0 -2.5 hypothetical protein  

PF0533 -2.0 -2.5 -2.3 indolepyruvate ferredoxin oxidoreductase subunit a  

PF0534 -1.5 -1.9 -1.5 indolepyruvate oxidoreductase subunit B  

PF0539 2.1 2.3 1.6 transposase  

PF0544  1.2 2.0 hypothetical protein  
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PF0545   1.1 hypothetical protein  

PF0546   1.9 hypothetical protein  

PF0556 1.3 1.7 1.5 hypothetical protein  

PF0557 0.9 1.1  3-ketoacyl-(acyl-carrier-protein) reductase  

PF0560 -2.0 -2.0 -1.5 hypothetical protein  

PF0561 -2.4 -2.1 -1.5 hypothetical protein  

PF0571  -1.1 -1.5 hypothetical protein  

PF0572 1.0   dna2-nam7 helicase family protein 

PF0581   -1.3 hypothetical protein  

PF0586  -1.3 -1.0 hypothetical protein  

PF0597 -1.0 -1.0  IAA-amino acid hydrolase  

PF0605  1.2  transposase  

PF0613  -2.3 -3.4 hypothetical protein (Fructose-1,6-biphosphatase) 

PF0641 1.1 1.1 1.1 hypothetical protein  

PF0642 1.4 1.5 1.3 hypothetical protein  

PF0643 1.5 1.4 1.4 hypothetical protein  

PF0665  -1.1  hypothetical protein  

PF0667   1.2 adenylosuccinate lyase  

PF0669   1.3 hypothetical protein  

PF0672 1.6 1.6 2.1 hypothetical protein  

PF0674 1.1 1.0 1.0 ion gradient-generating decarboxylase subunit beta  

PF0681 -1.7 -2.8 -3.1 hypothetical protein  

PF0682 -1.1 -1.8 -2.1 hypothetical protein  

PF0683 -1.0 -1.8 -2.2 hypothetical protein  

PF0684  -1.4 -1.9 hypothetical protein  

PF0685 -1.1   hypothetical protein  

PF0725 -1.4 -1.2  hypothetical protein  

PF0726 -1.1 -1.2  hypothetical protein  

PF0744   -1.1 ABC transporter  

PF0756  1.6  transposase  

PF0765 -1.3  -1.0 NDP-sugar dehydrogenase  

PF0766 -1.0   putative dehydrogenase 

PF0767 -1.5 -1.1 -1.2 pleiotropic regulatory protein degT  

PF0772 -1.6   hypothetical protein  

PF0780  1.4 1.7 transposase  

PF0783  1.4  hypothetical protein  

PF0786  1.3 1.1 transposase  

PF0795  -1.1  capsular polysaccharide biosynthesis protein  

PF0796  -1.3  galactoside o-acetyltransferase  

PF0800 1.0 1.5 1.1 transposase  

PF0801 1.3 1.9 1.5 hypothetical protein  

PF0816 1.2 1.3 1.6 hypothetical protein  

PF0845  -1.3 -1.0 2-keto acid:ferredoxin oxidoreductase subunit alpha  

PF0852  1.7 1.3 hypothetical protein  

PF0865 -1.3 -1.0 -1.0 aromatic acid decarboxylase  

PF0870 -1.0 -1.4 -1.3 hypothetical protein  

PF0872  -1.3 -1.4 hypothetical protein  

PF0881   -1.1 putative ABC transporter  

PF0882 -1.4 -2.0 -2.2 hypothetical protein  
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PF0884  -1.2 -1.3 hypothetical protein  

PF0886   -1.4 hypothetical protein  

PF0887   -1.5 hypothetical protein  

PF0889  -1.5 -1.4 hypothetical protein  

PF0891 -1.0 -1.4 -1.2 sulfhydrogenase beta subunit  

PF0892  -1.1 -1.1 cytochrome-c3 hydrogenase subunit gamma  

PF0893 -1.3 -2.0 -2.3 sulfhydrogenase delta subunit  

PF0894 -1.1 -1.3 -1.1 sulfhydrogenase alpha subunit  

PF0895 -1.3 -1.6 -1.3 putative ABC transporter  

PF0922   -1.7 hypothetical protein  

PF0923   -1.6 hypothetical protein  

PF0924  -1.1 -1.9 hypothetical protein  

PF0926   -1.3 hypothetical protein  

PF0934 2.0 2.6 2.3 hypothetical protein  

PF0935 1.1 1.4 1.7 acetolactate synthase  

PF0936 2.0 2.6 2.3 ketol-acid reductoisomerase  

PF0937 1.1 1.7  2-isopropylmalate synthase  

PF0940 1.3 1.7 1.5 3-isopropylmalate dehydrogenase 2  

PF0941 1.2 1.8 1.8 alpha-isopropylmalate/homocitrate synthase  

PF0942 1.3 1.9 2.0 dihydroxy-acid dehydratase  

PF0946  1.2 2.0 transposase  

PF0947  1.1  hypothetical protein  

PF0948 -1.7 -2.3 -1.9 hypothetical protein  

PF0956 -1.6 -1.9 -1.3 hypothetical protein  

PF0957 -1.3 -1.3 -1.6 hypothetical protein  

PF0962 -2.0 -2.4 -1.7 hypothetical protein  

PF0972 -1.0   hypothetical protein  

PF0973 -1.1   acetyl-CoA acetyltransferase 

PF0974 -1.9   hypothetical protein  

PF1003 -2.2 1.2 2.4 phosphate-binding periplasmic protein precursor  

PF1004 -1.4 0.9 1.3 alkaline phosphatase IV precursor  

PF1006 -1.4 2.2 2.3 phosphate transport system permease protein C  

PF1020 -1.2   putative phosphate transport protein pitb 

PF1021 -1.2 1.3  hypothetical protein  

PF1052 -3.0  -2.1 aspartate kinase  

PF1053  1.2 -1.0 aspartate kinase  

PF1054 1.2 1.6 -1.2 homoserine kinase  

PF1055 1.3 2.3 -1.2 threonine synthase  

PF1056  1.4 -3.8 aspartate-semialdehyde dehydrogenase  

PF1057 -1.6 -2.7 -2.5 phosphoglycerate kinase  

PF1072   1.1 hypothetical protein  

PF1073   1.3 hypothetical protein  

PF1076 -1.3 -2.1 -1.6 hypothetical protein  

PF1077 -1.5 -2.5 -1.4 hypothetical protein  

PF1080 -2.4 -3.0 -2.1 hypothetical protein  

PF1092   -1.1 hypothetical protein  

PF1099 1.0   putative formamidase (formamide amidohydrolase) 

PF1100 -1.4 -1.5 -1.8 hypothetical protein  

PF1105 -1.1 -1.4  pyrazinamidase/nicotinamidase pxnc  
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PF1110  -1.2  hypothetical protein  

PF1112   -1.2 hypothetical protein  

PF1114 1.1   orotidine 5'-phosphate decarboxylase 

PF1119   -1.0 hypothetical protein  

PF1120   -1.2 ATP-dependent RNA helicase  

PF1125   -1.1 hypothetical protein  

PF1131 -1.3 -1.4  hypothetical protein  

PF1133 2.5 3.1 3.7 hypothetical protein  

PF1190 -1.1 -1.1 -1.2 hypothetical protein  

PF1195 -1.5 -2.0 -2.2 hypothetical protein  

PF1196 -2.2 -1.9 -2.0 hypothetical protein  

PF1197 -1.1 -1.2 -1.3 NADH oxidase /nitrite reductase  

PF1199 -1.0 -1.2  hypothetical protein  

PF1209 1.0   oligopeptide ABC transporter 

PF1211  1.5  dipeptide ABC transporter, permease protein  

PF1221   1.1 dissimilatory sulfate adenylyltransferase  

PF1227  1.0  transposase  

PF1232 -1.3 -2.3 -0.4 4-aminobutyrate aminotransferase  

PF1233 1.3 1.9 1.5 putative chitinase  

PF1238 -1.5 -2.3  putative ABC transporter  

PF1240  1.2 -1.2 putative purine permease  

PF1241   -1.2 uracil phosphoribosyltransferase  

PF1246 -1.7 -1.7 -1.9 sarcosine oxidase, subunit beta  

PF1253 -1.7 -2.1 -1.5 aspartate aminotransferase  

PF1255 1.1 1.1 1.1 hypothetical protein  

PF1266 -3.4 -1.3 -3.7 cystathionine gamma-synthase  

PF1267 -3.6 -1.8 -3.7 hypothetical protein  

PF1268 
-4.6 -1.8 -4.6 

5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase  

PF1269 -3.7 -1.0 -2.9 methionine synthase  

PF1287 -1.0 -1.0 -0.6 putative ABC transporter  

PF1291  1.1 1.7 hypothetical protein  

PF1348  -1.2 -1.7 hypothetical protein  

PF1393  1.2 -1.0 hypothetical protein  

PF1408  -1.1  dipeptide-binding protein  

PF1425 1.0   monovalent cation/H+ antiporter subunit G 

PF1428 1.3 1.4 1.7 monovalent cation/H+ antiporter subunit B  

PF1429  1.3  monovalent cation/H+ antiporter subunit C  

PF1453  1.1 1.5 pmonovalent cation/H+ antiporter subunit E  

PF1461 -1.6 -1.3  glutamyl-tRNA(Gln) amidotransferase subunit D  

PF1471 1.3 1.1  hypothetical protein  

PF1472  1.3 -3.3 aspartate/serine transaminase  

PF1477  1.8  methylmalonyl-CoA mutase  

PF1480  1.6 -3.5 formaldehyde:ferredoxin oxidoreductase wor5  

PF1481 -2.0 -1.5  hypothetical protein  

PF1483 -1.7 -1.8 -1.3 hypothetical protein  

PF1497 -1.1 -1.0 -1.9 alanine aminotransferase  

PF1516 -1.3  1.1 GMP synthase subunit B  

PF1527 -1.2   hypothetical protein  
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PF1528   3.9 glutamine amidotransferase subunit PdxT  

PF1529  1.2 3.7 pyridoxine biosynthesis protein  

PF1532 -2.3 -1.9 -2.7 NADH oxidase  

PF1533   -1.3 nodulation protein nfeD  

PF1549 -3.4 -3.5 -3.9 RNA 3'-terminal-phosphate cyclase  

PF1562   -1.4 DNA-directed RNA polymerase subunit A''  

PF1563   -1.7 DNA-directed RNA polymerase subunit alpha  

PF1564   -1.5 DNA-directed RNA polymerase subunit beta  

PF1572   1.2 hypothetical protein  

PF1573   -1.7 hypothetical protein  

PF1584 -1.0   hypothetical protein  

PF1592 1.3 2.4  tryptophan synthase subunit beta 

PF1597  1.2  heat shock protein x  

PF1601  -1.2  AsnC family transcriptional regulator  

PF1606  1.1 1.5 dolichol-phosphate mannose synthase  

PF1611  1.0  cell division inhibitor minD  

PF1612 1.2 1.3  hypothetical protein  

PF1618 1.2   ATP-binding protein phnp 

PF1619   -1.1 hypothetical protein  

PF1620   -1.3 hypothetical protein  

PF1621 -0.7 -1.4 -3.1 hypothetical protein  

PF1633 1.4 1.9 1.5 hypothetical protein  

PF1635 -2.3 -2.3 -2.5 ATP-dependent DNA ligase  

PF1641  1.0  hypothetical protein  

PF1652  -1.4 -1.1 hypothetical protein  

PF1658  1.2  ATP phosphoribosyltransferase catalytic subunit  

PF1659  1.3  histidinol dehydrogenase  

PF1660  1.3  imidazoleglycerol-phosphate dehydratase  

PF1661 1.1 1.4 1.7 imidazole glycerol phosphate synthase subunit HisH  

PF1662 1.1 1.0 1.0 1-(5-phosphoribosyl)-5- 

PF1663 1.3 1.2  imidazoleglycerol-phosphate synthase, cyclase subunit  

PF1664  1.5 -3.9 phosphoribosyl-AMP cyclohydrolase  

PF1670 1.2 1.0 1.5 alkaline serine protease  

PF1674 1.4   hypothetical protein  

PF1676 1.6   biotin operon repressor/biotin-- 

PF1678 1.2 1.6 -1.2 2-isopropylmalate synthase  

PF1678  1.6 -3.5 2-isopropylmalate synthase  

PF1679  1.5 -3.9 3-isopropylmalate dehydratase large subunit  

PF1680  1.4 -3.8 3-isopropylmalate dehydratase small subunit  

PF1680  1.3  3-isopropylmalate dehydratase small subunit  

PF1681   -2.9 hypothetical protein  

PF1682  1.1 -3.4 ribosomal protein s6 modification protein  

PF1683  1.3 -3.3 N-acetyl-gamma-glutamyl-phosphate reductase  

PF1684  1.1 -3.4 acetylglutamate kinase  

PF1685   -2.6 acetylornithine/acetyl-lysine aminotransferase  

PF1686  1.0  acetyl-lysine deacetylase  

PF1688 1.2 1.8 1.8 transketolase N-terminal section  

PF1689 2.1   transketolase C-terminal section 

PF1690  1.5 1.0 3-deoxy-7-phosphoheptulonate synthase  
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PF1691  1.1  3-dehydroquinate synthase  

PF1693  1.1  shikimate 5-dehydrogenase  

PF1696 2.2   putative ABC sugar transporter 

PF1699 1.5   3-phosphoshikimate 1-carboxyvinyltransferase 

PF1700 1.5 1.1  chorismate synthase 

PF1702 1.2 2.1 -1.0 aspartate aminotransferase 

PF1705 1.8 1.4 -1.1 tryptophan synthase subunit alpha  

PF1707  1.3  N-(5'-phosphoribosyl)anthranilate isomerase  

PF1708  1.6  anthranilate synthase component II  

PF1709 1.8 1.4 -1.1 anthranilate synthase component I  

PF1710 1.4 1.5 -1.3 anthranilate phosphoribosyltransferase  

PF1711 1.5 1.7 1.7 indole-3-glycerol-phosphate synthase  

PF1713 1.2  -3.4 carbamoyl phosphate synthase small subunit  

PF1714  1.0 -3.2 carbamoyl phosphate synthase large subunit  

PF1715  1.7 1.3 pyrroline-5-carboxylate reductase  

PF1720 -1.2 -1.0  hypothetical protein  

PF1759  1.0 -3.2 hypothetical protein  

PF1768 -1.6 -1.9  2-oxoglutarate ferredoxin oxidoreductase subunit  

PF1769 -2.3 -2.6  2-oxoglutarate ferredoxin oxidoreductase subunit   

PF1770 -1.7 -2.7  2-oxoglutarate ferredoxin oxidoreductase subunit  

PF1771 -2.3 -2.7  2-oxoglutarate ferredoxin oxidoreductase subunit  

PF1772 -1.8 -2.2  2-oxoglutarate ferredoxin oxidoreductase subunit   

PF1773 -1.3 -1.7  2-oxoglutarate ferredoxin oxidoreductase subunit  

PF1776 -1.4 -1.3 -1.1 hypothetical protein  

PF1777 -2.5 -2.4 -1.8 hydrolase related to 2-haloalkanoic acid dehalogenase  

PF1778 -1.7 -1.6 -1.3 serine hydroxymethyltransferase  

PF1784 1.2 2.0 1.2 ADP-specific phosphofructokinase 

PF1793  1.2  hypothetical protein  

PF1837 -1.4 -1.8 -1.6 hypothetical protein  

PF1838 -1.0 -1.5 -1.6 hypothetical protein  

PF1839   1.3 CTP synthetase  

PF1844 1.6 1.6 2.1 hypothetical protein  

PF1858 -1.3 -1.1 -1.0 cysteine synthase  

PF1864  1.7  transposase  

PF1866 -1.9 -1.3  S-adenosylmethionine synthetase  

PF1875   1.2 hypothetical protein  

PF1906 1.0 1.2 1.1 adenosylmethionine-8-amino-7-oxononanoate AT  

PF1907  -1.0  hypothetical protein  

PF1908  -1.0  hypothetical protein  

PF1911 -2.1 -1.2  ferredoxin--NADP(+) reductase subunit alpha  

PF1918   1.1 hypothetical protein  

PF1919   1.1 putative dehydrogenase  

PF1920  1.4 1.1 triosephosphate isomerase  

PF1923 1.3 1.4 1.7 hypothetical protein  

PF1926  1.0 1.4 DNA repair and recombination protein RadA  

PF1930   1.1 S-adenosylmethionine decarboxylase proenzyme  

PF1935  -1.1 -1.8 amylopullulanase  

PF1936   -1.3 malg-like sugar transport inner membrane protein  
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PF1939 1.0 1.6  neopullulanase (alpha-amylase II)  

PF1946 -1.3 -1.5  methylmalonyl-CoAmutase, subunit alpha 

PF1950   -1.1 xanthine-guanine phosphoribosyltransferase  

PF1951 -1.0  -1.6 asparagine synthetase A 

PF1956 1.0 1.4  fructose-bisphosphate aldolase  

PF1967  -1.1  hypothetical protein  

PF1975  1.3 1.1 phosphoenolpyruvate carboxylase  

PF2000 -1.8 -2.1 -2.1 glycine dehydrogenase subunit 2 

PF2013 1.0 1.2 1.0 hypothetical protein  

PF2014   1.1 inositol-1-monophosphatase/fruct-1,6-bisphosphatase  

PF2032 2.3 2.2  hypothetical protein  

PF2035 1.0 1.5  transposase  

PF2053 1.4 1.5 1.3 AsnC family transcriptional regulator  

PF2062 -1.2 -2.5 -2.8 hypothetical protein  

PF2063   -1.1 putative aminopeptidase  

PF2064  -3.7 -4.7 arylsulfatase regulatory protein  
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Figure 2.A1 Microarray loop design. Loop incorporating Pyrococcus furiosus DSM 3638 
and the Pyrococcus furiosus spontaneous mutant for exponential phase (10h), the 
bifurcation point (14h) between the two growth curves, and stationary phase (24h).  
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Figure 2.A2 Design of overlapping PCR and screen of PCR products for PF0337 KO. 
A) Schematic representation of the knock out cassette for PF0337.  The abbreviations are:  
UFR, upstream flanking region; Pgdh-pyrF, marker driven by the promoter for the glutamate 
dehydrogenase gene; DFR, downstream flanking region and T1of hypA1, transcription 
termination signal. (B) Gel showing overlapping PCR product of 3 Kbp. (C) PCR product 
using PF0337 specific primer for KO337 (Lane 1 and 2) and COM1 (Lane 3). Here Lane 1 is 
positive control, where PF1269 specific primer has been used. (D) Amplification plot 
obtained by qPCR analysis for KO337 strain using qPCR primer specific for PF1269, 
PF0331 and PF0337. Here gene, PF1269 has been shown as positive control using the 
same cDNA sample. 
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Figure 2.A3 Primers used and sequence of KO cassette for PF0337 KO. 
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Figure 2.A4 Design of overlapping PCR and screening PCR products for PF0331-
PF0337 KO. A) Schematic representation of the knock out cassette for PF0331-PF0337.  
The abbreviations are:  UFR, upstream flanking region; Pgdh-pyrF, marker driven by the 
promoter for the glutamate dehydrogenase gene; DFR, downstream flanking region and 
T1of hypA1, transcription termination signal. (B) Gel showing overlapping PCR product of 3 
Kbp. (C) PCR product using PF331 specific primer for KO331 (Lane 1 and 3) and COM1 
(Lane 2). Here Lane 1 is positive control, where PF1269 specific primer has been used. (D) 
Amplification plot obtained by qPCR analysis for KO337 strain using qPCR primer specific 
for PF1269, PF0331 and PF0337. Here gene, PF1269 has been shown as positive control 
using the same cDNA sample. 
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Figure 2.A5 Primers used and sequence of KO cassette for PF0331-0337 KO. 
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Figure 2.A6 Design of overlapping PCR and screening PCR products for PF1269 KO.  
A) Schematic representation of the knock out cassette for PF1269.  The abbreviations are:  
UFR, upstream flanking region; Pgdh-pyrF, marker driven by the promoter for the glutamate 
dehydrogenase gene; DFR, downstream flanking region and T1of hypA1, transcription 
termination signal. (B) Gel showing overlapping PCR product of  ~2.8 Kbp. (C) PCR product 
using PF1269 specific primer for KO1269 (extreme left Lane) and COM1 (Lane next to 
marker) (D) Amplification plot obtained by qPCR analysis for KO1269 strain using qPCR 
primer specific for PF1269, PF0331 and PF0337. Here gene, PF331 and PF337 has been 
shown as positive control using the same cDNA sample. 
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Figure 2.A7 Primers used and sequence of KO cassette for PF1269 KO. 
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CHAPTER 3 

Post-transcriptional regulation in hyperthermophilic microorganisms: 

Ribonucleolytic activity and target gene prediction for VapC and HicA Toxins*  
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ABSTRACT 

 Toxin-Antitoxin (TA) systems can function as post-transcriptional regulators in 

bacteria and archaea. Type II TA loci exert this control through the Toxin’s 

ribonucleolytic activity, targeting various gene transcripts, and thereby regulating key 

cellular processes. In addition, regulation is also effected at the protein level, where 

the Antitoxin binds to the Toxin to render it inactive. Certain proteases (e.g. Clp and 

Lon families in bacteria) can degrade the Antitoxin, thereby releasing, and hence, 

activating the Toxin. Despite growing interest in mesophilic bacterial Toxins, their 

thermophilic counterparts, particularly in the archaea, have been less studied. 

Previously, in the extremely thermoacidophilic archaeon, Sulfolobus solfataricus, 

vapBC TA loci were seen to be differentially up-regulated under thermal shock 

conditions, especially the Toxin VapC6, which was shown to cleave TetR (heat 

shock regulator) transcripts. Furthermore, the HicA Toxin encoded in T. maritima 

(TM1312) is located in a locus that is highly up-regulated under nutritional 

limitations, yet its possible role in regulating metabolic functions is unknown. To 

further understand the mechanisms by which these Toxins and others in 

hyperthermophiles act, MS2 RNA-based primer extension methods were utilized to 

determine cleavage site specificities for S. solfataricus VapC6, VapC18, VapC1 and 

T. maritima HicA. VapC6, VapC18 and HicA showed endoribonucleolytic activity on 

MS2 RNA in vitro. A consensus cleavage site (C/U) (C/U) CC// (A/G/U) was 

proposed for the VapC Toxins. HicA showed relatively weak activity and only one 

cleavage site could be identified. Bioinformatics analyses in conjunction with 
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transcriptomic data from heat shock and phase transition experiments, was used to 

predict putative gene targets for VapC and HicA Toxins. VapC Toxins were 

proposed to regulate cellular functions associated with DNA replication, RNA turn 

over, metabolite transport and energy metabolism.    
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INTRODUCTION 

 Prokaryotic Toxin-Antitoxin (TA) loci encode two protein components, a stable 

Toxin that impacts translation and causes growth arrest, and an Antitoxin that can 

neutralize these actions (1, 2). TA loci are ubiquitous and occur in many free-living 

prokaryotes (2, 3). TA loci have been classified into three categories, according to 

the molecular structure and function of each component. In Type I systems, the 

Antitoxin is a small, antisense RNA molecule that inhibits Toxin translation (4, 5). 

Type II systems consist of an Antitoxin protein that binds its cognate Toxin protein 

and inhibits ribonucleolytic activity (6). Type III systems contain a RNA Antitoxin that 

forms a complex with the protein Toxin and interferes with Toxin activity, rather than 

expression (7). 

 Type II systems have been the most studied. The two partners are both 

proteins, and have been classified into different families, based on gene organization 

(2). Six families represent most of these loci in prokaryotic genomes: mazEF, 

vapBC, relBE, par DE, phd-doc and ccdAB. It is interesting that certain slowly 

growing microorganisms have many TA loci (e.g., Mycobacterium tuberculosis has 

more than 60), while obligatory host-associated strains have few, if any (e.g., 

Mycobacterium leprae).    

 The dominant mechanism observed for the Type II Toxins thus far examined 

involves their action as mRNA interferases, which inhibit translation by mRNA 

cleavage (8). This occurs either in a ribosome-dependent manner (RelE Toxin) or in 

a ribosome-independent manner (MazEF and VapBC). In the latter scenario, Toxins 
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typically exhibit sequence-specific, endoribonuclelytic activity (9, 10, 11, 12). E. coli 

MazF cleaves at //ACA or A//CA three-base recognition sequences (// indicates 

cleavage location), independent of the ribosome and reading frame. It is also able to 

cleave its own mRNA (10). S. aureus MazF cleaves RNA at U//ACAU five-base 

sequences (13). This sequence motif is common among several genes responsible 

for pathogenesis, including sraP that is involved in adhesion of S. aureus to human 

tissues (14). Recently, a 7-base cleavage site recognition sequence (UU//ACUCA) 

for MazF homolog from halophilic archaeon Haloquadratum walsbyi was reported 

(15). Characterization of Toxin’s cleavage site specificity has been done by using 

bacteriophage MS2 RNA as a template (16), which is comprised of 3,569 bases with 

equal representation of all four bases (26% G, 23% A, 26% C and 25% U). 

Furthermore, MS2 RNA is sufficiently complex to allow determination of cleavage 

specificity for sites that may be longer than three bases.  

 Of the TA loci families, vapBC TA loci are the most abundant. These encode 

so-called PIN-domain (PilT N-terminal) Toxins, based on the structural homology of 

the active site forming a RNase H-like fold and eukaryotic PIN-domain proteins, and 

exhibit Mg+2-dependant ribonuclease activity (17, 18, 19). The extremely 

thermoacidophilic archaeon Sulfolobus solfataricus encodes approximately 30 

vapBC TA loci in its chromosome (2). VapC from Shigella flexneri 2a and Salmonella 

enterica inhibit translation by cleaving tRNAfMet in the anticodon stem loop in a 

heterologous host (20). In S. solfataricus, transcripts encoding oligopeptide 

permease and transcription factor TetR were targeted by the VapC6 Toxin (21). In 
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mycobacterial species, VapC Toxins cleave single-stranded RNA in a site-specific 

manner at a targeted location AUA(U//A)-hairpin-G, with secondary structure 

contributing to the VapC recognition motif (22, 23).  Bioinformatics analysis has 

identified HicAB TA loci in microbial genomes (24); in this cassette, the HicA Toxin 

functions as a translation-independent mRNA interferase (25).     

 There has been great interest in the factors that trigger Type II Toxin-Antitoxin 

activation. In most cases, nutritional stress triggers chromosomally-encoded TA loci 

(26, 6). Furthermore, significantly induced transcription of vapBC TA loci was noted 

in S. solfataricus in response to thermal stress (27), and exposure to chloroform 

impacted four TA loci family genes (vapBC, parDE, mazEF and higBA) in 

Nitrosomonas europaea (27, 28, 29). These observations support the stress 

response hypothesis proposed for the presence of TA loci in prokaryotic genomes.  

As mentioned, the S. solfataricus genome encodes many vapBC TA modules, 

although the roles of all of these, except for VapBC6, are unknown and may involve 

complex mechanisms. Deletion of VapC22 resulted in no obvious phenotype, 

although approximately 100 ORFs were up-regulated (≥2-fold) (28). On the other 

hand, VapC6 deletion mutant resulted in a thermally-labile phenotype and heat-

dependent growth rate reduction (21). Unlike other VapBC TAs present in S. 

solfataricus, the organization of VapBC1 loci is very unique and interesting. While a 

vast majority of TA loci are independent, free-standing open reading frames (ORFs), 

the predicted vapB1 gene overlaps with the C-terminus of SSO0412, encoding the γ-

subunit of translation initiation factor IF2 (2), such that VapB1 is a structural 
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constituent of the aIF2γ. VapC1 is located downstream of the predicted VapB1 and 

exhibits non-specific ribonuclease activity (unpublished data). Like most other TA 

proteins, Toxin VapC1 and Antitoxin VapB1 are thought to interact with each other 

through binding. However, since VapB1 is contained in the C-terminal domain of 

aIF2γ, the biochemical role of VapC1 may be different than other VapC Toxins.  

Nutrient limitation also triggered transcription of various small genes 

associated with putative bacteriocin maturation and export  in Thermotoga maritima 

(35). During transition from exponential phase to stationary phase, a putative 

bacteriocin encoded in TM1316 showed high transcriptional upregulation (~34 fold), 

along with other neighboring genes proposed to be involved bacteriocin maturation. 

Upon closer examination of this TM1300 locus, along with predictions from RASTA-

bacteria database, the presence of various putative HicAB candidates was noted. 

Although, these genes did not respond during growth transitions T. maritima, their 

location in that locus provides sufficient impetus for studying TM1312, an ORF 

encoding a novel thermophilic putative HicA Toxin.                

Here, several TA loci from hyperthermophilic microorganisms were selected 

for further biochemical and transcriptional analysis: S. solfataricus VapC1 

(SSO0414), VapC6 (SSO1493), VapC18 (SSO1975) and T. maritima HicA 

(TM1312). One main objective was to determine cleavage site specificities for these 

Toxins using MS2 RNA as a template to identify possible mRNA targets. Using this 

information, assessment of TA loci strategy for post-transcriptional metabolic control 

in this hyperthermophilic archaeon and hyperthermophilic bacterium was done.  
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MATERIALS & METHODS 

Cloning and Expression of Sso VapC and Tma HicA Toxins 

SSO0414 (VapC1) and SSO1975 (VapC18) were cloned into pET21b+ 

(Novagen®) with a C-terminal hexahistidine (C-His) tag, while the gene encoding T. 

maritima HicA Toxin TM1312 was cloned into pET28b+ (Novagen®). All of the 

genes were expressed in Rosetta (DE3) (Novagen®).  As a negative control, 

pET21b+ with no insert was also transformed and expressed in exactly the same 

manner as the recombinant genes.  The primers used for cloning are provided in 

Table 3.A1. For expression, 50 ml overnight cultures of each subunit were grown in 

LB with chloramphenicol and kanamycin or ampicillin.  Larger 1L cultures were 

inoculated with overnight cultures to an OD600 of ~0.1 and grown to OD600 of ~0.6-

0.7, where they were induced with 1mM IPTG (Inalco Pharmaceuticals). Expression 

was allowed to proceed for 4 hours, at which point the cultures were harvested at 

10,000 x g. The pellets were then thawed and re-suspended in ~30 ml of “Buffer A” 

(50mM Na-Phos, pH 8, 300 mM NaCl amd 10 mM Imidazole), with 100 µg/ml 

Lysozyme (Sigma Aldrich ®) and French Pressed at approximately 15,500 psi. The 

cell debris was pelleted at 20,000 x g and the soluble fraction was sterile filtered with 

a 0.22 µm filter. The vapC6-dnaK clone was obtained from collaborators at 

University of Nebraska-Lincoln (PH Blum) (21). The DnaK chaperone was added to 

help with soluble expression of VapC6 Toxin, yet it was recovered mostly in 

insoluble pellets (data not shown). The refolding kit (Novagen®) protocol was 
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followed to recover (centrifugation at 10,000 x g, 10 min) the inclusion bodies from 

the French Press lysis of cell pellets (1 L expression culture, as described above), 

where the cells were re-suspended and washed in 1x IB wash buffer (200 mM Tris-

HCl, pH 7.5, 100 mM EDTA, 10% Triton X-100). Inclusion bodies were then 

solubilized in buffer (50mM CAPS, pH 11.0, 0.3% N-lauroylsarcosine and 1 mM 

DTT) and soluble fraction (supernatant) was retained after centrifugation at 10,000 x 

g for 10 min. This protein in the supernatant was re-folded by dialyzing it twice, first 

against 750 ml dialysis buffer (20 mM Tris-HCl with 0.1 mM DTT) (total 1.5 L), then 

against dialysis buffer without DTT (total 1.5 L). A 2,000 MWCO snakeskin 

membrane (Pierce, Thermo Scientific) was used to carry out dialysis at 4 °C. 

 

Protein purification 

Soluble protein from recombinant expression trials (for VapC1, VapC18 and 

HicA) was concentrated (through 1K regenerated cellulose membrane using ultra-

filtration cells, Amicon-Millipore) and purified further by FPLC with an IMAC column 

(BioRad®).  The protein was loaded in “Buffer A” and eluted with “Buffer B” (50 mM 

Na-Phos, pH 8, 300 mM NaCl and 500 mM Imidazole). The purified proteins were 

concentrated and dialyzed into the “Reaction Buffer” (50 mM Tris-HCl pH 8.0, 150 

mM NaCl, 250 mM KCl and 10 mM MgCl2).  To ensure that downstream results of 

the RNase assays were not the consequence of E. coli contamination, pET21b+ was 

also purified with the IMAC column.  Although some E. coli protein will bind to the 

column, only the fractions identical to those used for VapC1 C-His were collected 
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and processed.  This “mock extract” ensured that the same residual E. coli RNase 

activity was quantified correctly. Upon concentration of the VapC6 refolded protein 

solution (50 mM Tris-Cl, pH 8.0), it was apparent that there were several 

contaminating proteins from E. coli. It was seen that dialysis into Phosphate Buffer 

based IMAC purification caused VapC6 to precipitate out of solution. For this, the 

IMAC buffers were modified by using a new “Buffer A” (50 mM Tris-HCl, pH 8, 300 

mM NaCl, 10 mM Imidazole) and loaded onto the column.  It was eluted with a linear 

gradient (0-100%) of “Buffer B” (50 mM Tris-HCl, pH 8, 300 mM NaCl, 500 mM 

Imidazole). The resulting protein, prepared by pooling appropriate fractions, showed 

very few contaminating bands after concentration and dialysis back into the 

“Reaction Buffer”. Total protein concentration estimations were determined using 

BCA assay (Pierce, Thermo Scientific).   

 

Ribonuclease activity micro-plate assay  

To assay for the presence of active forms of purified recombinant VapC and 

HicA Toxins, the RNaseAlert Lab Test Kit was used, as previously described for 

Haemophilus influenzae (30). A modified micro-plate version of the assay was 

devised to allow for estimation of non-specific RNase activity by running triplicates 

for each Toxin. Reactions were carried out at a final 1x concentration of RNase 

Activity Buffer, 10 mM MgCl2, to which 20 pmol of RNA substrate was added. This 

mixture was incubated loaded onto an opaque (black flat bottom) 96-well plate 

(Grenier Bio-One®) at 37°C for 5 min, such that triplicates were being for each Toxin 
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and a negative control without the Toxin. After incubation, Toxin and balance water 

mixture, to make 100 µl final reaction volume in each well, which was preheated to 

50°C for 15 min was added to each well on the plate. Toxin loading for each reaction 

was 1 g. The plate was then read immediately using a plate reader preheated to 

50°C (SynergyMx Plate Reader, BioTek®) using excitation/emission wavelengths 

set to 490 nm/520 nm, with readings every 1 min for one hour (with 30 sec shaking 

in between each reading). To obtain the non-specific RNase activity for Toxins, the 

initial slope of each relative fluorescence unit (RFU) vs. time curve was calculated 

using the data points for the first 10 min and reported as RFU/(min-µg) of the Toxin. 

 

MS2 RNA cleavage reactions for Toxins  

For assessing the in vitro cleavage specificities of VapC and HicA Toxins, 

MS2 RNA was used as a template, as previously used for various MazF homologs 

(16) (13) (15). Toxin reactions with MS2 RNA were carried in a 10 µl total reaction 

volume (in “Reaction Buffer”) containing 0.8 µg of MS2 RNA substrate (Roche), 0.5 

µl RNase inhibitor (Roche) with the following amounts of various Toxins in their 

respective reactions mixtures: 0.4 µg of negative control E. coli (empty vector) 

IMAC-purified cell extract, 0.6 µg of VapC1, 0.6 µg of VapC18, 0.8 µg of VapC6 and 

0.32 µg of HicA. These Toxin loadings were based on trials performed using varying 

amounts the Toxin. The Toxin and reaction buffer were initially preheated to 70 °C 

for 2 min to activate these thermophilic Toxins in a thermocycler (Eppendorf). Next, 

the RNase inhibitor followed by MS2 RNA substrate was added and reaction was 
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run at 65 °C for 5 min. To obtain sufficient yields of Toxin-cleaved RNA, multiple 

replicates (for 10 µl reactions) were run for each Toxin, which were then pooled 

before purification of RNA was carried out. The reactions were stopped by cooling 

them down to 4 °C and adding TRIzol® RNA Isolation reagent (Life Technologies 

Corporation). RNA re-extraction and purification was carried out by ethanol 

precipitation, re-suspended in 10 l (for 4 replicates of Toxin reaction) 20 µl (for 8 

replicates) of DEPC-treated RNase-free water. RNA quantification was carried out 

by using Take3 Plate on a BioTek plate reader.  

 

 Primer extension analysis in vitro  

As mentioned above, the MS2 RNA substrate based general method was 

used (applicable for all endoribonucleases), as developed previously (16, 31), 

except for one modification. Instead of using radioactively-labeled primers followed 

by autoradiography, fluorophore Cyanine-5® (GE Healthcare) labeled 

oligonucleotides were designed (see Table 3.A2). These labeled oligonucleotides 

were manufactured and HPLC- purified (IDT DNA). Prior to primer extension, the 

annealing of primer (2 pmol) to cleaved MS2 RNA (~0.3 µg) was performed in a 5 µl 

reaction volume of 1x AMV buffer (New England Biolabs Inc.). The annealing 

reaction for primer extension was carried out at 47°C for 60 min in a 5 l reaction, 

composed of 3 µl of annealing mix described above, by using 1U of AMV Reverse 

Transcriptase (New England Biolabs Inc.) and dNTPs at a final concentration of 0.4 

mM. The reactions were stopped by adding 12 ml of sequence loading buffer (95% 
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formamide, 20 mM EDTA, 0.05% bromophenol blue). The samples were incubated 

at 95°C for 5 min prior to electrophoresis on a 6% denaturing polyacrylamide gel 

containing 8M Urea. The gel was imaged with a Storm 865 imager and analysis of 

band intensity was done using Image Quant TL software (GE Healthcare), as 

described here (32). For cleavage site identification, RNA Sanger sequencing 

reactions were generated in a similar fashion as for primer extension using the same 

primer, but with un-cleaved fresh MS2 RNA substrate. For optimum yields, needed 

for Cyanine-5 based visualization on gels, of each Sanger reaction, a higher final 

concentration of dNTPs (at ~0.9 mM) was used along with ddNTP final concentration 

of ~0.47 mM. In the reverse transcription reaction, 5 µl of the extension reactions 

and 7 µl for each Sanger reaction (A, T, G and C) was loaded onto gels, described 

above. 

 

Bioinformatics analysis 

All bioinformatics analyses associated with target identification and mining of 

the genomes of S. solfataricus 98/2 and T. maritima for cleavage sites identified for 

VapC and HicA Toxins, were carried out using NCBI nucleotide BLAST 

 

RESULTS AND DISCUSSION 

Non-specific ribonucleolytic activity of Toxins. A ribonuclease assay 

tested for the presence of active Toxins as well as to compare the activities between 

the different Toxins. Since, the assay works on the principle of cleavage of a mixture 
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of RNA oligonucleotides (5-30 bases) (IDT DNA®) with unknown sequences 

(representing various possible combinations of AUGC), it could not be used to 

determine specific activities of different Toxins. Despite this drawback, the assay 

was used to confirm Toxin activity in the protein preparations (see Figure 3.1). This 

provided a relative comparison of ribonuclease activities between the different 

Toxins. Sso VapC18 was the most active (3,083 RFU/min-µg), while Sso VapC1, 

Sso VapC6 and Tma HicA were approximately an order of magnitude less active. 

Furthermore, when the MS2 RNA cleavage was performed for primer extension 

reactions, VapC18 was more ribonucleolytic than the others, based on the number 

of cleavage bands that were visualized on denaturing PAGE (data not shown). 

However, this comparison is limited because of variability in the RNA templates (IDT 

DNA® substrate vs. MS2 RNA) used. A better measure of Toxin cleavage specificity 

is needed to design substrates for activity assessment. 

 

 Cleavage site specificity of VapC and HicA Toxins. Primer extension-

based methods have been used to determine cleavage patterns for Toxins, 

particularly MazF (10, 16, 13, 33). MazF from M. tuberculosis is a site-specific 

mRNA interferase: it halts translation by cleaving mRNA in a site-specific manner.  

To understand the nature of cleavage for Sso VapC’s and Tma HicA, a method 

utilizing MS2 standard RNA cleavage followed by primer extension was used (16). 

MS2 RNA degradation trials using the Toxins were carried out to determine optimal 

Toxin:RNA ratio for the reactions, reaction temperature (65 °C) and duration (5 min). 
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VapC and HicA Toxins degraded RNA to a limited extent, as visualized by RNA 

separated on a 1% Agarose gel (1x TBE) (see Figure 3.2, lanes 1-6). The RNA + 

Toxin mixture produced a smear on the gel, likely due to the presence of proteins in 

the reaction (see Figure 3.2, lanes 7-11). It has been observed that VapC-mt4 from 

M. tuberculosis exhibits weaker MS2 RNA cleavage activity, compared to the TA 

Toxin MazF-mt1 (Rv2801c), based on RNA gel information (34). Here, using primer 

extension and denaturing PAGE gels, two cleavage sites each for VapC18 and 

VapC6 were identified, while only one site for HicA was found (see Figure 3.3). The 

sites identified for both VapC18 and VapC6, contained a CC// signature base 

sequence (double slash indicates cleavage location) and a 5-base consensus: (C/U) 

(C/U) CC// (A/G/U). A consensus for a more complete (6 or more bases) cleavage 

recognition site could not be identified. In mycobacterial species, purified VapC 

Toxins have been shown to cleave single-stranded RNA in a site-specific manner at 

a targeted location AUA(U//A)-hairpin-G, indicating that the secondary structure 

contributed to the VapC recognition motif (23, 22). VapC from Shigella flexneri 2a 

and Salmonella enterica inhibited translation by cleaving tRNAfMet in the anticodon 

stem loop in a heterologous host (20). Interestingly, cleavage sites for Vap18 and 

VapC6 had two or more ‘C’ bases (CC or CCC or more) associated with the site, 

which is similar to the location where S. flexneri 2a VapC was found to cleave 

tRNAfMet. But, it should be noted that the secondary structure of the tRNA (GC base 

pair in the anticodon loop) was a contributing factor for this ribonuclease activity. In 

addition, M. tuberculosis VapC-mt4 cleaved RNA templates at ACGC and 
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AC(A//U)GC sequences. An exact consensus was not observed for the VapC Toxins 

tested here. It is possible that, even though these Toxins cleave RNA specifically, 

they recognize more than one recognition site. No sites could be identified for 

VapC1, due to a lack of primer extension products. This could indicate that either 

VapC1 does not cleave MS2 RNA, despite some small degradation seen on RNA 

gels (see Figure 3.2), or that the primer extension did not work efficiently with the 

primers at hand in this case. 

 For the Tma HicA Toxin, one cleavage site was found after running all 22 

primers (see Table 3.1). Little is known about HicA Toxins, although Gerdes and 

coworkers (25) have characterized an E. coli HicA Toxin as a translation-

independent interferase. hicAB transcription was most highly induced through amino 

acid starvation suggesting that nutrient limitation is an important trigger. Even though 

HicA-induced cleavage in three model mRNAs and in tmRNA was reported, it was 

not clear whether HicA itself is a RNase or overproduction of HicA activates an 

endogenous RNase which then targets mRNA. In this study, it was observed that 

HicA cleaved template MS2 RNA to a limited extent. Hence, only one candidate site 

could be identified and used to determine potential gene targets for HicA in the T. 

maritima genome. It is also possible that HicA-mediated cleavage of RNA is very 

specific, due to a potentially longer cleavage recognition site, i.e., 6-8 bases, instead 

of 3 or 5 reported for most MazF Toxins (10, 13). Results here hint at HicA Toxin’s 

direct involvement in mRNA cleavage, but further characterization will be useful to 
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ascertain its cleavage specificity and understand whether it directly or indirectly 

cleaves mRNA.  

 

  Gene target prediction for VapC and HicA Toxins. In order to identify 

gene targets for VapC Toxins, both the candidate sites obtained for each VapC 

Toxin were considered, using an eight base sequence associated with the site (4 

bases upstream and 4 downstream of the site). First, NCBI nucleotide BLAST 

analysis was used to determine the genes that contained the particular site. The 

presumption here was that the multiple occurrence of the same site within a gene 

makes it a more likely potential target for a Toxin (13). Using frequency of cleavage 

site occurrence within a gene as a filter, the list of possible target genes was 

reduced (see Tables 3.2 and 3.3). A similar analysis was carried out with VapC6 

cleavage sites (see Table 3.4, target prediction using cleavage site from M8 primer, 

site 1), but for the second VapC6 site (CCCCC//GCGCU using primer M9, site 2) 

only one gene (Ssol_R0047 encoding 23S ribosomal RNA) had a frequency of 

occurrence more than one (data not shown). In order to further narrow down on 

targets, the genes that were common between the candidate lists obtained for the 

two cleavage sites (Tables 3.2 and 3.3) were noted (shown as bold). This was not 

possible for VapC6 (only one cleavage site candidates presented in Table 3.4). 

Thus, this approach is highly stringent in selecting for potential VapC targets: first, by 

selecting a long recognition site for use in BLAST searches, secondly, by using site 

occurrence frequency as a filter, and lastly, by choosing common genes present 
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between the two lists. Even though such an analysis may not give a complete 

picture of all the possible gene targets, it should lead to the most probable ones. 

These targets can then be further evaluated by designing gene-specific primers 

extension to confirm cleavage. 

 Upon closer examination of the cleavage site gene-target data, when the 

family of genes (similar function) that contain multiple cleavage sites (i.e., both the 

sites identified for VapC18 or a combination of sites for VapC18 and VapC6) are 

populated, some intriguing insights resulted. Tables 3.6, 3.7 and 3.8 report these 

gene-targets, which contain both VapC18-site 1 and site 2, VapC18-site 1 and 

VapC6-site 1 or VapC18-site 2 and VapC6-site 1, respectively. Note that VapC6-site 

2 has been omitted as it had only a single target hit: 23S rRNA encoding gene. 

Table 3.6 lists gene families that contain both the VapC18 sites where the 

categories of gene families that are represented have functions dealing with DNA 

replication, metabolite transport and central metabolism. Interestingly, when 

glutamyl-tRNA(Gln) amidotransferase is identified as a target for VapC18, it’s 

subunit A contains the site 1, while the subunit B is targeted due the presence of site 

2. Note that the frequency of occurrence of these sites in the genes representing 

these subunits is 2. It seems likely that the genes encoding these amidotransferase 

subunits are targets for VapC18. Similar observations can be made for the genes 

encoding various subunits of the carbon monoxide dehydrogenase.  

 Performing parallel analyses by combining data for VapC6 cleavage site 

occurrence, Tables 3.7 and 3.8 highlight highly probable gene targets for VapC 
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Toxins. Both represent a list of genes encoding proteins involved in DNA 

management (helicases, gyrases), translation machinery (RNA polymerase), 

transporters (sugar and metabolite) and central metabolism. It cannot be 

coincidental that this analysis leads to certain gene targets that play a central role in 

cell growth and multiplication, functions that VapC Toxins have been proposed to 

interfere with, in order to cause growth arrest and dormancy in cells. Yet, instead of 

only pointing towards certain functions that may be targeted by VapC6 and VapC18 

Toxins, this approach leads to highly potential single gene targets, while at the same 

time expanding knowledge of cleavage site specificities for these Toxins.                          

 To include physiological context to the cleavage site-based identification of 

gene targets in these genomes, transcriptomic data available for experiments 

performed with S. solfataricus (SsoP2 (27)) and S. solfataricus PBL2025 (Sso 98/2) 

(unpublished data) strains comparing post heat-shock vs. baseline (before shock) 

conditions, and with T. maritima comparing growth phase transitions as well as lean 

vs. rich medium were included (35). Since, the role of the Toxin is to cleave mRNA, 

transcript levels for genes that are probable targets would decrease under conditions 

that activate the Toxin. Note that this is a base level view of Toxin mechanism 

because an added level of regulation involving the cognate Antitoxin is possible. For 

VapC Toxins, when transcriptomic data were included for genes identified as 

possible targets due to the high frequency of cleavage site in their nucleotide 

sequence, additional insights could be obtained. For both VapC18 and VapC6 

putative target genes, approximately 50% had transcript levels not significantly 
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changing after thermal stress (10 min or 30 min) (see Tables 3.2-3.4). But, among 

the remaining genes that showed significant change, more than 90% were seen to 

be down-regulated post heat shock. Furthermore, for VapC18 (see Table 3.2-3.3), 

selecting genes that were common between the two lists (contain both cleavage 

sites) and that were down-regulated under heat shock conditions results in only one 

gene being identified, SSO2528 which encodes a major facilitator superfamily 

MFS_1 type protein. This family of proteins encompasses a variety of domains 

associated with secondary transporters facilitating transport of ions, sugars, 

phosphates, drugs, amino acids and peptides across the cytoplasmic membrane. 

Presumably, this could be a potentially effective way to control cell metabolism 

under stress. Other candidate targets were SSO1143 and SSO1893, both annotated 

as ABC transporter related proteins, which were down-regulated under heat shock 

(see Table 3.3). Other genes that, even though did not contain both cleavage sites, 

but were significantly down-regulated under heat shock were: SSO0227 (RNA 

polymerase subunit B) and SSO0420 (Reverse Gyrase), both associated with 

DNA/RNA processing. It is Interesting that SSO1914 (encoding VapC13) was seen 

to be up-regulated under heat shock and also contained the cleavage site (Table 

3.2). This indicates that down-regulation of a gene under stressed condition may not 

be directly correlated to a Toxin’s activity and there are other controlling factors 

involved (presumably antitoxins or proteases) that regulate transcript levels.    

 In a similar fashion, during heat shock, SSO2558 (encoding a major facilitator 

superfamily MFS_1 protein) and SSO0225 (RNA polymerase subunit A’) were down-
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regulated, and are likely candidates for VapC6 Toxin. VapCs could be controlling 

global RNA and nutrient pools by regulating RNA polymerase activity as well as 

transport of metabolites across the cell membrane. No cleavage site could be 

identified for VapC1, and the role of this unique Toxin, whose cognate Antitoxin 

VapB1 is fused with C-terminal of the translation initiation factor aIF2-γ, remains a 

mystery. Yet, it is known from transcriptomic data that transcript levels for both 

VapC1 and VapB1 remain relatively low during heat shock in Sso P2, as compared 

to other VapBC6 loci, which shows high up-regulation under heat shock.    

 In T. maritima, the target gene list (see Table 3.5) was populated with 

candidates associated with DNA and energy metabolism (TM_0956, TM_0537), 

sugar transport (TM_1074, TM_1204) and amino acid, co-factor and protein 

biosynthesis (TM_0166, TM_0268, TM_0514). Among these, TM_0166 and 

TM_1074 were significantly down-regulated in stationary phase vs. exponential 

phase. Taken together, it appears that upon entrance into stationary phase, T. 

maritima cells regulate energy metabolism and biosynthesis processes. Hence, 

these genes could be potential candidates for HicA Toxin. It is interesting to note 

that TM_1302 (encoding an ABC transporter) was up-regulated in stationary phase 

vs. exponential phase and is located in the neighborhood of the HicA TM1312 Toxin. 

Whether this is a related coincidence or a part of some regulatory pathway involving 

the genes present in TM1300 locus remains to be understood (35). Overall, a certain 

amount of overlap is noted in terms of the cellular functions that VapC and HicA 

Toxins target (DNA replication and Translation). But, given the minimal information 
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available for HicA Toxins, it is still unclear as to how different they are from VapC or 

other Toxins, if at all.   

  

SUMMARY AND FUTURE DIRECTIONS 

 Here, the possible roles of thermophilic VapC and HicA Toxins encoded in S. 

solfataricus and T. maritima, respectively, were examined. It was shown that VapC6, 

VapC18 and HicA exhibit endoribonucleolytic activity against MS2 bacteriophage 

standard RNA substrate through the use of a generic method utilizing Cy5-labeled 

oligonucleotides in primer extension (16).  A putative consensus cleavage site for 

VapC Toxins was proposed as: (C/U) (C/U) CC// (A/G/U). A bioinformatics 

approach, in conjunction with previously available transcriptomic data, was used to 

predict gene targets for these Toxins. It was interesting that most gene target 

candidates were involved in RNA turnover, DNA repair, carbon metabolism or 

energy generation pathways, metabolite transport and, in some cases, cell signaling 

pathways. Although, just speculation at this point, these candidates provide a good 

starting point to test hypotheses concerning the role of VapC and HicA in stress 

response and growth phase transition control. Furthermore, the presence of 

cleavage sites (at high frequencies of occurrence) in genes encoding different 

subunits of the same protein (e.g., RNA polymerase, glutamyl-tRNA(Gln) 

amidotransferase and more) make them as highly likely candidates for Toxin targets 

especially when the functions served by these proteins are already suspected to be 

VapC targeted.        
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 An immediate next step would be to test some of these putative gene targets 

against a Toxin’s ribonucleolytic activity, by using primer extension based methods 

on synthetic RNA substrates or gene transcripts generated in vitro. Efforts are 

underway to optimize the MS2 RNA cleavage reactions used in this study, in order 

to get a larger pool of cleaved RNA sites to examine and compare. This will help in 

confirming a consensus cleavage site more definitively. Another step in 

understanding the role of Toxin and its interaction with Antitoxin would be to knock 

out specific genes and examine the physiological consequences. However, there are 

certain limitations in this regard considering that genetic systems for 

hyperthermophiles (S. solfataricus and T. maritima, in this case) are not as tractable 

as they are for certain mesophiles and pathogenic bacteria.  

At this point, it is unclear whether these versions of VapC and HicA Toxins 

from hyperthermophiles are any different from their mesophilic counterparts. Recent 

work in our lab has shown appreciable RNase activity at low temperatures (37°C), 

nearly equivalent to what has been seen at higher temperatures (65°C). It will be 

interesting to see whether TA loci function is in any way correlated to the thermal 

environment.  
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TABLES 

Table 3.1 Cleavage sites identified for VapC18, VapC6 and HicA Toxins. The sites (5’3’) are 

indicated with the coordinates on the MS2 RNA standard sequence. Red double slash symbol 

represents the cleavage location. The conserved CC bases present in the cleavage recognition site 

for the Sso VapC Toxins have been underlined. No cleavage products were obtained or visualized 

(on gels) for the VapC1 Toxin.    

       Toxins  
 
 
Primers 

Neg. 
Ctrl 

Sso 
VapC1 

Sso VapC18 Sso VapC6 HicA TM1312 

 
S7 

 
- - GCUCC//UACCUG 

     1026                            1036 
- UGUCA//GGAA 

 1085                  1093 

 
E1 

 
- - UUCCC//ACAUUC 

      3352                          3362 
- - 

 
M8 

 
- - - UCUCC//AACGG 

        2146                       2155 
- 

 
M9 

 
- - - CCCCC//GCGCU 

        2226                       2235 
- 

Consensus - - (C/U)(C/U)CC(A/G/U) (C/U)(C/U)CC(A/G/U)  
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Table 3.2 List of potential targets for Sso VapC18 Toxin (S7 primer). The target genes were identified 

through nucleotide BLAST by using the query cleavage site sequence CUCC//UACC (site 1, 8 bases, from 

primer S7) against Sso 98/2 genome sequence (taxid: 555311). The genomic coordinates where the site was 

located are listed along with the number of times the site was found (frequency) on a gene (The table lists 

those target genes for which frequency ≥ 2). Locus tags shown as bold are genes found to be in common with 

the other target list for VapC18 (Table 3.3), based on annotation only. There were a total of 562 blast hits 

within ORFs and intergenic regions. Using the microarray data available for 10 min and 30 min after Heat 

Shock for PBL2025 (genome: Sso 98/2) strain, the transcripts that significantly (≥2-fold) changed have been 

indicated in the 2nd column (representing gene homologs in Sso P2 genome. Red shading refers to up-

regulation upon heat shock, green refers to down-regulation and grey indicated no significant change. 

Locus tag 
(Sso 98/2) 

Locus tag 
(Sso P2) 

Annotation Site coordinates Frequency 

Ssol_0022 SSO2203 conserved hypothetical protein 
19986  - 19992 
20394  - 20388 

2 

Ssol_0074 SSO2256 phosphoenolpyruvate carboxylase 
66477  - 66483 
66662  - 66656 

2 

Ssol_0086 SSO3080 
conserved hypothetical protein 
 

73977  - 73983 
74752  - 74758 

2 

Ssol_0227 SSO2423 
type I phosphodiesterase/nucleotide 
pyrophosphatase 

195593  - 195599 
196226  - 196232 

2 

Ssol_0266 SSO2462 
DEAD/DEAH box helicase domain protein 
 

227913  - 227907 
228273  - 228267 

2 

Ssol_0334 SSO2528 
major facilitator superfamily MFS_1 
 

295548  - 295554 
296333  - 296327 

2 

Ssol_0370 SSO2559 
FAD-dependent pyridine nucleotide-disulphide 
oxidoreductase 

334981  - 334975 
335221  - 335215 

2 

Ssol_0378 SSO2568 
protein of unknown function DUF125 
transmembrane 

342574  - 342568 
342589  - 342583 

2 
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Ssol_0727 SSO2934 
5-oxoprolinase (ATP-hydrolyzing) 
 

669771  - 669777 
671787  - 671793 

2 

Ssol_0901 SSO3161 
4Fe-4S ferredoxin iron-sulfur binding domain 
protein 

846942  - 846948 
847178  - 847172 

2 

Ssol_0951 SSO3213 conserved hypothetical protein 
894784  - 894790 
895178  - 895184 

2 

Ssol_1204 
 

SSO0227 
 

DNA-directed RNA polymerase subunit B 
 

1122495 - 1122501 
1122720 - 1122726 
1122962 – 1122956 

3 

Ssol_1218 
 

SSO0239 
IMP biosynthesis enzyme PurP domain protein 
 

1135729 - 1135723 
1136911 - 1136905 

2 

Ssol_1258 SSO0282 thermosome 1167720 – 1167714 1 

Ssol_1305 SSO0328 NADH/Ubiquinone/plastoquinone (complex I) 
1208287 - 1208293 
1209509 – 1209503 

2 

Ssol_1396 SSO0420 
reverse gyrase 
 

1296077 - 1296083 
1296270 – 1296264 

2 

Ssol_1425 SSO0447 
Bacterio-opsin activator HTH domain protein 
 

1317931 - 1317925 
1318078 - 1318072 
1318101 – 1318107 

3 

Ssol_1534 SSO0023 
ParB domain protein nuclease 
 

1402681 - 1402675 
1402885 - 1402879 
1404932 - 1404938 

3 

Ssol_1609 SSO0532 
protein of unknown function DUF35 
 

1448217 - 1448211 
1449114 - 1449108 

2 

Ssol_1870 SSO0888 
pyridoxal-phosphate dependent TrpB-like 
enzyme 
 

1662694 - 1662688 
1662904 – 1662898 

2 

Ssol_1933 SSO0957 
glutamyl-tRNA(Gln) amidotransferase, A 
subunit 
 

1717790 - 1717796 
1717920 – 1717914 

2 

Ssol_1986 SSO1012 
thiamine pyrophosphate protein TPP binding 
domain protein 

1774798 - 1774804 
1774846 – 1774852 

2 

Ssol_2016 SSO1045 
ribose-phosphate pyrophosphokinase 
 

1810091 - 1810097 
1810493 – 1810499 

2 

Ssol_2036 SSO1062 
conserved hypothetical protein 
 

1826758 - 1826752 
1827017 - 1827023 

2 

Table 2.A5 Continued Table 3.2 Continued 
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Ssol_2055 SSO1079 
conserved hypothetical protein 
 

1844303 - 1844297 
1844733 – 1844739 

2 

Ssol_2109 SSO1141 
Peptidase S53 propeptide 
 

1888171 - 1888177 
1889224 - 1889230 
1889413 - 1889407 

3 

Ssol_2174 SSO1209 
aldehyde oxidase and xanthine dehydrogenase 
molybdopterin binding protein 

1959270 - 1959264 
1960545 – 1960539 

2 

Ssol_2200 SSO1233 
methane/phenol/toluene hydroxylase 
 

1981362 - 1981368 
1981574 – 1981568 

2 

Ssol_2217 SSO1260 SAF domain protein 
 

1997492 - 1997498 
1997690 – 1997696 

2 

Ssol_2288 SSO1418 
AAA ATPase 
 

2084312 - 2084305 
2084449 – 2084442 

2 

Ssol_2457 SSO1675 hypothetical protein 
 

2263185 - 2263191 
2263245 – 2263251 

2 

Ssol_2486 SSO2951 
transposase IS116/IS110/IS902 family protein 
 

2288436 - 2288430 
2288577 – 2288571 

2 

Ssol_2713 SSO1914 PilT protein domain protein 2488939 - 2488945 1 

Ssol_2751 SSO1946 Transposase, ISC1234/ST1916, Sulfolobus 
2518322 - 2518316 
2519018 – 2519012 

2 

Ssol_2877 SSO2150 
aldehyde oxidase and xanthine dehydrogenase            
molybdopterin binding protein 

2637271 - 2637264 
2638117 – 2638110 

2 

Ssol_2884 SSO2157 
SPP-like hydrolase 
 

2645966 - 2645960 
2646095 – 2646089 

2 
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Table 3.3 List of potential targets for Sso VapC18 Toxin (primer E1). The target genes were identified 

through nucleotide BLAST by using the query cleavage site sequence UCCC//ACAU (site 2, 8 bases, from 

primer E1) against Sso 98/2 genome sequence (taxid: 555311). The genomic coordinates where the site was 

located are listed along with the number of times the site was found (frequency) on a gene (The table lists those 

target genes for which frequency ≥ 2). Locus tags shown as bold are genes found to be common with the other 

target list for VapC18 (Table 3.2), based on annotation only. There were a total of 349 blast hits within ORFs 

and intergenic regions. Using the microarray data available for 10 min and 30 min after Heat Shock for PBL2025 

(genome: Sso 98/2) strain, the transcripts that significantly (≥2-fold) changed have been indicated in the 2nd 

column (representing gene homologs in Sso P2 genome. Red shading refers to up-regulation upon heat shock, 

green refers to down-regulation and grey indicates no significant change. 

Locus tag 
(Sso 98/2) 

Locus tag 
(Sso P2) 

Annotation Site coordinates Frequency 

Ssol_0035 SSO2216 
AMP-dependent synthetase and ligase 
 

31666  - 31673 
32395  - 32402 

 
2 

Ssol_0170 SSO2356 
succinate dehydrogenase or fumarate 
reductase, flavoprotein subunit 
 

146450  - 146457 
146572  - 146565 
146582  - 146575 

3 

Ssol_0313 SSO2505 
major facilitator superfamily MFS_1 
 

271727  - 271733 
272948  - 272954 

2 

Ssol_0535 SSO2725 
metallophosphoesterase 
 

482517  - 482523 
482742  - 482748 

2 

Ssol_0539 SSO2727 
aminotransferase class-III 
 

486979  - 486973 
486998  - 486992 

2 

Ssol_0735 SSO2942 
aldehyde oxidase and xanthine 
dehydrogenase molybdopterin binding protein 

680461  - 680467 
681016  - 681010 

2 

Ssol_0796 SSO3053 
extracellular solute-binding protein family 5 
 

740622  - 740628 
741419  - 741425 

2 
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Ssol_0961 SSO3225 conserved hypothetical protein 
 

905240  - 905246 
905440  - 905446 
905919  - 905925 

3 

Ssol_1000 SSO0016 
exsB protein 
 

940203  - 940209 
940211  - 940217 

2 

Ssol_1211 SSO0232 
glutamyl-tRNA(Gln) amidotransferase, B 
subunit 

1128515 – 1128509 1 

Ssol_1258 SSO0282 thermosome 1167011 - 1167017 1 

Ssol_1372 SSO0394 DEAD/DEAH box helicase domain protein 1273886 – 1273892 1 

Ssol_2111 SSO1143 
ABC transporter related protein 
 

1892826 - 1892832 
1893108 – 1893102 

2 

Ssol_2113 SSO1145 
pyridoxal-phosphate dependent TrpB-like 
enzyme 

1893757 - 1893763 
1894461 – 1894467 

2 

Ssol_2257 SSO1303 
Mandelate racemase/muconate lactonizing 
protein 

2041563 - 2041557 
2041738 – 2041744 

2 

Ssol_2302 SSO1460 
peptidase S45 penicillin amidase 
 

2107629 - 2107635 
2108946 – 2108952 

2 

Ssol_2689 SSO1893 
ABC transporter related protein 
 

2467280 - 2467286 
2467417 – 2467423 

2 

Ssol_R0047  23S ribosomal RNA 1779548 – 1779542 1 
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Table 3.4 List of potential targets for Sso VapC6 Toxin (primer M8). The target genes were identified 

through nucleotide BLAST by using the query cleavage site sequence CUCC//AACG (site 1, 8 bases, from 

primer M8) against Sso 98/2 genome sequence (taxid: 555311). The genomic coordinates where the site 

was located are listed along with the number of times the site was found (frequency) on a gene (The table 

lists those target genes for which frequency ≥ 2). Locus tags with an asterisk or hash are genes found to be 

in common with the list for VapC18 targets in either Table 3.2 (*) or Table 3.3 (**) or both (#) based on 

annotation only. There were a total of 553 blast hits within ORFs and intergenic regions. Using the 

microarray data available for 10 min and 30 min after Heat Shock for PBL2025 (genome: Sso 98/2) strain, 

the transcripts that significantly (≥2-fold) changed have been indicated in the 2nd column (representing gene 

homologs in Sso P2 genome. Red shading refers to up-regulation upon heat shock, green refers to down-

regulation and grey indicates no significant change.     

Locus tag 
(Sso 98/2) 

Locus tag 
(Sso P2) 

Annotation Site coordinates Frequency 

Ssol_0038# SSO2220 major facilitator superfamily MFS_1 
34926  - 34920 
35050  - 35044 

2 

Ssol_0266# SSO2462 DEAD/DEAH box helicase domain protein 
227305 - 227311 
227639 - 227633 

2 

Ssol_0301* SSO1883 Transposase, ISC1234/ST1916, Sulfolobus 
258936 - 258930 
259508 - 259514 

2 

Ssol_0369# SSO2558 major facilitator superfamily MFS_1 
333451 - 333445 
333712 - 333706 

2 

Ssol_0450# SSO2639 
aldehyde oxidase and xanthine 
dehydrogenase molybdopterin binding protein 

404084 - 404078 
404879 - 404873 
404955 - 404961 

3 

Ssol_0522 SSO2708 AIR synthase related protein domain protein 
465998 - 465992 
466109 - 466103 

2 

Ssol_0617 SSO2800 
Alcohol dehydrogenase GroES domain 
protein 

566281 - 566287 
566308 - 566314 

2 
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Ssol_0620 SSO2803 Rieske iron-sulfur protein SoxL2 
569249 - 569243 
569350 - 569356 
569919 - 569913 

3 

Ssol_0621 SSO2805 Cytochrome b/b6 domain protein 
570537 - 570531 
571401 - 571395 

2 

Ssol_0636 SSO2819 glucose-inhibited division protein A 
584823 - 584817 
585394 - 585388 

2 

Ssol_0676** SSO2875 
AMP-dependent synthetase and ligase 
 

624664 - 624670 
624798 - 624804 

2 

Ssol_0684* SSO3028 Transposase, ISC1234/ST1916, Sulfolobus 
632126 - 632120 
632698 - 632704 

2 

Ssol_0727* SSO2934 
5-oxoprolinase (ATP-hydrolyzing) 
 

670242 - 670248 
672257 - 672263 

2 

Ssol_0753** SSO0379 extracellular solute-binding protein family 5 
697228 - 697234 
698190 - 698196 

2 

Ssol_0800 
Ssol_0801 

SSO3058 
SSO3059 

binding-protein-dependent transport systems 
inner membrane component 
 

747019 - 747013 
747917 – 747911 
748394 – 748400 

3 

Ssol_1096 SSO0121 
conserved hypothetical protein 
 

1027372 - 1027378 
1027577 – 1027583 

2 

Ssol_1202 
Ssol_1203 

SSO0223 
SSO0225 

DNA-directed RNA polymerase subunit A' 
1117343 - 1117337 
1119995 – 1120001 

2 

Ssol_1259 SSO0283 
protein of unknown function DUF87 
 

1168815 - 1168809 
1169521 – 1169515 

2 

Ssol_1408 SSO0434 
metalloendopeptidase, glycoprotease family 
 

1306495 - 1306501 
1306999 – 1307005 

2 

Ssol_1454 SSO0472 
Alcohol dehydrogenase GroES domain 
protein 

1337298 - 1337292 
1337569 - 1337575 

2 

Ssol_1703 SSO0641 
carbamoyl-phosphate synthase, large subunit 
 

1528490 - 1528484 
1530145 – 1530139 

2 

Ssol_1724 SSO0666 
MOFRL domain protein 
 

1547177 - 1547183 
1547340 – 1547346 

2 

Ssol_1743 SSO0687 
conserved hypothetical protein 
 

1565229 - 1565223 
1565749 – 1565755 

2 

Ssol_1932 SSO0956 
Wyosine base formation domain protein 
 

1717383 - 1717389 
1717428 – 1717422 

2 
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Ssol_1941* SSO0963 
reverse gyrase 
 

1723487 - 1723493 
1724921 - 1724927 
1725358 – 1725364 

3 

Ssol_2003 SSO1033 
Fibronectin type III domain protein 
 

1799002 - 1798996 
1799761 – 1799767 

2 

Ssol_2010 SSO1039 
CCA-adding enzyme 
 

1805377 - 1805371 
1805531 – 1805537 

2 

Ssol_2125 SSO1155 ATPase 
1907173 - 1907179 
1907467 – 1907461 

2 

Ssol_2140 SSO1174 
sodium/calcium exchanger membrane region 
 

1925511 - 1925517 
1925963 – 1925969 

2 

Ssol_2185 SSO2434 
molybdopterin dehydrogenase FAD-binding 
protein 

1970175 - 1970181 
1970409 – 1970415 

2 

Ssol_2200* SSO1233 
methane/phenol/toluene hydroxylase 
 

1980940 - 1980934 
1981628 – 1981634 

2 

Ssol_2446 
Ssol_2447 

SSO1662 
SSO1663 

5-oxoprolinase (ATP-hydrolyzing) 
 

2250370 - 2250376 
2252122 – 2252116 

2 

Ssol_2637 
Ssol_2638 

SSO1840 
SSO1839 

Radical SAM domain protein 
 

2420513 - 2420519 
2420525 – 2420531 

2 

Ssol_2737 SSO1930 
Glu/Leu/Phe/Val dehydrogenase 
 

2505529 - 2505535 
2505794 - 2505800 
2506397 - 2506403 
2506515 – 2506521 

4 

Ssol_2763# SSO1958 
major facilitator superfamily MFS_1 
 

2528617 - 2528611 
2529162 – 2529156 

2 

Ssol_2806 SSO2094 
glycogen debranching enzyme GlgX 
 

2570064 - 2570070 
2571041 – 2571035 

2 
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Table 3.5 List of potential targets for Tma HicA Toxin (primer S7). The target genes 

were identified through nucleotide BLAST by using the query cleavage site sequence 

GUCA//GGAA (8 bases, from primer S7) against Tma MSB8 genome sequence (gene 

coding regions). The coordinates where the site was located are listed along with the 

number of times the site was found (frequency) on a gene (The table lists those target 

genes for which frequency ≥ 2, with a match of 7 or 8 of the 8 base cleavage site). Using 

the microarray data available for growth phase transitions in T. maritima, the transcripts 

that significantly (≥2-fold) changed have been indicated in the 1st column, where red 

shading refers to up-regulation upon entering stationary phase, green refers to down-

regulation and grey indicates no significant change.  

 
Locus 

tag 
 

Annotation 
ORF length 

(nt) 
Coordinates 
on the gene 

Frequency 

TM_0166 
folylpolyglutamate 
synthase/dihydrofolate synthase 

1293 
755 – 761 

1252 – 1259 
2 

TM_0268 
5-methyltetrahydrofolate S-
homocysteine methyltransferase 

2307 
505 – 511 
654 – 660 

1538 – 1545 
3 

TM_0343 chorismate mutase, putative 1017 
98 – 105 
969 – 975 

2 

TM_0375 hypothetical protein 633 
50  - 56 

253 – 260 
2 

TM_0435 acetyl xylan esterase-related protein 480 
44  - 50 

239 – 232 
2 

TM_0514 prolyl-tRNA synthetase 1734 
246 – 253 
729 – 735 

2 

TM_0537 
P-loop containing nucleoside 
triphosphate hydrolase 

2277 
689 – 695 

1075 – 1082 
3 
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1817 – 1823 

TM_0644 hypothetical protein 1923 
239 – 246 

1522 – 1528 
2 

TM_0681 dehydrase-related protein 810 
179 – 185 
664 – 671 

2 

TM_0772 conserved hypothetical protein 816 
675 – 668 
800 – 806 

2 

TM_0886 penicillin-binding protein, class 1A 1932 
382 – 389 
681 – 687 

2 

TM_0940 
ribosomal large subunit pseudouridine 
synthase C 

915 
371 – 378 
909 – 915 

2 

TM_0956 
ribose ABC transporter, ATP-binding 
protein 

1572 
233 – 239 
868 – 875 

1384 – 1390 
3 

TM_1058 glutamate synthase-related protein 1527 

213 – 219 
796 – 802 

1058 – 1065 
1465 – 1471 

4 

TM_1074 GH2 family sugar-binding protein 2961 
2102 – 2108 
2188 – 2195 

2 

TM_1084 DNA gyrase, subunit A 2415 
851 – 857 

1330 – 1337 
2 

TM_1089 
TRK system potassium uptake protein 
TrkH 

1488 
222 – 228 
368 – 375 

2 

TM_1095 adenylosuccinate lyase 1296 
764 – 770 
938 – 945 

2 

TM_1117 
general secretion pathway protein D, 
putative 

1164 
587 – 594 
976 – 982 

2 

TM_1204 
maltose ABC transporter, periplasmic 
maltose-binding protein 

1176 
892 – 899 
410 – 416 

2 

TM_1302 ABC transporter, ATP-binding protein 777 
28 – 35 

164 – 171 
2 

TM_1355 hypothetical protein 1350 
221 – 227 
331 – 337 

2 

TM_1526 hypothetical protein 438 
224 - 231 
123 - 129 

3 

Table 3.5 Continued 



 

162 

384 – 390 

TM_1549 methicillin resistance protein 876 
25 – 32 
78 – 84 

136 – 143 
3 

TM_1551 conserved hypothetical protein 525 
92  - 98 

401 - 408 
2 

TM_1633 ATP-dependent protease LA 2364 
934 – 940 

1981 – 1988 
2 

TM_1655 response regulator DrrA 744 
220 – 227 
268 – 274 

2 

TM_1687 
DNA/pantothenate metabolism 
flavoprotein 

1185 
184 – 191 
619 – 625 

2 

TM_1799 CRISPR-associated helicase, Cas3 2193 

48 – 54 
371 – 377 
442 – 448 

1666 – 1673 

4 

TM_1817 valyl-tRNA synthetase 2598 
1250 – 1256 
2185 – 2192 

2 

TM_1839 
maltose ABC transporter, periplasmic 
maltose-binding protein 

1182 
190 – 197 
797 – 803 

2 

TM_1859 DNA repair protein 1071 
203 – 210 
679 – 685 

2 
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Table 3.6 List of gene-targets containing both Sso VapC18 cleavage sites (site 1, from primer S7 and    

                site 2, from primer E1). (Frequency of cleavage site occurrence ≥ 2)  

Site Locus tag Annotation Freq. of occurrence 

VapC18-site 1 

VapC18-site 2 

SSO2462 

SSO0394 

DEAD/DEAH box helicase (DNA helicase-like protein) 
 
ATP-dependent helicase 
 

2 

2 

VapC18-site 1 

VapC18-site 2 

SSO2528 

SSO2505 

major facilitator superfamily MFS_1 (metabolite) 

major facilitator superfamily MFS_1 (sugar) 

2 

2 

VapC18-site 1 

VapC18-site 2 

SSO0957 

SSO0232 

glutamyl-tRNA(Gln) amidotransferase, A subunit 

glutamyl-tRNA(Gln) amidotransferase, B subunit 

2 

2 

VapC18-site 1 
 
 

VapC18-site 2 
 

VapC18-site 1 

SSO1209 
 
 

SSO2942 
 

SSO2150 

cutA-1; carbon monoxide dehydrogenase, large chain 
CutA 
 
cutA-6; carbon monoxide dehydrogenase, large chain 
CutA 

cutA-3; carbon monoxide dehydrogenase, large chain 
CutA 

2 
 
 
2 
 

2 
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Table 3.7 List of gene-targets containing Sso VapC18 cleavage site (site 1, from primer S7) and Sso  

                VapC6 cleavage site (site 1, from primer M8). (Frequency of cleavage site occurrence ≥ 2) 

Site Locus tag Annotation Freq. of occurrence 

VapC18-site 1 

VapC6-site 1 
SSO2462 DEAD/DEAH box helicase (DNA helicase-like protein) 2 

VapC18-site 1 

VapC6-site 1 

SSO0420 

SSO0963 

topR-1; reverse gyrase  

topR-2; reverse gyrase  

2 

3 

VapC18-site 1 

VapC6-site 1 
SSO2934 hyuB-3; N-methylhydantoinase B 

2 

2 

VapC18-site 1 
 

VapC6-site 1 
SSO1233 tmoE; toluene-4-monooxygenase system protein E 

2 

2 

VapC18-site 1 
 
 

VapC6-site 1 
 

VapC6-site 1 

SSO2528 
 
 

SSO2558 
 

SSO1958 

major facilitator superfamily MFS_1 (metabolite) 

major facilitator superfamily MFS_1 (sugar) 

major facilitator superfamily MFS_1 (ABC transporter 
permease) 

2 
 
 
2 
 

2 

VapC18-site 1 
 

VapC6-site 1 

SSO0227 
 

SSO0225 

DNA-directed RNA polymerase subunit B 

DNA-directed RNA polymerase subunit A' 

3 
 
2 
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Table 3.8 List of gene-targets containing Sso VapC18 cleavage site (site 2, from primer E1) and Sso  

                VapC6 cleavage site (site 1, from primer M8). (Frequency of cleavage site occurrence ≥ 2) 

Site Locus tag Annotation Freq. of occurrence 

VapC18-site 2 

VapC6-site 1 

SSO3053 

 

SSO0379 

maltose ABC transporter maltose binding protein 

extracellular solute-binding protein family 5 
(hypothetical) 

2 

 

2 

VapC18-site 2 

VapC6-site 1 

SSO2216 

SSO2875 

acsA-8; acetyl-CoA synthetase  

alkK-4; medium-chain-fatty-acid--CoA ligase  

2 

3 

VapC18-site 2 
 
 

VapC6-site 1 
 

VapC6-site 1 

SSO2505 
 
 

SSO2558 
 

SSO1958 

major facilitator superfamily MFS_1 (sugar) 

major facilitator superfamily MFS_1 (sugar) 

major facilitator superfamily MFS_1 (ABC transporter 
permease) 

2 
 
 
2 
 

2 
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FIGURES 

 

Figure 3.1 Non-specific ribonuclease activities of Toxins. Non-specific ribonuclease 
activity (as RFU – relative fluorescence units) for Sso VapC1-(His)6 (open square, □), Sso 
VapC18-(His)6 (open triangle, Δ), Sso VapC6-(His)6 (cross, ×) and Tma (His)6-HicA (open 
diamond, ◊) against the background activity for reaction buffer negative control (dash, ▬). 
The initial slopes for each plot measured using a linear fit on the RFU values for first 10 min 
have been reported as ribonuclease activity in RFU/(min-µg). The values plotted are 
average of triplicates ran for each Toxin, where 1 µg of Toxin was loaded in each replicate.     
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Figure 3.2 Cleavage of MS2 RNA by VapC and HicA Toxins. The full-length MS2 mRNAs 
were partially digested at 65°C, loaded after re-extraction (lanes 2-6) or before re-extraction 
(lanes 7-11), with control E. coli cell extract (with empty vector), Sso VapC1-(His)6, Sso 
VapC18-(His)6, Sso VapC6-(His)6 and Tma (His)6-HicA, respectively. Lane 1 represents MS2 
RNA control (0.3 µg) without reaction. Lanes 2-6 were loaded with ~ 0.3 µg of purified MS2 
RNA that was re-extracted out of the Toxin reactions. Lanes 7-11 were loaded with Toxin + 
MS2 RNA reaction mixture (~ 0.3 µg RNA) reactions straight (without any purification). The 
digestion reaction mixture (10 µl) consisted of 0.8 µg of MS2 RNA substrate, 0.4 µg of 
control E. coli cell extract or 0.6 µg Sso VapC1-(His)6 or 0.6 µg Sso VapC18-(His)6 or 0.8 µg 
Sso VapC6-(His)6 or 0.32 µg Tma (His)6-HicA and 0.5 µl of RNase inhibitor (Roche) in the 
reaction buffer. The reaction products were run on a 1.0% (1x TBE) agarose gel (70V, 1h). 
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Figure 3.3 Cleavage sites for Sso VapC18, Sso VapC6 and Tma HicA. A-B, C-D and E 
are gels depicting in vitro cleavage of the MS2 RNA with Sso VapC18-(His)6, Sso VapC6-
(His)6 and Tma (His)6-HicA, respectively. In all images, lane 1 represents a control reaction 
in which MS2 RNA was incubated with a E.coli cell extract (with empty vector); lane 2, 
reaction with Sso VapC1; lane 3, reaction with Sso VapC18; lane 4, reaction with Sso 
VapC6 and lane 5, reaction with Tma HicA. The cleavage extension products are indicated 
by the arrows. The last four lanes in all gels represent the RNA sequence ladder generated 
using the same primer as used for the reactions (the primers used for images A-E are S7, 
E1, M8, M9 and S7, respectively). Cleavage sites are indicated by red double slash symbol 
on the RNA sequence and were determined using the RNA ladder (bases lying between the 
two horizontal lines on the gels) shown at the bottom of each gel along with the coordinates 
from the MS2 RNA standard sequence. In (B, C and D) the RNA ladder was relatively faint, 
but the sequence could be elucidated through comparison of the upstream and downstream 
regions with the standard sequence and having known where the primers annealed. 
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APPENDICIES 
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Table 3.A1 Primers used for cloning vapC and hicA genes. 

Gene Primers (5’3’) Plasmid Tag 

SSO0414 

(VapC1) 

F: catATGGAGAATGATAGGATGGGGTTTAGT 
pET21b+ C-His 

R: ctcgagGATAGGATATAAGGATTTTATAATTTTACT 

SSO1493 

(VapC6) 
Source: Blum & co-workers (21) 

SSO1975 

(VapC18) 

F: catATGAAAGTATTAATAGAAAGCTCAGCA 

pET21b+ C-His 
R: ctcgagAGTAATTAGAGCGACTTTCAGTTCA 

TM1312 

(HicA) 

F: cat ATGAGTTATCTTCCAATAGTTGATC 
pET28b+ N-His 

R: ctcgagTCACAGATTCTCAAGTACTTTCTT 

 “F” refers to the forward primer and “R” refers to the reverse primer.  The restriction site is indicated 
in red.   
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Table 3.A2 Cy-5 labeled Primers used in primer extension analysis of 
the MS2 RNA. (The fluorescent Cyanine-5 tag has been indicated in red) 

 
Primer name Sequence (5’3’) Location on MS2 

S1 

 

Cy5-CCCTATCAAGGGTACTAAA 156-137 

S2 Cy5-TAGCCATGGTAGCGTCTCGC 86-67 

S3 
Cy5-CTTCGGTCGACGCCCGGTTC 

511-492 

S4 
Cy5-GACGGCCATCTAACTTGATG 

859-840 

S5 
Cy5-GGTTCAAGATACCTAGAGAC 

976-957 

S6 Cy5-AGCATCCCACGGGGGCCG 1078-1061 

S7 Cy5-AGCGTCAACGCTTATGATGG 1140-1121 

M1 Cy5-TCTCTATTTATCTGACCGCA 2026-2007 

M2 Cy5-GAGCCGTTGCCTGATTAATG 1302-1283 

M3 Cy5-TACAGGTTACTTTGTAAGCC 1476-1457 

M4 Cy5-TGCATTGCCTTAACAATAAG 1663-1644 

M5 Cy5-GAAGATCAATACATAAAGAG 1806-1787 

M6 Cy5-AATTCGTCCCTTAAGTAAGC 1915-1896 

M7 Cy5-GCAATTGATTGGTAAATTTC 1843-1824 

M8 Cy5-CCGCTCTCAGAGCGCGGGGG 2244-2225 

M9 Cy5-GCGCACATTGGTCTCGGACC 2271-2252 

E1 Cy5-GAGCACACCCACCCCGTTTA 3435-3416 

E2 Cy5-GCGGATACGATCGAGATATG 2621-2602 

E3 Cy5-GGTCCGTCCCACCGAAGAAC 3097-3077 

E4 Cy5-CGGAGTCTTGGTGTATACCG 3158-3139 

E5 Cy5-AGAACTTGCGTTCTCGAGCG 3231-3212 

E6 Cy5-TATAACGCGCACGCCGGCGG 3326-3307 

Source: Inouye & co-workers (16) except for S1, M1 and E1, that was slightly modified. 

 


