
ABSTRACT 

 

 

MUKHERJEE, ARPAN. Functional Genomics and Biochemical Characterization of 
Uranium Biooxidation and Stress response in Extremely Thermoacidophilic 
Metallosphaera species. (Under the direction of Dr. Robert M. Kelly). 
  

In this study, Metallosphaera sedula and a related archaeon isolated from a uranium 

mine, M. prunae, were evaluated for their ability to oxidize solid uranium (U3O8) and 

to resist soluble uranyl acetate. Genome sequencing results indicated that M. 

prunae is a spontaneous mutant of M. sedula (99.9% similarity in the genomes). 

Microbial physiology experiments suggested significant differences in uranium 

mobilization rates of the two species. M. sedula was found to oxidize solid U3O8 to 

soluble U(VI) while M. prunae showed passive response to U3O8. Whole genome 

microarray analysis revealed that foxA’, a gene encoding cytochrome c-oxidase 

subunit I (Cox I) and found to be mutated in M. prunae, had 30-fold lower transcript 

abundance in M. prunae compared to M. sedula. The CoxI enzyme has been 

identified as the final electron donor to oxygen in the iron oxidation pathway and its 

lower transcription in M. prunae could explain its inefficiency to perform uranium 

solubulization from solid U3O8. It was also observed that M. prunae was more 

tolerant to uranyl acetate (U(VI)) compared to M. sedula. In order to identify the 

difference in U(VI) resistance mechanisms, a U(VI) shock experiment was designed 

wherein the two species were challenged with 1 mM uranyl acetate at mid-

exponential phase. M. sedula U (VI) trasnscriptome indicated activation of the 

general stress response elements (DNA repair and recombination, molecular 

chaperones and transcriptional regulators) while M. prunae showed a more sedate 



response. Interestingly, genes encoding CRISPR-cas associated proteins and 

VapBC loci were up-regulated for both species. In order to explore the resistance 

mechanisms, an early stage U(VI) culture (collected 15 min post shock) was 

collected and it was observed that there was extensive RNA degradation for M. 

prunae sample but not for M. sedula. RNA quality improved 60 min post U(VI) shock, 

this phenomenon was consistent with drop in U(VI) concentration in media due to 

complexation with inorganic sulfate and phosphate.  It was proposed that M. prunae 

resists uranium by stalling its cellular processes and normal growth is regained when 

stress is alleviated. Transcriptional response analysis indicated that ribonucleases, 

known as VapC Toxins, could be responsible for metabolic shutdown in the cell. In 

order to test the hypothesis that VapC toxins could degrade cellular RNA, these 

proteins were recombinantly expressed in Escherichia coli and purified by affinity 

chromatography. VapC toxin activity was evaluated on a fluorescent tagged 

synthetic RNA substrate and total RNA from M. sedula and M. prunae. It was found 

that 4 VapC toxins (VapC4, VapC7, VapC8 and VapC9) were able to degrade 

ribosomal RNA in M. sedula and M. prunae at physiologically relevant toxin:RNA 

ratios. In order to determine the cellular targets of these rRNA degrading VapC 

toxins, primer extension analysis was performed with MS2 bacteriophage RNA. 

Several cleavage sites were determined and it was observed that VapC toxins have 

degenerate consensus motifs with an affinity to bind to 4 or 5 bp G-rich sequences. 

Bioinformatic analysis was performed with the consensus motifs to identify rRNA 

and messenger RNA (mRNA) targets in the cell. Heat shock response of M. prunae 

was performed (T=75°C to T= 85° C) for comparison with U(VI) shock. Unlike U(VI), 



no RNA degradation was observed for both the early and late phase heat shock 

samples.  At late stage heat shock, several vapBC loci were up-regulated along with 

general heat stress responsive elements. The study points to two important 

conclusions - firstly, natural growth environments play a major role in dictating metal-

microbe interactions for closely related Metallosphaera species, and secondly, 

stress-activated ribonucleases mediate the survival of these organisms under toxic 

metal stress.      
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INTRODUCTION 

           Microbial co-existence with metals is a known phenomena and exploring the 

biology of these microorganisms might reveal intriguing inferences regarding early 

life on earth. Many metal-interacting microorganisms have been isolated from 

diverse geophysical environments: Iron Mountain mine CA, sulfuric hot springs and 

industrial waste water [1]. The extreme environments that these organisms grow in 

impose selective pressure to survive against low pH, high temperature and toxic 

effects of heavy metals. The organisms also undergo several adaptations such as 

biofilm formation via formation of exopolysaccharide skeleton (EPS) to survive 

against the extreme environmental conditions [2]. Heavy metals such as Cu, Zn, Ni, 

Mg, Mn, Co and W have been found essential for various cellular processes but 

there are others such as Pb, Cd, Cr and U which could prove fatal.  

   Metalloproteins play an important role in many cellular processes: 

respiration, central metabolism, and nucleic acid management [3, 4]. It has been 

shown that approximately one third of all proteins annotated till date are associated 

with a metal and choice of metal cofactor has partly influenced protein evolution [5]. 

The metals which have been identified as cofactors are: copper (Cu), Iron (Fe), 

manganese (Mn), magnesium (Mg), cobalt (Co), nickel (Ni), tungsten (W) and zinc 

(Zn). This bias towards certain metals may depend on the relative abundance of 

metals on earth ,metal binding sites characterized by hydrophilic ligands such as 
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cysteine, methionine, histidine surrounded by hydrophobic carbonyl ions [6] and the 

geometry of the metal cofactors. A study performed to analyze the metalloproteomes 

of Pyrococccus furiosus, Sulfolobus solfataricus and Escherichia coli revealed many 

surprising results on heavy metal incorporation in proteins. Heavy metals such as 

uranium (U), lead (Pb) and vanadium (V) were found to be associated with proteins 

previously predicted to have Zn and Fe [7]. The work raised questions about the 

choice of metal cofactors in heavy metal rich environments where there is an active 

metal selection pressure. It is a challenging task to classify metalloproteins in a 

genome; a recent study has come up with a bioinformatic approach combined with 

metal directed protein purification to solve this problem [8]. Heavy metal assimilation 

becomes especially important for microorganisms capable of sustaining 

chemolithoautotrophic growth by oxidizing/reducing metals at cell surface. 

Dissimilatory metal reduction is a well known phenomenon for Geobacter and 

Shewanella species and has applications in bioremediation of metal-contaminated 

sites [9]. Dissimilatory metal oxidation is a process by which microorganisms can 

oxidize metal ions via membrane bound cytochromes; this was first discovered for 

Acidithiobacillus ferrooxidans (formerly called Thiobacillus ferrooxidans). It has been 

shown previously that mesophilic species such as Acidithiobacillus ferrooxidans [10], 

Thiobacillus dentrificans [11] and a thermoacidophile, M. sedula can oxidize toxic 

metals like U [12].  
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   Fundamental understanding of metal biooxidation and resistance are crucial 

to the biomining industry which has slowly emerged as a substitute to conventional 

mining efforts.  Biomining has made a remarkable impact on mining gold from 

refractory ores; 20% of copper mining industry depends on bioleaching. This 

technology has proved to be an environmentally friendly process with no airborne 

and limited soil pollutants, simple design details, short start-up time and low capital 

and operating costs. Thermoacidophilic archaea can have a distinct advantage over 

mesophilic bioleaching species like A. ferrooxidans and Leptospirillum ferrooxidans  

as high temperatures would accelerate reaction rates [13]. This being said, 

thermoacidophiles have lower metal resistance and higher shear rates compared to 

mesophiles [14]. This review gives a consolidated view on the unique metal 

oxidation and resistance components identified in thermoacidophilic archaea 

belonging to the order Sulfolabales.  

CHEMOLITHOAUTOTROPHIC GROWTH 

  Chemolithoautotrophic growth has been defined as one where 

microorganisms utilize inorganic substrates such as ammonia, ferrous sulfate, iron 

pyrite, elemental sulfur and chalcopyrite as energy sources. Bioleaching 

microorganisms typically derive energy in the form of ATP by oxidizing Ferrous Iron, 

elemental sulfur and reduced inorganic sulfur compounds and generate biomass by 



  5 

 

 

 

 

fixing atmospheric CO2. The biochemistry of Iron and Sulfur oxidation for A. 

ferrooxidans has been widely reported; it is believed that the bioenergetically 

favorable process is mediated by several high potential c-type cytochromes and a 

blue copper protein, rusticyanin. One of the primary requirements for Fe(II) oxidation 

is a high redox potential in solution (600-1000 mV) which in turn depends on the 

ratio of Fe(III)/Fe(II)  . The biomining process involves two major processes: a 

biological step where the organisms are oxidizing Ferrous iron to Ferric iron and a 

chemical oxidation step where the Ferric iron attacks the mineral or ore body 

releasing the metal bound to the matrix. Chemical reactions are elevated at high 

temperatures and it has been seen that thermophilic organisms (Metallosphaera 

sedula) have a higher metal solubilization rate than mesophilic organisms 

(Acidithiobacillus ferrooxidans) [13]. The underlying mechanisms for iron and sulfur 

oxidation for thermoacidophiles are less well understood. The genus Metallosphaera 

(see Table 1.1), and the type species Metallosphaera sedula, in particular, stands 

out among the genome sequenced members of the Sulfolobales, because of the 

ability to mobilize metals from metal sulfides [15]. The genomes of several 

Metallosphaera species have been sequenced [12, 16, 17] offering new insights into 

aspects of  extremely thermoacidophily. M. sedula was  originally isolated from a 

solfataric field in Italy [15], and grows optimally at 70-75°C over a pH range of 1-4.5. 

One of the first studies in this area was performed to understand the transcriptional 
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response of terminal oxidases in Metallosphaera sedula and it was observed that the 

foxABCDEFGHIJ cluster responded strongly to iron (soluble Ferrous iron as well as 

iron pyrite) while doxBCE operon responded strongly to elemental sulfur. soxM is a 

supercomplex which was found to be up-regulated under heterotrophic conditions 

(growth with yeast extract). soxABCD has been annotated as quinol oxidase while 

soxM is a supercomplex which receives electrons from soxE (sulfocyanin). An 

important distinguishing feature among M. cuprina and other Metallosphaera sp. 

whose genomes have been sequenced is that the fox cluster and rus-like blue 

copper proteins are missing from its genome. foxC transcript (found in M. sedula, M. 

yellowstonensis, S. metallicus and M. prunae) is highly transcribed under growth on 

ferrous iron and iron pyrite and is believed to be the initial electron acceptor from 

ferrous iron. The structure of foxC has been analyzed and it is found to be similar to 

the EBDH γ subunit (EBDH – ethylbenzene dehydrogenase) and is believed to form 

a complex with foxD (EBDH β subunit). FoxCD are paralogous to CbsAB which are 

present in most Sulfolabales. However, as is evident from the table below not all 

Sulfolabales are capable of exhibiting chemolithotrophy. This points towards the fact 

that FoxCD might have unique features as compared to CbsAB (metal binding 

residues, redox potential).   

 M. yellowstonensis, similar to M. sedula in many ways, is capable of 

chemolithoautotrophic growth using Fe(II), elemental S, or pyrite as energy source 
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[17]. The draft genome of M. yellowstonensis shows that it also has the five different 

terminal oxidases listed in Table 2.  RT qPCR (Reverse Transcriptase quantitative 

PCR) studies showed that the fox gene cluster and the gene encoding a novel Mco 

(multicopper oxidase) was highly transcribed under autotrophic growth with Fe(II) as 

electron donor. A model for electron transport was proposed wherein the electrons 

gained by Fe(II) oxidation could have downstream flow (with O2 as terminal electron 

acceptor) or an upstream flow (towards NADP+ being the final electron acceptor). 

FoxC (a S-layer protein) was proposed to be the initial electron acceptor from Fe(II), 

which is believed to form a heterodimeric complex with FoxD and FoxG. Protein 

modeling of FoxC suggested it has a domain similar to the γ subunit of ethylbenzene 

dehydrogenase complex and that it may have a unique heme b binding domain 

(lysine-lysine or lysine-arginine). Modeling studies for Mco showed that it had two 

plastocyanin type I copper domains. The putative role proposed for Mco is to shuttle 

electrons from FoxCD complex to FoxAB (cytochrome c oxidase) for downstream 

electron flow. Mco has also been proposed to shuttle electrons from FoxG (Fe-S 

protein) to a cytochrome ba complex and finally to quinone, which is reduced to 

hydroquinone in a reaction catalyzed by NADH dehydrogenase for upstream 

electron flow.  

      Some progress has been made in deciphering dissimilatory sulfur biooxidation 

mechanisms in extreme thermoacidophiles [18]. From this perspective, Acidianus 
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ambivalens has been the most studied. A cytoplasmic sulfur oxygenase reductase 

(Sor) has been implicated in the aerobic conversion of linear sulfur compounds to 

sulfite, thiosulfate and H2S, and the three dimensional structure of Sor and its 

biochemical properties have been reported [19]. Furthermore, a membrane-bound 

thiosulfate:quinone oxidoreductase (TQO), which oxidizes thiosulfate to tetrathionate 

using ferricyanide or decylubiquinone as electron acceptors, has been identified, 

thereby linking thiosulfate consumption to dioxygen reduction in A. ambivalens  [20]. 

Despite this recent progress, a clear picture of how sulfur is ultimately converted to 

sulfate has yet to emerge [18]. 

TERMINAL OXIDASES IN SULFOLABALES 

 Initial efforts to understand the mechanisms driving the oxidation of metals by 

Metallosphaera species began about 20 years ago, although it was only recently that 

significant progress has been reported in this regard. Initially, it was reported that M. 

sedula possesses an iron respiratory chain dominated by a novel yellow cytochrome 

[21], however the role of which in metal sulfide oxidation was not determined. Genes 

encoding respiratory complexes in M. sedula have since been identified; prior to the 

availability of the M. sedula genome sequence, three gene clusters containing 

oxidases and cytochromes were observed to be differentially expressed, according 

to whether growth was chemoautotrophic or chemomixotrophic [22, 23]. The 
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availability of genome sequence data for Metallosphaera species [17, 24, 25] has 

established that there are at least five terminal oxidase clusters within the genus; M. 

sedula and M. prunae contain all five clusters, as apparently does the recently 

isolated Metallosphaera yellowstonensis [17]. Note that these Metallosphaera 

species are distinct within the Sulfolobales in this respect (see Table 1.2, Figure 

1.1). Bioinformatic details on the five terminal oxidase clusters found in the 

Sulfolobales, and referenced to Metallosphaera species, are provided below. 

FoxABCDEFGHIJK  

 This gene cluster was differentially transcribed under autotrophic growth, with 

Fe(II) serving as electron donor. FoxA1 (Msed_0484) and FoxA2 (Msed_0485) are 

annotated as cytochrome c-oxidases (subunit I), which form a complex with FoxB 

(Msed_0480), which is annotated as cytochrome c-oxidase (subunit II). The FoxAB 

complex is believed to receive electrons from the initial electron acceptor (FoxCD 

complex) through a rusticyanin-like protein (Msed_0966 or Msed_1206). FoxH 

(Msed_0468) has been annotated as a signal transduction protein and its location in 

the fox cluster suggests an Fe(II)-sensing role. FoxG (Msed_0469) has been 

annotated as a 4Fe-4S Polyferredoxin-like protein, and can form a complex with 

FoxCD for upstream electron flow (to NADP+).  The presence of a CbsAB-soxNL 

region (Msed_0500-Msed_0504) downstream of the Fox cluster is interesting; it is 

believed to be the archael homolog of the bacterial cytochrome bc1-like complex. 
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There are several hypothetical proteins in this gene cluster for which the function is 

yet unknown.  The transcript for cytochrome b-like FoxC (found in M. sedula, M. 

yellowstonensis, S. metallicus and M. prunae) is highly transcribed during growth on 

ferrous iron and iron pyrite and is believed to be the initial electron acceptor from 

ferrous iron. The structure of FoxC has been analyzed and it is found to be similar to 

the EBDH γ subunit (EBDH – ethylbenzene dehydrogenase) and is thought to form a 

complex with FoxD (EBDH β subunit). FoxCD are paralogous to CbsAB which are 

present in most Sulfolabales [26]. However, as is evident from Table 1.2, not all 

Sulfolabales are chemolithotrophic. This suggests FoxCD may have unique features 

distinct from the versions of CbsAB found in other Sulfolobales (e.g., metal binding 

residues, redox potential). Our proposed model for the role of FoxCD in shown in 

Figure 1.1. 

SoxABCDL  

 This operon functions as a proton pump to maintain the pH gradient across 

the cell membrane. It was first characterized in S. acidocaldarius [27]. It was highly 

induced during growth on sulfur/tetrathionate, as compared to organic carbon or iron 

[28].  

SoxEFGHIM  

 This terminal oxidase was first identified in S. acidocaldarius through the 

presence of soxM, a gene fusion of subunits I and III of cytochrome c-oxidase [29]. It 
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was proposed that SoxF (Rieske 2Fe-2S protein), SoxG (cytochrome b), SoxH 

(CoxII) and SoxI (hypothetical protein) belong to an operon, but SoxE (sulfocyanin) 

and SoxM (fusion of CoxI and CoxIII) were transcribed separately. The SoxM 

complex for M. sedula was noted previously to be highly transcribed under 

heterotrophic compared to chemolithoautotrophic growth. Our proposed model is 

shown in Figure 1.2. 

DoxBCE 

 This aa3 type quinol oxidase complex from A. ambivalens has been found to 

be highly transcribed under chemolithotrophic growth with Pyrite and S0 [17]. This 

points towards its role as a terminal oxidase receiving electrons from TetH and other 

sulfur-oxidizing proteins.  

DoxDA 

  This aa3 type quinol oxidase has been annotated as a thiosulfate:quinone 

oxidoreducatase in A. ambivalens [30], it has possible involvement in sulfur 

oxidation. It has been shown that TQO can oxidize thiosulphate to tetrathionate as 

product and ferricyanide and decyl ubiquinone (DQ) as electron acceptors [20].   

Rusticyanin 

 Blue copper proteins are found in the genomes of iron oxidizing 

thermoacidophiles, which are homologs to rusticyanin in A. ferrooxidans. 

Rusticyanin is an important high redox potential protein located in the periplasm of 
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A. ferrooxidans and serves as an electron carrier from cyt C-2 (initial electron 

acceptor) to cytchrome c, which further transfers electrons to cytochrome bc1 

complex [31]. This novel blue copper protein, first characterized in A. ferrooxidans is 

a novel protein having the highest acid stability and redox potential among the 

cupredoxin family (copper containing proteins). The crystal structure of this protein 

from A. ferrooxidans has revealed that it has hydrophobic residues surrounding the 

copper center which may contribute to its unique properties [32]. Genome 

sequencing results have identified Rus-like blue copper proteins in Metallosphaera 

spp. (Rus1- Msed_0966, Rus2-Msed_1206). These have a plastocyanin type I 

domain and are highly transcribed on growth on chalcopyrite and triuranium 

octaoxide [12, 28]. This begs the question about the cellular localization of Rus and 

its role in the electron transport chain for iron oxidation in Metallosphaera spp 

 There are additional membrane bound redox complexes which may respond 

to different organic and inorganic substrates: NADH:quinone oxidoreductase NDH-II 

from A. ambivalens and S. metallicus, succinate:quinone oxidoreductase SdhABCD 

from A. ambivalens and S. tokodaii, thiosulfate:quinone oxidoreductase,  

tetrathionate hydrolase TetH from A. ferrooxidans and A. caldus [28]. 
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METAL ATTACHMENT – THERMOACIDOPHILES 

 Until recently only three mechanisms were thought to mediate the attachment of 

thermoacidophiles to surfaces, namely pili [33, 34], exopolysaccharides [35], and 

specific surface-exposed proteins including the S-layer [36]. Exopolysaccharide 

skeleton (EPS) formation has been found to be a critical step for initiation of Fe (II) 

oxidation by bioleaching microorganisms.  EPS consists of neutral sugars and lipids 

with high concentration of Fe(III) forming complex with glucuronic acid, the function 

in a bioleaching environment is to mediate adherence to mineral surface. It has been 

seen that A. ferrooxidans strain with high Fe(III) in EPS have a higher bioleaching 

capacity compared to strains with low Fe(III) concentration [37]. A similar 

phenomenon has been seen for L. ferrooxidans and L. ferriphilium. L. ferrooxidans 

has the ability to concentrate electron-dense nanoparticles in the EPS and severely 

pit pyrite surface [38]. This stresses the importance of Fe (III) in EPS to initiate the 

bioleaching process and maintain an oxidative environment necessary for metal 

dissolution. The main precursors for EPS formation have been identified as UDP-

glucose and UDP-galacatose in many microorganisms, synthesized by the action of 

the two enzymes GalU (glucose 1-phoshpate-pyrophosphorylase) and GalE (UDP-

glucose 4-epimerase) in the Leloir pathway [39]. 

 It has been demonstrated that C-di-GMP levels were higher in cells of A. 

ferrooxidans grown on sulfur and iron pyrite compared to growth on soluble Fe(II) . 
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Genes encoding enzymes in the C-di-GMP pathway have been identified and it is 

believed that they play a key role in biofilm formation [40]. Transcriptomic 

comparison between an environmental biofilm sample consisting of Leptospirillum 

spp. ( L.ferrooxidans and L. ferriphilum) and planktonic cells revealed very different 

physiological behavior. Genes up-regulated in the biofilm sample had functions 

related to motility, quorum sensing and stress response. Gene transcription data 

showed a major difference in carbon fixation modes: planktonic cells had an active 

TCA cycle while the cells in the biofilm demonstrated mixed acid fermentation 

leading to the formation of acetate [41].  

 M. sedula genome has genes encoding for UDP-glucose (mannose) 6-

dehydrogenase (Msed_1810) as well as UDP glucose 4-epimerase (Msed_1809) 

along with glysoyltransferases believed to be involved in EPS formation 

(Msed_1808).  A gene cluster (Msed_1324-Msed_1330) encodes for Archaeal 

flagella biosynthesis proteins. Msed_1324, Msed_1325, Msed_1326, Msed_1327, 

Msed_1328 have been annotated as FlaJ, FlaI, FlaH, FlaF and FlaG, respectively. 

Msed_1329 is a hypothetical protein while Msed_1330 is a flagellin protein, similar to 

FlaB [24]. It has been seen that two Type II secretion system proteins (Msed_1197-

Msed_1198) show higher transcription when M. sedula cells are grown in presence 

of FeSO4 [24].  
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  It has been shown in a recent study that a mixed Sulfolobus culture, 

comprising of A. brierleyi (98-99%) and M. sedula in continuous cultivation showed 

signs of exopolysaccharide formation which helps in biomass retention. A study was 

conducted to demonstrate hydrogen sulphide (H2S) oxidizing ability of S. metallicus 

in a biotrickling filter, this showed that a biofilm developed over continuous culture 

and led to elimination of H2S [42].   

 Recently, a fourth mechanism has been described based on the formation of 

extracellular membrane vesicles [43-45]. Membrane-derived vesicles are subcellular 

entities produced by all lineages of living organisms. In bacteria, vesicles have roles 

in colonization and cell co-aggregation both critical to biofilm formation a key trait for 

metal biooxidation [46]. Both groups of prokaryotes, the bacteria and archaea, 

synthesize vesicles though only thermoacidophilic crenarchaeota employ the 

eukaryotic-like ESCRT endomembrane system. Preliminary studies demonstrate 

lithoautotrophs, like M. sedula, produce abundant vesicles that retain important 

cellular abilities including metal bioxodiation, metal ore adherence and specific 

element transport systems resulting in bioconcentration. 

METAL RESISTANCE MECHANISMS 

 One of the most important features of metal leaching acidophiles is that they 

can tolerate heavy metals. These microbes have been isolated from a broad 
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spectrum of geochemical environments most of which cannot be inhabited by any 

other form of life. The species which inhabit such extreme conditions (mining areas 

with acid mine drainage) encounter selective pressure to develop heavy metal 

resistance. A family of acidophiles have been able to do it using biofilm formation  

which confers significant resistance when compared to planktonic modes of growth 

[47].  In order to understand metal tolerance mechanims, we should know that 

metals are essential components in the cells. They serve as catalysts, enzyme co-

factors, and are responsible for activity in redox processes and stabilizing protein 

structures [48]. However, an increase in concentration of these metals in the cell due 

to irregularities in the transporter systems leads to growth inhibition.  

 Heavy metal uptake takes place via two mechanisms: a fast and unspecific 

system which is driven by a chemiosmotic gradient across the cytoplasmic 

membrane, and secondly a specific energy intensive uptake system which is fueled 

by ATP hydrolysis. For example, Pit (phosphate inorganic transport) system is 

responsible for the transport of Arsenate, inducible P-type ATPases for magnesium 

up-take and ATP-binding cassette (ABC) transporters for Mn2+, Zn2+ and Ni2+ [49]. 

Once the metal ions enter the cell, they form toxic complexes with anions. These 

complexes block functional enzymes, inhibit transport systems and disrupt the 

integrity of cellular membranes [50].  
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 The dichotomy existing between metabolic requirements and toxic levels of 

metals has created an interesting and broad set of metal homeostasis and 

resistance systems required to maintain the delicate balance. In general, there are 

six broadly defined categories of postulated mechanisms for metal resistance in 

microorganisms (Figure 1.3): (1) metal exclusion by permeability barrier, (2) active 

transport of the metal, (3) intracellular sequestration of the metal by protein/chelator 

binding, (4) extracellular sequestration of the metal by protein/chelator binding, (5) 

enzymatic detoxification of the metal to a less toxic form, and (6) reduction in metal 

sensitivity of cellular targets to metal ions [48]. The following section describes the 

current knowledge of metal resistance mechanisms with an emphasis on 

thermoacidophilic microorganisms, useful for bioleaching applications. The only 

metals studied to date in thermoacidophiles are copper, mercury, arsenic, nickel, 

and uranium. 

Copper  

 Copper is an important cofactor of many redox proteins especially 

cytochrome-c oxidase, the final electron donor to oxygen in bioleaching 

microorganisms. An efficient Copper bioleaching setup demands a microorganism 

resistant to the deleterious effects of the heavy metal. An inference that was made 

by studies on A. ferrooxidans was that adapted strains were able to survive on high 

levels of Copper than unadapted ones. Increase in Cu(II) resistance in A. 
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ferrooxidans is conferred to formation of a proteinase-K-sensitive cell-surface 

component [51, 52]. Copper resistance mechanisms can be broadly classified into 

three types: one involving P-type ATPases in gram-positive bacteria which efflux the 

metal out of the cell, Polyphosphate (PolyP) based mechanism involving a metal-

phosphate transporter and in Ferroplasma species where copper binds to the 

periplasm or very close to the membrane.  

 CopRTA system is ubiquitous among all Sulfolabales and has been shown to 

be involved in Copper efflux. CopA is a P-type ATPase, copT is a metallochaperone 

which recruits Copper ions and CopR is a transcriptional activator which binds to the 

promoter region and increases the transcription of copTA bicistronic operon. It has 

been shown recently that a copR deletion mutant in S. solfataricus leads to reduced 

Copper tolerance [53]. S. solfataricus has a second P-type ATPase, CopB which 

complements the CopA when the Copper concentrations are extremely high [54].  

 It has also been argued that the formation of PolyP granules in bioleaching 

microorganisms in Copper-rich environment is a major resistance mechanism. PolyP 

formation, initiated by the enzyme Polyphosphate kinase (PPK), helps the 

microorganism to conserve its energy under metal stress. Polyphosphate 

phosphatase (PPX) releases the phosphate ions which bind to Copper ions and the 

complex is extruded out of the cell via a Pho84-type transporter [55].  A study was 

performed to compare the Copper sensitivities of various iron and sulfur oxidizing 
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species. It was observed that A. ferrooxidans and S. metallicus had greater ability to 

accumulate electron dense PolyP granules as compared to S. solfataricus and M. 

sedula, this result correlated well with the Copper tolerance of the species. The 

minimum inhibitory concentration (MIC) for Copper for A. ferrooxidans, S. metallicus, 

S. solfataricus and M. sedula were in the order 800, 200, 16 and 5 mM respectively 

[14].   

Zinc  

 Zn (II) toxicity in cells is due to complexation with various cellular 

components. In A. ferrooxidans the Zn(II) toxicity depends on growth substrate. In 

neutrophiles, the resistance mechanism is due to the P-type ATPases, cation-

diffusion facilitator transporters or high efficiency efflux proteins such as Czc. In 

acidophiles, the resistance is said to be chromosomally encoded [56, 57].  

Cadmium  

 Cadmium ion efflux systems include the Czc system and a P-type ATPase 

pump (CadA) in Gram-negative and Gram-positive bacteria, respectively. Cd(II) 

toxicity is lower than Hg(II). Many acidophiles have gene sequences similar to P-

type ATPases and A. ferroxidans was one species which had cadA [58, 59].  

Nickel 

 No determinants of nickel resistance have been experimentally identified in 

acidophilic archaea, despite a detoxification system, based on efflux, existing for 
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bacteria [49, 60]. The nickel resistance determinant has been identified for 

acidophilic bacteria Leptospirillum ferriphilum, which was attributed to a nickel-cobalt 

resistance operon (ncr) [61, 62] . Ni(II) binds to the cell surface in bioleaching 

microorganisms and inhibits RISC oxidation and affects cell growth [63].  

Arsenic 

 Arsenic in both its oxidation states severely limits the viability of the cells. It 

was observed in a study performed by Halberg et al, 1996 that sulfur was deposited 

on the outer surface of the cell which was a consequence of the toxicity. As (V) 

replaces phosphorous in the cells and inhibits various biological processes. 

Neutrophiles have the arsRBC operon which helps them to first converts the As (V) 

to As (III) and then eject As (III) from the cell. arsRC operon was induced in A. 

ferrooxidans on As exposure [64],[65].  A. caldius strain was found to have 

resistance for As(III) but not As (V) [66]. In Sulfolobus strains, a membrane-bound 

As (III) oxidase is responsible for As(III) resistance [67]. In Ferroplasma 

acidarmanus, a single operon homologous to arsRB was found along with gene 

encoding protein ArsA. However, arsC homologues were not identified in 

Ferroplasma species [68].   

Mercury 

 Mercury (Hg(II)) binds to Fe(II) oxidizing enzyme and inhibits growth of 

acidophiles. A resistance mechanism has been found in A. ferrooxidans strains in 
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which Hg(II)-reducing flavoprotein produces Hg(II) which is effluxed out of the cell.  

Several other operons are found in A. ferrooxidans such as merR( positive 

regulatory protein that twists operator DNA to allow mRNA formation),  merT 

(mercury uptake protein)  and merA (Hg(II) reducing flavoprotein) [69, 70]. 

Homologous genes have been found in the genomes of Sulfolobales, in M. sedula 

Msed_1241 and Msed_1242 encode for MerAH proteins. Hg(II) resistance 

mechanisms have been characterized in S. solfataricus where it has been seen that 

MerR deletion mutant is more sensitive to Hg(II) compared to wild type, it binds to 

the promoter region in of merAH and activates this operon under Hg(II) challenge 

[71].  

Uranium 

 A number of processes have been investigated for the bioaccumulation of 

uranium, which includes biosorption [72], bioreduction [9], and biominerlization[73, 

74]. These studies have largely focused on bacteria with the mechanisms of uranium 

accumulation and the resulting uranium complexes being poorly understood in 

archaea. The anaerobic hyperthermophile Pyrobaculum islandicum has been shown 

to reduce U(VI) to the insoluble U(IV) mineral uraninite leading to the formation of 

extracellular deposits [75]. More recently, the interaction of S. acidocaldarius with 

U(VI) was studied under highly acidic (pH 1.5-3.0) and moderately acidic (pH 4.5) 

conditions, relevant to the physiological growth optimum of this organism and 
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uranium polluted environments [76, 77]. For the highly acidic conditions U(VI) was 

demonstrated to complex with organic phosphate groups, while under moderately 

acid conditions carboxylic groups were also involved in U(VI) complexation. 

Intracellular deposits associated with the inner side of the cytoplasmic membrane 

represented the majority of U(VI) accumulation with a small amount biomineralized 

extracellularly [77]. The pH dependence of uranium complexation in S. 

acidocaldarius differs from the pH independent process of the acidophilic bacterium 

A. ferrooxidans, where uranium complexation occurred solely via organic phosphate 

groups between pH 2-4.5 [78]. Recently, a preliminary investigation into the uranium 

resistance of M. prunae compared to M. sedula indicated a novel role of a toxin-

antitoxin in resistance [12]. 

SUMMARY 

Over the past several decades bioleaching technology has been under developed 

for the extraction of metals from ore containing matrixes, mainly base metal sulfide 

and refractory gold ores. The vast majority of commercial applications to date have 

employed mesophilic or moderately thermophilic acidophiles, generally dominated 

by bacteria, with great success. The application of Sulfolobales in bioleaching 

industry has been fairly limited primarily due to lack of understanding of metal 

oxidation pathways and resistance mechanisms. In recent years, whole genome 
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transcriptional response experiments have shed light on the unique membrane-

bound protein complexes which could be responsible for dissimilatory metal 

oxidation. Future efforts should be guided towards biochemical understanding of 

membrane complexes in Sulfolobales and comparison made with their counterparts 

in the mesophilic bioleacher, Acidithiobacillus ferrooxidans.  
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FIGURES 

 

 

Figure 1.1 Proposed model for Fe (II) oxidation in M. sedula, based on transcriptional response 

experiments and bioinformatics analysis [17, 28]. FoxC is believed to be the primary electron acceptor from 

metal ions and transfer the electrons to a blue copper protein (Rus – rusticyanin), which can follow an uphill 

electron flow to NAD
+
 or a downhill electron flow to O2. a – heme a center in FoxA, CuBa3 – binuclear center  in 

FoxA where O2 is reduced to H2O. b – heme b in FoxC and soxN, CuA – copper center in FoxB, dotted line 

shows the direction of electron flow, Fe-S – iron sulfur clusters in FoxG and SoxL, Q – ubiquinone, Q – 

hydroquinone.  
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Figure 1.2 Proposed model for SoxM supercomplex which is highly transcribed under heterotrophic 

mode of growth. CuBb3- binuclear center in the protein complex SoxM (CoxI and CoxIII), as- heme center in 

SoxG, b- heme b in SoxM and SoxG, Fe-S- Iron sulfur cluster in SoxF, CuA- copper center in SoxH, Cu- copper 

center in SoxE, Q – ubiquinone, QH2 – hydroquinone. 
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 Figure 1.3 Metal resistance mechanisms in Thermoacdidophilic archaea.  
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ABSTRACT 

Thermoacidophilic archaea are found in heavy metal-rich environments and, in some 

cases, these microorganisms are causative agents of metal mobilization through 

cellular processes related to their bioenergetics. Given the nature of their habitats, 

these microorganisms must deal with the potentially toxic effect of heavy metals.  

Here, we show that two thermoacidophilic Metallosphaera species with nearly 

identical (99.99%) genomes differed significantly in their sensitivity and reactivity to 

uranium. M. prunae, isolated from a smoldering heap on a uranium mine in 

Thuringen, Germany, could be viewed as a “spontaneous mutant” of M. sedula, an 

isolate from Pisciarelli solfatara near Naples, Italy. M. prunae tolerated U3O8 and 

U(VI) to a much greater extent than M. sedula. Within 15 minutes following exposure 

to “U(VI) shock”, M. sedula, and not M. prunae, exhibited transcriptomic features 

associated with severe stress response. Furthermore, within 15 minutes post-U(VI) 

shock, M. prunae, and not M. sedula, showed evidence of substantial degradation of 

cellular RNA. This suggested that transcriptional and translational processes were 

aborted as a dynamic mechanism for resisting U toxicity; by 60 minutes post-U(VI) 

shock, RNA integrity in M. prunae recovered, and known modes for heavy metal 

resistance were activated. In addition, M. sedula rapidly oxidized solid U3O8 to 

soluble U(VI) for bioenergetic purposes, a chemolithoautotrophic feature not 

previously reported. M. prunae, however, did not solubilize solid U3O8 to any 
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significant extent, thereby not exacerbating U(VI) toxicity. These results point to 

uranium extremophily as an adaptive, rather than intrinsic, feature for 

Metallosphaera species, driven by environmental factors.   
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INTRODUCTION 

Uranium (U) is a naturally occurring element, so it is not surprising that many 

environmental microorganisms co-exist with, and even carry out biotransformations 

involving, this metal. U has a high binding affinity for phosphoryl and carboxyl 

groups, such that the metal can associate with cell wall components [1], 

lipopolysaccharides [2] and peptidoglycan [3], in particular. Dissimilatory, iron-

reducing bacteria (DIRB) can reduce soluble U(VI) to insoluble U(IV) as a 

detoxification step, mediated by membrane-bound c-type cytochromes [4-6]. In 

addition to limiting uranium toxicity by converting soluble U(VI) to insoluble U(IV), 

membrane-bound acid and alkaline phosphatases can respond dynamically to 

external conditions to release phosphate for metal ion binding [7, 8]. It has been 

shown that the conductive pili of Geobacter function as sites of U (VI) reduction and 

prevent its accumulation in the periplasm [9]. Bioprocesses have been considered 

for U recovery. Acidithiobacillus ferrooxidans, a mesophilic extreme acidophile, was 

able to extract 87% of bound uranium from low grade uranium ore by catalyzing the 

formation of Fe(III) from Fe(II), which then in turn chemically oxidized U(IV) in 

uraninite to soluble U(VI) [10]. In fact, even in the case of non-pyritic U ores, Fe (III) 

can be supplied to drive U solubilization [11].  Direct anaerobic oxidation of uraninite, 

U(IV) to U(VI), has been observed with nitrate-reducing Thiobacillus denitrificans 
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using c-type cytochromes [12, 13]. Oxidation of soluble uranous to uranyl ions 

coupled to CO2 fixation has been demonstrated for A. ferrooxidans [14].   

The genus Metallosphaera is comprised of extremely thermoacidophilic archaea that 

have been isolated from hot, acidic environments world-wide [15-17]. Like A. 

ferrooxidans, Metallosphaera species are capable of mobilizing heavy metals from 

pyritic ores, based on their ability to oxidize iron and sulfur, mediated by an array of 

terminal oxidases associated with their cell membranes [18, 19]. Of the 

Metallosphaera species isolated to date, M. sedula and M. prunae have the highest 

optimum temperature for growth (70-75°C) and lowest pH optimum (2.0). M. sedula 

was initially isolated from Pisciarelli solfatara near Naples, Italy [16], while M. prunae 

was isolated from an abandoned uranium mine in Thuringen, Germany [15]. This 

begs the question of whether the U-laden growth environment of M. prunae impacts 

its sensitivity and reactivity to this heavy metal. This issue was examined by 

comparing the genome sequences of these two archaea, as well as by examining 

their microbiological and transcriptional response to solid and soluble forms of 

uranium. 

RESULTS 

M. prunae is a U-resistant “Spontaneous Mutant” of M. sedula which is 

Supported by Microbiological Data and Genome Sequencing. Figure 1A shows 
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that when exposed to solid, spent (i.e., non-radioactive) Triuranium octaoxide (U3O8) 

from a nuclear power plant, M. prunae grew to densities in excess of 6 x 108 cells/ml, 

while no net increase in M. sedula cell densities was observed. Furthermore, U(VI) 

concentrations increased in the case of M. sedula, but decreased in the case of M. 

prunae. Abiotic controls behaved similarly to the M. prunae case (Figure 2.A1).  

Sequencing results indicated that the M. sedula and M. prunae genomes 

were nearly identical, but different from the genome of another member of this 

genus, M. cuprina [17, 20]. In fact, only 220 nt out of 2.2 Mb were different in M. 

prunae compared to M. sedula [21]; in coding regions, 79 single mutations 

corresponded to 38 frame-shifts and 23 in-frame amino acid substitutions (Figure 

2.1B and Table 2.A1). The highest number of mutations occurred in a pseudogene, 

Msed_1426 (17 mutations leading to several amino acid substitutions). All ORFs in 

M. prunae mapped to M. sedula and vice versa, such that M. prunae might be 

considered as a “spontaneous mutant” of M. sedula rather than a separate species. 

The 38 frame-shifted ORFs created translational truncations of the associated 

encoded genes (see Figure 2.1B and Table 2.A1). In most cases, no direct 

connection between most of the 38 proteins associated with these frame shifts and 

metal transformations was evident. However, potential roles in heavy metal oxidation 

could be the case for Msed_0322 (Rieske 2Fe-2S protein) and Msed_0485 

(cytochrome c-oxidase, subunit I); these belong to the two iron oxidation clusters in 
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M. sedula genome [18]. Other truncated ORFs with possible relationships to heavy 

metal resistance included several major facilitator transporters (Msed_0310, 

Msed_0420, Msed_0972) and a phosphate transporter (Msed_1512). Msed_1512 is 

related to Pho84 in Saccharomyces cerevisiae, which is believed to function as a 

metal-phosphate importer. Msed_2086, which is related to ArsB (arsenite 

permease/transporter) in Sulfolobus solfataricus, was also truncated by a frame-

shifting mutation.      

 

Transcriptional Response of Metallosphaera species to “U(VI) Shock” Reveals 

Differentiating Physiological Features. The U toxicity resulting from growth in the 

presence of solid U3O8 likely arose, to some extent, from high levels soluble U(VI) 

that were generated in case of M. sedula . As such, both species were subjected to 

“U(VI) shock”, where 1.0 mM uranyl acetate was added to the culture after 13 h of 

growth (cell density – 1 x 108 cells/ml) when cells were in early exponential phase 

(Figure 2.2A). Cell densities in both cases declined immediately post-U(VI) shock 

and eventually recovered such that growth was initiated at about t = 38 h for M. 

prunae (25 h post U shock)  and t = 58 h for M. sedula (45 h post U shock). 

Recovery appeared to coincide with declining U(VI) concentrations, likely the result 

of co-precipitation of U(VI) with medium components, as noted in abiotic controls 

(Figure 2.2A). Transcriptomes were compared for samples taken 180 min post-



  50 

 

 

 

 

shock (U180) (Figure 2.2B; Table 2.1; Figure 2.A1). M. prunae had 128 genes 

(~5% of genome) showing 2-fold change (normal vs. U(VI) shock), compared to 307 

genes (~15% of genome) for M. sedula. Many genes implicated in DNA repair, 

recombination and stress response were triggered in M. sedula, but not in M. prunae 

(Table 2.1). Five VapBC toxin-antitoxin genes were up-regulated in M. sedula as a 

result of the shock, and only one for M. prunae (Table 2.1). VapBC TA loci have 

been implicated in stress response for a related thermoacidophile, Sulfolobus 

solfataricus [22, 23]. In M. sedula, a histidine biosynthesis operon (Msed_1943-

Msed_1950) was up-regulated, suggesting that the metal binding capacity of His 

could help to reduce intracellular uranium toxicity. Many transcriptional regulators 

responded in M. sedula, including Msed_0192, which was down-regulated in M. 

sedula 14-fold, but unaffected in M. prunae. Global transcriptional regulators UspA 

(Msed_0254) and Fur (Msed_0767) were significantly up-regulated in M. sedula on 

uranium shock, along with transcriptional regulators belonging to AsnC, XRE and 

GntR families.  While the specific roles of these regulators is not clear, the U180 

transcriptome points to a more pronounced effect of uranium on M. sedula 

metabolism and physiology compared to M. prunae.   

 To further pursue the relationship between transcriptomes and U(VI) 

exposure so to glean insights about resistance mechanisms, shorter time frames 

post-shock were examined (Tables 2.A2-A5).  Transcriptomes from normal growth 
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(N) of the two species were compared with U(VI) shocked cultures sampled at 60 

min (U60) after 1 mM uranyl acetate addition. For the shorter time (U60), M. prunae 

showed minimal response, with only 15 genes differentially transcribed 2-fold or 

more (5 up/ 10 down) compared to 176 for M. sedula. Most of the differentially 

transcribed ORFs at U60 in both species also were noted in the U180 

transcriptomes (see Figure 2.A2 and Tables 2.A2-A4). At U60, a copper 

transporting ATPase (Msed_0490, CopA) and a metallochaperone (Msed_0491, 

CopM), previously implicated in Cu resistance [24], were up-regulated for both 

species, but much more so in M. sedula (10-fold and 12-fold, respectively) than M. 

prunae (2-fold and 2-fold, respectively) (Table 2.A5).  

An attempt was made to determine the transcriptomes at 15 min post-U(VI) 

shock (U15). Here, an interesting observation was made during the RNA quality 

check done before running the microarrays: RNA for M. sedula for the U15 samples 

retained integrity when viewed on an agarose gel. However, the U15 M. prunae RNA 

sample showed extensive degradation (see Figure 2.3A). Three biological repeats 

confirmed this result. The possibility that heightened ribonuclease levels were 

responsible for RNA degradation was considered. Total ribonuclease activities in cell 

extracts increased significantly at U15 for both species, with levels in M. prunae 

significantly higher than in M. sedula; levels continue to increase for both species at 

U60 (Figure 2.3B).  Transcriptomes for M. sedula (comparing N, U15 and U60) and 
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M. prunae (comparing N and U60 – RNA was not suitable for the U15 sample) 

separately showed up-regulation of genes encoding endo- and exonucleases for 

both species in the U60 samples (Figure 2.3C). At U60, M. sedula exhibited up-

regulation of several genes associated with the exosome complex, as well as 

several RNases and putative VapC toxins (Msed_0899, Msed_1385). M. prunae 

showed up-regulation for two putative VapC toxins (Msed_0899, Msed_1307). Two-

dimensional gel electrophoresis of the U15 and N cell extracts revealed no 

significant insights that correlated to the increase in ribonuclease activity (Figure 

2.A3). Cell extracts from samples taken 15 h post-U(VI) shock, as growth re-started, 

showed that M. prunae ribonuclease activity dropped significantly from U60 levels 

(112 RFU/min or 1.6 times the normal growth RNase activity), while M. sedula 

RNase activity continued to increase (230 RFU/min or 3 times the normal growth 

RNase activity).  

Taken together, the U(VI) shock results suggest that M. prunae resists U 

toxicity to a much greater extent than M. sedula. At least in part, this is accomplished 

by essentially aborting transcription; attempts to reverse transcribe RNA from the 

U15 M. prunae samples were unsuccessful (note the RNA smearing in the M. 

prunae U15 samples compared to M. sedula – see Figure 2.3A). Furthermore, from 

Figure 2.3A, substantial degradation of ribosomal RNA has occurred in the M. 

prunae U15 sample, suggesting that translation was also impacted. In the samples 
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for U60, neither archaea showed any evidence of RNA degradation. The integrity of 

genomic DNA obtained from the U shock cultures (U15 and U60) of both species 

was unaffected by U shock. No specific RNase could be identified as responsible for 

RNA degradation in M. prunae at U15, but the possible role of toxin-antitoxin 

systems, perhaps involving one or more VapBCs, is intriguing. The current paradigm 

is that these toxins are activated as ribonucleases when they disassociate from the 

antitoxin, an event that would not be detected by the methods employed here [25].  

 

M. sedula, and not M. prunae, Directly Oxidizes U3O8 to U(VI) under 

Chemolithoautotrophic Conditions. The U(VI) shock experiments revealed that, 

after short time exposure to the heavy metal, M. prunae minimizes its metabolism 

through degradation of cellular RNA. However, the results in Figure 2.1 show that 

M. prunae is also less susceptible to solid U3O8 and that U(VI) levels increased in 

the M. sedula culture; note that this result was obtained for growth under 

heterotrophic conditions. Given that Metallosphaera species are capable of Fe(II) 

oxidation to Fe(III) for bioenergetic benefit, the possibility that U(IV) or U(V) could 

serve as an energy source under chemolithoautotrophic conditions was examined. 

In fact, oxidation of U(IV) or U(V) to U(VI) could exacerbate U toxicity. 

Heterotrophically grown cells were harvested and yeast extract was removed by 

centrifugation. Chemolithoautotrophic growth was initiated in the presence of U3O8 
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by inoculating the cells at a high initial cell density, 1.5 x108 cells/ml. There was a 

drop in cell density until 48 hrs after which the cell density leveled off at 108 cells/ml. 

M. sedula, but not M. prunae, was able to completely solubilize all of the spent 

uranium added to the culture. The yellow color in the culture was associated with the 

formation of a precipitate (Figure 2.4B), XRD analysis confirmed this material to be 

ammonium uranyl phosphate trihydrate (NH4UO2PO4 (H2O) 3). SEM and XRD 

confirmed that there was no detectable U3O8 in M. sedula cultures after incubation 

while it was detected for abiotic control as well as M. prunae. This suggested that M. 

sedula was directly oxidizing the spent uranium to soluble U(VI), a result confirmed 

by ICP-MS analysis (Figure 2.4C). The transcriptomes of the two archaea were 

compared at two days following exposure to the spent uranium to determine if 

specific terminal oxidases in each archaeon were responsive to U3O8 (Figure 2.4A; 

Figure 2.A1B; Table 2.A6). Although neither culture increased in cell density, the M. 

sedula and M. prunae transcriptomes suggested significant levels of metabolic 

activity and implicated the five terminal oxidase clusters associated with the 

Metallosphaera membranes, albeit in different ways and to different extents (Figure 

2.4A). SoxABCDD’L (Msed_0285-0290), a proton pump encoded in a single operon 

in Sulfolobus acidocaldarius [26], was induced during growth on sulfur/tetrathionate, 

as compared to organic carbon or iron [18, 27]. Here, this operon was highly 

transcribed in M. sedula compared to M. prunae.  SoxEFGHIM (Msed_0319-
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Msed_0324) was first identified in S. acidocaldarius through the presence of soxM, a 

gene fusion of subunits I and III of cytochrome c-oxidase [28]. It was proposed that 

SoxF (Rieske 2Fe-2S protein), SoxG (cytochrome b), SoxH (CoxII) and SoxI 

(hypothetical protein) belong to an operon, but SoxE (sulfocyanin) and SoxM (fusion 

of CoxI and CoxIII) were transcribed separately [29]. The SoxM complex for M. 

sedula was noted previously to be highly transcribed under heterotrophic compared 

to chemolithoautotrophic growth [27]. Our results here indicate that the 

corresponding operon Msed_0319-0322 (soxF-soxI) was up-regulated in M. prunae 

compared to M. sedula, while Msed_0323-0324 (soxM, soxE) was down-regulated. 

Whether the frame-shifting mutation in soxF in M. prunae, which encodes a protein 

responsible for transfer of electrons to SoxM (terminal electron acceptor) via SoxE, 

was a factor is yet to be determined. FoxAA’BCDEFGHIJ (Msed_0468-0485) has 

been shown to be involved in iron (Fe2+) oxidation in Sulfolobus metallicus and M. 

sedula [18, 19]. CbsA (Msed_0504), a monoheme cytochrome b558/566, was 3.5-fold 

up-regulated in M. sedula compared to M. prunae; this gene encodes a surface 

exposed S-layer protein with N-glycosylated and O-glycosylated sugar residues [30]. 

It has been shown that this gene was highly transcribed during 

chemolithoautotrophic growth (Iron pyrite and S°) compared to heterotrophic growth 

[19, 27]. Rusticyanin (Msed_1206), a blue copper protein involved in iron oxidation, 

was up-regulated in M. sedula compared to M. prunae.  Also, DoxDA-BCE 
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(Msed_0363-0364, Msed_2030-2032), proteins implicated in thiosulfate and sulfur 

oxidation [19], were up-regulated in M. sedula compared to M. prunae.  

 Components of the terminal oxidase clusters discussed above that were up-

regulated in M. sedula could all play roles in the direct oxidation of U3O8 by M. 

sedula. However, previous transcriptional response analysis of M. sedula growth on 

acid insoluble (pyrite) and soluble iron indicated that insoluble metal oxidation 

involves FoxA/FoxA’ (cytochrome c-oxidase, subunit I) in the fox cluster 

(Msed_0468-Msed_0485) [19]. Exposure of both species to spent uranium under 

chemolithoautotrophic conditions led to significant down-regulation of foxA and foxA’ 

(Msed_0484 and Msed_0485) transcripts for M. prunae compared to M. sedula.  The 

frame-shifting mutation in Msed_0485 (foxA’) could have had a polar effect on 

Msed_0484-0485 transcription, thereby impairing M. prunae’s ability to oxidize spent 

uranium. In fact, M. prunae was far less proficient in oxidizing Fe(II) compared to M. 

sedula (see Figure 2.A4). Thus, it is possible that M. sedula is attempting to oxidize 

U3O8 to U(VI) with an iron-oxidizing complex. Not only does the generation of U(VI) 

by M. sedula likely exacerbate uranium toxicity, but the U(VI)/U(IV) redox couple 

(+0.26V) [12] is bioenergetically poor compared to the Fe(III)/Fe(II) couple (+0.77V) 

[14]. Taken together, M. sedula growth on spent uranium was ultimately very limited, 

despite transcriptomal evidence of a high level of metabolic activity. For M. prunae, 

on the other hand, minimal amounts of U3O8 oxidation to U(VI) seems to be yet 
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another mechanism for avoiding the potentially toxic effect of the solubilized heavy 

metal. 

DISCUSSION 

Resistance to Uranium Toxicity in M. prunae has Passive and Active Elements 

  The results presented here suggest that the M. prunae genome is a mutated 

version of the M. sedula genome that enables M. prunae to adapt to survival in an 

environment with high levels of uranium. In contrast to M. sedula, M. prunae 

exhibited few, if any, previously known signs of stress response when subjected to 

“U(VI) shock”, suggesting that it has developed novel mechanisms, active and 

passive, to resist the deleterious effect of this heavy metal. To this point, as shown in 

Figure 2.3, M. prunae appears to minimize its cellular and metabolic activity by 

shutting down transcription and translation when suddenly confronted with toxic 

levels of uranium. While specific ribonucleases have not been identified as a key 

factor in this process, the possible stress response role of toxin-antitoxin loci [23] 

needs to be considered.  M. prunae also employs a passive mechanism to resist 

uranium, given that, unlike M. sedula, it showed minimal capacity to directly oxidize 

U3O8 to soluble U(VI), even when this was the only bioenergetic substrate available. 

Transcriptomic analysis also hinted at other mechanisms including the possible role 

of a siderophore that sequesters uranium since genes encoding an operon 
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(Msed_0805-Msed_0807), which is homologous to Iron complex transport system in 

other microorganisms [31], was highly induced during U(VI) shock in M. prunae and 

not M. sedula.  

Microbial Extremophily – An Intrinsic or Adaptive Physiological 
Characteristic? 

 
 In a sense, the resistance of M. prunae to uranium can be viewed as an 

expanded extremophily, an adaptation in which heavy metal resistance is 

superimposed on other unique physiological characteristics (thermophily and 

acidophily) that are germaine to this genus. It is interesting that the M. prunae and 

M. sedula genomes are nearly identical and that no identifiable ORFs (or pieces 

thereof) appear in one of these archaeon’s genome and not the other. The 

“spontaneous mutations” in M. sedula that have apparently conferred U resistance 

and limited the capacity to generate oxidized forms of the metal are consistent with 

the needs dictated by M. prunae’s environmental niche in a U deposit. Whether 

already extremophilic microorganisms, in general, are intrinsically better suited for 

additional adaptations to harsh environments remains to be seen. But, the results 

described here indicate that heavy metal extremophily is not, in all cases, 

necessarily a core genomic feature of thermoacidophiles. 

 A larger issue that arises is how to bridge microbial taxonomy between the 

pre-genomics and post-genomics eras. What constitutes a new genus, species or 
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strain of a microorganism now compared to then? The close relationship between 

the genomes of M. sedula and M. prunae suggests that one is likely the progenitor of 

the other. However, their vastly different growth physiology in the presence of U, in 

the absence of genome sequence information, would have made this determination 

difficult. Going forward, one wonders how much of our previous understanding of 

microbial biology, extremophily or otherwise, is based on confusion between 

genotype and phenotype. 

MATERIALS AND METHODS 

For all experiments, M. sedula and M. prunae cultures were grown aerobically 

in DSMZ88 media at pH 2.0 and 70 C with a shaking rate of 90 rpm. DSMZ media 

used for the experiments constituted of 1.3 g (NH4)2SO4, 0.28 g KH2PO4, 0.25 g 

MgSO4.7H2O, 0.07 g CaCl2.2H2O, FeCl3.6H2O g and 1 g Yeast extract (Difco) 

dissolved in 1L of water. Trace elements added to 1 l media were 1.80  mg  MnCl2.4 

H2O,  4.50  mg  Na2B4O7.10 H2O,  0.22  mg  ZnSO4.7 H2O, 0.05  mg CuCl2.2 H2O, 

0.03  mg  Na2MoO4.2 H2O, 0.03  mg  VOSO4.2 H2O,  0.01  mg  CoSO4. Genomic 

DNA for genome sequencing of M. prunae and for quality check of U shock cultures 

for both species was prepared as described previously [32]. For the experiments 

reported in Figure 1, 0.125 wt% spent (non-radioactive) U3O8 and 0.2 wt% YE were 

added to the medium. The U3O8 was 99.5% pure (analysis by Department of 
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Nuclear Engineering, North Carolina State University); this form of U3O8 has been 

reported to have a mean oxidation state of +5.3, based on XANES spectra [33]. Cell 

densities were determined by epifluorescence microscopy using acridine orange 

stain. For chemolithoautotrophic growth on 0.125 wt% U3O8, M. sedula and M. 

prunae inocula were obtained by re-suspending a heterotrophically-grown cell pellet 

formed by centrifugation at 6080 x g for 15 min in DSMZ88 media without yeast 

extract and with CO2 supplementation in the headspace. For ICP-MS, 3 mL samples 

were collected at the initial time point and after 8 days. The 3 mL samples were split 

into two tubes as technical replicates and spun at 8,000 rpm for 15 minutes to 

remove precipitates. The supernatant was collected and sent to North Carolina State 

University’s Department of Soil Science for Inductively coupled plasma mass 

spectrometry (ICP-MS) analysis.  Cultures were grown under chemolithoautotrophic 

conditions (mentioned above) for SEM and XRD analysis of the precipitated material 

from M. sedula, M. prunae and abiotic control. The material was analyzed at 

Analytical Instrumentation facility (North Carolina State University).  

The whole genome transcriptional response experiments were designed to 

compare the response of individual species (intra-species) as well as compare the 

two species with each other (inter-species) when challenged with solid 0.1 wt% U3O8 

(lower U3O8 wt% was used for the transcriptomic experiments to exclusively analyze 

the bioenergetic elements and not stress response) or soluble (U(VI)) forms of 
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uranium. For U(VI) shock, heterotrophic cultures (0.2 wt% YE) were challenged in 

early exponential growth (t = 13 h, cell density ~ 1 x108 cells/ml) with 1 mM uranyl 

acetate. Cultures were harvested 15 min (U15), 60 min (U60), and 180 min (U180) 

after uranyl acetate addition. The reference culture was grown under the same 

conditions, but was not challenged with uranyl acetate. For U3O8 oxidation, cultures 

adapted from heterotrophic (0.2 wt% YE) to chemolithoautotrophic growth (0.1 wt% 

U3O8 with CO2 supplementation in the headspace). This was accomplished as 

described above. Cultures were harvested 48 hr after inoculation. For both 

experiments, cells were harvested by rapid chilling and then passage through a 3 

µm filter to remove precipitates followed by centrifugation at 6080 x g for 15 min. Cell 

pellets were washed with TE buffer to remove residual media. 

RNA extraction and purification was done using a Trizol reagent (Invitrogen). 

RNA from biological repeats for each condition was pooled together and reverse 

transcribed to cDNA using a Superscript III Reverse Transcriptase (Invitrogen). The 

cDNA was labeled with either Cy3 or Cy5 dye (GE Healthcare) and hybridized onto 

the M. sedula array, which was constructed as described previously [18, 19, 21]. The 

same array was used for hybridizing both species, as all the ORFs in M. prunae 

could be mapped back to M. sedula. The microarray slides were scanned using a 

Genetix scanner. Average intensity data for all spots on the array were normalized 

using an ANOVA mixed effects model and analyzed using JMP Genomics (SAS 
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Institute, Cary, NC). The criterion for significant differential response was set at a 

fold change  2. The Bonferroni corrections for the U shock and U oxidation 

experiments were 5.1 and 4.9, respectively. 

Uranium concentration (U(VI)) in the culture supernatant was determined by a 

colorimetric assay. The assay mixture consisting of 1.95 ml of 0.1 N HCl, 15 µl of 

culture supernatant and 30 µl of 0.15 wt% Arsenazo (III) reagent. Absorbencies were 

recorded at 652 nm in a UV-Vis spectrophotometer; U(VI) concentrations were 

determined by comparing to a standard curve obtained after making serial dilutions 

of Uranyl acetate solution.    

Ribonuclease (RNase) activity was measured in whole cell extract for normal 

growth and U-shock cultures. The cells were grown under same conditions as the U 

shock experiments and harvested 15 min U(15), 60 min (60), and 15 hr after 1 mM 

uranyl acetate challenge. The cell pellet was re-suspended in lysis buffer, 100 mM 

Tris HCl (pH 6.0), 50 mM EDTA, 30 µg/ml PMSF (phenylmethylsulfonyl fluoride), 

and 0.1% Triton X-100 and lysed by sonication. The cell debris was removed by 

centrifugation at 10,000 x g for 15 min and the cell extract from the different 

conditions were dialyzed into RNase reaction buffer, 50 mM Tris HCl (pH 6.0), 150 

mM NaCl, 250 mM KCl and 10 mM MgCl2. RNase activity was measured using 

fluorescence tagged RNase Alert substrate (IDT-DNA). The reaction mixture 

constituted of RNase reaction buffer (IDT-DNA), 10 mM MgCl2, 1 µg of cell extract, 
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50 pmoles of substrate and the reaction temperature was set at 500C. Fluorescence 

was measured using BioTek Plate reader with excitation and emission wavelengths 

set at 490 and 520 nm, respectively; readings were taken after every 1 min for 1 hr. 

Three technical replicates and two biological replicates were assayed for each 

condition. The initial reaction velocity was calculated in terms of RFU / (min - µg 

protein) (RFU = relative fluorescence units) and used to compare the RNase 

activities for the normal and U shocked cultures.  

  Two dimensional (2D) gel analysis was carried out by preparing cell extract 

as done for RNase activity experiment for normal growth and U15 (U shock) cultures 

for both species. Isoelectric focusing was done using a 2.0% pH 4-8 mix Servalytes 

for 20,000 volt-hrs and the tube gel was loaded onto a stacking gel with a 10% 

acrylamide slab gel. SDS slab gel electrophoresis was carried out for about 5 hrs at 

25 mA/gel (Kendricks Lab, Madison, WI). Spot excision was carried and mass 

spectrometry analysis was performed (Protein Chemistry Core Facility, Columbia 

University, New York, NY). 
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Figure 2.1 Phenotype and genotype comparison between M. sedula and M. prunae 

 (A) Growth on heterotrophic media in the presence uranium octaoxide (U3O8) (0.125 wt%) (□) and under normal 

conditions (■) for M. sedula  (left) and M. prunae (right) (Cell densities have been plotted on log2 scale). Note that 

no significant growth of M. sedula was observed in the presence of the heavy metal. U(VI) concentration (▲ – 

biotic, ○ - abiotic control) in the media increases with time for M. sedula, while it decreases for M. prunae and 

control. No growth was observed for either microorganism in the presence of 0.25 wt% U3O8. 

 (B) M. sedula genome is shown as the innermost ring (2191517 bp) along with the degree of similarity to M. 

cuprina (red ring) and M. prunae (blue ring). The mutations in M. prunae genome which lead to truncation of 

proteins have been indicated.  
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Figure 2.2  M. sedula and M. prunae growth at pH 2.0, 70°C subjected to U(VI) shock and transcriptional 

response comparing normal growth to U shock.  

 (A) At 13 hours following inoculation (dotted line), 1.0 mM uranyl acetate was added to the M. prunae  () and 

M. sedula () cultures and then cells were harvested at 15, 60, and 180 min post shock for transcriptional 

response analysis. U(VI) concentration in the media is shown for M. prunae (◊) and M. sedula  (∆) and abiotic 

control (□).  

(B) Volcano plots showing the number of genes being up/down-regulated at 60 min (top) and 180 min (bottom) 

following U(VI) shock. The contrast here is intra-species, before and after U(VI) addition. The highlighted area 

(red and green) corresponds to statistically significant results for biological repeats based on 2-fold change and 

Bonferroni correction of 5. At 60 min, for M. sedula (right), 176 ORFs were differentially transcribed (91 up /85 

down) as a result of U(VI) addition in contrast to 15 ORFs (5 up/10 down) for M. prunae. At 180 min, for M. 

sedula (right), 307 ORFs were differentially transcribed (164 up /143 down) as a result of U(VI) addition in 

contrast to 128 ORFs (79 up/49 down) for M. prunae.  
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Figure 2.3 Ribonuclease activity in Uranium conditions compared to normal growth 

(A) RNA from the three conditions: normal growth (N), cultures harvested 15 min after U shock (U15) and 

cultures harvested 60 min after “U shock” (U60). Biological repeats are shown for each condition. 

(B) Ribonuclease activity in cell extracts for M. sedula and M. prunae from the three conditions (N, U15 and 

U60).  

(C) Heat plot showing response of selected ribonucleases in M. sedula and M. prunae to U(VI) shock, comparing 

N, U(15) (M. sedula only) and U60. RNA from M. prunae U15 cultures could not be reverse transcribed to cDNA 

and hence data from that condition is not available (X). *NC – No change, fold change between U60 and N 

conditions were < 2.  
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Figure 2.4 Incubation of M. sedula (Mse) and M. prunae (Mpr) with U3O8 under chemolithoautotrophic 

conditions 

(A) Heat plots based on mixed effects model ANOVA analysis of transcriptional response of ORFs encoding five 

membrane-associated terminal oxidase complexes to 0.1 wt% U3O8, with headspace of 5% CO2, 15% O2, 

balance N2. Table 2.A6 shows the fold changes for the heat plots represented in this figure.  

(B) M. sedula and M. prunae and abiotic control incubated with 0.125 wt% U3O8, and headspace of air 

supplemented with CO2.  (Top left) U3O8 prior to inoculation, (Top right) filter cake collected from M. sedula 

cultures after 7 days post inoculation, (Bottom left) abiotic control after 7 days, (Bottom right) the yellow 

coloration in M. sedula cultures after 3 days.  

(C) Uranyl ion analysis of supernatant from (B) using ICP-MS analysis. Samples taken from M. sedula (Mse), M. 

prunae (Mpr) and abiotic control (Control) comparing Day 0 and Day 8.  
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Table 2.A3 Genes that show differential transcription at U15 and not at U60, U180 for M. sedula 

 

Gene ID Gene description Fold change 
(U60 – N) 

Msed_0960 uroporphyrin-III C/tetrapyrrole methyltransferase  3.1 

Msed_1211 hypothetical protein 1211  2.9 

Msed_2226 RdgB/HAM1 family non-canonical purine NTP pyrophosphatase  2.1 
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Table 2.A4 Genes that show differential transcription at U60 and not at U180 for M. prunae 

 

Gene ID Gene description Fold 
change 

(U60 – N) 

Msed_0172 30S ribosomal protein S8e  2.4 

Msed_0311 hypothetical protein 311  2.0 

Msed_0327 hypothetical protein 327  2.9 

Msed_0509 pyruvate flavodoxin/ferredoxin oxidoreductase domain protein  5.5 

Msed_0935 amino acid permease-associated region  2.2 

Msed_0963 sulfate adenylyltransferase  2.5 

Msed_1054 malate dehydrogenase  2.6 

Msed_1669 hypothetical protein 1669  3.2 

Msed_2117 alcohol dehydrogenase  3.8 

Msed_2179 Ala-tRNA(Pro) hydrolase  3.8 



  81 

 

 

 

 

 



  82 

 

 

 

 

 

Figure 2.A1 Microarray loop design for Uranium Shock (A) and U3O8 oxidation (B) experiment. Color 

scheme, Red (cy5) and Green (cy3), shows that each condition has been labeled with both dyes to   incorporate 

dye effects. 
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Figure 2.A2 Venn diagrams showing overlap between genes differentially transcribed for 15 min (U15), 60 

min (60), and 180 min (U3h) post-U(VI) shock for M. sedula (Mse) and M. prunae (Mpr). Details are provided in 

Tables 2.A2-A4. 
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Figure 2.A3 Two-dimensional gel images for the samples (A) M. sedula N (normal growth) , (B) M. sedula U15 

(uranium shock cultures ), (C) M. prunae N (normal  growth) , (D) M. prunae U15 (uranium shock cultures ). The 

spot excised to do mass spectrometry analysis from M. prunae U15 sample has been indicated with a circle. 
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Figure 2.A4 Ratio of Fe(III)/Fe(II) vs. time curve showing Iron oxidation for M. sedula () and M. prunae (). 

Iron oxidation study was performed under chemolithoautotrophic conditions (CO2 supplementation in the 

headspace + 1 wt % Iron pyrite (FeS2)). Total iron and Fe(II) iron concentrations were measured using Ferrozine 

assay. Fe(III) iron concentration was determined by subtracting the Fe(II) iron from Total iron.  
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ABSTRACT 

When exposed to hexavalent uranium, the extremely thermoacidophilic archaea 

Metallosphaera sedula and Metallosphaera prunae ceased to grow, and 

concomitantly exhibited heightened levels of cytosolic ribonuclease activity. For M. 

prunae, but not M. sedula, substantial degradation of total cellular RNA was also 

noted. When uranium levels decreased, cellular RNA in M. prunae was restored and 

growth resumed. The M. prunae transcriptome during ‘uranium-shock’ implicated 

VapC Toxins (ribonucleolytic PIN domain proteins) as causative agents of the 

observed RNA degradation. As such, recombinant versions of the twelve identifiable 

VapC Toxins and two other PIN-domain proteins in the M. prunae genome were 

produced to assess ribonuclease activity on M. prunae RNA. Of these, 

VapC4(Msed_0899), VapC7 (Msed_1214), VapC8 (Msed_1245) and VapC9 

(Msed_1307) encoded the only VapC Toxins capable of degrading M. prunae rRNA 

in vitro.  Primer extension analysis using MS2 RNA identified unique cleavage sites 

for these VapCs that mapped back to motifs within M. prunae rRNA and to genes 

encoding enzymes involved in key translation and metabolic processes. Results 

here indicate that certain VapCs in M. prunae degrade rRNA and specific mRNA 

targets as a dynamic mechanism for minimizing cellular processes in the face of 

toxic levels of uranium.  
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INTRODUCTION 

 Although Toxin-Antitoxin (TA) loci are prevalent across a wide range of 

microorganisms, ranging from human pathogens to archaea [1], the role of these loci 

has not been established in most cases. TAs have been sorted into three categories. 

Of these, Type II Toxin-Antitoxin (TA) were initially thought to be associated with 

plasmid stability and maintenance [2], but this notion changed with the subsequent 

discovery of TA genes that were chromosomally encoded [1]. Type II Toxins contain 

PIN domains and function as ribonucleases; under normal growth conditions, the 

cognate Antitoxin complexes with the Toxin to render it ribonucleolytically inactive 

[3]. When faced with environmental stressors [4], the labile Antitoxin can be 

degraded by cellular proteases, thereby ‘activating’ the unbridled Toxin as a 

ribonuclease. Furthermore, under normal growth conditions, the TA complex can 

bind to its own operator to act as a transcriptional repressor [3]. Under stress, this 

complex can dissociate, and the genes encoding Toxin and Antitoxin can then be 

highly transcribed. The specific triggers by which Type II TA loci are activated are 

still being investigated, but if understood and exploited could lead to new 

approaches for regulating microbial activity [5].  

 The majority of Toxins studied to date are thought to be sequence-specific 

endoribonucleases that target messenger RNA (mRNA). For example, MazF from 

Escherichia coli, Bacillus subtilis and Mycobacterium tuberculosis act as sequence-
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specific mRNA interferases [6-8]. MazF from E. coli recognizes and cleaves RNA at 

↓ACA / A↓CA sequences, which are highly represented in the genome, thereby 

causing global translational arrest [6]. MazF from Staphylococcus aureus cleaves 

RNA at U↓ACAU, a frequently occurring site in the sraP gene that is involved in 

adhesive processes important for pathogenicity; this pentad sequence is also highly 

represented in genes involved in transport binding, protein secretion, membrane 

bioenergetics and signal transduction [9]. MazF from Staphylococcus equorum 

cleaves RNA at U↓ACAU, a site that is highly represented in genes involved in 

central metabolism and gene regulation [10]. In some cases, the relationship 

between Toxin targets and cellular function are not clear. For example, MazF-mt3 

and MazF-mt7 from M. tuberculosis recognize and cleave RNA at UU↓CCU / 

CU↓CCU and U↓CGCU, respectively. However, these sequences are not present in 

the PE (Pro-Glu) and PPE (Pro-Pro-Glu) family genes, believed to play a crucial role 

in M. tuberculosis pathogenicity [11]. This suggests that these genes are immune to 

attack from these specific MazF toxins when M. tuberculosis is subjected to stress. 

 Some Type II Toxins can also degrade rRNA. Recently, it was shown that 

MazF-mt6 from M. tuberculosis cleaves 23S rRNA at the ribosomal A site (UU↓CCU) 

[12], expanding the potential roles for Type II Toxins. Also, RelE from E. coli 

associates with ribosomes and mediates mRNA degradation at the ribosomal A 

subunit; it has a strong cleavage preference for stop codons UAG and UGA [13, 14]. 
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HicA from E. coli, activated under amino acid and glucose starvation, induces 

cleavage in tmRNA at A↓AAC [15]. YoeB from E. coli binds to the 50S subunit and 

prevents formation of translation initiation complex [16].   

 Among all TA loci identified to date, MazEF, RelBE and VapBC are the most 

highly represented in bacteria and archaea [1]. While MazF and RelE have been 

characterized as ribosome-independent and ribosome-dependent mRNA 

interferases, the cellular targets of VapCs (Vap – Virulence-associated protein) have 

received less attention. VapCs are characterized by the presence of a PIN (PilT N-

terminus) domain with 3 invariant acidic residues, and a fourth serine or threonine 

residue forming the active site [17]. Information regarding  VapC function and RNA 

targets has started to emerge. VapC-mt4 (from M. tuberculosis) inhibits translation 

by binding short RNA sequences (i.e., ACGC and AC(A/U)GC), but has limited 

ribonucleolytic activity on a generic RNA substrate (MS2) [18]. A mass spectrometry-

based approach, using pentaprobes, showed that VapCPAE2754 and VapCPAE0151 

(from the hyperthermophilic archaeon Pyrobaculum aerophilum) recognize and 

cleave RNA at GG(U/G)G, while Rv0065 and Rv0617 (from M. tuberculosis) cleaved 

RNA at (G/C)G(G/C)(G/C/A) [19]. This sequence seems to relate to function, since 

VapC from Shigella flexneri and VapCLT2 of Salmonella enterica specifically cleave 

initiator tRNA (tRNAfmet) [20], implying a role for these Toxins in translational 

processes.      
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 Members of the archaeal order Sulfolobales are typically extreme 

thermoacidophiles that often inhabit heavy metal-rich environments. VapBC 

represents the most abundant TA loci family in these archaea. For example, 

Sulfolobus tokodaii and Sulfolobales solfataricus have 25 and 23 VapBC TA loci, 

respectively [1]. Several VapBC pairs in S. solfataricus were differentially transcribed 

under heat shock [4, 21]. In vitro assays with a heat shock responsive toxin, VapC-6 

from S. solfataricus targeted mRNA transcripts encoding the Antitoxin vapB-6, as 

well as a tetR transcriptional regulator, and dppB-1, an oligo/dipeptide transport 

permease [22]. Genomes for Metallosphaera sedula and Metallosphaera prunae, 

belonging to a genus within the Sulfolobales, encode the same twelve VapBC pairs 

and two solitary PIN domain proteins (with no cognate VapB Antitoxin). Several of 

these twelve VapBC loci were differentially transcribed under heavy metal stress 

(‘U(VI) shock’). M. prunae resisted uranium to a greater extent than M. sedula, a 

feature that could be related to the extensive rRNA degradation observed in M. 

prunae, but not M. sedula, within 15 min following U(VI) shock [23]. This raised 

questions as to whether VapC Toxins were involved in total RNA degradation in M. 

prunae and, if so, suggested a potential role in alleviating uranium toxicity. Here, an 

assessment of the VapC inventory in the M. prunae genome was pursued, with an 

eye towards the role of these putative ribonucleases in heavy metal stress 

management.  
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MATERIALS AND METHODS 

Bacterial strains and culture conditions 

Escherichia coli NovaBlue GigaSingles competent cells were used as the cloning 

host and E. coli Rosetta (DE3) (Novagen, Madison, WI) was used as the expression 

host. The E. coli strains were cultivated in Luria-Bertani (LB) media in the presence 

of either kanamycin (50 µg/ mL) or ampicillin (50 µg/mL) for pRSF and pET46 Ek/LIC 

cloning vectors (Novagen, Madison, WI), respectively. The cultures were grown in 5 mL 

Falcon tubes and 1 L Erlenmeyer flasks at 37
°
C, agitated at 250 rpm. Chloramphenicol (34 

µg/mL) was added to the media during expression as a selection marker for E. coli Rosetta 

(DE3) strain.  

Cloning, expression and purification of VapC toxins  

Ek/LIC cloning vectors were used for vapC genes; the vectors had N-terminal His-

Tag and C-terminal S-Tag sequences to aid in purification (Novagen, San Diego, 

CA). Primers were designed for cloning by incorporating the following sequences: 

5’GACGACGACAAG in the sense primer and 5’GAGGAGAAGCCCGG in the 

antisense primer. A stop codon was incorporated in the antisense primer to prevent 

incorporation of C terminal vector encoded S-Tag in the final protein product (See 

Table S2). Genomic DNA was isolated from Metallosphaera species by methods 

described previously [24]. The PCR products were generated by following standard 
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molecular biology techniques [25].  Compatible overhangs in the inserts were 

generated by treating them with dATP and T4 DNA polymerase, which has a specific 

3’-5’ exonuclease activity. This was followed by an annealing step prior to 

transformation into E. coli NovaBlue GigaSingles competent cells by heat shock. 

Recovered cells were cultured overnight on LB-Agar (LB media and 15 g/L of Agar) 

plates supplemented with either ampicillin or kanamycin. Single colonies were 

picked from the plates and used as inoculum for 5 mL LB cultures, which were 

grown overnight for plasmid extraction. Plasmid miniprep was done using QIAprep 

Spin Miniprep kit (Qiagen) and the presence/sequence of the insert was confirmed 

by sequencing (Eton Bioscience Inc. (Durham NC) or Genewiz Inc. (Research 

Triangle Park NC)). Plasmids were transformed into E. coli Rosetta (DE3) by heat 

shock and plated on LB-agar plates supplemented with kanamycin/ampicillin and 

chloramphenicol. Single colonies were picked from the plates and used as inocula 

for 5 mL cultures, which were grown overnight to serve as inocula for large scale (1 

L) protein expression. Cultures were started at an initial OD600 of 0.02, and growth 

was monitored by taking samples every 30 min. Cultures were induced by addition 

of isopropyl β-D-1-thiogalactopyranoside (ITPG) (1 mM) at an OD600 of 0.7-0.8. The 

induction was allowed to continue for 4 hours and cultures were harvested to collect 

the cell pellet. The cell pellets were re-suspended in 30 mL of Buffer A for IMAC 

affinity chromatography (50 mM sodium phosphate pH 7.4, 300 mM sodium chloride, 
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10 mM imidazole). The cells were lysed using a French pressure Cell (SLM-

AMINCO) at a pressure of 16,000 psi. Cell lysate was incubated at 65°C for 20 min 

as a purification step to precipitate background E. coli proteins. Cell debris was 

removed by centrifugation at 14500 x g for 20 min. The supernatant was collected 

and concentrated using 3500 MWCO filters (Amicon). Protein purification was 

performed in a Biologic LP system using a 5 mL Mini Profinity IMAC cartridge 

(BioRad). Equilibration and protein binding steps were performed with Buffer A IMAC 

(mentioned above) and the protein of interest was eluted off the column by applying 

a linear gradient (0-100%) of Buffer B (50 mM sodium phosphate pH 7.4, 300 mM 

sodium chloride, 500 mM imidazole). Buffers and water used for protein purification 

were treated with diethylpyrocarbonate (DEPC) to remove ribonucleases. The FPLC 

fractions were checked for presence of protein by loading samples on a 4-12% SDS-

PAGE gel (Invitrogen) and fractions were pooled together for subsequent dialysis in 

25 mM Tris-HCl pH 8.0. The protein samples were concentrated using 3500 MWCO 

filters (Amicon) and dialyzed into RNase activity buffer (10 mM MgCl2, 150 mM 

NaCl, 50 mM Tris-HCl at pH 8.0). 

 Two VapC toxins (Msed_0411 and Msed_0338) and 1 PIN-domain containing 

protein (Msed_0302) were found to be form inclusion bodies. These proteins were 

solubilized from the cell pellet using 50 mM CAPS, pH 11.0 and 0.3% (v/v) N-

lauroylsarcosine and re-folded using several dialysis steps in 20 mM Tris HCl pH 8.0 
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(Protein Re-folding Kit, Novagen). Protein purification was performed using 5 mL 

Mini Profinity column IMAC cartridges (Bio Rad). In order to avoid issues of protein 

precipitation, equilibration was done using 20 mM Tris HCl pH 8.0,10 mM imidazole, 

and elution with 20 mM Tris HCl pH 8.0, 500 mM imidazole. 

Ribonuclease assay with fluorescently-tagged RNA substrate 

Initial screening of VapC Toxins and PIN domain proteins for their respective RNase 

activities was done using a fluorescently-tagged substrate (IDT DNA RNase Alert 

substrate). Protein concentration was determined using ThermoScientific BCA 

Protein assay kit (BCA – bicinchoninic acid). Three different dilutions were used for 

each sample and three technical replicates were done for each dilution. The 

reactions were performed in 0.2 mL PCR tubes by mixing 10 µl of 10X RNase Alert 

Buffer (IDT DNA), 10 µl of 100 mM MgCl2, 1 µg of purified protein (this amount was 

modified, depending on the fluorescence readings, with lower amounts (0.1, 0.01 

and 0.001 µg) used for more active Toxins). This mix was incubated at 70°C for 5 

min to activate the Toxins, following which 20 pmoles of RNA substrate was added. 

The reactions were done in triplicate for each sample and added to an opaque 96 

well plate (pre-heated to 50°C) for fluorescence measurements. The fluorescence 

measurements were done at 50°C with a BioTek plate reader with excitation and 

emission wavelength of 490 and 520 nm, respectively; readings were taken at 1 min 
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interval for 60 min. RNase activity was calculated by measuring the slope of the 

linear region of the curve (from 0 to 20 min), for three replicates and normalizing for 

protein concentration. RNase-free water and a purified VapB Antitoxin (to give an 

estimate of the background E. coli RNase activity from the fractions pooled after 

affinity purification) were used as negative controls in these reactions.  

 Ribosomal RNA (rRNA) degradation assays  

 Total RNA was isolated from exponentially grown cells of M. sedula and M. prunae 

using a Trizol extraction method, described previously [26]. The VapC toxins and 

PIN domain proteins were screened with total RNA to select candidates responsible 

for rRNA degradation.  Activity assays were performed by treating 2 µg of total RNA 

from each species with increasing Toxin concentrations (0.004 µg, 0.01 µg, 0.02 µg 

and 0.1 µg). The VapC Toxins and PIN domain proteins were activated by pre-

heating at 70°C for 10 min, following which RNA was added to the mix and reaction 

was allowed to proceed at 65°C for 10 min. The RNA samples were mixed with 

formaldehyde loading buffer and denatured by incubation at 65°C for 15 min, and 

then visualized on 1% UltraPure agarose gel for degradation. Samples found to be 

degraded were further analyzed on Agilent Bioanalyzer 2100 (Genomic Sciences 

Lab, NCSU) to quantify the levels of 23S and 16S rRNA.  
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Primer extension analyses for rRNA-degrading VapCs for target identification 

MS2 bacteriophage RNA (Roche) was used as the template for primer extension 

analyses. This analysis was performed for 4 VapC Toxins capable of degrading 

Metallosphaera rRNA (Msed_0899, Msed_1214, Msed_1245 and Msed_1307). MS2 

RNA (0.8 µg) was treated with different concentrations of each VapC (0.08 µg, 0.16 

µg, 0.4 µg 0.8 µg) to determine an appropriate VapC:RNA ratio in the reaction. The 

toxin was preheated at 70°C for 2 min, after which MS2 RNA and 0.5 µl of RNase 

Inhibitor (Roche, Indianapolis, IN)  were added. The reaction was allowed to proceed 

for 5 min.  The reaction was stopped by adding 200 µl of Trizol (Life Technologies, 

Carlsbad, CA), followed by 50 µl of chloroform (Fisher Scientific). The aqueous layer 

was separated from the organic layer by centrifugation at 16,000 x g for 10 min. 

RNA was precipitated by adding ice cold Absolute (100%) Ethanol (Sigma Aldrich, 

St. Louis, MI) and centrifuged at 16,000 x g for 5 min. The RNA pellet was further 

washed with 70% ethanol and precipitated by centrifugation at 16,000 x g for 5 min. 

The RNA pellet was re-suspended in 15 µl of RNase-free water and quality was 

checked on 1% agarose gel under denaturing conditions.  

 Primers used in this study (See Table S1), adapted from previous literature 

reports [27], were synthesized with a 5’-labeled cy5 dye. Primer extension analyses 

were performed with 300 ng MS2 cleaved RNA, 1 pmol of primer, 2 mM dNTP 

mix[28](Roche Indianapolis, IN), and 2 U of Avian Myeloblastosis Virus (AMV) 
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reverse transcriptase (NEB Ipswich MA) in AMV reaction buffer. Sequencing ladders 

were generated with 800 ng of MS2 RNA, 6 pmol of primer, 2 U of AMV RT, 4 mM 

dNTP mix and 2 mM ddNTPs (Roche Indianapolis,IN). Reverse transcription was 

allowed to proceed at 47°C for 1 h for the cleaved RNA and for 30 min for the 

sequencing ladders. The reactions were stopped by adding stop solution (95% 

formamide, 20 mM EDTA and 0.05% bromophenol blue), and denatured at 95°C for 

5 min, before loading on a 6% polyacrylamide gel (Acrylamide mix, 8 M Urea and 1X 

TBE). The gel was run at 80W for 1 h in OWL-S3S Aluminum-backed sequencer 

(ThermoScientific, Waltham, MA) and image was obtained using STORM scanner.     
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RESULTS 

Transcriptional response of vapBC genes in Metallosphaera prunae to ‘U(VI) 

shock’ 

Since the genomes of M. prunae and M. sedula are nearly identical [23], the 

oligonucleotide array developed for M. sedula could be used for transcriptome 

analysis of M. prunae; note that ORF annotations referred to here are based on the 

M. sedula genome. Table 3.1 reports transcript levels for all identifiable VapBs, 

VapCs and PIN domain proteins in the M. sedula/M. prunae genomes before and 

during ‘U shock’. The LSM for each ORF reflects the relative transcript level for a 

particular condition, with an LSM of zero indicating the average of all transcripts for 

that condition. Under normal growth conditions, VapB, VapC, and PIN domain 

protein transcripts varied to different extents, in terms of transcript abundance and 

ratio of Antitoxin (VapB) to Toxin (VapC). Whether the fact that certain VapB/VapC 

ratios are very high under normal conditions and lower under stress (e.g., 9.1 for 

VapBC9 before and 3.3 after ‘U shock’) relates to a cellular regulatory strategy is not 

clear, but remains a possibility. In many cases, the LSM for specific VapB and 

VapCs changed little following ‘U shock’, although post-transcriptional proteolytic 

degradation of the Antitoxin could be the activating mechanism for a particular Toxin 

[28].  
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 It was observed that total RNA from M. prunae samples harvested 15 min 

post uranium challenge (‘U shock’) was substantially degraded, although 

subsequently in vivo RNA integrity was restored as U(VI) concentration in the 

medium decreased (Figure 3.1). Elevated ribonuclease activity in the ‘U shock’ cell 

extracts implicated endo- and/or exo-acting ribonucleases in the cytoplasm [23]. 

Transcriptome analysis indicated that, at the 60 min time point, two vapC genes 

(Msed_0899 and Msed_1307) were up-regulated in M. prunae, although the 

transcript levels of the cognate Antitoxin genes were unchanged. On the other hand, 

for M. sedula at 60 min, one vapC gene (Msed_0899) was up-regulated, along with 

components of the exosome complex (Msed_0076 and Msed_0078), Ribonuclease 

P Rpp29 (Msed_0099) and RNase HII (Msed_0061). The ribonuclease genes that 

responded are typically involved in very specific cellular roles: exonuclease Rrp41 

(Msed_0077) component of the exosome complex functions as a 3’ → 5’ 

exonuclease [29], RNase HII is active on RNA-DNA hybrids [30], and RNase P 

cleaves 5’ leader sequences of precursor tRNA [31]. On the other hand, VapC 

Toxins are endoribonucleases, which can degrade single stranded regions in 

ribosomal RNA subunits [32]. Therefore, the results pointed to the possibility that 

one or more VapCs were involved in total RNA degradation. 
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Characterization of recombinant M. prunae VapC Toxins/PIN-domain proteins 

Ribonuclease activities of the VapC Toxins and two PIN domain proteins in M. 

prunae (these are the same for M. sedula) were determined for recombinant 

versions produced in E. coli, using a generic, fluorescently-tagged RNA substrate. 

Note that all but one Toxin (VapC1, Msed_0338) could be produced in soluble, 

active form. Based on initial reaction velocity analysis, the VapCs varied over a wide 

range (Figure 3.2). The highest activity was found for VapC7 (Msed_1214), while 

the lowest activity was found for a PIN domain protein (Msed_0739). The VapCs/PIN 

domain proteins were divided into two categories, based on their level of activity. 

Those with lower activity (< 1,000) were classified as mRNA interferases, likely with 

unique consensus cleavage sequences mapping to specific genes. The VapCs with 

higher RNase activity (> 1,000) presumably had multiple recognition sequences for 

RNA cleavage and could be involved in rRNA degradation. Msed_0899 and 

Msed_1307, in particular, which were up-regulated under ‘U shock’ (at 60 min) for M. 

prunae and M. sedula, were very active on the fluorescent substrate, with activities 

of 9,926 ± 1880 and 1,874 ± 302, respectively. 

 In vitro assays were performed to determine which, if any, VapCs were 

capable of degrading host rRNA, since this is the predominant component of cellular 

RNA. Assays were done with decreasing dilutions of the VapCs to titrate to a level 

where no rRNA degradation was observed. The reactions were performed with 4 
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different dilutions (Toxin:RNA ratios of 1:50, 1:100, 1:200 and 1:500); these ratios 

reflect physiologically relevant levels in the cytoplasm. After screening all VapCs and 

PIN domain proteins, rRNA degradation was observed for only four Toxins: VapC4 

(Msed_0899), VapC7 (Msed_1214), VapC8 (Msed_1245), and VapC9 (Msed_1307). 

The degraded RNA samples indicated that VapC8 was most active on rRNA, 

followed by VapC4,, VapC7, and VapC9 (Figure 3.3). Two of the VapCs, VapC3 

(Msed_0864) and VapC5 (Msed_0908), although highly active on the fluorescent 

substrate, did not degrade rRNA at the dilutions tested. This suggests that either 

these VapCs do not recognize sites within M. prunae rRNA, or that the extensive 

secondary structure of 23S and 16S rRNA (stem loops and double stranded regions) 

impedes degradation. For the VapCs with lowest activity, rRNA degradation was 

either not observed at all, or observed only at high Toxin: RNA ratios (1:1, 2:1) that 

are probably not physiologically relevant.  

Sequence specificities and consensus cleavage sequences of rRNA-degrading 

VapCs  

Cleavage sequence specificities of the four VapCs that degraded rRNA were 

determined by primer extension analysis, using MS2 bacteriophage RNA as 

substrate (see Figure 3.4). The cleavage sites for VapC4, VapC7, VapC8 and 

VapC9 are reported in Table 3.2. Cleavage sites were aligned for each Toxin and 
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degenerate consensus sequences were predicted. Consensus sequences were G-

rich for VapC4, VapC7 and VapC9, while U-rich for VapC8. The cleavage site 

GAGGU was common for VapC4, VapC7 and VapC9, while GAGGU, GAGCU and 

GUGGG were common for VapC4 and VapC9. The cleavage sites for VapC8 were 

aligned to give a unique degenerate consensus sequence, AAU (U/G) (U/C). The 

frequency of occurrence of the consensus sequences in 23S and 16S rRNA are 

indicated in Table 3.2. Since rRNA forms extensive secondary structure and VapC 

Toxins are active only on single-stranded RNA, secondary structure for M. prunae 

(and M. sedula) 16S rRNA were based on available structures for S. solfataricus and 

S. acidocaldarius (http://www.rna.icmb.utexas.edu/). The cleavage sites found in the 

single stranded regions of the bulges and stem loops are shown for the predicted 

16S rRNA in the Metallosphaera species in Figure 3.5.  It was observed that the 

consensus motif for VapC8 (Msed_1245) AA U(U/G) occurred 4 times in the single-

stranded (ss) regions in 16S rRNA, while the consensus motif GAAG and GUGGG 

occurred once in the single-stranded (ss) regions. The high frequency of the 

consensus motif AAU(U/G) in ss regions points toward the high activity of VapC8 on 

ribosomal RNA (Figure 3.3).  

 In order to determine whether there were possible mRNA targets for the four 

rRNA-degrading VapCs, a comprehensive bioinformatics analysis was carried out 

for the twelve unique consensus sequences identified (Table 3.2); the frequency of 
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occurrence of a cleavage site was used as an index for predicting those targets most 

sensitive to VapC attack. Distribution analysis of the number of mRNA targets, 

based on the number of cleavage sites, is shown in Figure 3.6. Of the 2,256 ORFs 

annotated in the M. prunae/M. sedula genome, 1349 had at least four cleavage 

sites, based on the consensus motifs from the four rRNA-degrading VapCs (Tables 

3.A3-A14). To focus a more detailed analysis, the top ~10% possible targets were 

selected; these corresponded to mRNAs with seven or more cleavage motifs from 

one or more of the VapCs. This analysis revealed that, in addition to rRNA, the four 

VapCs could also function as mRNA interferases. The most probable mRNA targets 

for these VapCs (see Table 3.3) were major facilitator transporters, ABC 

transporters, amino acid permeases, tRNA synthetases, peptidases, and genes 

involved in central carbon metabolism. tRNA synthetase genes found to be likely 

targets were: valyl, leucyl, alanyl, arginyl, aspartyl, isoleucyl, lysyl, glutamyl, 

methionyl, phenylalanyl, prolyl, histidyl, seryl and threonyl. Several genes involved in 

central carbon metabolism, AMP-dependent synthetase and ligase, acetyl-CoA 

synthetase, acetyl-CoA acetyltransferase, were also found to be possible targets for 

the four VapCs. Peptidase gene targets belonged to S8/S53 

(subtilisin/kexin/sedolisin), A5, M1, S9 prolyl oligopeptidase, U32, U62 and S26B 

families. Targets that were specific to Metallosphaera physiology were also 

identified: several genes encoding cytochrome c-oxidase and cytochrome b/b6 
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domain-containing proteins were identified, which correspond to key membrane 

components suspected of bioenergetic-driven heavy metal biooxidation in 

Metallosphaera species [26]. The consensus sequences AAUGC and AAUUC 

occurred with frequencies of 8 and 16, respectively, in the major S-layer protein, 

SlaA (Msed_1806), suggesting that it is a primary target for VapC8. The consensus 

sequence GAGGU was present in several genes encoding CRISPR-associated 

proteins (Cas5, Csx7, Cas, Cas3, DevR families), and in 4 subunits of the DNA-

directed RNA polymerase (A’,A”,B,D subunits). Of several hypothetical proteins 

within the top 10% of possible targets, Msed_1134 had numerous cleavage sites for 

several sequence motifs (see Table 3.3), indicating that it was a primary focus of 

post-transcriptional regulation. Table 3.4 shows that many of the genes encoding 

VapBs and VapCs in these Metallosphaera species have cleavage sequence motifs 

identified in the four rRNA-degrading VapCs. Whether this is indicative of a post-

transcriptional regulatory strategy for these Toxins/Antitoxins is not clear, but merits 

further consideration.  

DISCUSSION 

Uranium shock experiments performed with M. prunae showed partial to complete 

cellular degradation within 15 min; cellular RNA was restored by 60 min as the 

uranium concentration in the media dropped due to complexation of U(VI) with 
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inorganic ions and PO4
3- (Figure 3.1). The reason for the complete rRNA 

degradation in M. prunae may correlate with certain mutations in its genome that 

were not found in M. sedula; the M. prunae genome, which is nearly identical to M. 

sedula’s [23], has a single point mutation in 23S rRNA and point mutations in genes 

encoding ribosomal proteins (50S ribosomal protein L24E (Msed_0028), rps17p 30S 

ribosomal protein S17P (Msed_0100). The mutations and the heightened 

ribonuclease activity could make M. prunae rRNA more vulnerable to attack by 

VapC Toxins compared to M. sedula [23].  

 In order to examine the functionality and cellular targets of VapC Toxins and 

PIN domain proteins in the M. sedula/M. prunae genomes (no mutations were found 

in the genes encoding for Toxins and Antitoxins in M. prunae), these proteins were 

examined with respect to ribonuclease activity and specificity. The degenerate 

consensus RNA cleavage motifs identified by aligning the cleavage sites were found 

to be G-rich, in agreement with results for VapCs from M. tuberculosis and P. 

aerophilum [19]. The gene targets in M. prunae/M. sedula found to be most sensitive 

were related to transcription, translation, central carbon metabolism and transport, 

indicating that under uranium stress most bioenergetically (ATP) intensive cellular 

elements could be affected by VapCs. Additionally, genes in the fox cluster (iron 

oxidation cluster), especially foxA, foxA’ (cytochrome c-oxidase subunit I), foxC 

(cytochrome b) and rus (Rusticyanin), were also possible targets, indicating the 
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dissimilatory metal oxidation could be affected by heavy metal toxicity. This makes 

sense as additional mobilization of toxic heavy metals is undesirable. Several of 

these target genes (foxC, foxA’, slaA – major S-layer protein A, 50S and 30S 

ribosomal proteins) are transcribed at very high levels under normal growth 

conditions. Under environmental stress, M prunae and M. sedula appear to minimize 

their transcriptional/translational processes by degrading mRNA transcripts of these 

important genes.  

 Genes encoding two PIN domain proteins, Msed_0302 and Msed_0739 

(present in the genome without obvious cognate Antitoxins), had the lowest and 

highest transcript levels, respectively; Msed_0302 was 7-fold lower than the average 

transcript, while Msed_0739 was 7-fold higher. When transcript levels of the 12 

cognate vapBC genes were compared, vapB and vapC transcript levels were about 

the same for six, vapB was higher than vapC for five TA loci (Msed_0411-0412, 

Msed_1307-1308, Msed_1385-1386, Msed_1534-1535 and, Msed_2242-2243); for 

1 TA loci (Msed_0864-0865), this pattern was reversed (Table 3.1). For 

Msed_0411/Msed_0412 and Msed_1307/Msed_1308, vapB/vapC ratio decreased 

over time for both M. sedula and M. prunae (Table 3.1). It is intriguing that vapB 

genes could be a potential target for VapCs; for  VapC6 from S. solfataricus, it was 

shown that vapB6 mRNA is degraded by the cognate Toxin in vitro [22]. vapBs are 

typically short transcripts (~ 220 nt), so the occurrence of 1-2 cleavage sites could 



  108 

 

 

 

 

be sufficient to degrade the mRNA. Table 3.4 indicates that both vapB and vapC 

genes could be targets for Toxins. 

 A broader perspective from this study suggests that instead of focusing on 

target cleavage sequences for specific VapCs, it could be more informative to 

consider the collective target sequences representative of all VapCs present in a 

genome. The more susceptible that a particular transcript is to the genome-wide 

pool of VapCs, the more likely that this is an important target for post-transcriptional 

regulation. For the Metallosphaera species examined here, a subset of the VapC 

inventory could degrade rRNA as well as target specific mRNAs. While the four 

rRNA-degading VapCs all had relatively high ribonuclease activity, this is not a 

determinant for rRNA degradation, since some highly active VapCs were unable to 

degrade rRNA. The picture that emerges is regulation of individual VapBC loci has a 

broader context that integrates Toxin activation, cytosolic concentrations and 

biochemical function to weather environmental perturbations. The subtle differences 

between M. prunae and M. sedula responses to toxic uranium concentrations 

illustrate how VapBC regulation can be fine-tuned to meet specific challenges 

encountered in their natural biotopes. 
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Table 3.4 Sequence Cleavage Motifs identified in vapBC genes 

ORF Annotation 

G 
A 
G 
G 
U 

G 
A 
G 
C 
U 

G 
U 
G 
G 
G 

G 
A 
C 
U 
U 

G 
A 
A 
G 
U 

G 
A 
A 
G 
A 

A 
A 
U 
G 
C 

A 
A 
U 
G 
U 

A 
A 
U 
U 
C 

G 
U 
A 
G 
C 

G 
A 
C 
G 
C 

G 
U 
G 
G 
C 

Msed_0338 VapC1  1   2 1  1 1  2  

Msed_0339 VapB1 2    1 2       

 
 

      
      

Msed_0411 VapC2  2   2 1    1 2 1 

Msed_0412 VapB2 2    1 3      1 

 
             

Msed_0864 VapC3      1       

Msed_0865 VapB3     2 3      1 

 
             

Msed_0898 VapB4 1 1   1 1       

Msed_0899 VapC4 3     2 1    2  

 
             

Msed_0908 VapC5    1 1 2    2 1  

Msed_0909 VapB5    2 3        

 
             

Msed_1183 VapB6 2    2 3      1 

Msed_1184 VapC6     1 2     2  

 
             

Msed_1214 VapC7 2 1    1    1 2  

Msed_1215 VapB7 1  1   2       

 
             

Msed_1245 VapC8 1          2  

Msed_1246 VapB8  1         1  

 
 

     
       

Msed_1307 VapC9 1 3 
 

1 
 

3 1    1 1 

Msed_1308 VapB9 2   1 1        

 
             

Msed_1385 VapC10 2    1 1        

Msed_1386 VapB10 1 1 1  1 1     1  

 
             

Msed_1534 VapC11 2  1 1 1    1 1 1 1 

Msed_1535 VapB11 1 2    1   1    

 
             

Msed_2242 VapC12  1 2  1  2       

Msed_2243 eIF2-γ 2 2 2  2 4  1  1 2 3 
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FIGURES 

 

 
 

Figure 3.1  Uranium stress response in M. prunae. (A) Agarose gel image showing the quality of M. prunae 

RNA 1,2 –Biological repeats of Normal growth, 3,4-Biological repeats of cells harvested 15 min after shock, 5,6-

Biological repeats of cells harvested 60 min after shock, (B) Uranium concentration profile in media after 

application of U(VI) shock, drop in U(VI) concentration is due to complexation with phosphate in media.  
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Figure 3.2  RNase activity of VapC toxins and PIN domain proteins. RNase activity of VapC Toxins/PIN 

domain proteins on the generic RNA substrate (IDT DNA) was obtained by calculating initial reaction velocity 

(Increase in Fluorescence reading over time). PIN domain protein (PIN2) and VapC toxins which had low activity 

haave been shown in the inset. VapC7 had the highest RNase  activity (598,633 ± 109,774 RFU/µg.min); the 

activity has been scaled down by a factor of 10 to be able to represent it along with the other VapCs/PIN domain 

proteins.  
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Figure 3.3  Ribonuclease assay of VapC toxins  found to degrade total RNA from M. prunae and M. 

sedula. Total RNA harvested at mid-exponential phase from M. prunae (A) and M. sedula (B) were treated with 

increasing concentration of VapC toxin (1: Untreated RNA, 2: Toxin/RNA ratio – 1:500, 3: Toxin/RNA ratio – 

1:200, 4 : Toxin/RNA ratio – 1:100, 5: Toxin/RNA ratio 1:50). Only 4 out of the VapC toxins/PIN domain proteins 

were found to degrade total RNA.  
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 Figure 3.4 Sequence specificity of 4 VapC toxins found to degrade rRNA determined by Primer extension 

analyses with MS2 bacteriophage RNA. (A) Cleavage sites for VapC4  (Msed_0899) found with primers S1,S2 

and S7;1-Negative control MS2 RNA (NC
1
), 2- MS2 cleaved with VapC4, 3 – Negative control MS2 cleaved with 

a non-active toxin VapC12 (Msed_2242) (NC
2
), (B) Cleavage sites for VapC7(Msed_1214) found with primers 

S1,E2,M8 and M7;1- MS2 cleaved with VapC7, 2- MS2 cleaved with VapC9 (Msed_1307), 3 –  NC
1
, (C) 

Cleavage sites for VapC8(Msed_1245) found with primers S1,S2 ;1-Negative control (NC
1
), 2- MS2 cleaved with 

VapC8 (toxin/RNA ratio -1:10), 3- MS2 cleaved with VapC8 (toxin/RNA ratio -1:20)
 
, (D) Cleavage sites for 

VapC9 found with primers M2,E1,S7,M5 and E3;1- MS2 cleaved with VapC7, 2- MS2 cleaved with VapC9, 3-

NC
1
. Note that for the products marked with *, 1- NC1 and 2- MS2 cleavaged with VapC9, (i) and (ii) indicates 

that 2 distinct products were found with the same primer (S2 for VapC8 and E1 for VapC9)  
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Figure 3.5  Consensus motifs from the 4 VapC toxins mapped to the single stranded bulges and loops in 

M. sedula/M. prunae 16S rRNA 

The shaded bases (green) indicate the consensus sites identified by primer extension analyses, secondary 

structure of individual helices were obtained by performing free energy minimization in mfold 

(http://mfold.rna.albany.edu) followed by drawing in VARNA (http://varna.lri.fr/) 
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Figure 3.6  Distribution analysis of mRNA targets. Consensus motifs identified by primer extension analyses 

were utilized to perform BLAST search over the M. sedula genome and number of genes with 4 or more motifs 

were identified.  
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Figure 3.7 Cellular RNA targets of M. prunae/M. sedula VapC Toxins (see Table 3.3). Shaded in red are 

FoxA/FoxA’ (Msed_0484/Msed_0485, part of Fox cluster in M. sedula), SoxM (Msed_0324), ATPaseP 

(Msed_0505, part of SoxNL-CbsAB terminal oxidase).  
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Table 3.A4 mRNA targets of the VapC encoded in Msed_0899 (4 or more cleavage sites) 
based on consensus sequence GAGCU 

Gene ID Annotation #Cleavage sites 

Msed_0018 adenylosuccinate lyase 4 

Msed_0030 translation initiation factor IF-2 4 

Msed_0031 malate dehydrogenase 4 

Msed_0034 DNA-directed RNA polymerase subunit A' 4 

Msed_0040 30S ribosomal protein S7 5 

Msed_0060 hypothetical protein 4 

Msed_0144 phosphopantothenoylcysteine decarboxylase 5 

Msed_0157 hypothetical protein 4 

Msed_0194 
xanthine dehydrogenase, molbdenum binding subunit 
apoprotein 4 

Msed_0205 aspartyl-tRNA synthetase 5 

Msed_0228 CTP synthetase 4 

Msed_0257 hypothetical protein 4 

Msed_0267 AMP-dependent synthetase and ligase 9 

Msed_0277 
xanthine dehydrogenase, molbdenum binding subunit 
apoprotein 4 

Msed_0297 carbon-monooxide dehydrogenase 6 

Msed_0300 peptidase M1 8 

Msed_0313 peptidase S8/S53 subtilisin kexin sedolisin 4 

Msed_0321 cytochrome b/b6 domain-containing protein 5 

Msed_0367 delta-1-pyrroline-5-carboxylate dehydrogenase 5 

Msed_0398 alcohol dehydrogenase 4 

Msed_0406 AMP-dependent synthetase and ligase 4 

Msed_0418 hypothetical protein 4 

Msed_0419 major facilitator transporter 4 

Msed_0423 anaerobic dehdyrogenase 5 

Msed_0426 major facilitator transporter 4 

Msed_0451 natural resistance-associated macrophage protein 4 

Msed_0544 4Fe-4S ferredoxin 4 

Msed_0573 leucyl-tRNA synthetase 6 

Msed_0575 peptidase M1 6 

Msed_0576 Fmu(Sun) domain-containing protein 4 

Msed_0596 TBP-interacting protein TIP49 4 

Msed_0609 molybdopterin dehydrogenase 4 

Msed_0631 dihydropteroate synthase 4 

Msed_0634 ATPase central domain-containing protein 4 
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Table 3.A4 continued 

Msed_0722 hypothetical protein 5 

Msed_0727 FAD linked oxidase domain-containing protein 6 

Msed_0762 SMC domain-containing protein 10 

Msed_0763 hypothetical protein 5 

Msed_0767 hypothetical protein 5 

Msed_0814 anaerobic dehdyrogenase 8 

Msed_0830 3-isopropylmalate dehydratase 4 

Msed_0839 DNA topoisomerase type IA central domain-containing protein 5 

Msed_0961 sulfite reductase subunit beta 5 

Msed_1015 AMP-dependent synthetase and ligase 4 

Msed_1037 acetolactate synthase, large subunit 4 

Msed_1064 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 5 

Msed_1116 fumarase subunit alpha 5 

Msed_1117 major facilitator transporter 4 

Msed_1134 hypothetical protein 9 

Msed_1289 sugar ABC transporter substrate-binding protein 4 

Msed_1295 hypothetical protein 4 

Msed_1298 
nonphosphorylating glyceraldehyde-3-phosphate 
dehydrogenase 4 

Msed_1318 formate dehydrogenase subunit alpha 4 

Msed_1353 acetyl-CoA synthetase 4 

Msed_1369 peptidase S8/S53 subtilisin kexin sedolisin 6 

Msed_1374 DEAD/DEAH box helicase 4 

Msed_1378 DEAD/DEAH box helicase 6 

Msed_1414 D-proline dehydrogenase 4 

Msed_1423 3-hydroxyacyl-CoA dehydrogenase 4 

Msed_1429 NADH-ubiquinone oxidoreductase, chain  4 

Msed_1457 formate dehydrogenase subunit alpha 4 

Msed_1553 hypothetical protein 4 

Msed_1595 hypothetical protein 6 

Msed_1612 L-glutamine synthetase 4 

Msed_1638 alanyl-tRNA synthetase 4 

Msed_1649 3-hydroxy-3-methylglutaryl-coenzyme A reductase 4 

Msed_1653 phosphoglycerate kinase 4 

MseD_1657 FeS assembly protein SufB 5 

Msed_1672 ATPase central domain-containing protein 4 

Msed_1675 D-3-phosphoglycerate dehydrogenase 4 
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Table 3.A4 continued 

Msed_1710 thermosome 7 

Msed_1715 arginyl-tRNA synthetase 7 

Msed_1719 glutamyl-tRNA(Gln) amidotransferase subunit E 5 

Msed_1743 DNA repair helicase RAD25 5 

Msed_1748 reverse gyrase 6 

Msed_1750 DEAD/DEAH box helicase 6 

Msed_1752 hypothetical protein 4 

Msed_1785 2'-5' RNA ligase 5 

Msed_1813 hypothetical protein 4 

Msed_1816 glycosyl transferase family protein 4 

Msed_1821 FAD linked oxidase domain-containing protein 6 

Msed_1884 glutamate synthase (NADPH) GltB2 subunit 4 

Msed_1907 DNA polymerase I 5 

Msed_1919 V-type ATP synthase subunit D 4 

Msed_1921 prolyl-tRNA synthetase 4 

Msed_1923 pyridoxal biosynthesis lyase PdxS 4 

Msed_1932 hypothetical protein 5 

Msed_1940 leucyl-tRNA synthetase 5 

Msed_1946 imidazole glycerol phosphate synthase subunit HisF 4 

Msed_1947 histidinol dehydrogenase 4 

Msed_1952 seryl-tRNA synthetase 4 

Msed_1953 radical SAM protein 5 

Msed_1960 dihydroorotate oxidase B, catalytic subunit 4 

Msed_1980 phosphoribosylformylglycinamidine synthase II 5 

Msed_1990 carbamoyl phosphate synthase large subunit 4 

Msed_2006 peptidase U62 4 

Msed_2037 GTPase or GTP-binding protein 4 

Msed_2049 replication factor C large subunit 4 

Msed_2089 hydrogenobyrinic acid a,c-diamide cobaltochelatase 7 

Msed_2104 type II secretion system protein E 4 

Msed_2116 hypothetical protein 4 

Msed_2131 glutamyl-tRNA synthetase 4 

Msed_2136 isopentyl pyrophosphate isomerase 4 

Msed_2161 lysyl-tRNA synthetase 6 

Msed_2164 hypothetical protein 4 

Msed_2190 AAA ATPase 8 

Msed_2203 peptide ABC transporter substrate-binding protein 6 



142 

 

 

 

 

Table 3.A4 continued 

Msed_2212 agmatinase 4 

Msed_2268 proteasome endopeptidase complex protein 4 

 
Table 3.A5 mRNA targets of the VapC encoded in Msed_0899 (4 or more cleavage sites) 

based on consensus sequence GUGGG 

Gene ID Annotation # cleavage sites 

Msed_0194 
Xanthine dehydrogenase,molybdenum binding subunit 
apoprotein 4 

Msed_0241 UDP-sulfoquinovose synthase 4 

Msed_0293 hypothetical protein 4 

Msed_0308 pyruvate flavodoxin/ferredoxin 4 

Msed_0312 major facilitator transporter 6 

Msed_0313 peptidase S8/S53 subtilisin 6 

Msed_0324 cytochrome c-oxidase  6 

Msed_0330 hypothetical protein 5 

Msed_0332 electron transfer flavoprotein subunit alpha 5 

Msed_0337 hypothetical protein 4 

Msed_0343 hypothetical protein 4 

Msed_0346 hypothetical protein 4 

Msed_0357 Cl-channel voltage-gated family protein 5 

Msed_0372 hypothetical protein 4 

MseD_0391 amino acid transporter like protein 5 

Msed_0393  hypothetical protein 4 

Msed_0398 alcohol dehydrogenase 7 

Msed_0401 AMP-dependent synthetase and ligase 6 

Msed_0406 AMP-dependent synthetase and ligase 6 

Msed_0408 amino acid permease-associated protein 6 

Msed_0408 amino acid permease-associated protein 4 

Msed_0415 NADH:flavin oxidoreductase 5 

Msed_0416 major facilitator transporter 5 

Msed_0417 major facilitator transporter 4 

Msed_0423 anaerobic dehydrogenase 4 

Msed_0424 hypothetical protein 5 

Msed_0438 alcohol dehydrogenase 5 

Msed_0457 major facilitator transporter 7 

Msed_0462 major facilitator transporter 5 

Msed_0469 hypothetical protein 8 

Msed_0470 vesicle-fusing ATPase 4 
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Table 3.A5 continued 

Msed_0474 hypothetical protein 4 

Msed_0484 cytochrome c-oxidase I 4 

Msed_0485 cytochrome c-oxidase I 5 

Msed_0496 hypothetical protein 4 

Msed_0501 Rieske [2Fe-2S] domain-containing protein 4 

Msed_0509 
pyruvate flavodoxin/ferredoxin oxidoreductase domain-
containing protein 4 

Msed_0525 
pyruvate flavodoxin/ferredoxin oxidoreductase domain-
containing protein 4 

Msed_0527 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 5 

Msed_0553 FAD linked oxidase domain containing-protein 4 

Msed_0573 leucyl tRNA-synthetase 4 

Msed_0575 peptidase M1 5 

Msed_0583 DNA repair helicase RAD25 4 

Msed_0596 TBP-interacting protein TIP49 4 

Msed_0601 alcohol dehydrogenase 6 

Msed_0631 dihydropteroate synthase 4 

Msed_0635 FAD dependent oxidoreductase 5 

Msed_0673 hypothetical protein 4 

Msed_0680 hypothetical protein 4 

Msed_0741 major facilitator transporter 4 

Msed_0745 amidase 4 

Msed_0784 hypothetical protein 4 

Msed_0804 Pyrrolo-quinoline quinone 5 

Msed_0814 anaerobic dehydrogenase 6 

MseD_0839 DNA topoisomerase type IA central domain-containing protein 6 

Msed_0840 radical SAM protein 4 

Msed_0851 peptidase S8/S53 subtilisin kexin sedolisin 7 

Msed_0862 hypothetical protein 4 

Msed_0870 ABC-2 type transporter 4 

Msed_0880 nitrite and sulfite reductase 4Fe-4S region 5 

Msed_0889 amino acid permease-associated protein 4 

Msed_0891 major facilitator transporter 4 

Msed_0903 cation diffusion family transporter 4 

Msed_0907 major facilitator transporter 7 

Msed_0911 Alpha-glucosidase 7 

Msed_0920 
coenzyme F420-reducing hydrogenase alpha subunit-like 
protein 4 
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Table 3.A5 continued 

Msed_0936 hypothetical protein 4 

Msed_0955 AIR synthase-like protein 5 

Msed_0958 hypothetical protein 7 

Msed_0996 4-hydroxyphenylacetate 3-hydroxylase 5 

Msed_1001 major facilitator transporter 5 

Msed_1003 type 11 methyltransferase 5 

Msed_1008 Acetyl-CoA acetyltransferase-like protein 4 

Msed_1011 undecaprenyl pyrophosphate phosphotase 4 

Msed_1013 major facilitator transporter 5 

Msed_1018 thermopsin 9 

Msed_1032 hypothetical protein 4 

Msed_1033 ABC transporter-like protein 4 

Msed_1034 cobalt transport protein 4 

Msed_1037 acetolactate synthase,large subunit 5 

Msed_1041 L-lactate permease 4 

Msed_1042` malate synthase 6 

Msed_1049 oligopeptide/dipeptide ABC transporter ATPase 4 

Msed_1055 major facilitator transporter 5 

Msed_1064 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 6 

Msed_1073 phytoene dehydrogenase 4 

Msed_1080 glutamine amidotransferase-like protein 4 

Msed_1081 sodium/hydrogen exchanger 4 

Msed_1085 dehydrogenase (flavoprotein) 5 

Msed_1091 dihydrolipoamide dehydrogenase 4 

Msed_1094 major facilitator transporter 4 

Msed_1095 major facilitator transporter 5 

Msed_1119 aldehyde dehydrogenase 4 

Msed_1127 5-oxoprolinase 6 

Msed_1136 photosystem I assembly BtpA 4 

Msed_1156 hypothetical protein 5 

Msed_1172 ATPase 5 

Msed_1174 penicillin amidase 4 

Msed_1182 amino acid permease 4 

Msed_1200 pyruvate flavodoxin/ferredoxin 6 

Msed_1204 major facilitator transporter 5 

Msed_1222 major facilitator transporter 4 
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Table 3.A5 continued 

Msed_1224 AMP-dependent synthetase and ligase 4 

Msed_1234 hypothetical protein 4 

Msed_1265 manganese transporter NRAMP 4 

Msed_1269 amino acid permease-associated protein 5 

Msed_1284 electron transfer flavoprotein subunit alpha 8 

Msed_1284 radical SAM protein 5 

MseD_1286 ABC transporter-like protein 5 

Msed_1291 AMP-dependent synthetase and ligase 6 

Msed_1300 peptidase S9 prolyl oligopeptidase 4 

Msed_1305 nickel affinity transporter 4 

Msed_1312 amino acid permease-associated protein 4 

Msed_1318 formate dehydrogenase subunit alpha 10 

Msed_1321 vinylacetyl-CoA Delta isomerase 4 

Msed_1322 glycoside hydrolase family protein 4 

Msed_1346 maajor facilitator transporter 7 

Msed_1353 acetyl-CoA synthetase 5 

Msed_1369 peptidase S8/S53 subtilisin kexin sedolisin 7 

Msed_1424 alcohol dehydrogenase 4 

Msed_1464 hypothetical protein 4 

Msed_1467 aconitate hydrolase 4 

Msed_1529 hypothetical protein 4 

Msed_1557 hypothetical protein 4 

Msed_1590 group 1 glycosyl transferase 4 

Msed_1683 valyl-tRNA synthetase 5 

Msed_1704 hypothetical protein 5 

Msed_1716 ribonucleoside-diphosphate reductase 4 

Msed_1748 reverse gyrase 4 

Msed_1776 4-hydroxyphenylacetate 3-hydroxylase 4 

Msed_1797 protein kinase 8 

Msed_1815 hypothetical protein 4 

Msed_1819 amino acid permease associated region 4 

Msed_1825 hypothetical protein 4 

Msed_1844 group 1 glycosyl transferase 4 

Msed_1878 transketolase subunit B  4 

Msed_1885 glutamate synthase (NADPH) 5 

Msed_1897 NADH dehydrogenase subunit D 4 

Msed_1898 NADH dehydrognease subunit H 4 
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Table 3.A5 continued 

Msed_1902 NADH dehydrognease quinone 8 

Msed_1903 NADH dehydronease subunit N 4 

Msed_1917 V-type synthase subunit A 4 

Msed_1953 radical SAM protein 4 

Msed_1966 orotidine-5'-phosphate decarboxylase 4 

Msed_1980 phosphoribosylformylglycinamidine synthase II 5 

Msed_1990 carbamoyl phosphate synthase large subunit 4 

Msed_2032 cytochrome c oxidase I 5 

Msed_2080 NADPH:sulfur oxidoreductase 4 

Msed_2089 hydrogenobyrinic acid a,c diamide cobaltochelatase 6 

Msed_2104 type II secretion system protein E 4 

Msed_2112 glycosyl transferase family protein 4 

Msed_2296 hypothetical protein 4 

 

 

Table 3.A6 mRNA targets of the VapC encoded in Msed_1214 (4 or more cleavage sites) 
based on consensus sequence GACUU 

Gene ID Annotation # cleavage sites 

Msed_0089 isoleucyl-tRNA synthetase 4 

Msed_0135 nuclease 4 

Msed_0190 GntR family transcriptional regulator 4 

Msed_0202 nucelotidyltransferase-like protein 4 

Msed_0221 hypothetical protein 4 

Msed_0276 acyl-CoA dehydrogenase 4 

Msed_0300 peptidase M1 5 

Msed_0344 carboxypeptidase Taq 5 

Msed_0415 NADH:flavin oxidoreductase 4 

Msed_0432 acetolactate synthase catalytic subunit 4 

Msed_0444 peptide ABC transporter permease 6 

Msed_0460 hypothetical protein 6 

Msed_0475 hypothetical protein 4 

Msed_0541 hypothetical protein 4 

Msed_0569 4Fe-4S ferredoxin 5 

Msed_0573 leucyl-tRNA synthetase 6 

Msed_0711 dihydroxyl-acid dehydratase 4 

Msed_0787 hypothetical protein 4 
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Msed_0911 Alpha-glucosidase 4 

Msed_0981 Ppx/GppA phosphatase 4 

Msed_1055 major facilitator transporter 4 

Msed_1114 
nitrate/sulfonate/bicarbonate ABC transporter substrate-
binding protein 4 

Msed_1118 D-lactate dehydrogenase 5 

Msed_1134 hypothetical protein 8 

Msed_1141 CRISPR-associated helicase Cas3 family protein 4 

Msed_1174 penicillin amidase 4 

Msed_1198 type II secretion system protein 5 

Msed_1218 acyl-CoA dehydrogenase 4 

Msed_1318 formate dehydrogenase subunit alpha 5 

Msed_1354 type III restrcition enzyme, res subunit 5 

Msed_1369 peptidase S8/S53 subtilisin 4 

Msed_1420 glycoside hydrolase family protein 5 

Msed_1421 glycogen debranching protein 4 

Msed_1440 esterase 6 

Msed_1522 citrate synthase 4 

Msed_1529 hypothetical protein 4 

Msed_1604 nucelotidyltransferase 5 

Msed_1638 alanyl-tRNA synthetase 4 

Msed_1683 valyl-tRNA synthetase 4 

Msed_1716 ribonucleoside-disphosphate 6 

Msed_1748 reverse gyrase 5 

Msed_1806 S-layer A protein 4 

Msed_1881 hypothetical protein 4 

Msed_1888 hypothetical protein 4 

Msed_1902 NADH dehydrogenase 6 

Msed_1907 DNA polymerase I 6 

Msed_2006 peptidase U62 4 

Msed_2044 hypothetical protein 4 

Msed_2045 cell division control protein 6 4 

Msed_2082 AAA ATPase 4 

Msed_2089 hydrogenobyrinic acid a,c diamide cobaltochelatase 4 

Msed_2122 alpha/beta hydrolase fold protein 4 

Msed_2124 phenylalanyl-tRNA synthetase subunit alpha 4 

Msed_2165 hypothetical protein 4 
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Table 3.A6 continued 

Msed_2236 reverse gyrase 6 

Msed_2258 ATPase RIL 4 

 

 

Table 3.A7 mRNA targets of the VapC encoded in Msed_1214 (4 or more cleavage sites) 
based on consensus sequence GAAGU 

Gene ID Annotation # cleavage sites 

Msed_0014 FAD dependent oxidoreductase 5 

Msed_0020 radical SAM protein 5 

Msed_0041 elongation factor 1-alpha 6 

Msed_0050 amidohydrolase 4 

Msed_0054 DEAD/DEAH box helicase 6 

Msed_0070 50S ribosomal protein L15e 4 

Msed_0078 exosome complex RNA-binding protein Rrp42 4 

Msed_0084 elongation factor EF-2 5 

Msed_0087 isoleucyl-tRNA synthetase 7 

Msed_0153 glutaredoxin-like domain containing protein 5 

Msed_0162 hypothetical protein 4 

Msed_0190 GntR family transcriptional regulator 4 

Msed_0194 
xanthine dehydrogenase,molybdenum binding subunit 
apoprotein 5 

Msed_0210 AAA ATPase 4 

Msed_0241 UDP-sulfoquinovose synthase 4 

Msed_0243 gamma-glutamyltransferase 4 

Msed_0250 amino acid permease-associated protein 4 

Msed_0256 glyoxylate reductase 4 

Msed_0271 acetyl-CoA acetyltransferase 4 

Msed_0277 
xanthine dehydrogenase,molybdenum binding subunit 
apoprotein 5 

Msed_0281 citrate synthase 5 

Msed_0300 peptidase M1 4 

Msed_0329 protein kinase 5 

Msed_0367 delta-1-pyrroline-5-carboxylate dehydrogenase 4 

Msed_0395 peptidase S9 prolyl oligopeptidase 4 

Msed_0399 3-hydroxylacyl-CoA dehydrogenase 5 

Msed_0400 acyl-CoA dehydrognease domain-containing protein 5 

Msed_0406 AMP-dependent synthetase and ligase 4 

Msed_0423 anaerobic dehydrogenase 4 
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Table 3.A7 continued 

Msed_0429 hypothetical protein 5 

Msed_0439 deoxyribodipyrimidine photolyase type I 4 

Msed_0484 cytochrome c oxidase I 4 

Msed_0500 cytochrome b/b6 domain-containing protein 4 

Msed_0505 ATPase P 8 

Msed_0514 peptidase U32 4 

Msed_0515 radical SAM protein 4 

Msed_0546 DEAD/DEAH box helicase 4 

Msed_0553 FAD linked oxidase domain-containing protein 5 

Msed_0556 cobyrinic acid a,c-diamide synthase 4 

Msed_0573 leucyl tRNA-synthetase 4 

Msed_0575 peptidase M1 4 

Msed_0600 RNA 3'terminal-phosphate cyclase 4 

Msed_0623 trans-homoaconitate synthase 6 

Msed_0640 heat shock protein Hsp20 4 

Msed_0642 translation elongation factor 1A 4 

Msed_0656 acetyl-CoA acetyltransferase 4 

Msed_0657 RNA modification protein 4 

Msed_0676 succinate dehydrogenase iron-sulfur subunit 5 

Msed_0714 hypothetical protein 4 

Msed_0718 hypothetical protein 4 

Msed_0719 type 11 methyltransferase 4 

Msed_0722 hypothetical protein 4 

Msed_0723 chlorite dismutase 5 

Msed_0727 FAD linked oxidase domain-containing protein 5 

Msed_0738 hypothetical protein 4 

Msed_0743 FAD-dependent pyridine nucleotide-disulfide oxidoreductase 4 

Msed_0756 phosphoenolpyruvate carboxylase 5 

Msed_0762 SMC domain-containing protein 4 

Msed_0814 anaerobic dehydrogenase 5 

Msed_0822 hypothetical protein 4 

Msed_0824 hypothetical protein 4 

Msed_0896 hypothetical protein 4 

Msed_0915 NiFe hydrogenase maturation protein HypF 5 

Msed_0945 Ni Fe-hydrogenase I large subunit-like protein 4 

Msed_0958 hypothetical protein 4 

Msed_0981 Ppx/GppA phosphatase 4 
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Table 3.A7 continued 

Msed_1039 FAD-dependent pyridine nucleotide-disulfide oxidoreductase 4 

Msed_1042 malate synthase 5 

Msed_1064 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 5 

Msed_1080 glutamine amidotransferase-like protein 5 

Msed_1088 type II haloacid dehalogenase 4 

Msed_1091 dihydrolipoamide dehydrogenase 4 

Msed_1108 thiamine pyrophosphate binding protein 4 

Msed_1110 transposase family IS605 6 

Msed_1114 
nitrate/sulfonate/bicarbonate ABC transporter substrate-binding 
protein 6 

Msed_1134 hypothetical protein 8 

Msed_1143 CRISPR-associated autoregulator DevR family protein 5 

Msed_1163 hypothetical protein 8 

Msed_1177 FAD dependent oxidoreductase 4 

Msed_1259 hypothetical protein 4 

Msed_1270 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 4 

Msed_1291 AMP-dependent synthetase and ligase 4 

Msed_1318 formate dehydrogenase subunit alpha 4 

Msed_1321 vinylacetyl-CoA Delta isomerase 6 

Msed_1368 hypothetical protein 4 

Msed_1374 DEAD/DEAH box helicase 4 

Msed_1379 hypothetical protein 4 

Msed_1399 CoA-binding domain-containing protein 4 

Msed_1426 alcohol dehydrogenase 4 

Msed_1443 hypothetical protein 4 

Msed_1452 phosphoenolpyruvate carboxykinase 6 

Msed_1456 AMP-dependent synthetase and ligase 7 

Msed_1467 aconitate hydratase 7 

Msed_1525 peroxiredoxin 5 

Msed_1559 radical SAM protein 4 

Msed_1600 beta-lactamase domain-containing protein 8 

Msed_1615 AMP-dependent synthetase and ligase 5 

Msed_1622 SpoVT/AbrB domain-contaning protein 4 

Msed_1638 alanyl tRNA-synthetase 5 

Msed_1646 hypothetical protein 6 

Msed_1664 glycine dehydrogenase subunit 1 4 

Msed_1683 valyl-tRNA synthetase 5 
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Table 3.A7 continued 

Msed_1695 hypothetical protein 5 

Msed_1715 arginyl-tRNA synthetase 4 

Msed_1716 ribonucleoside-diphosphate reductase 7 

Msed_1743 DNA repair helicase RAD25 4 

Msed_1748 reverse gyrase 9 

Msed_1760 group 1 glycosyl transferase 5 

Msed_1867 DEAD/DEAH box helicase 4 

Msed_1882 hypothetical protein 4 

Msed_1907 DNA polymerase I 4 

Msed_1914 V-type ATP synthase subunit I 5 

Msed_1917 V-type ATP synthase subunit A 5 

Msed_1918 V-type ATP synthase subunit B 5 

Msed_1921 prolyl-tRNA synthetase 4 

Msed_1940 leucyl tRNA-synthetase 9 

Msed_1953 radical SAM protein 4 

Msed_1990 carbamoyl phosphate synthase large subunit 7 

Msed_2026 amidohydrolase 4 

Msed_2043 replicative DNA helicase Mcm 5 

Msed_2049 replication factor C large subunit 5 

Msed_2050 replication factor C large subunit 4 

Msed_2074 Glu/Leu/Phe/Val 5 

Msed_2080 NADPH:sulfur oxidoreductase 5 

Msed_2127 hypothetical protein 4 

Msed_2136 isopentyl pyrophosphate isomerase 5 

Msed_2154 DNA polymerase Ii 4 

Msed_2164 hypothetical protein 5 

Msed_2185 transposase  6 

Msed_2186 transposase IS200-family protein 5 

Msed_2207 oligopeptide/dipeptide ABC transporter ATPase 4 

Msed_2209 transcription initiation factor IIB 4 

Msed_2213 glycyl-tRNA synthetase 4 

Msed_2236 reverse gyrase 4 

Msed_2237 AAA ATPase 6 

Msed_2249 
5-methyltetrahydropteroyltriglutamate/homocysteine S-
methyltransferase 4 

Msed_2254 beta-lactamase domain-containing protein 4 

Msed_2258 ATPase RIL 4 
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Table 3.A7 continued 

Msed_2263 ATPase-like protein 4 

Msed_2267 histidyl-tRNA synthetase 4 

Msed_2272 7-cyano-7-deazaguanine tRNA-ribosyltransferase 4 

Msed_2274 PUA domain-cotaining protein 4 

Msed_2275 proteasome activating nucelotidase 6 

Msed_2283 hypothetical protein 5 

 

 

Table 3.A8 mRNA targets of the VapC encoded in Msed_1214 (4 or more cleavage sites) 
based on consensus sequence GAAGA 

Gene ID Annotation # cleavage sites 

Msed_0003 thioesterase superfamily protein 6 

Msed_0011 threonine dehydradatase 4 

Msed_0018 adenylosuccinate lyase 4 

Msed_0019 AIR synthase-like protein 5 

Msed_0024 aspartyl/glutamyl-tRNA amidotransferase subunit B 6 

Msed_0030 translation initiation factor IF-2 4 

Msed_0033 DNA-directed RNA polymerase subunit B 12 

Msed_0034 DNA-directed RNA polymerase subunit A' 11 

Msed_0037 transcription elongation factor NusA-like protein 4 

Msed_0040 30S ribosomal protein S7 6 

Msed_0046 3,4-dihydroxy-2-butanone 4-phosphate synthase 6 

Msed_0051 DNA polymerase sliding clamp subunit B 4 

Msed_0052 hypothetical protein 4 

Msed_0053 hypothetical protein 6 

Msed_0054 DEAD/DEAH box helicase 4 

Msed_0057 PUA domain-containing protein 6 

Msed_0059 hypothetical protein 5 

Msed_0067 30S ribosomal protein S3Ae 4 

Msed_0074 proteasome subunit alpha 4 

Msed_0078 exosome complex RNA-binding protein Rrp42 4 

Msed_0086 aminopeptidase 5 

Msed_0089 isoleucyl-tRNA synthetase 7 

Msed_0091 50S ribosomal protein L3P 4 

Msed_0092 50S ribosomal protein L4P 4 

Msed_0095 30S ribosomal protein S19 4 
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Table 3.A8 continued 

Msed_0103 30S ribosomal protein S4e 4 

Msed_0110 50S ribosomal protein L19e 4 

Msed_0134 DEAD/DEAH box helicase 6 

Msed_0135 nuclease 10 

Msed_0143 phage integrase family protein 6 

Msed_0144 phosphooantothenoylcysteine decarboxylase 6 

Msed_0147 carbamoyl-phosphate synthase subunit L 7 

Msed_0154 AMMECR1 domain-containing protein 4 

Msed_0158 hypothetical protein 5 

Msed_0164 N-acetyl-gamma-glutamyl-phosphate reductase 4 

Msed_0165 acetylglutamate/acetylaminoadipate kinase 5 

Msed_0169 
N2-acetyl-L-lysine aminotransferase / acetylornithine 
aminotransferase 4 

Msed_0179 ABC transporter-like protein 4 

Msed_0190 GntR family transcriptional regulator 6 

Msed_0194 
xanthine dehydrogenase molybdenum binding subunit 
apoprotein 5 

Msed_0200 GMP synthase 5 

Msed_0202 nucleotidyltransferase-like protein 5 

Msed_0206 tRNA pseudouridine synthase D 4 

Msed_0210 AAA ATPase 6 

Msed_0220 type I phosphodiesterase/nucleotide pyrophosphatase 5 

Msed_0221 hypothetical protein 4 

Msed_0225 hypothetical protein 4 

Msed_0232 hypothetical protein 9 

Msed_0233 hypothetical protein 4 

Msed_0234 hypothetical protein 4 

Msed_0236 hexulose-6-phosphate isomerase 4 

Msed_0241 UDP-sulfoquinovose synthase 5 

Msed_0243 gamma-glutamyltransferase 4 

Msed_0246 hypothetical protein 4 

Msed_0250 amino acid permease-associated protein 4 

Msed_0256 glyoxylate reductase 6 

Msed_0257 hypothetical protein 5 

Msed_0270 acetyl-CoA acetyltransferase 4 

Msed_0272 acyl-CoA dehydrogenase 5 

Msed_0275 4-aminobutyrate aminotransferase 6 

Msed_0277 
xanthine dehydrogenase molybdenum binding subunit 
apoprotein 8 
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Table 3.A8 continued 

Msed_0281 citrate synthase 4 

Msed_0297 carbon-monooxide dehydrogenase 5 

Msed_0300 peptidase M1 8 

Msed_0302 hypothetical protein 4 

Msed_0329 protein kinase 7 

Msed_0335 von Willebrand factor, type A 4 

Msed_0344 carboxypeptidase Taq 4 

Msed_0358 glycosyl transferase family protein 6 

Msed_0361 amino acid permease-associated protein 6 

Msed_0395 peptidase S9 prolyl oligopeptidase 4 

Msed_0399 3-hydroxyacyl-CoA dehydrogenase 8 

Msed_0401 AMP-dependent synthetase and ligase 4 

Msed_0406 AMP-dependent synthetase and ligase 8 

Msed_0409 amino acid permease-associated protein 4 

Msed_0415 NADH:flavin oxidoreductase 6 

Msed_0434 NAD-dependent epimerase/dehydratase 5 

Msed_0439 deoxyribodipyrimidine photo-lyase type I 5 

Msed_0440 peptidase S9 prolyl oligopeptidase 5 

Msed_0469 hypothetical protein 4 

Msed_0485 cytochrome c-oxidase I 6 

Msed_0490 ATPase P 6 

Msed_0505 ATPase P 4 

Msed_0506 hypothetical protein 4 

Msed_0512 radical SAM protein 4 

Msed_0515 radical SAM protein 4 

Msed_0518 hypothetical protein 4 

Msed_0519 hypothetical protein 4 

Msed_0522 hypothetical protein 4 

Msed_0525 
pyruvate flavodoxin/ferredoxin oxidoreductase domain-
containing protein 10 

Msed_0532 signal-transduction protein 5 

Msed_0540 FAD dependent oxidoreductase 5 

Msed_0546 DEAD/DEAH box helicase 8 

Msed_0558 FAD-dependent pyridine nucleotide-disulfide oxidoredutase 5 

Msed_0568 ABC transporter-like protein 4 

Msed_0572 radical SAM protein 4 

Msed_0573 leucyl-tRNA synthetase 8 
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Table 3.A8 continued 

Msed_0575 peptidase M1 7 

Msed_0578 hypothetical protein 5 

Msed_0583 DNA repair helicase RAD25 4 

Msed_0596 TBP-interacting protein TIP49 5 

Msed_0598 DNA polymerase IV 5 

Msed_0600 RNA 3'-terminal-phosphate  6 

Msed_0604 amidohydrolase 4 

Msed_0612 4Fe-4S ferredoxin 9 

Msed_0623 trans-homoaconitate synthase 6 

Msed_0624 hypothetical protein 4 

Msed_0634 ATPase cetral-domain containing protein 8 

Msed_0638 methylmalonyl-CoA mutase 6 

Msed_0642 translation elongation factor 1A GTP binding subunit 5 

Msed_0648 inorganic pyrophosphatase 5 

Msed_0649 glysosyl transferase family protein 5 

Msed_0650 type II secretion system protein E 5 

Msed_0654 non-specific serine/threonine protein kinase 4 

Msed_0657 RNA modification protein 6 

Msed_0662 TGS domain-containing protein 4 

Msed_0671 molybdopterin biosynthesis protein MoeA 6 

Msed_0680 hypothetical protein 4 

Msed_0707 hypothetical protein 7 

Msed_0711 dihydroxy-acid dehydratase 6 

Msed_0727 FAD linked oxidase domain-containing protein 7 

Msed_0737 class V aminotransferase 4 

Msed_0749 peptide chain release factor 1 4 

Msed_0754 hypothetical protein 5 

Msed_0760 hypothetical protein 7 

Msed_0762 SMC domain-containing protein 8 

Msed_0769 SMC domain-containing protein 10 

Msed_0782 
xanthine dehydrogenase molybdenum binding subunit 
apoprotein 6 

Msed_0787 hypothetical protein 4 

Msed_0797 AsnC family transcriptional regulator 5 

Msed_0820 mechanosensitive ion channel MscS 4 

Msed_0839 DNA topoisomerase type IA  9 

Msed_0848 ABC transporter-like protein 4 
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Table 3.A8 continued 

Msed_0862 hypothetical protein 6 

Msed_0874 arginine deiminase 5 

Msed_0880 nitrite and sulfite reductase 4Fe-4S region 4 

Msed_0892 GntR family transcriptional regulator 4 

Msed_0905 alcohol dehydrogenase 5 

Msed_0906 thiamine biosynthesis protein ThiC 5 

Msed_0911 Alpha-Glucosidase 4 

Msed_0919 radical SAM protein 4 

Msed_0922 hypothetical protein 4 

Msed_0923 nickel-dependent hydrogenase, large subunit 4 

Msed_0933 hydrogenase expression/formation protein HypE 4 

Msed_0945 Ni Fe-hydrogenase I large subunit-like protein 4 

Msed_0952 hypothetical protein 7 

Msed_0955 AIR synthase-like protein 4 

Msed_0959 radical SAM protein 6 

Msed_0960 uroporphyrin-III C/tetrapyrrole methyltransferase 4 

Msed_0961 sulfite reductase subunit beta 4 

Msed_0962 phosphoadenosine phosphosulfate reductase 4 

Msed_0981 Ppx/GppA phosphatase 6 

Msed_0987 TENA/THI-4 domain-containing protein 4 

Msed_0991 hypothetical protein 6 

Msed_1015 AMP-dependent synthetase and ligase 4 

Msed_1016 AAA ATPase 4 

Msed_1021 hypothetical protein 4 

Msed_1023 ATPase 5 

Msed_1031 hypothetical protein 6 

Msed_1032 ABC transporter-like protein 5 

Msed_1042 malate synthase 4 

Msed_1049 oligopeptide/dipeptide ABC transporter ATPase 4 

Msed_1057 dimethylmenaquinone methyltransferase 4 

Msed_1064 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 6 

Msed_1065 hypothetical protein 5 

Msed_1066 hypothetical protein 4 

Msed_1075 squalene/phytoene synthase 4 

Msed_1098 hypothetical protein 6 

Msed_1105 hypothetical protein 5 
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Table 3.A8 continued 

Msed_1110 transposase family IS605 4 

Msed_1130 hypothetical protein 4 

Msed_1134 hypothetical protein 11 

Msed_1138 AAA ATPase 4 

Msed_1155 hypothetical protein 5 

Msed_1163 hypothetical protein 7 

Msed_1167 hypothetical protein 5 

Msed_1177 FAD dependent oxidoreductase 4 

Msed_1188 hypothetical protein 4 

Msed_1197 type II secretion system protein E 5 

Msed_1198 type II secretion system protein E 5 

Msed_1200 
pyruvate flavodoxin/ferredoxin oxidoreductase domain-
containing protein 5 

Msed_1201 pyruvate flavodoxin/ferredoxin oxidoreductase subunit delta 6 

Msed_1223 3-ketoacyl-ACP reductase 4 

Msed_1224 AMP-dependent synthetase and ligase 5 

Msed_1225 hypothetical protein 4 

Msed_1234 hypothetical protein 4 

Msed_1243 radical SAM protein 4 

Msed_1247 hypothetical protein 4 

Msed_1270 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 7 

Msed_1285 carboxymethylenebuteneolidase 5 

Msed_1291 AMP-dependent synthetase and ligase 5 

Msed_1295 hypothetical protein 4 

Msed_1301 galactose 1-dehydrogenase / glucose 1-dehydrogenase 4 

Msed_1317 hypothetical protein 4 

Msed_1318 formate dehydrogenase subunit alpha 6 

Msed_1321 vinylacetyl-CoA Delta-isomerase 4 

Msed_1325 type II secretion system protein E 6 

Msed_1353 acetyl-CoA synthetase 4 

Msed_1354 type III restriction enzyme, res subunit 5 

Msed_1363 FAD dependent oxidoreductase 4 

Msed_1373 amino acid permease-associated protein 5 

Msed_1374 DEAD/DEAH box helicase 12 

Msed_1378 DEAD/DEAH box helicase 6 

Msed_1379 hypothetical protein 4 

Msed_1383 von Willebrand factor, type A 5 
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Table 3.A8 continued 

Msed_1389 Zn-dependent protease-like protein 5 

Msed_1393 peptidase M28 4 

Msed_1394 hypothetical protein 5 

Msed_1399 CoA-binding domain-containing protein 7 

Msed_1420 glycoside hydrolase family protein 7 

Msed_1422 coenzyme F390 synthetase-like protein 7 

Msed_1440 esterase 4 

Msed_1444 DNA polymerase B region 5 

Msed_1449 phosphoribosylaminoimidazole carboxylase ATPase subunit 5 

Msed_1455 amino acid permease-associated protein 4 

Msed_1456 AMP-dependent synthetase and ligase 8 

Msed_1461 hypothetical protein 4 

Msed_1466 hypothetical protein 4 

Msed_1467 aconitate hydratase 4 

Msed_1480 lipoate-protein ligase 5 

Msed_1484 hypothetical protein 5 

Msed_1488 hypothetical protein 4 

Msed_1500 hypothetical protein 4 

Msed_1532 hypothetical protein 5 

Msed_1546 hypothetical protein 6 

Msed_1551 dihydrolipoamide dehydrogenase 4 

Msed_1555 hypothetical protein 8 

Msed_1577 metal dependent phosphohydorlase 5 

Msed_1585 threonyl-tRNA synthetase 4 

Msed_1600 beta-lactamase domain-containing protein 4 

Msed_1610 peptidase M24 4 

Msed_1612 L-glutamine synthetase 5 

Msed_1616 beta-ribofuranosylaminobenzene 5'phosphate synthase 4 

Msed_1617 Fmu (Sun) domain-containing protein 5 

Msed_1622 SpoVT/AbrB domain-containing protein 5 

Msed_1631 signal recognition particle docking protein FtsY 5 

Msed_1634 50S ribosomal protein L11 5 

Msed_1636 acidic ribosomal protein P0 6 

Msed_1639 alanyl-tRNA synthetase 5 

Msed_1657 FeS assembly protein SufB 6 

Msed_1665 glycine dehydrogenase subunit 2 6 

Msed_1667 hypothetical protein 4 
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Table 3.A8 continued 

Msed_1670 hypothetical protein 4 

Msed_1672 ATPase central domain-containing protein 6 

Msed_1675 D-3-phosphoglycerate dehydrogenase 6 

Msed_1683 valyl-tRNA synthetase 7 

Msed_1694 phosphoenolpyruvate synthase 6 

Msed_1706 hypothetical protein 4 

Msed_1707 hypothetical protein 5 

Msed_1708 hypothetical protein 5 

Msed_1710 thermosome 6 

Msed_1716 ribonuceloside-diphosphate reductase 4 

Msed_1719 glutamyl-tRNA(Gln) amidotransferase subunit E 9 

Msed_1722 
C/D box methylation guide ribonucleoprotein complex aNOP56 
subunit 6 

Msed_1722 major facilitator transporter 4 

Msed_1725 hypothetical protein 4 

Msed_1731 hypothetical protein 9 

Msed_1733 transcription initiation factor IIB 5 

Msed_1748 reverse gyrase 6 

Msed_1752 hypothetical protein 4 

Msed_1755 DNA topoisomerase VI subunit A 6 

Msed_1757 signal transduction particle subunit FFH/SRP54 6 

Msed_1768 hypothetical protein 5 

Msed_1774 aldehyde dehydrogenase 4 

Msed_1777 fumarylacetoacetate (FAA) hydrolase 5 

Msed_1786 dephospho-CoA kinase-like protein 4 

Msed_1787 hypothetical protein 4 

Msed_1802 translation initiation factor IF-2 9 

Msed_1819 amino acid permease-associated protein 4 

Msed_1829 glycosyl transferase family protein 5 

Msed_1832 group 1 glycosyl transferase  4 

Msed_1844 group 1 glycosyl transferase  4 

Msed_1845 glucose-1-phosphate thymidyltransferase 4 

Msed_1850 dTDP-glucose 4,6-dehydratase 4 

Msed_1852 chrosome segregation ATPase-like protein 10 

Msed_1855 BadF/BadG/BcrA/BcrD type ATPase 4 

Msed_1864 diphthamide biosynthesis protein 4 

Msed_1888 hypothetical protein 4 
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Table 3.A8 continued 

Msed_1893 hypothetical protein 4 

Msed_1907 DNA polymerase I 10 

Msed_1908 hypothetical protein 6 

Msed_1913 methionyl-tRNA synthetase 6 

Msed_1914 V-type ATP synthase subunit I 5 

Msed_1917 V-type ATP synthase subunit A 4 

Msed_1921 prolyl-tRNA synthetase 6 

Msed_1924 glutamine amidotransferase 4 

Msed_1929 acetolactate synthase catalytic subunit 6 

Msed_1940 leucyl-tRNA synthetase 12 

Msed_1952 seryl-tRNA synthetase 4 

Msed_1953 radical SAM protein 4 

Msed_1954 hypothetical protein 4 

Msed_1955 DNA-directed RNA polymerase M 4 

Msed_1990 carbamoyl phosphate synthase large subunit 7 

Msed_1992 haloacid dehalogenase superfamily protein 4 

Msed_2063 dihydrodipicolinate synthase 4 

Msed_2021 signal-transduction protein 4 

Msed_2023 MoeA domain-containing protein 4 

Msed_2026 amidohydrolase 4 

Msed_2043 replicative DNA helicase Mcm 5 

Msed_2046 cell division control protein 6 4 

Msed_2049 replication factor C large subunit 6 

Msed_2059 FAD-dependent pyridine nucleotide-disulfide oxidoredutase 4 

Msed_2070 major facilitator transporter 5 

Msed_2074 Glu/Leu/Phe/Val dehydrogenase 4 

Msed_2077 cysteinyl-tRNA synthetase 6 

Msed_2078 bifunctional phosphoglucose/phosphomannose isomerase 4 

Msed_2082 AAA ATPase 9 

Msed_2087 acyl-CoA dehydrogenase domain-containing protein 4 

Msed_2089 hydrogenobyrinic acid a,c diamide cobaltochelatase 10 

Msed_2098 hypothetical protein 4 

Msed_2113 ATP-dependent helicase 8 

Msed_2115 signal transduction protein 5 

Msed_2120 GntR family transcriptional regulator 4 

Msed_2123 phenylalanyl-tRNA synthetase subunit alpha 4 

Msed_2129 metal dependent phosphohydorlase 4 
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Table 3.A8 continued 

Msed_2131 glutamyl-tRNA synthetase 6 

Msed_2135 geranyltranstransferase 6 

Msed_2143 50S ribosomal protein L13 4 

Msed_2148 30S ribosomal protein S13 4 

Msed_2152 tyrosyl-tRNA synthetase 5 

Msed_2153 DNA primase 4 

Msed_2154 DNA polymerase II 7 

Msed_2156 cell division protein pelota 4 

Msed_2159 nucleotidyltransferase-like protein 6 

Msed_2165 hypothetical protein 4 

Msed_2185 transposase 8 

Msed_2187 hypothetical protein 5 

Msed_2190 AAA ATPase 7 

Msed_2192 hypothetical protein 5 

Msed_2207 oligopeptide/dipeptide ABC transporter ATPase 6 

Msed_2208 selenocysteine-specific translation elongation factor-like protein 4 

Msed_2213 glycyl-tRNA synthetase 8 

Msed_2215 hypothetical protein 4 

Msed_2227 aldo/keto reductase 5 

Msed_2229 hypothetical protein 4 

Msed_2234 30S ribosomal protein S25 5 

Msed_2236 reverse gyrase 9 

Msed_2237 AAA ATPase 7 

Msed_2243 translation initiation factor IF-2 4 

Msed_2244 30S ribosomal protein S6e 6 

Msed_2247 30S ribosomal protein S15 4 

Msed_2254 beta-lactamase domain-containing protein 6 

Msed_2256 FKBP-type peptidylprolyl isomerase 5 

Msed_2259 D-fructose 1,6-bisphosphatase 5 

Msed_2263 ATPase-like protein 5 

Msed_2264 thermosome 9 

Msed_2267 histidyl-tRNA synthetase 4 

Msed_2272 7-cyano-7-deazaguanine tRNA-ribosyltransferase 4 

Msed_2277 small GTP-binding protein 4 

Msed_2283 hypothetical protein 13 

Msed_2290 hypothetical protein 4 

Msed_2294 hypothetical protein 4 
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Table 3.A10 mRNA targets of the VapC encoded in Msed_1245 (4 or more cleavage sites) based 
on consensus sequence AAUGU 

Gene ID Annotation # Cleavage sites 

Msed_0005 hypothetical protein 4 

Msed_0087 isoleucyl-tRNA synthetase 5 

Msed_0183 glycosyl transferase family protein 5 

Msed_0220 type I phosphodiesterase/nucleotide pyrophosphatase 4 

Msed_0435 hypothetical protein 4 

Msed_0441 ABC transporter 5 

Msed_0516 hypothetical protein 5 

Msed_0592 S-layer domain containing protein 5 

Msed_0651 type II secretion system protein 4 

Msed_0672 homoserine kinase 4 

Msed_0727 FAD linked oxidase domain containing protein 7 

Msed_0851 peptidase S8/S53 subtilisin kexin sedolisin 7 

Msed_0889 amino acid permease associated region 4 

Msed_0930 hydrogenase formation HypD protein 4 

Msed_1231 peptidase A5 4 

Msed_1275 YVTN beta-propeller repeat containing protein  5 

Msed_1321 vinylacetyl-coA Delta isomerase  4 

Msed_1457 formate dehydrogenase subunit alpha 4 

Msed_1460 thermopsin 4 

Msed_1597 thiamine pyrophosphate binding domain-containing protein 4 

Table 3.A9 mRNA targets of the VapC encoded in Msed_1245 (4 or more cleavage sites) based on 
consensus sequence AAUGC 

Gene ID Annotation # Cleavage sites 

Msed_0804 Pyrrolo-quinoline quinone 7 

Msed_2264 Thermosome 5 

Msed_0291 cytochrome b/b6 domain containing protein 4 

Msed_0817 4Fe-4S ferredoxin 4 

Msed_0839 DNA topoisomerase type IA central domain-containing protein 4 

Msed_0915 (NiFe) hydrogenase maturation protein HypF 4 

Msed_1378 DEAD/DEAH box helicase 4 

Msed_2337 AAA ATPase  4 
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Table 3.A10 continued 

Msed_1642 hypothetical protein 4 

Msed_1806 S-layer protein 16 

Msed_1815 hypothetical protein 5 

Msed_1961 dihydroorotase 4 

Msed_2104 type II secretion system protein 4 

Msed_2120 GntR family transcriptional regulator 5 

Msed_2236 reverse gyrase 7 

 

Table 3.A11 mRNA targets of the VapC encoded in Msed_1245 (4 or more cleavage sites) based 
on consensus sequence AAUUC 

Gene ID Annotation # Cleavage sites 

Msed_0033 DNA-directed RNA polymerase subunit B 10 

Msed_0054 DEAD/DEAH box helicase 7 

Msed_0069 translation-associated GTPase 4 

Msed_0081 hypothetical protein 5 

Msed_0083 ERCC4 domain-containing protein 4 

Msed_0089 isoleucyl-tRNA synthetase 6 

Msed_0129 group 1 glycosyl transferase 5 

Msed_0200 GMP synthase 4 

Msed_0232 hypothetical protein 5 

Msed_0329 protein kinase 4 

Msed_0330 hypothetical protein 4 

Msed_0346 hypothetical protein 4 

Msed_0406 AMP-dependent synthetase and ligase 4 

Msed_0423 anaerobic dehydrogenase 5 

Msed_0505 ATPase P 4 

Msed_0575 peptidase M1 5 

Msed_0612 4Fe-4S ferredoxin 6 

Msed_0671 molybdopterin biosynthesis  4 

Msed_0707 hypothetical protein 4 

Msed_0727 FAD linked oxidase domain-containing protein 5 

Msed_0832 AsnC family transcriptional regulator 4 

Msed_0851 peptidase S8/S53 subtilisin kexin sedolisin 5 

Msed_0882 assimilatory nitrate reductase 4 

Msed_0911 Alpha-glucosidase 5 

Msed_0944 nickel-dependent hydrogenase 5 
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Table 3.A11 continued 

Msed_0967 selenium-binding protein 5 

Msed_0989 glycoside hydrolase family protein 4 

Msed_1021 hypothetical protein 5 

Msed_1023 ATPase 5 

Msed_1024 hypothetical protein 5 

Msed_1046 hypothetical protein 4 

Msed_1191 Rieske [2Fe-2S] domain-containing protein 4 

Msed_1231 peptidase A5 5 

Msed_1275 YVTN beta-propeller repeat-containing protein 5 

Msed_1323 FAD-dependent pyridine nucelotide-disulfide oxidoreductase 4 

Msed_1332 hypothetical protein 6 

Msed_1369 peptidase S8/S53 subtilisin kexin sedolisin 5 

Msed_1373 amino acid permease-associated protein 5 

Msed_1452 phosphoenolpyruvate carboxykinase 4 

Msed_1461 hypothetical protein 4 

Msed_1529 hypothetical protein 4 

Msed_1641 hypothetical protein 4 

Msed_1643 hypothetical protein 4 

Msed_1814 group 1 glycosyl transferase 5 

Msed_1815 hypothetical protein 4 

Msed_1827 hypothetical protein 4 

Msed_1879 transketolase 5 

Msed_1990 carbamoyl phosphate synthase large subunit 4 

Msed_2075 hypothetical protein 4 

Msed_2088 protoporphyrin IX magnesium-chelatase 5 

Msed_2103 hypothetical protein 5 

Msed_2113 ATP-dependent helicase 5 

Msed_2149 AIR synthase-like protein 6 

Msed_2154 DNA polymerase II 5 

Msed_2229 hypothetical protein 5 

Msed_2236 reverse gyrase 7 

Msed_2250 DNA polymerase sliding clamp subunit A 4 

Msed_2254 beta-lactamase domain-containing protein 4 

Msed_2267 histidyl-tRNA synthetase 4 

Msed_2269 translation initiation factor 2B 4 
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Table 3.A12 mRNA targets of the VapC encoded in Msed_1307 (4 or more cleavage sites) based 
on consensus sequence GUAGC 

Gene ID Annotation # Cleavage sites 

Msed_0033 DNA-directed RNA polymerase subunit B 5 

Msed_0277 
xanthine dehydrogenase, molybdenum binding subunit 
apoprotein 

4 

Msed_0391 amino acid transporter  4 

Msed_0400 acyl-CoA dehydrogenase 4 

Msed_0527 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 

4 

Msed_0651 type II secretion system protein 4 

Msed_0677 succinate dehydrogenase flavoprotein subunit 4 

Msed_0705 peptidase S8/S53 subtilisin kexins sedolisin 5 

Msed_1275 YVTN beta-propeller repeat-containing protein 4 

Msed_1353 acetyl-CoA synthetase 4 

Msed_1369 peptidase S8/S53 subtilisin kexins sedolisin 5 

Msed_1455 amino acid permease associated protein 4 

Msed_1597 thiamine pyrophosphate binding domain-containing protein 4 

Msed_1674 class V aminotransferase 4 

Msed_1806 hypothetical protein 6 

Msed_1991 L-2-aminoadipate N-acetyltransferase 4 

Msed_2263 ATPase-like protein 4 

Msed_2264 thermosome 6 

 

Table 3.A13 mRNA targets of the VapC encoded in Msed_1307 (4 or more cleavage sites) based 
on consensus sequence GACGC 

Gene ID Annotation Cleavage sites 

Msed_0297 carbon monooxide dehydrogenase 4 

Msed_0525 
pyruvate flavodoxin/ferredoxin oxidoreductase domain-
containing protein 4 

Msed_0635 FAD dependent oxidoreductase 5 

Msed_1054 malate dehydrogenase 5 

Msed_1374 DEAD/DEAH box helicase 4 

Msed_1668 phosphopyruvate hydratase 4 

Msed_1912 DNA primase large subunit 4 

Msed_2237 AAA ATPase 4 
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Table 3.A14 mRNA targets of the VapC encoded in Msed_1307 (4 or more cleavage sites) based 
on consensus sequence GUGGC 

Gene ID Annotation # Cleavage sites 

Msed_0034 DNA-directed RNA polymerase subunit A' 4 

Msed_0267 AMP-dependent synthetase and ligase 4 

Msed_0297 carbon monooxide dehydrogenase 6 

Msed_0401 AMP-dependent synthetase and ligase 4 

Msed_0463 major facilitator transporter 4 

Msed_0484 cytochrome c oxidase I 5 

Msed_0485 cytochrome c oxidase I 4 

Msed_0500 cytochrome b/b6 domain-containing protein 4 

Msed_0509 
pyruvate flavodoxin/ferredoxin oxidoreductase domain-
containing protein 4 

Msed_0635 FAD dependent oxidoreductase 5 

Msed_0638 methylmalonyl-CoA mutase 5 

Msed_0705 peptidase S8/S53 subtilisin kexin sedolisin 8 

Msed_0814 anaerobic dehydrogenase 5 

Msed_0828 class V aminotransferase 5 

Msed_0859 EmrB/QacA family drug resistance transporter 4 

Msed_0915 (NiFe) hydrogenase maturation protein HypF 4 

Msed_0924 NADH ubiquinone oxidoreductase 4 

Msed_0935 amino acid permease-associated protein 4 

Msed_0996 4-hydroxyphenylacetate 3-hydroxylase 4 

Msed_1041 L-lactate permease 5 

Msed_1055 major facilitator transporter 4 

Msed_1064 
molybdopterin binding aldehyde oxidase and xanthine 
dehydrogenase 4 

Msed_1091 dihydrolipoamide dehydrogenase 4 

Msed_1095 major facilitator transporter 5 

Msed_1130 hypothetical protein 4 

Msed_1134 hypothetical protein 11 

Msed_1179 sugar ABC transporter permease 4 

Msed_1204 major facilitator transporter 6 

Msed_1219 amidohydrolase 4 

Msed_1597 thiamine pyrophosphate binding domain-containing protein 5 

Msed_1683 valyl-tRNA synthetase 4 

Msed_1757 signal recognition particle subunit FFH/SRP54 (srp54) 4 

Msed_1765 2-isopropylmalate synthase 5 

Msed_1805 oligosaccharyl transferase 7 

Msed_1806 hypothetical protein 6 
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Table 3.A14 continued 

Msed_1819 amino acid permease-associated protein 4 

Msed_1825 hypothetical protein 5 

Msed_1917 V-type ATP synthase subunit A 4 

Msed_1940 leucyl-tRNA synthetase 4 

Msed_1980 phosphoribosylformylglycinamidine synthase II 4 

Msed_2080 NADPH:sulfur oxidoreductase 6 

Msed_2095 
alpha-isopropylmalate/homocitrate synthase family 
transferase 5 

Msed_2133 hypothetical protein 4 

Msed_2162 major facilitator transporter 5 

Msed_2283 hypothetical protein 4 
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ABSTRACT 

Metallosphaera sedula and Metallosphaera prunae were isolated from different 

geographical environments and exhibit significantly different phenotype to solid and 

soluble forms of uranium. It has been shown previously that M. prunae, and not M. 

sedula, has a novel resistance mechanism of shutting down its transcriptional 

processes possibly mediated by sequence-specific ribonucleases, VapC toxins, 

when challenged with lethal concentrations of hexavalent uranium. In this study, M. 

prunae was challenged with a different environmental stress – heat shock - to 

explore the generic and specific elements of stress response. M. prunae was 

subjected to heat shock (shift from 70°C to 85°C) which resulted in activation of heat 

shock responsive chaperones, transcriptional regulators and 5 vapBC loci (4 vapC 

genes and 5 vapB genes). Unlike U(VI) shock, cytosolic RNA degradation was not 

observed for heat shock. Several elements of translation machinery and energy 

metabolism were down-regulated in M. prunae raising an interesting question of 

whether these housekeeping genes were specifically targeted by VapC toxins to 

reduce energy burden on the cell under heat stress. 
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INTRODUCTION 

 Heat shock response is a well characterized phenomenon exhibited by both 

eukaryotes and prokaryotes. DNA Microarray technology has been used extensively 

to understand heat shock response on a whole genome level [1-3]. Bacterial heat 

shock response was first elucidated in an experiment done on Escherichia coli, in 

which a total of 119 ORFs (out of 4290 ORFs) were differentially transcribed when 

temperature was shifted from 37° C to 50° C. Several chaperones (GroEL-Hsp60, 

GroES, Hsp70, σE factor, DnaK) were  found to be up-regulated [4]. Heat shock 

response in bacteria is regulated by the sigma factor, σ32 (protein product of rpoH 

gene) which binds to RNA polymerase holoenzyme and activates chaperones and 

ATP-dependent proteases [5]. In a study done with a hyperthermophilic bacterium, 

Thermotoga maritima, it was found that the core bacterial heat shock genes, hrcA-

grpE-dnaJ, dnaK-sHSP and groES-groEL, were activated at early stage of heat 

shock. This study also pointed that ATP-dependent proteases such as clpP, clpQ, 

clpY, lonA, and lonB were down-regulated in T. maritima; this was in stark 

comparison to other bacterial species where these elements play an important role 

in degradation of denatured proteins [6].  

 Heat shock response in archaea is less well understood compared to their 

bacterial counterparts. Among Euryarchaeota, Archaeglobus fulgidus showed 

differential transcription for 350 genes out of 2410 ORFs when temperature was 

shifted from 79° C to 89° C. Microarray analysis revealed a helix-turn-helix DNA 



171 

 

 

 

 

binding protein which was found to auto-regulate its own transcription, a small heat 

shock protein Hsp20 and AAA+ ATPase [7]. In a heat shock experiment with 

Pyrococcus furiosus, (temperature shift from 90°C to 105°C) 55 out of 200 ORFs 

(partial genome array) were differentially transcribed, was proposed that this 

organism utilizes the thermosome, small heat shock protein Hsp20, proteasome and 

2 VAT-related chaperones to counter heat shock [8]. 

 For Sulfolobus shibatae, it was observed that under heat shock cells 

preferentially synthesized one major protein (~55-60 kDa), which did not have 

homology to well characterized DNaK/GroeL system found in bacteria [9]. A similar 

result was noted in a study done to increase the thermal tolerance of M. sedula in a 

continuous cultivation system. Two-dimensional gels performed with normal growth 

(74° C) and heat shock (81° C) cultures confirmed the presence of isoforms of a 66 

kDa protein [10]. Sufolobus solfataricus, another crenarchaeal species responded 

dramatically to temperature shift from 80° C to 90° C; approximately one-third of the 

genes in the genome were found to be differentially transcribed. Interestingly, this 

study showed that vast majority of the genes being up-regulated were Insertion 

elements, resolvases and tansposases (approximately 205 of the 551 genes being 

up-regulated belonged to these categories). It was proposed that these mobile 

genetic elements might play a crucial role in increasing the frequency of mutations in 

the genome and affect gene regulation when the organism comes under heat stress. 

Tt was also shown that genes encoding subunits of RNA polymerase and NADH 
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dehydrogenase (energy metabolism) were down-regulated as an initial response to 

heat shock (5 min post shock); the transcript abundance of these genes were back 

to normal 30 min post-shock after the cells were allowed to acclimate [3]. Heat shock 

studies on S. solfataricus have revealed that an array of Toxin-Antitoxin genes of 

vapBC family are highly transcribed and might play a crucial role in RNA 

management [3, 11]. Recently, it has been demonstrated in S. solfataricus that 

deleting a heat inducible vapBC6 operon leads increased sensitivity to Heat shock 

[12]. These results point towards involvement of VapC toxins in cell survival under 

heat shock.  

 In a recent study, it has been shown that M. prunae (isolated from a uranium 

mine) resists lethal levels of uranium by shutting down its transcriptional processes 

possibly by enzymatic attack by VapC toxins [13]. An intriguing question that arises 

from this work is whether VapC toxins could play a similar role under a different form 

of environmental stress such as heat shock. In this work, the M. prunae is evaluated 

for its efficacy to tolerate heat stress by comparing the transcriptomes of early stage 

and late stage heat shock response with normal growth cultures.  

MATERIALS AND METHODS 

 Strain, media and culture conditions. M. prunae (DSM 10039) was sub-

cultured from freezer stocks and acclimated to DSMZ88 media supplemented with 1 

g/l yeast extract (Bacto BD Biosciences) (growth temperature – 70° C, shaking rate 



173 

 

 

 

 

– 100 rpm). 2.2 L of DSMZ88 media with 1 g/L yeast extract was prepared and 

sterilized in a 3 L Applikon fermentor, temperature in the fermentor was maintained 

at 70° C by a circulating water bath set at 75.6° C. Air was sparged into the media at 

a rate of 100 ml/min and agitation rate was set at 150 rpm. The fermentor was 

inoculated from a culture growing in early stationary phase, inoculum volume was 

adjusted to target an initial cell density of 1 x 107 cells/ml. Cultures were grown to 

cell density of ~1 x 108 cells/ml (3-4 doublings) and harvested by chilling quickly in a 

dry ice, 95% ethanol mix followed by centrifugation at 6000 x g for 15 min. The 

pellets were washed in 25 mM TE buffer, pH 8.0 and stored in -80° C for RNA 

extraction. This sample was assigned BL or baseline sample indicating normal 

growth culture. Temperature in the circulating water bath was then set to 90.4° C 

and simultaneously temperature in Applikon controller was set to 85° C. This was 

done to expedite the process of raising temperature in the fermentor. Temperature in 

the fermentor increased to 85° C after 10 min and controller was turned off to avoid 

overheating. After 10 min of heat shock, cultures were harvested using the method 

described above, this sample was stored as the first heat shock sample (HS10). A 

second heat shock culture was harvested 30 min after heat shock and stored in -80° 

C freezer as the second heat shock sample (HS30). 

 RNA extraction and quality check (QC). M. prunae and M. sedula (Baseline 

and heat shock) pellets were re-suspended in 1 ml Trizol (Invitrogen Grand Island 

NY) and 200 µl chloroform followed by centrifugation at 14000xg for 15 min to 
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separate aqueous phase from organic phase. RNA was then purified from the 

aqueous phase by following manufacturer’s instructions for RNase Easy Mini kit 

(Qiagen Valencia CA). RNA quality check was done by 1% agarose gel 

electrophoresis, it was confirmed that there was no genomic DNA contamination and 

the 23S and 16S rRNA bands were intact for all samples.  

 Reverse transcription, cDNA labeling, hybridization and scanning. 20 µg 

RNA from the biological repeats of each sample were pooled in 1:1 ratio to account 

for transcriptional differences and used as template for reverse transcription 

reaction. The constituents of the reverse transcription reactions were: dATP, dTTP, 

dGTP, dCTP(Roche Indianapolis IN), dUTP, Random primers, Superscript III 

reverse transcriptase, 5X strand buffer and 0.1 mM DTT (Invitrogen Grand Island 

NY). Reverse transcription was performed at 46 C for 16 h and cDNA was purified. 

cDNA was concentrated in a vaccufuge and each sample was labeled with both cy3 

and cy5 dyes (GE Amersham). After 2 h labeling reaction, cDNA was re-purified and 

respective samples were mixed together (BLcy3 + HS10 cy5, HS10 cy3 + HS30cy5, 

HS30cy3 + BLcy5). The labeled cDNA probes were dried in a vaccufuge, pellet was 

resolubilized in RNase, DNase free water and applied to M. sedula Microarray 

slides. After 18-20 h of hybridization at 42 C, slides were washed in low stringency 

and high-stringency buffers and scanned using Genepix 4000B scanner (Molecular 

Devices Sunnyvale CA). Spotfinding was done in Genepix pro 6.0 software and 
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Microarray data was normalized using mixed effect ANOVA model followed by 

LOESS smoothing in JMP Genomics (SAS Cary NC).  

RESULTS AND DISCUSSION 

Transcriptional response of M. prunae to heat shock 

  M. prunae cells grown to mid-exponential phase were challenged to a heat 

perturbation (T=70° C to 85° C, ∆T = 15° C). In heat shock literature, 10° C 

temperature shift has been found to be sufficient to trigger a response from stress-

response elements [2, 3]. However, in the case of M. prunae, a higher ∆T was used 

given the fact that it has been found passive to the presence of U(VI) shock. It was 

hypothesized that the higher temperature perturbation would lead to the activation of 

Toxin-Antitoxin genes. It was observed that 109 genes (66 up/ 43 down regulated) 

were differentially transcribed at 10 min post heat shock, and 242 genes (156 up/86 

down regulated) were differentially transcribed 30 min post heat shock (Figure 4.2). 

18 genes were found to respond for the HS10 sample but not for the HS30 sample 

(Figure 4.3) .  

 At 10 min post heat shock, genes which were up regulated included the 

thermosome (Msed_2264), radical SAM domain-containing protein (Msed_0919, 

Msed_1999), Hsp20 (Msed_0640), ferric uptake regulator family protein 

(Msed_0767), CRISPR-cas associated proteins (Msed_1142, Msed_1144, 

Msed_1145), aldehyde dehydrogenase (Msed_1774) and ATPases (Msed_0914, 

Msed_0956 and Msed_1172). Several genes believed to be involved in energy 
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metabolism were down-regulated – D-lactate dehydrogenase cytochrome 

(Msed_0436), cytochrome c-oxidase subunit II (Msed_0480), Pyrrolo-quinoline 

quinone (Msed_0804), NADH dehydrogenase quinone (Msed_1902) (Table 4.1).  

  At 30 min post HS shock, the number of genes being up or down-

regulated was significantly higher as compared to 10 min sample. It was observed 

that several transcriptional regulators belonging to PadR (Msed_0868, Msed_1371), 

AsnC (Msed_0832, Msed_1202), GntR (Msed_1060), CopG (Msed_0466), TrmB 

(Msed_1397, Msed_1563, and Msed_2027), AbrB (Msed_0176, Msed_1468), ArsR 

(Msed_1005) families were up-regulated at the 30 min time point. Several genes 

encoding ribosomal proteins, leucyl-tRNA synthetase, glutamyl-tRNA synthetase, 

phenylalanyl-tRNA synthetase subunit alpha were down-regulated indicating 

shutting down of translation processes.  Genes encoding A and K subunits of V-type 

ATP synthase, energy generation machinery in Sulfolobales were also found to be 

down-regulated (Table 4.1). Ferric uptake regulator family protein (Msed_0767), part 

of the siderophore operon in M. prunae genome, was up-regulated for both HS10 

and HS30 samples compared to BL. Several ATPases (AAA type, ATPase involved 

in chromosome portioning) were up-regulated for the Heat shock samples. Genes 

encoding several hypothetical proteins were highly transcribed; BLAST results 

showed that some of them were uncharacterized archaea-specific proteins.  

 It was observed that only one vapC Toxin (Msed_0338) and 3 vapB Antitoxin 

(Msed_0412, Msed_1215 and Msed_1386) genes were up-regulated for HS10 
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sample compared to BL. For the HS30 sample, 4 vapC Toxin genes (Msed_0338, 

Msed_1214, Msed_1307, Msed_1534 ) and 3 vapB Antitoxin genes (Msed_0412, 

Msed_0865, Msed_0898, Msed_1215 and Msed_1386) genes were up regulated. 

The U(VI) shock transcriptome is also been shown for comparison. It should be 

noted that only two Toxins, Msed_0899 and Msed_1307, responded to U(VI) shock 

for M. prunae (Figure 4.4). It is interesting to note that the Antitoxin to Toxin 

transcript ratio increased in the heat shock samples compared to BL, especially for 

Msed_0411-Msed_0412 (vapBC2), Msed_0864-Msed_0865 (vapBC3) and 

Msed_0411-Msed_0412 (vapBC7), while a slight decrease in B/C ratio was noted for 

Msed_1534-Msed_1535 (vapBC11) (Table 4.2). This trend is opposite to one 

observed in U (VI) shock transcriptome for M. prunae, where B/C ratio decreased 

over the course of time for two vapBC loci, Msed_0411-Msed_0412(vapBC2) and 

Msed_1307-Msed_1308 (vapBC9) (Table 3.1).                     

SUMMARY 

 In a previous study, it has been shown that M. prunae and M. sedula exhibit 

significantly different phenotypes when challenged with toxic levels of hexavalent 

uranium (U(VI)). M. sedula was more sensitive to U(VI) and its transcriptome 

showed up-regulation of generic stress response elements characterized in 

crenarchaeota such as thermosome, small heat shock proteins, von Willebrand 

factor A, DNA repair enzymes, transcriptional regulators, CRISPR-cas associated 

proteins as well as some metal-specific elements such as CopMA (CopA – Copper 
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transporting ATPase, CopM –metallochaperone linked to Copper sensing) and PhoU 

(Metal phosphate complex transporter). M. prunae showed a more passive response 

to U (VI) shock and recovered faster than M. sedula. It was hypothesized that M. 

prunae shuts down its transcriptional processes via activation of VapC toxins which 

specifically targets ribosomal RNA subunits and messenger RNA in the cell. This 

mechanism would enable the cell to conserve its energy and recover faster once the 

stress is alleviated [13].  

 In this study it was observed that at early stage of heat shock (HS10), M. 

prunae showed a passive response similar to U(VI) shock experiment. Under 

sustained heat stress, several vapBC loci were differentially transcribed and 

transcriptional regulators were activated. It was noted that genes involved in energy 

metabolism were down-regulated for both HS10 and HS30 samples. Genes involved 

in translation (tRNA synthetase) and transcription (DNA-directed RNA polymerase 

subunit β) were also found to be down-regulated for HS30 sample compared to BL. 

It was noted in Chapter 3 that some of the putative messenger RNA targets of VapC 

toxins belonged to the above mentioned categories. Whether the down 

regulation/low transcript abundance of these housekeeping genes is due to VapC 

toxin degradation is an intriguing possibility and merits further research. 
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Figure 4.1 Heat shock experiment design and M. prunae RNA quality for BL and HS10, HS30 samples (A) 

RNA QC on 1% agarose gel (1,2) are biological repeats for BL, (3,4) are biological repeats for HS10 and (5,6) 

are biological repeats for HS30 (B) Microarray loop design for M. prunae heat shock experiment where each 

sample is labeled with both cy3 and cy5 dyes. BL – baseline sample harvested 5 min before heat shock, HS10 – 

M. prunae sample harvested 10 min after heat shock, HS30 – M. prunae sample harvested 30 min after heat 

shock. 
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Figure 4.2. Volcano plots showing the number of genes up or down regulated for two different heat 

shock samples (M. prunae) (A) Genes up/down regulated at 10 min post heat shock compared to BL (B) 

Genes up/down regulated at 30 min post heat shock compared to BL. BL – baseline sample harvested 5 min 

before heat shock, HS10 – M. prunae sample harvested 10 min after heat shock, HS30 – M. prunae sample 

harvested 30 min after heat shock. Genes in the shaded region were chosen to be differentially transcribed with 

statistical significance meeting the following criteria (-log10 (p-value) >=4). 
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Figure 4.3. Venn diagram showing the intersection of genes differentially transcribed for the two heat 

shock samples. Heat shock samples were compared to baseline, 18 genes were unique to HS10 sample, and 

177 genes were unique to HS30 sample.  
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Figure 4.4. Heat plot showing temporal response of toxin-antitoxin (vapBC) genes for M. prunae under heat 

shock and U (VI) shock. BL-baseline, HS10- Sample collected 10 min after heat shock, HS30- Sample collected 30 

min after heat shock. N- normal growth of M. prunae cultures (same as BL), U60- U(VI) shock culture harvested 60 

min after 1 mM uranyl acetate challenge. 
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