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The regulation and biological roles of ubiquitin-like proteins termed small 

archaeal modifier proteins (SAMP1/2/3) and the E1-like activating enzyme in sulfur 

mobilization and protein conjugation are not well characterized in archaea. This study 

sought to characterize the mode in which SAMPs are regulated at the transcript level by 

environmental signals in the halophilic archaeon, Haloferax volcanii. This work provides 

evidence that samp gene neighbors are conserved in many haloarchaea, samp 

transcripts are leaderless and have extended 3’-untranslated regions, samp1 and 

samp3 transcript levels are inducible by dimethyl sulfoxide, and samp transcripts may 

be regulated at the posttranscriptional level during varying growth conditions. This study 

also sought to identify and characterize proteins important for 2-thiolation of tRNAs with 

a uridine in the wobble position and to determine whether SAMP1/2/3, UbaA, and a 

THI4 protein homolog are important for thiamine biosynthesis in Hfx. volcanii. This work 

also provides evidence that an Ncs6/Tuc1 homolog, NcsA, is essential for maintaining 

cellular pools of thiolated tRNALys
UUU and optimal growth at elevated temperature in 

complex medium. In addition, NcsA was found to associate with UbaA and SAMP2 
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based on mass spectrometry (MS) analysis of purified protein fractions. UbaA mediates 

covalent and non-covalent associations of NcsA with SAMP2 and NcsA Lys204 is 

isopeptide linked to SAMP2. NcsA was also found to be covalently modified by poly-

SAMP2 chains. Additional proteins identified by MS-analyses to be associated with 

NcsA included homologs of the proteasome activating nucleotidase A/1 (PAN-A/1, 

HVO_0850), and an archaeal cleavage and polyadenylation specificity factor 1 

(aCPSF1, HVO_0874). NcsA also forms a complex with aCPSF1. To further investigate 

SAMP-mediated sulfur mobilization relating to thiamine biosynthesis, a triple SAMP1/2/3 

deletion and a UbaA deletion strain were found to not display thiamine auxotrophy. 

However, deletion of a putative thiazole biosynthetic gene, hvo_0665, and site-directed 

mutagenesis of a conserved catalytic cysteine, Cys165, expressed in Δhvo_0665 

displayed partial thiamine auxotrophy. Taken together, these results provide evidence of 

samp regulation, the involvement of SAMP2, UbaA, and NcsA in 2-thiouridine formation, 

and also present the first characterization of a THI4 homolog in haloarchaea. 
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CHAPTER 1 
LITERATURE REVIEW 

Introduction 

This literature review is designed to present the most current knowledge of 

ubiquitin (Ub) and ubiquitin-like proteins (Ubls) including their participation in protein 

conjugation and sulfur mobilization. This review also serves to highlight the enzymes 

mediating Ub/Ubl protein conjugation and Ubl sulfur transfer in tRNA thiolation, 

molybdenum cofactor biosynthesis, and thiamine biosynthesis among the three 

evolutionary lineages. The review will also emphasize current knowledge of regulatory 

roles of ubiquitin as well as regulation of the ubiquitin gene itself in response to 

environmental stresses. 

An Overview of the Ubiquitin System 

Degradation of misfolded/aberrant proteins and short-lived regulatory proteins in 

eukaryotic organisms is carried out by the ubiquitin system. In this system, proteins are 

targeted by a small 76 amino acid protein, ubiquitin, which forms a covalent attachment 

to target proteins. The ubiquitin-modified proteins are often degraded by the 

proteasome, a multicatalytic proteinase complex characterized by its ability to hydrolyze 

proteins in an ATP-dependent manner (Ciechanover et al., 1978). The process of 

covalently attaching ubiquitin to target proteins is mediated by a multi-cascade of 

enzymes. Ubiquitin-mediated degradation of regulatory proteins plays important roles in 

the regulation of many processes, including cell-cycle progression, signal transduction, 

transcriptional and translational regulation, endocytosis, and DNA damage repair 

(Hochstrasser, 2009; Shukla et al., 2009). Abnormalities in ubiquitin-mediated 

processes have been shown to cause pathological conditions, including 
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neurodegenerative diseases such as Alzheimer’s, mental retardation including 

Angelman syndrome, Von Hippel-Lindau syndrome, and cancer (Glickman and 

Ciechanover, 2002). 

Discovery of Ubiquitin 

Ubiquitin was discovered in 1975 by Goldstein (Goldstein et al., 1975). Ubiquitin 

was first thought to be a thymus hormone as it was isolated from the thymus (Goldstein 

et al., 1975). Ubiquitin gained its name as it was later found to be ubiquitously present in 

all tissues (Groothuis et al., 2006). The functions of ubiquitin remained unclear until 

studies evolved from the laboratory of Hershko (Hershko et al., 1980; Hershko et al., 

1983; Hershko et al., 1984; Hershko and Heller, 1985; Hershko et al., 1991). Protein 

turnover and selective protein degradation were well-studied up to this point in history; 

however, the underlying mechanism of how the process occurs of selecting specific 

proteins for degradation was largely unknown. 

 In order to elucidate a possible mechanism, a biochemical study was performed 

in a cell-free system from reticulocytes involving the use of fractionation-reconstitution 

assays of an ATP-dependent proteolytic system (Ciechanover et al., 1978). From this 

study, the role of ubiquitin as a protein modifier was deduced (Ciechanover et al., 1978). 

Ubiquitin was found to be conjugated to proteins that were substrates of the ATP-

dependent proteolytic system. Thus, Ciechanover et al. (1978) proposed that ligation of 

ubiquitin to a target protein within the cell sealed its fate for degradation by an ATP-

dependent protease. 

Ubiquitin Structure 

The crystal structure of ubiquitin shows a globular protein with a protruding C-

terminus (Vijay-Kumar et al., 1987). The C-terminus of ubiquitin is involved in covalent 
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bond formation with the lysine epsilon amino group of target proteins and is highly 

conserved among eukaryotes (Ciechanover et al., 1978; Vijay-Kumar et al., 1987). 

Ubiquitin has a pronounced hydrophobic core, and a majority of the protein is involved 

in hydrogen-bonding interactions which maintain the secondary structure of the protein. 

The hydrophobic side chains, Leu8, Ile44, and Val70, are exposed on the surface 

(Vijay-Kumar et al., 1987) and are functionally important for targeting diverse proteins 

for degradation by the proteasome (Beal et al., 1996). Ubiquitin also has a mixed 

alpha/beta structure and five beta strands yielding a signature beta grasp fold (Vijay-

Kumar et al., 1987).  

The beta grasp fold signature has been adapted to a broad spectrum of functions 

including a scaffold for different enzymatic activities and as a region of binding Fe-S 

clusters for specific protein-protein interactions (Hochstrasser, 2009). The beta sheet 

provides an exposed surface for different interacting proteins (Dikic et al., 2009). The 

alpha helices of ubiquitin are packed against one side of the beta sheet leaving the 

other face of the protein exposed (Vijay-Kumar et al., 1987).  Interactions between the 

alpha helices and the beta sheets and the hydrophobic interactions are found 

throughout the beta grasp fold (Vijay-Kumar et al., 1987).  

On the surface of ubiquitin, there are seven lysine residues, K6, K11, K27, K29, 

K33, K48, K63. The lysine residues serve as sites for protein conjugation (Jentsch, 

1992). Based on the crystal structure of ubiquitin, three lysines, K6, K33, and K63 are 

solvent exposed whereas the other four lysines, K11, K27, K29, and K48 are involved in 

hydrogen bonding or creating salt bridges (Vijay-Kumar et al., 1987).  
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Ubiquitin Conjugation and Deconjugation 

The carboxyl terminus of ubiquitin is important in mediating the process of protein 

conjugation (Pickart, 2001). The carboxyl terminus possesses a diglycine motif highly 

conserved amongst all eukaryotic proteins (Pickart, 2001). In eukaryotic organisms, 

ubiquitin genes are encoded as fusions to proteins important for ribosome biogenesis. 

Ubquitin fusions are cleaved to release free ubiquitin (Ozkaynak et al., 1987). Ubiquitin 

therefore must first be processed by hydrolases in order to expose its carboxyl terminal 

residue.  

In order for mature ubiquitin to conjugate to target proteins, a multi-enzyme 

cascade occurs (Figure 1-1) (Ciechanover et al., 1978; Ciechanover et al., 1982; 

Hershko et al., 1980). An E1 or ubiquitin-activating enzyme must first activate the 

carboxyl terminus of ubiquitin. In this reaction, the E1 enzyme adenylates the carboxyl 

terminus of ubiquitin on the glycine residue using ATP and then forms a high-energy 

thioester bond with the glycine residue and an active site cysteine of E1. Ubiquitin is 

then transferred to another enzyme, the ubiquitin-conjugating enzyme or E2, and forms 

a thioester intermediate with a specific cysteine residue of E2. Ubiquitin is often 

additionally transferred to an E3 enzyme, or ubiquitin-ligating enzyme, which links 

ubiquitin via an isopeptide bond with the epsilon amino group of the target protein. E3 

enzymes confer specificity and selectivity for target substrates (Figure 1-1) 

(Ciechanover et al., 1978; Ciechanover et al., 1982; Hershko et al., 1980).  

 E1 activating enzymes catalyze the downstream ubiquitination reactions. Each 

E1 enzyme dimer carries two modified forms of ubiquitin; one molecule of adenylated 

ubiquitin and the other ubiquitin moiety as a thiol ester to the E1 active site cysteine. E1 

efficiently binds MgATP and converts it to AMP and PPi (Haas and Rose, 1982). ATP 
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binding to E1 mediates a conformational change allowing the enzyme to bind tighter to 

ubiquitin (Haas and Rose, 1982; Pickart, 2001). The tight binding of ubiquitin to E1 

allows for transfer of activated ubiquitin to E2 enzymes. 

A limited number of E2 enzymes exist among humans and yeast, and these 

enzymes have a highly conserved ubiquitin conjugating (UBC) domain (Pickart, 2001). 

The UBC domain contains the catalytic cysteine residue which is important for E2-

mediated thioester formation with activated ubiquitin. Some E2 enzymes have N- or C- 

terminal extensions where interaction with diverse substrates occurs and mainly reflects 

specificity of E2 interaction with E3 enzymes (Pickart, 2001). E2 enzymes have a weak 

affinity for free E1 (subnanomolar Kd) and free ubiquitin (subnanomolar Kd ); however, 

the affinity of E2 enzymes for E1 loaded with the adenylated ubiquitin and ubiquitin thiol 

ester is (nanomolar Kd values) higher than free E1 and free ubiquitin (Hershko et al., 

1983; Haas et al., 1988; Miura et al., 1999).  

Multiple types of E3 enzymes are synthesized in a eukaryotic cell, and these 

enzymes mediate not only the binding of ubiquitin to its specific substrate but also ligate 

ubiquitin to other ubiquitin molecules via isopeptide linkages in a process known as 

polyubiquitination (Hershko et al., 1985; Pickart, 2001). E3 enzymes can be divided into 

two major groups which are defined by the presence of either a HECT or a RING 

domain. Most E3 enzymes with RING domains activate E2 enzymes and mediate 

ubiquitin transfer from the E2 to the E3. The primary amino acid sequence of the RING 

domain consists of histidine and cysteine residues with spacing that allows for 

coordination of two zinc ions (Pickart, 2001). RING domains act as molecular scaffolds 

to bring proteins near each other (Borden et al., 2000). E3 enzymes with modified RING 
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domains named U boxes are also functional in ubiquitation (Koegl et al., 1999). The U 

box lacks the metal-chelating residues of the RING domain, but it functions similarly to 

the RING-finger in mediating the ubiquitation of target substrates (Koegl et al., 1999). 

By contrast to RING domains, E3s with HECT domains contain a conserved cysteine 

residue needed for thioester formation with ubiquitin and, thus, act as chemical catalysts 

(Pickart, 2001; Borden et al., 2000). 

Ubiquitin is recycled after it has been conjugated to its target substrate through 

the process of deconjugation. Deconjugation involves deubiquitinating enzymes (DUBs) 

which hydrolyze peptide bonds C-terminal to ubiquitin (Hochstrasser, 2009). DUBs 

participate in producing mature, monomeric ubiquitin by releasing ubiquitin-domains that 

are fused to ribosomal proteins or fused as linear polyubiquitin domain proteins during 

translation. These proteases also recycle ubiquitin that may have been trapped by the 

reaction of nucleophiles with thioester intermediates of E1, E2, and E3 enzymes 

(Hochstrasser, 2009; Katz et al., 2010). Human DUBs are classified to five families: 

JAB1/MPN/Mov34 metalloenzyme (JAMM) domain zinc-dependent metalloprotease 

family, the ubiquitin C-terminal hydrolases, the Josephin domain which acts as cysteine 

proteases, the ovarian tumor based on homology to the ovarian tumor gene, and the 

ubiquitin specific protease (Nijman et al., 2005). In these DUB families, a common 

thread is their mode of action. Binding of ubiquitin to DUBs induces a conformational 

change in the active site of DUB which allows the DUB to hydrolyze the carboxyl 

terminus of ubiquitin (Nijman et al., 2005). 

Non-Proteolytic Roles of Ubiquitin 

 The ubiquitin pathway has been implicated in regulating a variety of biological 

processes. In addition to acting as a signal for proteasome-mediated degradation, 
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ubiquitin also regulates other processes independent of proteolysis (Hochstrasser, 

2009). As mentioned prior, ubiquitin has seven lysine residues. Ubiquitin can be 

conjugated to other ubiquitin molecules to form polyubiquitin chains on specific lysines. 

Polyubiquitin chains linked through K48 usually target proteins for degradation by the 

proteasome; however, polyubiquitin chains as well as monoubiquitin can serve as 

signals for non-degradative roles (Hochstrasser, 2009). Examples of biological 

processes which are regulated by ubiquitination are protein kinase activation, 

autophagy, DNA repair, transcription, and translation (Hochstrasser, 2009; Shukla et al., 

2009).  

The NF-κB signaling pathway, a family of transcription factors, requires protein 

kinase activation in order to regulate gene expression during challenges to the immune 

system. NF-κB is sequestered by binding of inhibitory proteins of the IκB protein family 

(Aberle et al., 1997). When the immune system is challenged, a large kinase protein 

complex, IKK, phosphorylates the IκB inhibitory proteins triggering polyubiquitination of 

IκB by an E3 complex (Skaug et al., 2009). Polyubiquitinated IκB is degraded by the 

proteasome, thus, allowing NF-κB to regulate gene expression (Skaug et al., 2009). 

Although in part, the regulation of NF-κB is dependent on degradation of IκB, the 

activation of the IKK complex relies on polyubiquitination through K63 of ubiquitin 

(Skaug et al., 2009).  

 DNA damage repair is also regulated by ubiquitination (Jackson and Durocher, 

2013). DNA damage may be induced by endogenous factors such as reactive oxygen 

species which are byproducts of normal metabolic functions (Zhou and Elledge, 2000). 

Exogenous factors, such as UV irradiation or thermal disruption, also contribute to DNA 
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damage (Sinha and Häder, 2002). These factors typically lead to double-stranded DNA 

breaks (Zhou and Elledge, 2000; Sinha and Häder, 2002). Ubiquitination of histone H2A 

and other proteins associated with chromatin allows for recruitment of a specific RING-

finger ubiquitin ligase, BRCA1 which is essential for repairing DNA breaks by 

homologous recombination (Kim et al., 2007), as well as a tumor suppressor p53-

binding protein 1, which repairs DNA breaks by non-homologous end-joining, to the site 

of the DNA break (Ward et al., 2003; Jackson and Durocher, 2013).  

Ubiquitination also plays a role in activation of transcription factors. In 

Saccaromyces cerevisiae, Met4, a transcription factor which binds promoters to induce 

transcription of genes when cells are deprived of methionine, is regulated by an 

inhibitory F-box protein which has an E3 domain (Ouni et al., 2010, Ouni et al., 2011). 

Under conditions of excess methionine, the F-box protein is inactivated by 

ubiquitination, thus, preventing reconstitution of an active Met4 (Ouni et al., 2011). 

Ubiquitin also alters the transcription activation domains of transcription factors. For 

example, a study of transcriptional activities and half-lives of Gal4 DNA binding domains 

fused to transcription activation domains demonstrated that the transcription factor 

activation domains were highly ubiquitinated and degraded by the proteasome 

(Salghetti et al., 2001). Many transcription factors are also positively regulated by mono-

ubiquitination (Conaway et al., 2002). An example of such is the transcription factor p53, 

which during cellular stress, is stabilized by mono-ubiquitination (Conaway et al., 2002).  

Regulation of Ubiquitin Gene Expression 

 Studies of ubiquitin in some eukaryotes have demonstrated regulation of 

ubiquitin at the transcript level (Finley et al., 1987; McGrath et al., 1991; Muller-

Taubenberger et al., 1988). Regulation of ubiquitin can be observed at the transcript 
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level during stress, such as heat shock and starvation, and ubiquitin mRNA is 

characterized as an overall stress-induced transcript (Muller-Taubenberger et al., 1988). 

Increase of ubiquitin transcript is beneficial to a cell during stress in order to maintain an 

adequate amount of ubiquitin for balanced cell function (Hanna et al., 2007; Simon et 

al., 1999).  

In part, ubiquitin is regulated at the level of transcription in eukaryotes such as 

Saccharomyces cerevisiae. In S. cerevisiae, there are 4 ubiquitin genes UBI1, UBI2, 

UBI3, and UBI4 (Ozkaynak et al., 1987). UBI1, UBI2, and UBI3 encode N-terminal 

ubiquitin domains fused to proteins required for ribosome biogenesis, whereas UBI4 

encodes tandem spacerless repeats of ubiquitin, thus, termed polyubiquitin (Ozkaynak 

et al., 1987). Although all ubiquitin genes are essential for mitotic growth in eukaryotes, 

UBI4 is the only gene transcriptionally induced by stress (Finley et al., 1987; Ozkaynak 

et al., 1987). UBI4 transcripts are differentially expressed upon environmental stresses 

such as heat shock, exposure to DNA damaging reagents (nitroquinoline-1-oxide and 

methyl methane sulphonate), nutrient starvation, and cadmium (Finley et al., 1987). 

Stress response elements located within the 5’-untranslated region of UBI4 are 

necessary for ubiquitin transcription during heat shock (Simon et al., 1999). 

Transcriptional activators bind stress responsive elements and induce transcription of 

UBI4 during heat shock; thus, an accumulation of transcript is observed (Simon et al., 

1999). The complexity of regulation of ubiquitin synthesis indicates a need for the cell to 

control ubiquitin levels for cellular homeostasis.  

In addition to yeast, ubiquitin transcripts have also been well studied in other 

eukaryotes. Increased ubiquitin transcript levels are observed in chicken embryo 
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fibroblasts upon heat shock (Bond and Schlesinger, 1985). In Dictyostelium, a soil-

dwelling amoeba, ubiquitin transcripts are also induced in the presence of cadmium, 

cycloheximide (an inhibitor of protein synthesis), heat and cold shock (Muller-

Taubenberger et al., 1988).  These stresses are hypothesized to damage cellular 

proteins, and protein modification by ubiquitination of these unfolded or aberrant 

proteins may mediate their degradation by the proteasome. This stress-induced 

increase in ubiquitin transcripts may also be indicative of the rapid protein turnover 

needed during stress conditions.  

The regulation of the ubiquitin-proteasome pathway is understood not only in the 

context of ubiquitin transcripts but also in the context of deubiquitinating enzymes. In S. 

cerevisiae, Ubp6, a proteasome-associated deubiquitinating enzyme aids in the 

maturation of the regulatory particle of the proteasome (Sakata et al., 2011) and also 

cleaves ubiquitin from target substrates, thus, saving ubiquitin from proteasomal-

mediated degradation (Hanna et al., 2007). Ubp6 protein levels are induced in the 

absence or deficiency of ubiquitin, therefore, enhancing loading of the proteasomes by 

Ubp6 and as a result modulating proteasome function (Hanna et al., 2007). In a ubp6 

deletion mutant, ubiquitin is not recycled, thus, inhibiting the proteasome function and 

inducing both proteasome protein levels and ubiquitin stress (Hanna et al., 2007). 

Therefore, Ubp6 has a role in both the homeostatic balance of ubiquitin and regulation 

of the proteasome (Hanna et al., 2007). 

Recent literature focuses on ubiquitin gene expression in higher-ordered 

eukaryotes, such as humans and rats, due to malfunctioning of the ubiquitin-

proteasome system. Microarray and quantitative reverse transcriptase PCR studies 
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indicate differential expression of ubiquitin transcript in individuals with cancer (Kok et 

al., 1993), Parkinson’s disease (Duke et al., 2006), sepsis in skeletal muscle 

(Garciamartinez et al., 1995) and schizophrenic disorders (Middleton et al., 2002). 

Increased ubiquitin transcripts are also observed in skeletal muscle of malignant tumor-

bearing rats (Llovera et al., 1994).  Ubiquitin transcript levels have not been correlated 

with the encoded protein levels in any of the preceding stress studies. 

Ubiquitin-Like Proteins (UBLs) 

 Ubiquitin-like proteins (UBLs) have been identified among all evolutionary 

lineages and are distinct from, but evolutionarily related to, ubiquitin (Hochstrasser, 

2009). Most UBLs possess a diglycine motif at the carboxyl terminus of the protein and 

also adopt the signature β-grasp fold (Hochstrasser, 2009; Schulman and Harper, 

2009). One exception to these common features is the prokaryotic ubiquitin-like protein 

(Pup), which is intrinsically disordered and is conjugated to proteins via carboxylate-

amine ligases (independent of E1, E2 and E3 type enzymes) (Pearce et al., 2008). 

UBLs can act as signals for proteasome-mediated degradation or participate in non-

proteolytic processes by utilizing a multienzyme E1-E2-E3 catalytic cascade similar to 

ubiquitin protein conjugation (Hochstrasser, 2009). Most UBLs require a limited number 

of E2 and E3 enzymes, since they have fewer substrates than ubiquitin (van der Veen 

and Ploegh, 2012). UBLs can also form mono- or poly-UBL chains similar to ubiquitin, 

which may serve as a signal for proteasome-mediated degradation of the target 

substrate or non-degradative roles (Hochstrasser, 2009). UBLs were discovered a few 

decades ago following the discovery of ubiquitin in 1975. Due to improvements in 

sequence and structure comparison methodology and mechanistic studies of cofactor 

biosynthesis, certain UBLs of mycobacteria and archaea are found to be analogous to 
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the ubiquitin conjugation and activation system from eukaryotes (van der Veen and 

Ploegh, 2012).  However, E2 and E3 enzymes are not conserved in bacteria and 

archaea with demonstrated UBL conjugation systems (van der Veen and Ploegh, 2012). 

Prokaryotic Ubiquitin-Like Protein (Pup) 

 Prokaryotic ubiquitin-like proteins (Pup) were recently identified in 

Mycobacterium tuberculosis (Pearce et al., 2008). Prior to the discovery of Pup, there 

existed no prior identification of a ubiquitin-like protein modification pathway in 

prokaryotes. Conjugation of Pup, or pupylation, is characterized from in vitro and in vivo 

studies of this system in M. tuberculosis, M. smegmatis and Corynebacterium 

glutamicum (Pearce et al., 2008; Burns et al., 2009; Striebel et al., 2009; Ozcelik et al., 

2012).  Pupylation functionally resembles ubiquitination; however, the enzymes 

mediating this process are functionally-related to carboxylate-amine ligases (Burns and 

Darwin, 2010). Proteins of the carboxylate-amine ligase family generate amide linkages 

by ligating amine groups with carboxylates (Sutter et al., 2010). Pupylation is mediated 

by the action of two enzymes from this protein family, PafA (proteasome accessory 

factor A) and Dop (deamidase of Pup) (Burns and Darwin, 2010). PafA ligates Pup to a 

lysine residue of the target protein. However, prior to this ligation Pup must first be 

deamidated by the deamidase Dop. The glutamine residue which resides at the 

carboxyl terminus of Pup is deamidated to glutamine by Dop, and PafA forms an 

isopeptide bond between Pup and the epsilon amino group of the target protein (Burns 

et al., 2010; Imkamp et al., 2010). Pupylated proteins are delivered to the proteasome 

for degradation, requiring hydrolysis of ATP to ADP (Burns and Darwin, 2010).  

In mycobacteria, the pup gene is encoded adjacent to the 20S proteasomal 

subunit genes and is preceded by the dop gene (Burns and Darwin, 2010; Barandun et 
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al., 2012). The pafA gene is encoded downstream of the 20S proteasomal subunit 

genes (Burns and Darwin, 2010; Barandun et al., 2012). Similar to ubiquitin, pupylation 

is also reversible in the presence of a depupylase enzyme which specifically cleaves 

isopeptide bonds (Imkamp et al., 2010). The direct physiological importance of the Pup-

proteasome system is a novel area of research. Proteomic studies reveal that there are 

approximately 700 pupylated proteins and that these target proteins participate in a 

variety of biological functions with the majority involved in lipid metabolism (Watrous et 

al., 2010; Poulsen et al., 2010; Festa et al., 2010).  A direct connection between the 

Pup-proteasome pathway and pathogenicity in Mycobacterium tuberculosis has not yet 

been determined, although transcriptional analysis in strains deficient of the Pup-

proteasome pathway displayed differential gene expression of regulons involved in zinc 

and copper homeostasis (Festa et al., 2010). Copper and zinc homeostasis may be 

important in maintaining virulence during infection (Festa et al., 2011). 

Small Ubiquitin-Like Modifier (SUMO) 

SUMO is a UBL found in eukaryotes, such as S. cerevisiae, which contains one 

type of SUMO (SUMO-1), and humans and plants which encode numerous isoforms of 

SUMO (SUMO-1, SUMO-2, SUMO-3, SUMO-4) (Muller et al., 2001). SUMO regulates a 

variety of cellular processes such as maintenance of genome integrity, regulating the 

cell cycle, subcellular transport, and transcription (Hickey et al., 2012). All SUMO 

isoforms are further processed at their carboxyl terminus to reveal a diglycine motif. 

SUMO conjugates to target proteins via an E1-E2-E3 multiple enzymatic cascade 

similar to ubiquitin. This process is referred to as sumoylation. In the presence of ATP, 

SUMO is activated by a heterodimeric E1-like enzyme SAE1/SAE2, which forms an 

acyl-adenylate intermediate and a thioester bond with a conserved cysteine of SAE2 
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(Destorro et al., 1999). SUMO is then transferred to Ubc9, an E2-like enzyme (Okuma 

et al., 1999). At this point in the enzymatic cascade, Ubc9 directly ligates SUMO to the 

epsilon amino group of the target protein, thus, forming a covalent linkage (Destorro et 

al., 1999). Many target proteins of SUMO contain SUMO-interacting motifs which are 

phosphorylated amino acids which interact with SUMO (Kerscher, 2007).Often several 

lysine residues on a target protein are modified by SUMO, and isopeptide linkages with 

SUMO itself are found to take place in a process known as polysumoylation (Saitoh et 

al., 2000; Tatham et al., 2001). Sumoylation is also reversible in the presence of 

cysteine proteases, termed ubiquitin-like-protein-specific protease-1 and -2 (Ulp1 and 

Ulp2) which cleave the isopeptide bond between SUMO and the target protein (Li and 

Hochstrasser, 1999; Mukhopadhyay and Dasso, 2007). Ulp1 also cleaves the carboxyl 

terminus of SUMO-1 to generate mature SUMO-1.   

Ubiquitin-Related Modifier (Urm1) 

Urm1 was discovered in yeast through sequence comparison with the small 

subunit, MoaD, of bacterial molybdopterin synthase and a thiamine biosynthetic protein, 

ThiS (Furukawa et al., 2000). All three proteins (Urm1, MoaD and ThiS) possess a C-

terminal diglycine motif and β-grasp fold similar to ubiquitin (Petroski et al., 2011). Urm1 

homologs of approximately 99 to 101 amino acids in length are relatively conserved in 

humans, plants and yeast (Pedrioli et al., 2008). Structural studies of yeast Urm1 reveal 

the signature β-grasp fold similar to ubiquitin (Xu et al., 2006; Yu and Zhou, 2008). Two-

hybrid screens using yeast Urm1 as bait allowed for the elucidation of the Urm1 

activating enzyme, Uba4 (Furukawa et al., 2000). In the yeast system, Uba4 is 

demonstrated to adenylate Urm1 and form an acyl-adenylate intermediate with AMP, 

similar to other E1s (Furukawa et al., 2000; Schmitz et al, 2008). In addition, a distinct 
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acyl-disulfide bond is formed between Uba4 and Urm1 (Furukawa et al., 2000; Schmitz 

et al, 2008). Urm1 is attached to protein targets by a Uba4-dependent process (see 

below for details on protein modification). E2 or E3 equivalents for the Urm1 conjugation 

system have not yet been identified. 

 Urm1 is a protein modifier which conjugates to a variety of proteins. Urm1 was 

first believed to conjugate to only one target substrate, a peroxiredoxin, Ahp1 (Goehring 

et al., 2003a). However, proteomic data have identified additional substrates of Urm1 

including a nucleocytoplasmic shuttling factor cellular apoptosis susceptibility protein 

(CAS) (Van der Veen et al., 2011). Urmylation of CAS and other target substrates are 

induced by oxidative stress. In the presence of oxidizing agents such as diamide and 

hydrogen peroxide, Urm1 protein conjugates increase (Van der Veen et al., 2011). A 

urm1 deletion mutant displays sensitivity to environmental stresses (Van der Veen et 

al., 2011), and Urm1 is required for tRNA thiolation in yeast (Schlieker et al., 2008). The 

importance of Urm1 in sulfur mobilization is discussed in detail in the following sections.  

UBLs and Their Involvement in Sulfur Chemistry 

 Sulfur is an important element for all living organisms and is used in the 

biosynthesis of a variety of molecules (Kessler et al., 2006). Due to the multivalent 

nature of sulfur lending to its propensity to form rings of sulfur, living organisms cannot 

assimilate sulfur for biomolecule biosynthetic processes, such as thionucleoside or 

lipoic acid biosynthesis, in a non-reduced form (Le Faou et al, 1990). Sulfur must be in a 

reduced or activated form, whether a sulfide (S2-) or persulfide (R-S-SH), in order for it 

to be beneficial to organisms (Le Faou et al., 1990, Kessler et al., 2006). In its reduced 

form, sulfur can be incorporated into cysteine which serves as the core of many sulfur 

compounds (Le Faou et al., 1990). Activated sulfur is used in a range of biological 
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processes such as lipoic acid biosynthesis, iron-sulfur cluster formation, biotin 

biosynthesis, thiamine and molybdenum cofactor biosynthesis, as well as 

thionucleoside biosynthesis (Le Faou et al., 1990; Begley et al., 1999; Marquet, 2001; 

Kessler et al., 2006). Persulfidic sulfur is a low-molecular-weight labile compound which 

in many cases decomposes to a thiol and elemental sulfur (Kessler et al., 2006).  

 One group of enzymes responsible for generating a persulfide is termed cysteine 

desulfurases (Mihara and Esaki, 2002). Cysteine desulfurases are pyridoxal 5′-

phosphate (PLP)-dependent enzymes that convert L-cysteine to L-alanine and sulfane 

sulfur via the formation of a protein-bound cysteine persulfide intermediate on a 

conserved cysteine residue (Mihara and Esaki, 2002; Kessler et al., 2006). The earliest 

known bacterial cysteine desulfurase, NifS, was characterized in Azotobacter vinelandii 

(Zheng et al., 1993). NifS was proposed to provide the sulfur needed to form the 

metalloclusters of nitrogenase, the enzyme used by some microorganisms to fix 

atmospheric nitrogen gas (Zheng et al., 1993). Further biochemical analysis of NifS 

elucidated a conserved cysteine residue in the carboxyl terminal domain of the protein 

which serves as the persulfide site and also a pyridoxal phosphate cofactor attached to 

a lysine residue of NifS (Zheng et al., 1993; Zheng et al., 1994). Mechanistically, NifS 

binds cysteine inducing a conformational change and attacks the cysteine sulfur to 

generate the persulfide leaving alanine bound to the pyridoxal phosphate (Cupp-Vickery 

et al., 2003).  

Another cysteine desulfurase identified in A. vinelandii is IscS (Zheng et al., 

1993; Zheng et al., 1994). The iscS gene is encoded upstream of the iscU, iscA, hscB, 

hscA and fdx operon, and is important in iron-sulfur cluster formation and is also 
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conserved amongst a variety of organisms (Zheng et al., 1988). Homologs of IscS and 

associated proteins have been identified in Escherichia coli, Haemophilus influenzae, 

Pseudomonas aeruginosa, and Saccharomyces cerevisiae (Mihara and Esaki, 2002). 

IscU is a scaffold protein for iron-sulfur cluster assembly which accepts sulfur from IscA 

(Ding et al., 2005). HscB and HscA are specialized chaperones, and Fdx is a [2Fe-2S] 

ferredoxin with a role in redox chemistry (Johnson et al., 2005).  Biochemical studies of 

IscS in E. coli have not only implicated IscS in iron-sulfur biosynthesis, but also in the 

biosynthesis of thionucleosides (Mueller et al., 1998; Lauhon, 2002) and thiamin (Webb 

et al., 1997).  

 A third cysteine desulfurase, biochemically characterized in E. coli (Ollagnier-de-

Choudens et al., 2003; Outten et al., 2003), as well as other bacteria and archaea is 

SufS (Tirupati et al., 2004; Zafrilla et al., 2010). In E. coli, SufS is transcribed in an 

operon with additional suf (sulfur utilization) components, sufA, sufB, sufC, sufD and 

sufE (Outten et al., 2003). SufS activates sulfur from cysteine to generate a SufE-based 

persulfide (Outten et al., 2003). In the presence of the SufBCDE complex, SufS cysteine 

desulfurase activity is also enhanced (Outten et al., 2003). The SUF system is 

implicated in iron-sulfur cluster formation and this was identified from phenotypic 

analyses of suf gene deletion mutants in E. coli (Nachin et al., 2001; Outten et al., 

2004). In particular, induction of soxS transcript levels during oxidative stress is delayed 

due to destabilization of the [2Fe-2S] SoxR transcription factor in a sufC mutant (Nachin 

et al., 2001). Likewise, the enzyme activities of certain oxygen-sensitive iron-sulfur 

proteins are decreased during oxidative stress in a sufC mutant (Nachin et al., 2003). 

Deletion of sufS and sufD  results in reduced growth during iron starvation (Outten et 
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al., 2004), while deletion of isc and suf operons results in lethality to cells that is 

overcome by overexpression of the suf operon in strains lacking isc components 

(Takahashi and Tokumoto, 2002). Taken together, the SUF system, at least in E. coli, is 

necessary for sulfur metabolism during stress.  

Molybdenum Cofactor Biosynthesis 

Molybdenum is an essential trace element for living organisms (Schwarz et al., 

2009). Molybdenum itself is not active, and therefore, useless to organisms unless it is 

complexed by a scaffold such as the pterin-based molybdenum cofactor (MoCo) 

(Mendel and Schwarz, 2011). MoCo, a labile and oxygen-sensitive cofactor, forms part 

of the active centers of molybdoenzymes with the exception of bacterial nitrogenase 

which requires the iron-sulfur cluster based iron-Mo-cofactor (Mendel and Schwarz, 

2011). There are over 50 MoCo-dependent enzymes, the majority found in bacteria and 

seven identified in eukaryotes (Mendel, 2013). Some yeast genomes, such as S. 

cerevisiae and Schizomyces pombe, do not encode for proteins of the MoCo 

biosynthetic pathway (Magalon et al., 2011; Hille et al., 2011). Based on genome 

sequence, methanogens, haloarchaeal, and hyperthermophilic archaea encode for 

molybdoenzymes ( Johnson et al., 1993; Chan et al., 1995; Müller and DasSarma, 

2005; Humbard et al., 2010; Miranda et al., 2011).Studies of tungstoenzymes, aldehyde 

ferredoxin oxidoreductase and formaldehyde ferredoxin oxidoreductase in two 

hyperthemorphilic archaeons, Pyrococcus furiosus and Thermococcus litoralis, revealed 

the presence of the metal-containing pterin in each enzyme (Johnson et al., 1993; Chan 

et al, 1995). These results provided the first biochemical and structural evidence of 

metal-binding pterins in archaea. Furthermore, methanogens and haloarchaeal 

genomes such as Halobacterium salinarum and Haloferax volcanii encode 
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molybdoenzymes, such as DMSO reductase and nitrogenase, which require MoCo or 

Fe-MoCo for catalytic activity (Müller and DasSarma, 2005; Miranda et al., 2011).  

Molybdoenzymes participate in redox-chemistry by transferring two electrons thus 

altering the transition state of molybdenum (Mendel and Schwarz, 2011).  

The MoCo biosynthetic pathway requires several steps in order to generate 

mature MoCo (Schwarz and Mendel, 2006). The first step of MoCo biosynthesis is the 

conversion of guanosine triphosphate (GTP) to cyclic pyranopterin monophosphate 

(cPMP), previously termed precursor Z in the presence of MoaA and MoaC of E. coli, 

Cnx2 and Cnx3 of plants, and MOCS1A and MOCS1B of humans (Mendel, 2013). In E. 

coli, The cPMP is converted to a metal-containing pterin with the aid of a 

heterotetrameric complex of two large subunits (MoaE) and two small subunits (MoaD). 

Molybdopterin synthase requires the transfer of sulfur prior to catalysis of cPMP to the 

metal-binding pterin (Mendel, 2013). In bacteria, a MoeB enzyme is necessary for 

activity of molybdopterin synthase (Mendel, 2013). MoeB, homologous to E1 enzymes 

which adenylate ubiquitin, adenylates its target substrate, MoaD (small subunit), in the 

presence of ATP (Rudolph et al., 2001; Mendel, 2013). MoaD has a diglycine motif, 

similar to ubiquitin and ubiquitin like proteins, at its carboxyl terminus (Gutzke et al., 

2001; Mendel, 2013). Due to homology of MoCo biosynthesis to ubiquitination, ubiquitin 

protein conjugation may have evolved from the MoCo biosynthesis pathway (Lake et al., 

2001; Mendel and Schwarz, 2011). Cysteine desulfurases or rhodanese proteins with 

loaded persulfides cleave the acyl-adenylate of MoaD, thus, forming a thiocarboxylate 

(Gutzke et al., 2001; Mendel, 2013). The MoaE protein (large subunit) incorporates the 

sulfur of two MoaD thiocarboxylates into cPMP allowing for the formation of metal-



 

37 

containing pterin (Mendel, 2013). The metal-containing pterin is adenylated, thus, 

facilitating insertion of molybdate into the dithiolene group of MPT forming active MoCo 

(Mendel, 2013). As mentioned earlier, archaeal genomes encode for molybdoenzymes 

such as dimetyhlsulfoxide oxidoreducatases. Most of these enzymes function as 

terminal reductases under anaerobic conditions where their respective cofactors serve 

as terminal electron acceptors in respiratory metabolism (Zhang et al., 2011). Members 

of this family of proteins bind Mo-molybdopterin guanine nucleotide (MGD) cofactor 

(Romao, 2009; Hille et al., 2011; Mendel, 2013). A majority of these enzymes function 

as terminal electron acceptors during anaerobic conditions where the pterin-based 

cofactor serves as a terminal electron cofactor (Rothery et al., 2012).  

Thiamine Biosynthesis 

Thiamine is a water-soluble vitamin which has three phosphate derivatives 

including the thiamine phosphate esters: monophosphate (TMP), diphosphate (TDP), 

and triphosphate (TTP). Thiamine pyrophosphate (TPP) is an essential cofactor in 

virtually all living systems (Jurgenson et al., 2009). TPP is the most characterized 

derivative as it is used by key enzymes of glycolysis, the pentose phosphate pathway, 

the citric acid cycle (TCA), amino acid biosynthesis, and the non-mevalonate pathway of 

isoprenoid biosynthesis (Pohl et al., 2004). A majority of prokaryotes, plants, and fungi 

synthesize TPP de novo (Jurgenson et al., 2009), whereas mammals and other 

vertebrates require this cofactor in their diet in the form of vitamin B1 (thiamine) 

(Singleton and Martin, 2001). Thiamine consists of a sulfur-containing thiazole moiety 

linked to a pyrimidine moiety, with the moieties synthesized separately and coupled to 

form thiamine (Jurgenson et al., 2009).  
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Thiazole biosynthesis in E. coli is well characterized and involves a complex 

chain of oxidative condensation reactions that use 1-deoxy-D-xylulose-5-phosphate, 

glycine (or tyrosine) and a sulfur source (Jurgenson et al., 2009). The source of sulfur 

for thiamine biosynthesis is thought to be cysteine, and sulfur is incorporated into the 

thiazole ring by a series of enzyme-mediated sulfur transfer steps that include ThiS, 

ThiF and IscS (NifS) (Jurgenson et al., 2009). In this process, ThiS is adenylated at its 

carboxyl terminus by ThiF (similar to various E1 and E1-like proteins) in a mechanism 

analogous to the activation of ubiquitin (Jurgenson et al., 2009). ThiS is homologous 

with Urm1 and MoaD and shares the distinct beta grasp fold with ubiquitin 

(Hochstrasser, 2009). The adenylated ThiS is converted to a thiocarboxy at its carboxyl 

terminus by sulfur transfer from ThiI and a cysteine desulfurase (e.g., IscS, NifS) 

(Jurgenson et al., 2009). Sulfur is donated from the thiocarboxy C-terminus of ThiS 

during formation of the thiazole ring by thiazole synthase (ThiG) (Jurgenson et al., 

2009).  

Molecular details of thiazole biosynthesis in eukaryotes are only recently 

revealed. Based on a study of S. cerevisiae, a gene product (THI4) is important in the 

biosynthesis of the thiazole ring (Praekelt et al., 1994). THI4 homologs are highly 

conserved among plants and fungi. S. cerevisiae THI4 is reported as a suicide enzyme 

in the formation of the thiazole moiety of thiamine based on in vitro assay (Chatterjee et 

al., 2011). In a single turnover reaction, THI4 Cys205 serves as the source of sulfur, 

and NAD+ serves as the five-carbon chain in thiazole formation. 

Archaeal thiazole biosynthesis is poorly understood. Many archaea encode 

homologs of the S. cerevisiae THI4 that are annotated as ribose-1,5-bisphosphate 
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isomerase based on the functional characterization of these homologs from the 

methanogens Methanocaldococcus (Methanococcus) jannaschii  and Methanosarcina 

acetivorans (Finn and Tabita, 2004). While a THI4 homolog from M. acetivorans is 

active in catalytic conversion of 5-phospho-D-ribose-1-pyrophosphate (PRPP) to 

ribulose 1,5-bisphosphate in recombinant E. coli extracts, the THI4 homolog of 

Pyrococcus kodokaraensis is not active under similar conditions (Finn and Tabita, 2004; 

Sato et al., 2007; Aono et al., 2012). In addition to THI4 homologs, archaea have 

homologs of ThiS, cysteine desulfurase, ThiI, ThiF and ThiG protein families suggesting 

an incomplete pathway of thiazole biosynthesis related to bacteria (Falb et al., 2008). 

The pathway of thiazole biosynthesis in archaea, however, remains to be determined. 

Thionucleside Biosynthesis 

The importance of persulfides can be understood in the context of thionucleoside 

biosynthesis. More than 100 RNA modifications exist amongst all evolutionary lineages 

(Limbach et al., 1994; Dunin-Horkawicz et al., 2006). RNA modifications allow for 

chemical diversity among the four monomeric bases (adenosine, guanosine, uridine, 

and cytidine), and these modified RNAs include ribosomal ribonucleic acid or rRNA, 

transfer ribonucleic acid or tRNA, messenger ribonucleic acid or mRNA, and small 

noncoding RNA. The most heavily post-transcriptionally modified RNA is tRNA, which is 

responsible for codon recognition by the anticodon loop and accuracy and efficiency in 

decoding the anticodon. Approximately thirty percent of tRNAs are modified at sixty 

positions (Gustilo et al., 2007).The function of tRNA depends on interactions with other 

translation-dependent components such as translation initiation factors, translation 

elongation factors, mRNAs, aminoacyl-tRNA sythetases, ribosomes, as well as peptidyl-

tRNA hydrolases (Frank et al., 2005). Typically tRNA modifications occur on 
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nucleosides located in the wobble position (Agris et al., 2007). Some modifications 

assist in stabilizing the tRNA structure and can facilitate tRNA folding into its 

characteristic secondary cloverleaf and tertiary L-shape structures (Agris, 1996; Björk, 

1992; Helm, 2006). Aminoacylation of tRNA is an important step in protein synthesis 

which ensures fidelity of translation. Some aminoacyl-tRNA synthetases recognize 

tRNA based on specific modifications, thus, lending to the importance of tRNA 

modifications during aminoacylation (Gustilo et al., 2007; Madore et al., 1999; Sylvers et 

al., 1993). Unmodified tRNAs are susceptible to being mischarged by noncognate 

aminoacyl-tRNA synthetases (Li et al., 2008; Lipman et al., 2002).  

In bacteria, eukaryotes, and archaea, an important tRNA modification step which 

occurs on the anticodon loop is thiomodification (Limbach et al., 1994; Dunin-Horkawicz 

et al., 2006). Thiomodification involves the incorporation of sulfur into tRNA for 

biosynthesis of thionucleosides. In E. coli, two specific thiomodifications (2-thiouridine 

and 4-thiouridine modification) were among the first modified nucleosides discovered 

and have been well-studied (Ajitkumar and Cherayil, 1988; Rogers et al., 1995).  

 A uridine derivative with a thiol group on C-4 has the greatest abundance among 

thionucleosides in E. coli tRNAs and, thus, is termed 4-thiouridine (Ajitkumar and 

Cherayil, 1988). In-vivo studies of 4-thiouridine biosynthesis in E. coli (Abrell et al., 

1971; Ajitkumar and Cherayil, 1988) and Salmonella enterica (Martinez-Gomez et al., 

2011) have uncovered parallels between enzymes necessary for thionucleoside 

biosynthesis and thiamine biosynthesis. 4-thiouridine biosynthesis is mediated by the 

cysteine desulfurase IscS and the thiamine biosynthetic enzyme ThiI (Lauhon and 

Kambampati, 1999; Kambampati and Lauhon, 2000; Martinez-Gomez et al., 2011). IscS 
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activates sulfur and incorporates persulfidic sulfur into tRNA adenylated by ThiI (Abrell 

et al., 1971; Lipsett, 1978; Kambampati and Lauhon, 1999; Lauhon and Kambampati, 

2000). After liberation of sulfur from cysteine, resulting in persulfide formation at the 

active site of IscS, the persulfide is transferred to ThiI (Kambampati and Lauhon, 2000). 

ThiI has the affinity to bind ATP and unmodified tRNA (Lauhon et al., 2004). Upon ATP 

hydrolysis, forming AMP and PPi, in which ATP is bound by the PP-loop motif of ThiI, 

uridine of tRNA is activated by adenlyation, thus preparing tRNA for sulfur insertion 

(Palenchar et al., 2000). The sulfur is delivered to the tRNA by loss of a sulfur atom of 

the persulfide on the cysteine residue of the rhodanese-like domain of ThiI 

(Kambampati and Lauhon, 1999). Therefore, a disulfide bond is formed between the 

cysteine residue on the PP-loop motif of ThiI and the cysteine residue of the rhodanese-

like domain (Palenchar et al., 2000). Endogenous reducing agents are capable of 

cleaving the disulfide bond to release AMP, PPi, and modified tRNA (Mueller, 2006). 

 A study to elucidate the physiological importance of 4-thiouridine biosynthesis 

was undertaken in the late 1980’s (Kramer et al., 1988). This study concluded that 4-

thiouridine biosynthesis, in E. coli, is important for protection of cells from near 

ultraviolet (Kramer et al., 1988). Exposure of E. coli mutants lacking 4-thiouridine to 

near ultraviolet over time resulted in cell death in comparison to the wild-type strain, 

which withstood ultraviolet for a longer period of time before death (Kramer et al., 1988). 

Furthermore, proteins necessary for resistance to near ultraviolet were not induced as 

ppGpp and pppGpp are proposed to be generated by tRNA aminoacyl synthetases in 

reponse to cross-linking of 4-thiouridine in tRNA by near ultraviolet (Kramer et al., 
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1988). This suggests that a function of 4-thiouridine may be to protect cells from death 

when exposed to near ultraviolet. 

 In the archaeal tRNA, 4-thiouridine has been found in Thermoproteus 

neutrophilus (Edmonds et al., 1991) as well as in many methanogenic archaea 

(McCloseky et al., 2001). Mechanistically, not much is known concerning the enzymes 

needed to generate 4-thiouridine. The source of sulfur in archaea is unclear. Unlike E. 

coli which produces a large pool of cysteine and has easily recognizable cysteine 

desulfurases, methanogenic archaea and those archaea which require the presence of 

sulfur for survival, such as the Sulfolobales, do not generate such large pools of 

cysteine and instead, utilize a tRNA-dependent pathway to synthesize cysteine or utilize 

sulfide for formation of iron-sulfur clusters (Liu et al., 2012; Liu et al., 2010; Liu et al., 

2005). Also, many archaeal genomes encode for ThiI homologs, however, a majority of 

archaeal ThiI proteins lack the rhodanese-like domain (Liu et al., 2012). In a study 

conducted in the methanogen, Methanococcus maripaludis, several important 

discoveries were made: i) the ThiI homolog was found to be necessary for 4-thiouridine 

biosynthesis and not important for thiamine biosynthesis, ii) two conserved active site 

cysteine residues located within the PP-loop domain of ThiI were found to be important 

for persulfide generation and to form a disulfide linkage and iii) sodium sulfide was 

demonstrated to serve as a sulfur donor for 4-thiouridine biosynthesis in vitro (Liu et al., 

2012). These results indicate significant differences in tRNA modification between E. 

coli and the methanogen M. maripaludis. First, ThiI is not needed for thiamine 

biosynthesis in M. maripaludis but is necessary for thiamine biosynthesis in E. coli 

(Jurgenson et al., 2009). Secondly, although the methanogen ThiI lacks a rhodanese 
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domain, the enzyme still is capable of forming a disulfide bond and adenylating tRNA. 

Thirdly, sodium sulfide can serve as the sulfur source for 4-thiouridine biosynthesis by 

the methanogen ThiI, whereas E. coli ThiI utilizes sulfur from cysteine-derived IscS 

persulfide (Kambampati and Lauhon, 2000). 

 In many organisms, tRNA specific for lysine, glutamate, and glutamine contain 

2-thiouridine at the wobble position of the anticodon. The enzymes involved in 

mediating 2-thiouridine biosynthesis have been studied in bacteria (Rogers et al., 1995), 

and some only recently identified in yeast (Björk et al., 2007) and archaea (McCloskey 

et al., 2001). From the enzymes identified thus far, two major pathways for 2-thiouridine 

biosynthesis have evolved. 

 The first pathway for 2-thiouridine biosynthesis utilizes persulfidic chemistry. E. 

coli, for example, employs the use of a cysteine desulfurase, IscS, to generate a 

persulfide and transfer the activated persulfide to a set of persulfidic carriers, 

TusABCDE complex, before sulfur is incorporated into tRNA via an ATP-dependent 

enzyme, MnmA (Ikeuchi et al., 2006). In this pathway, the cysteine desulfurase removes 

sulfur from cysteine, thereby activating sulfur as a protein-bound persulfide for transfer 

to a cysteine residue of TusA (Ikeuchi et al., 2006). TusA relays activated sulfur to TusD 

of the TusBCD complex with the help of TusE, which accepts the sulfur from TusD and 

transfers it to MnmA (Ikeuchi et al., 2006). Similar to ThiI which is important for 4-

thiouridine biosynthesis, MnmA also has a PP-loop motif in its active site which 

recognizes and adenylates tRNA mediating sulfur incorporation into tRNA (Ikeuchi et 

al., 2006). 
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The second major pathway of 2-thiouridine biosynthesis has been elucidated in 

the thermophilic bacterium Thermus thermophilus (Shigi et al., 2006; Shigi et al., 2008) 

and in eukaryotes such as S. cerevisiae (Nakai et al., 2008; Noma et al., 2009; 

Schlieker et al., 2008; van der Veen et al., 2011) and A. thaliana (Nakai et al., 2012). 

This pathway of 2-thiouruidine biosynthesis involves enzymes common to urmylation 

(Figure 1-2). In this pathway, UBLs are first activated by an E1-like enzyme to receive 

activated sulfur from a cysteine desulfurase (Nakai et al., 2008). As a result, a 

thiocarboxyated intermediate is generated, thus, providing the sulfur to be incorporated 

into tRNA (Schlieker et al., 2008). Prior to sulfur incorporation into tRNA, the tRNA is 

adenylated by an enzyme belonging to the N-type ATP pyrophosphatase superfamily 

that has conserved PP-loop motifs for binding ATP and zinc finger motifs for recognizing 

tRNA (Nakai et al., 2008). In T. thermophilus and S. cerevisiae, TtuB and Urm1 are the 

UBLs that are important for 2-thiouridine biosynthesis, TtuC and Uba4 are the E1-like 

enzymes that activate the UBLs, and TtuA and Ncs6/Ncs2 are the N-type 

pyrophosphatase homologs that adenylate the tRNA, respectively (Shigi et al., 2006; 

Nakai et al., 2008; Shigi et al., 2008). These UBLs and E1-like enzymes are also 

important for protein conjugation (Figure 1-2).  

Mutant analyses of genes encoding proteins for 2-thiolation of tRNA reveal 

stress-sensitive phenotypes in eukaryotes and T. thermophilus. Deletion mutants of 

urm1p, ncs6p, and ncs2p in S. cerevisiae and S. pombe render cells more sensitive to 

oxidative stress and high temperatures (Goehring et al., 2003b; Dewez et al., 2008). 

Also, deletion mutants of T. thermophilus ttuB and ttuA display a high temperature 

sensitive phenotype (Shigi et al., 2006). Taken together, these results suggest that the 
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presence of 2-thiouridine is important for growth at high temperatures and protects the 

organisms from oxidative stress. It has been demonstrated that in the presence of an 

oxidizing agent, tRNA is dethiolated thus losing its potential to be aminoacylated by an 

amino-acyl tRNA synthetase (Kuimelis et al., 1994; Nawrot et al., 2011; Sochacka, 

2001). Oxidation favors the replacement of sulfur with hydrogen or oxygen. Therefore, 

when 2-thiouridines are oxidized, the resulting products are uridine and an unidentified 

oxidized product (Nawrot et al., 2011). A study conducted in T. thermophilus also 

emphasizes the importance of 2-thiouridine modified tRNA for survival at higher 

temperatures (Watanabe et al., 1976). 2-thiolation of tRNA is important due to the steric 

repulsion between the large thiol group and the 2’-OH group of tRNA (Watanabe et al., 

1976). This steric repulsion facilitates the rigidity of the tRNA structure thus stabilizing 

the anticodon structure and raising its melting temperature, conferring ribosome binding 

ability to tRNA and improving reading frame maintenance (Watanabe et al., 1976; Horie 

et al., 1985). 

Ubiquitin-like Proteins in Archaea 

Ubiquitin-like proteins (UBLs) are conserved throughout the domain archaea and 

are termed small archaeal modifier proteins (SAMPs) (Humbard et al., 2010; Makarova 

and Koonin, 2010). SAMPs were recently identified in the haloarchaeon Haloferax 

volcanii in 2010 by searching the deduced proteome for small proteins which terminated 

in a diglycine motif and had a predicted beta-grasp fold structure (Humbard et al., 

2010). Three SAMPs have been identified and characterized thus far, SAMP1, SAMP2, 

and SAMP3 and are implicated in post-translational modification (Humbard et al., 2010; 

Miranda et al., 2011; Miranda et al., 2013). Prior to their discovery as protein modifiers, 

SAMPs were presumed to function only in sulfur transfer based on their analogy to 
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bacterial sulfur transfer systems. All three SAMPs share a distinct beta-grasp fold with 

ubiquitin and other UBLs and possess a diglycine motif at their carboxyl terminus. The 

crystal structure of SAMP1 draws parallels with the tertiary structure of the bacterial 

MoaD, which is the small subunit of molybdopterin synthase (Jeong et al., 2011). Both 

SAMP1 and SAMP2 possess hydrophobic regions (Jeong et al., 2011) similar to 

ubiquitin which are speculated to function as a scaffold for different enzymatic activities 

to occur and for mediating specific protein-protein interactions (Maupin-Furlow, 2013). 

SAMP Conjugation and Deconjugation 

 The process of covalent attachment of SAMPs to protein targets is termed 

sampylation. Similar to ubiquitination, urmylation, and sumoylation, sampylation 

requires the presence of an E1-like enzyme to mediate protein modification. SAMP1, 

SAMP2, and SAMP3 require the ubiquitin activating E1 enzyme homolog of archaea 

UbaA for protein conjugation (Miranda et al., 2011; Miranda et al., 2013). UbaA 

presumably forms a thioester intermediate with SAMPs, similar to the thioester bond 

formed between ubiquitin and E1 (Figure 1-3). Sampylation was first studied using N-

terminal Flag tag fusions to SAMPs and protein conjugates were followed by 

immunoblot with Flag antibody (Humbard et al., 2010; Miranda et al., 2011; Miranda et 

al., 2013). In a ubaA deletion mutant, protein conjugates are no longer observed 

indicating that this particular enzyme is required for protein conjugation of SAMPs 

(Miranda et al., 2011; Miranda et al., 2013). E2-conjugating and E3-ligating enzyme 

homologs are not predicted in the genome of Hfx. volcanii and most other archaea. 

While UBL protein conjugation is predicted to proceed by use of an E1-E2-E3 type 

cascade in the uncultivated crenarchaeon Caldiarchaeum subterraneum based on 

metagenomics (Nunoura et al., 2011), this mode of protein conjugation is not 
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considered to be widespread among archaea (Maupin-Furlow, 2013). Instead, Hfx. 

volcanii uses an E1 (UbaA)-dependent, E2-E3-independent mechanism of UBL protein 

conjugation to form an isopeptide bond between the carboxyl terminus of the SAMPs 

and the epsilon amino group of target proteins (Humbard et al., 2010). Formation of this 

isopeptide bond was evidenced by mass spectrometry analysis of tryptic digests of 

SAMP protein conjugates enriched from Hfx. volcanii (Humbard et al., 2010). If an 

isopeptide bond is formed between the C-terminal carboxylate of SAMPs and an amino 

group of the substrate protein, SAMPs will leave a ‘GG-footprint’ on the target site after 

trypsin treatment if a lysine residue is positioned immediately before the diglycine 

residues (Humbard et al., 2010). The native deduced amino acid sequence of SAMP2 

has a lysine residue preceding the diglycine motif, however, for SAMP1, site-directed 

mutagenesis was performed to mutagenize a serine residue preceding the diglycine 

motif to a lysine residue in order to search for the ‘GG-footprint’ (Hepowit et al., 2012).  

  Sampylation is a reversible process in which SAMPs are cleaved from target 

substrates, presumably in an effort to recycle the SAMPs and maintain cellular 

homeostasis (Figure 1-3). The Hfx. volcanii genome encodes homologs of 

isopeptidases and eukaryotic deubiquitinating enzymes belonging to the 

JAB1/MPN/MOV34 metalloenzyme subfamily (Hepowit et al., 2012). HvJAMM1 of 

Hfx.volcanii, was recently characterized as a functional desampylating enzyme (Hepowit 

et al., 2012). HvJAMM1 cleaves proteins that have been modified by SAMPs and has 

the capacity to cleave SAMP1/SAMP2 linear-linked or isopeptide-linked proteins 

(Hepowit et al., 2012). Site-directed mutagenesis in conjunction with metal content 

analysis and structural modeling indicates HvJAMM1 is a metalloenzyme requiring Zn2+ 
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for its activity and likely regulates the available free SAMP pool for protein modification 

(Hepowit et al., 2012). This model for desampylation is in analogy to the 

deubiquitinating enzyme, Ubp6, which regulates free pools of ubiquitin in eukaryotic 

cells (Hanna et al., 2007). 

Proteins Modified by SAMPs 

SAMPs modify a wide range of proteins in archaea. By mass spectrometry, 

SAMPs in Hfx. volcanii are identified to associate with proteins involved in transcription, 

translation, metabolism, stress response, and proteins necessary for the biosynthesis of 

sulfur-containing biomolecules (Humbard et al., 2010). Associations to stress-related 

proteins include peroxiredoxin/-thioredoxin type proteins as well as a methionine-S-

sulfoxide reductase, an enzyme that catalyzes the reversible oxidation-reduction of 

methionine sulfoxide. Differential SAMP1, SAMP2, and SAMP3 protein conjugation 

patterns are also observed contingent with growth conditions. For example, during 

growth on complex or minimal media supplemented with dimethyl sulfoxide, SAMP1, 

SAMP2, and SAMP3 protein conjugates accumulate regardless of oxygen availability 

(Miranda et al., 2011; Miranda et al., 2013). During nitrogen limitation, the protein 

conjugation pattern of SAMP1 and SAMP2 are also distinct (Humbard et al., 2010). In 

proteasomal gene deletion mutants, PAN-A/1 and the α1 subunit which consists of the 

outer rings of the proteasome of Hfx. volcanii, SAMP1 protein conjugates accumulate 

while SAMP2 protein conjugates decrease during growth on glycerol minimal medium 

supplemented with alanine (Humbard et al., 2010). Both pan-A/1 and the α1 subunit 

deletion mutants are stress sensitive; more specifically they are sensitive to nitrogen 

limitation, heat shock, hypo-osmotic stress, and L-canavanine stress (Zhou et al., 2008). 
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Taken together, these results reveal that SAMPs function to posttranslationally modify 

target proteins and are differentially regulated during certain growth conditions. 

Some modification sites for SAMP1 (Hepowit et al., 2012), SAMP2 (Humbard et 

al. 2010) and SAMP3 (Miranda et al., 2013) have been mapped to date. SAMP1 

modification has been mapped to two lysine residues, Lys240 and Lys247, of a MoaE 

homolog in Hfx. volcanii (Hepowit et al., 2012). The modification sites of MoaE lie within 

the proposed catalytic site in the large subunit of molybdopterin synthase in E. coli 

(Rudolph et al., 2001; Maupin-Furlow, 2013). Eleven sites of SAMP2 modification have 

been mapped to 9 proteins as indicated by the aforementioned mass spectrometry 

study (Humbard et al., 2010). The identification of SAMP2 isopeptide bonds on a 

specific residue, Lys58, of SAMP2 is indicative of possible poly-SAMP2 chain formation 

(Humbard et al., 2010). This finding would be analogous to the propensity of ubiquitin to 

form polyubiquitin chains on lysine residues in eukaryotes (Hochstrasser, 2009). 

SAMP3 modification sites were readily mapped to a total of 27 lysine residues on 23 

proteins including MoaE (Miranda et al., 2013). Modification sites for MoaE were 

mapped to the same residues, K240 and K247, as SAMP1 (Miranda et al., 2013).  

Involvement of SAMPs in Sulfur Mobilization 

Comparative genomics has revealed a parallel between archaeal Ubl proteins 

and proteins necessary for sulfur mobilization (Iyer et al., 2006; Makarova and Koonin, 

2010). The role of SAMP1 and SAMP2 as protein modifiers and UbaA as the activating 

enzyme was elucidated in conjunction with their discovery in mediating essential sulfur 

transfer processes (Miranda et al., 2011). SAMP1 and SAMP2 are proposed to be 

required for the mobilization of sulfur for the biosynthesis of sulfur-containing cofactors 

such as the pterin-based molybdenum cofactor (MoCo) and other molecules such as 
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thiolated tRNA (Miranda et al., 2011). When grown in complex medium, a samp1 

deletion mutant is unable to grow with dimethylsulfoxide (DMSO) as a terminal electron 

acceptor (Miranda et al., 2011). Dimethyl sulfoxide oxidoreductase requires the pterin-

based cofactor, MoCo, for catalytic activity. Deletion mutants of ubaA and the moaE 

homolog in Hfx. volcanii also display a growth deficiency for DMSO respiration 

suggesting a role for these proteins in MoCo biosynthesis. These deletion mutants in 

samp1, ubaA, moaE genes also have no detectable DMSO reductase activity compared 

to wild-type cells, providing further evidence that these proteins are most likely 

necessary for the sulfur insertion steps to generate the pterin-based cofactor (Miranda 

et al., 2011).  

Similar to Urm1 in S. cerevisiae and TtuB in T. thermophilus, SAMP2 is also 

crucial for the thiolation of tRNAs (Miranda et al., 2011). By analysis of urea-

polyacrylamide gels supplemented with (N-acryloylamino) phenyl mercuric chloride 

(APM) and Northern blot analysis with a probe specific for lysine tRNAs with anticodon 

UUU (tRNALysUUU), tRNA isolated from samp2 and ubaA deletion mutants migrated 

faster than tRNA isolated from wild-type cells suggesting samp2 and ubaA are 

important for thiolation of tRNA and are necessary, more specifically, for 2-thiouridine 

biosynthesis (Miranda et al., 2011). Similar to SAMP1 and SAMP2, UbaA appears 

central to sulfur mobilization in both MoCo biosynthesis and tRNA thiolation (Miranda et 

al., 2011).  

Mercury, a soft metal, was first used in studying the presence of sulfur in RNA by 

Igloi over twenty years ago (Igloi, 1988; Igloi and Kössel, 1985; Igloi and Kössel, 1987). 

Mercury forms a coordinate covalent bond with sulfur therefore retarding the migration 
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of the sulfurated RNA in APM gels (Igloi and Kössel, 1985; Igloi and Kössel, 1987). 

APM gels are widely used in not only separating RNA based on the number of sulfur 

atoms incorporated but  also for detecting the positions of thiol moieties on RNA (Igloi, 

1988). 

Project Rationale and Design 

The objective of this study was three-fold: i) to enhance the understanding of the 

mode in which SAMPs are regulated at the transcript level by environmental signals in 

the halophilic archaeon, Hfx. volcanii, ii) to identify and characterize additional proteins 

important for 2-thiolation of tRNAs in Hfx. volcanii, and iii) to determine whether SAMP1, 

SAMP2, SAMP3, UbaA, and a THI4 protein homolog are important for thiamine 

biosynthesis. Hfx. volcanii is a genetically tractable archaeon for which the genome 

sequence and a wide variety of tools for genetic manipulation are available (Soppa, 

2011). Genomic, transcriptomic, translatomic, and proteomic tools have been developed 

for Hfx. volcanii (Soppa, 2011) thus making this archaeon an ideal and suitable 

candidate to study gene regulation and proteins involved in sulfur mobilization. 

 Although a gap between the transcriptional inducibility of ubiquitin and UBLs in 

eukaryotes and prokaryotes exists, this study sought to bridge this informational gap to 

lend a greater understanding of UBL regulation in archaea. The approach was to 

perform a comparative genomic analysis of samp homologs in other haloarchaeons and 

to define the transcriptional units of samp1, samp2, samp3 and the E1-like activating 

enzyme ubaA by end-point reverse-transcriptase PCR, mapping transcriptional ends, 

and Northern blot analysis. Once completed, the next approach included monitoring 

transcript levels and transcription of samp1, samp2, samp3, and ubaA when Hfx. 
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volcanii cells were exposed to environmental stress by means of quantitative reverse-

transcriptase PCR and transcription-based reporter assays. 

 The second objective of this study was to identify and characterize proteins 

involved in sulfur mobilization 2-thiolation of tRNAs with uridine in the wobble position in 

Hfx. volcanii. The proteins mediating 2-thiouridine biosynthesis are not well understood 

in archaea. Therefore, this project also aimed to identify additional proteins, separate 

from SAMP2 and UbaA, involved in sulfur incorporation in tRNAs. The approach 

involved identifying proteins necessary for thiolation of tRNA by bioinformatics and 

APM-gel analysis coupled with Northern blot analysis. Once identified, phenotypic 

analyses of gene deletion mutants during elevated temperatures were performed. In 

addition to these analyses, additional protein partners were sought by protein 

purification, mass spectrometry analysis, and immunoblotting. From these analyses, a 

preliminary mode of 2-thiouridine biosynthesis in Hfx. volcanii is proposed. 

The third objective was to determine whether the SAMPs, UbaA, and a THI4 

protein homolog are required for thiamine biosynthesis in Hfx. volcanii. The approach 

involved determining whether strains deficient in SAMP1/2/3 and UbaA were important 

for growth in minimal medium in the presence and absence of thiamine. The next 

approach was to determine whether other proteins encoded in the Hfx. volcanii genome 

may be responsible for thiamine biosynthesis. A bioinformatics approach was used to 

identify a potential THI4 homolog and growth rates were assessed for an HvTHI4 

(Hvo_0665) deficient strain, the plasmid-encoded HvTHI4 complemented strain, and a 

Δhvo_0665 mutant strain expressing a site-directed change of a conserved putative 



 

53 

catalytic cysteine residue (Cys165) when grown in minimal medium in the presence and 

absence of thiamine. 
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Figure 1-1. The ubiquitin-conjugation mechanism in eukaryotes. Ubiquitin is activated by 
an E1 enzyme in the presence of ATP. Adenylated ubiquitin is transferred to 
an E2-conjugating enzyme and forms a thioester bond with a cysteine of E2. 
In an additional transfer reaction, ubiquitin is passed to an E3-ligating enzyme 
which ligates ubiquitin to the epsilon amino group of a lysine residue. 
Ubiquitin conjugates are cleaved by deubiquitinating enzymes (DUBs) 
resulting in recycling of ubiquitin. 
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Figure 1-2. 2-thiouridine biosynthesis in Saccharomyces cerevisiae, Arabidopsis 
thaliana, and Thermus thermophilus. Urm1, Urm11, and TtuB are ubiquitin-
like proteins encoded in the genomes of Saccharomyces cerevisiae, 
Arabidopsis thaliana, and Thermus thermophilus respectively. These proteins 
are activated in the presence of E1-like enzymes (Uba4p from S. cerevisiae, 
Cnx5 from A. thaliana, and TtuC from T. thermophilus). An activated sulfur in 
the form of a persulfide presumably generates a thiocarboxylated 
intermediate with the ubiquitin-like proteins. ATP pyrophatase family 
members (Ncs6/Ncs2 from S. cerevisiae and A. thaliana and TtuA from T. 
thermophilus) then adenylate tRNA allowing the tRNA to accept sulfur from 
the ubiquitin-like proteins. 
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Figure 1-3. SAMP conjugation and sulfur transfer. SAMP1 and SAMP2 are presumably 
activated (adenylated and form a thioester intermediate) by the E1-like 
enzyme of archaea, UbaA. Once activated, SAMPs form an isopeptide bond 
with target substrates. Samylation is reversible in the presence of the 
deubiquitinating enzyme, HvJAMM1. SAMP1 plays a role in generating the 
MoCo, and SAMP2 is necessary for tRNA thiolation. Adapted from Maupin-
Furlow, 2013. 
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CHAPTER 2 
METHODS AND MATERIALS 

Chemicals, Media, and Strains 

Chemicals and Reagents 

 Biochemicals were purchased from Sigma-Aldrich (St. Louis, MO) and other 

organic and inorganic chemicals were analytical-grade from Fisher Scientific (Marietta, 

GA) and Bio-Rad Laboratories (Hercules, CA). Desalted oligonucleotides were 

purchased from Integrated DNA Technologies (Coralville, IN). 2'-Deoxyuridine-5'-

triphosphate coupled by an 11-atom spacer to digoxigenin (DIG-11-dUTP), alkaline 

phosphatase (AP)-conjugated antibody raised against DIG, disodium 3-(4-

methoxyspiro{1,2-dioxetane-3,2'-(5' chloro) tricycle [3.3.1.13,7]decan}-4-yl) phenyl 

phosphate (CSPD) and other DIG-related reagents were from Roche Molecular 

Biochemicals (Indianapolis, IN). Positively charged membranes for Northern blot were 

from Ambion (Austin, TX). RNase inhibitor and the M-MLV reverse transcriptase, RNase 

H Minus, Point Mutant were from Promega (Madison, WI). Tobacco Acid 

Pyrophosphatase (TAP) was purchased from Thermo Fischer Scientific (Waltham, MA). 

Phusion DNA polymerase, restriction enzymes, T4 polynucleotide kinase, T4 DNA 

ligase and T4 RNA ligase were purchased from New England Biolabs (Ipswich, MA). 

Taq DNA polymerase was purchased from Bio-Line (Taunton, MA). Hi-Lo DNA 

standards were from Minnesota Molecular, Inc. (Minneapolis, MN). Precision Plus™ 

protein molecular mass marker was purchased from Bio-Rad Laboratories(Hercules, 

CA) and polyvinyl difluoride (PVDF) membranes for Western blot analyses were 

purchased from Amersham Biosciences (Piscataway, NJ). Agarose for routine analysis 

of DNA was molecular biology grade from Bio-Rad Laboratories (Hercules, CA). 
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Strains, Media and Plasmids 

Strains, plasmids and primers used in this study are listed in Tables 2-1 through 

2-6. E. coli TOP10 (Life Technologies, Carlsbad, CA) was used for routine recombinant 

DNA experiments and Hfx. volcanii strains were transformed (Cline et al., 1989) with 

plasmid DNA isolated from E. coli GM2163 (New England Biolabs). Liquid cultures were 

aerated with rotary shaking at 200 revolutions per minute (RPM). E. coli strains were 

grown at 37 °C in Luria-Bertani (LB) medium (Bertani, 1951) supplemented with 

ampicillin (100 μg∙ml-1) as necessary, and Hfx. volcanii strains were grown at 42 °C in 

different media including yeast extract-peptone-casamino acids (YPC) medium, 

American Type Culture Collection (ATCC) 974 and glycerol minimal medium (GMM) 

supplemented with 25 mM alanine or 5 mM ammonium chloride (NH4Cl) as previously 

described (Humbard et al., 2010). Medium formulae were according to the 

Halohandbook (Dyall-Smith, 2008). Media were supplemented per liter with novobiocin 

(0.1 μg·ml-1), uracil (50 μg·ml-1), 5-fluoroorotic acid (5-FOA) (50 μg·ml    -1), 2% (wt/vol) 

glucose, and 100 mM dimethyl sulfoxide (DMSO) as needed. Uracil and 5-FOA were 

dissolved in 100% [volume (v)/v for 5-FOA or weight (w)/v for uracil] dimethyl sulfoxide 

(DMSO) at 50 mg·ml-1 prior to addition to the growth medium. 

Various stress response studies were performed and all stress studies were 

performed in triplicate. For inoculum, wild-type Hfx. volcanii H26 cells from -80 ºC 

freezer stocks were streaked for isolation on solid medium, (with medium indicated in 

each study) and grown at 42 ºC. Cells were inoculated from isolated colonies into 3 ml 

medium (in 13 x 100 mm culture tubes) and subcultured twice to log-phase [optical 

density at 600nm (OD600) of 0.3 to 0.5] in 3 ml medium at 42 ºC were used as inoculum 

for all stress studies. For analysis of heat shock by quantitative reverse-transcriptase 
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PCR (RT-(q) PCR), cells grown to log phase at 42 ºC in 3 ml ATCC 974 medium (13 x 

100 mm culture tubes) were incubated in a water bath for 45 min at 60ºC (heat shock) 

or 42ºC (control) with aeration (200 rpm). A triplicate sample of cells heat shocked at 60 

ºC for 45 min were harvested (10 min, 6,000 x g, 4 ºC) and another triplicate sample of 

cells were incubated at 60 ºC for 45 min and then returned to 42 ºC for a recovery 

period (20 min) prior to harvesting (10 min, 6,000 x g, 4 ºC). For a time course study of 

heat shock by RT-(q)PCR, cells grown to log phase at 42 ºC in ATCC 974 medium were 

incubated in a 60 ºC water bath for 15, 30, 45, 60, 75, 90, and 105 min. For non-heat 

shock controls, cells were incubated in a 42 ºC water bath for identical time points and 

harvested (10 min, 14,000 x g, 4 ºC). For RT-(q) PCR nitrogen-limitation studies, cells 

were grown to log-phase (OD600 of 0.3 to 0.5) at 42 ºC in GMM supplemented with 5 

mM ammonium chloride (nitrogen-sufficient) or with 25 mM alanine (nitrogen–

insufficient) (3 ml medium in 13 x 100 mm culture tubes) and harvested (10 min, 14,000 

x g). For cold shock studies, cells grown to log phase (in 3 ml medium at 42 ºC, 200 

rpm) were incubated at 4 ºC for (cold shock) for 1.5 h and 42 ºC for 1.5 h (in water baths 

of indicated temperatures without agitation) and harvested (10 min, 14,000 x g). For 

studies of respiration on DMSO, cells were twice grown aerobically on complex media 

to log-phase (2 ml in 13 × 100-mm tubes, 200 rpm) and inoculated at 1% (vol/vol) for 

growth in 10 ml screw-cap tubes on YPC supplemented with 100 mM DMSO and 2% 

(wt/vol) glucose. Cells were then harvested (10 min, 14,000 x g) for β-galactosidase 

assays. For β-galactosidase studies of oxygen respiration in the presence and absence 

of 100 mM DMSO, cells were grown (3 ml medium at 42 ºC in 13 x 100 mm tubes, 200 

rpm) in triplicate in ATCC 974 and harvested (10 min, 14,000 x g). For elevated-
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temperature growth curves, Hfx. volcanii strains were grown in biological triplicate in 

ATCC974 complex medium to exponential phase (OD600 of 0.3 to 0.5). Cultures (3 ml) 

were grown in 13 x 100 mm culture tubes at 42 °C. After a set of three subcultures at 

exponential phase (OD600 of 0.3 to 0.5) , cells were inoculated at OD600 of 0.03 into 20 

ml ATCC 974 medium in 250 ml baffled flasks and incubated at 42°C or 50°C.  OD600 

was then measured to follow growth over time. For cells grown at 42ºC and 50ºC, cells 

were re-cultured at stationary phase (OD600 of 2.5 to 3.0) to a starting OD600 of 0.03 and 

OD600 was measured over time. For spot dilutions, Hfx. volcanii strains were grown in 

biological triplicate in ATCC974 complex medium to exponential phase (OD600 of 0.3 to 

0.5). Cultures (3 ml) were grown in 13 x 100 mm culture tubes at 42°C. After a set of 

three subcultures at exponential phase, cells were diluted to 0.1 OD600 and spotted (25 

µl) on ATCC 974 solid medium in 10-fold serial dilutions as indicated above each plate. 

Plates were then incubated at 42°C or 50°C. All experiments were performed in 

triplicate and the mean ± S.D. was calculated. For thiamine growth curve studies, all 

strains were grown in 3 ml cultures in ATCC 974 overnight at 42 ºC. Cells were pelleted 

(15 min, 5,000 x g) and washed with the appropriate glycerol minimal media with and 

without thiamine thrice to remove complex medium components and then subcultured 

with a starting OD600 of 0.03. Cell pellets were suspended in 3 ml of appropriate media 

and then subcultured again in 3 ml minimal medium. Finally, cells were subcultured in 

20 ml minimal medium with or without (0.8 µg·ml-1) thiamine in 250 ml baffled flasks and 

incubated at 42 ºC. OD600 was monitored over time and growth rates calculated. All 

experiments were performed in triplicate and the mean ± S.D. was calculated. 
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DNA Procedures 

DNA Purification and Electrophoresis 

 PCR products were purified using MinElute columns according to Manufacturer’s 

protocol (Qiagen) after restriction endonuclease or T4 polynucleotide kinase (PNK) 

treatment.  Plasmid purification from DNA agarose gel slices were also performed with 

QIAquick gel extraction kit (Qiagen) according to Manufacturer’s protocol. Plasmid DNA 

from E. coli TOP10 or E.coli GM2163 cells were extracted and purified by QIAprep spin 

miniprep kit (Qiagen). Hfx. volcanii genomic DNA was spooled from 5 ml cultures and 

was isolated as previously described in the Halohandbook (Dyall-Smith, 2008). DNA 

was separated by electrophoresis using 0.8 % (wt/vol) or 2 % (wt/vol) agarose gels in 

1× TAE electrophoresis buffer (40 mM Tris acetate, 2 mM EDTA, pH 8.5), stained with 

ethidium bromide at 0.5 µg·ml–1 and photographed with a Mini visionary imaging system 

(Fotodyne, Hartland, WI). Sizes of the DNA fragments were estimated using Hi-Lo DNA 

molecular weight markers (Minnesota Molecular, Minneapolis, MN). 

Polymerase Chain Reaction (PCR)  

All double-stranded PCR products were generated with primers listed in Tables 

2-2, 2-4, and 2-6. For rapid PCR screening of transformants, generating DIG-labeled 

probes for Northern and Southern blot analyses, RT-PCR, RT-(q) PCR, and mapping of 

transcript ends, Taq DNA polymerase was used according to Manufacturer’s protocols 

(Bio-Line).  Phusion (New England Biolabs) and Herculase (Agilent Technologies) DNA 

polymerases were used to generate plasmid constructs listed in Tables 2-1, 2-3, and 2-

5. All PCR reactions were performed in accordance to Manufacturer’s protocols with the 

following modification: 3% (v/v) DMSO was included and 0.1 mM dNTP mix was added 

to the standard DIG-labeling reaction mixture which included 1× DIG dNTP (Roche 
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Applied Science). PCRs were performed using an iCycler or GeneCycler (Bio-Rad 

Laboratories). 

Cloning 

All plasmids generated by cloning procedures are listed in Tables 2-1, 2-3, and 2-

5. PCR product inserts, plasmid DNA, and genomic DNA were digested with NdeI, BlpI, 

KpnI, XbaI, BamHI, or PciI according to Manufacturer’s protocols (New England 

Biolabs). Digested plasmids were Antarctic phosphatase treated (30 min, 37 ºC) 

followed by heat inactivation (65 ºC, 15 min) prior to purification by Minelute (Qiagen) 

and ligation with T4 DNA ligase (16 h, 16 ºC) (New England Biolabs). For blunt-end 

cloning, Klenow polymerase was used to fill in 5’-overhangs according to 

Manufacturer’s protocol (New England Biolabs). Treatment of DNA with T4 

polynucleotide kinase was according to Manufacturer’s protocol (New England Biolabs). 

For co-expression of N-terminal Flag-SAMP1 and C-terminal NcsA-StrepII genes, the 

BamHI to BlpI fragment of pJAM2812 (encoding NcsA-StrepII) was blunt-end ligated 

into the BlpI site of pJAM947 (encoding Flag-SAMP1) to generate plasmid pJAM2813. 

Similarly, for co-expression plasmids of Flag-SAMP2 and NcsA-StrepII genes, the 

BamHI to BlpI fragment of pJAM2812 was blunt-end ligated into the BlpI site of 

pJAM949 (encoding Flag-SAMP2) to generate pJAM2814. For co-expression of Flag-

SAMP2K58R, K64R variant and NcsA-StrepII genes, the Bam HI to BlpI fragment of 

pJAM2812 was blunt-end ligated into the BlpI site of pJAM1118 to generate pJAM2818. 

Correct gene orientation was confirmed by digestion with NdeI and Sanger DNA 

sequencing. Specificity of all PCR, RT-PCR, and RT-(q) PCR products, including DNA 

cloned into plasmids was confirmed by automated DNA sequencing using an Applied 
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Biosystems model 3130 genetic analyzer (ICBR Genomics Division, University of 

Florida).  

Site-Directed Mutagenesis 

 Site-directed mutagenesis (SDM) of hvo_0665 (hvthi4) was performed using the 

QuikChange Site Directed Mutagenesis kit (Stratagene) according to Manufacturer’s 

protocols with the following modification. An elongation time of 11 min was used for 

generation of a 10 kb product and 25 ul of the PCR reaction was used for 

transformation into E. coli XL-Gold competent cells (Stratagene). Restriction enzyme 

digest was carried out with DpnI (Stratagene). The primer pair used to generate the site-

directed change is listed in Table 2-6.  

Generation of Hfx. volcanii THI4 Deletion Strain  

For generation of a THI4p homolog (Hvo_0665) mutant, DNA fragments specific 

to the Hfx. volcanii genome were isolated by PCR using an iCycler (BioRad 

Laboratories). PCRs included Hfx. volcanii strain DS70 genomic DNA as a template 

with primer pairs listed in Table 2-6. Both Taq (Bio-Line) and Phusion (New England 

Biolabs) DNA polymerases were used with conditions according to the Manufacturer. 

DNA fragments were isolated by MinElute PCR purification (Qiagen, Valencia, CA) prior 

to treatment with restriction enzymes. For generation of the ‘pre-deletion’ plasmid 

(pJAM2819), a 921-kb DNA fragment specific to Hvo_0665 and its 5’ and 3’ flanking 

regions (500 bp each) were ligated into the BamHI to HindIII sites of pTA131. Plasmid 

pJAM2819 was used as template for inverse PCR to delete Hvo_0665 and generate 

plasmid pJAM2820, which was used for pyrE2-based pop-in/pop-out deletion of 

Hvo_0665 on the chromosome as previously described (Allers et al., 2004). DNA 

specific for Hvo_0665 coding sequence was cloned into the NdeI to BlpI sites of 
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pJAM809 to generate plasmid pJAM2821 for expression of Hvo_0665 protein (named 

HvTHI4) with a C-terminal StrepII tag. The fidelity of all DNA plasmid constructs was 

verified by Sanger DNA Sequencing (Eton Bioscience, Inc. and UF ICBR DNA 

sequencing core).  

Southern Blot Analysis 

Hfx. volcanii parent H26 and the ΔncsA (Δhvo_0580) mutant strain genomic DNA 

were subjected to Southern blotting to confirm the gene deletion as described 

previously (Zhou et al., 2008). Briefly, Hfx. volcanii genomic DNA (10 μg) was isolated 

from 5 ml cultures by DNA spooling (Dyall-Smith, 2008) and subjected to restriction 

digestion with PciI for 8 h according to Manufacturer’s protocol (New England Biolabs). 

DNA was separated on a 0.8% (w/v) agarose gel (20 V, 16 h) and transferred (16 h) to 

a positively charged nylon membrane through capillary action according to 

Manufacturer’s protocol (Ambion). DNA was cross-linked onto the membrane using a 

UV Stratalinker 2400 (Stratagene) and hybridized to a DIG-labeled probe specific for the 

region flanking the 5’-end of the target coding region (65 ºC, 16 h) as previously 

described (Rawls et al., 2010). Primers used for the construction of DIG-labeled probes 

for Southern blot are included in Table 2-4. Hybridization species were detected by 

CSPD-mediated chemiluminescence as recommended by the Manufacturer (Roche 

Applied Science) with the following modifications: an increase in stringency from 0.5X 

saline sodium citrate (SSC) [1× SSC is 0.15 M NaCl with 0.015 M sodium citrate (pH 

7.0)] supplemented with 0.1% (w/v) sodium dodecyl sulfate (SDS) to 0.1× SSC 

supplemented with 0.1% (w/v) SDS was included in the washing of the membranes at 

65 °C after hybridizations as needed. DIG-labeled DNA molecular weight marker III 
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(Roche Applied Science) was used and hybridization products were visualized by CSPD 

chemiluminesence according to Manufacturer’s protocol.  

Construction of Plasmid-Based Reporters 

A plasmid-based beta-galactosidase reporter system was used to measure 

transcriptional activity of putative promoter regions in Hfx. volcanii as previously 

described (Delmas et al., 2009). All plasmid constructs were extracted from E. coli 

strains Top10 and GM2163 prior to transformation of Hfx. volcanii H26 strain.   Putative 

promoter regions upstream of samp1 and samp2 were amplified by PCR with gene 

specific primers, carrying XbaI and NdeI restriction sites, from Hfx. volcanii genomic 

DNA and fused to a beta-galactosidase encoding gene, bgaH, from Haloferax 

lucentense to generate plasmids pJAM2801 (samp1 putative promoter fused to bgaH), 

pJAM2802 (samp2 promoter fused to bgaH), pJAM2803 (samp3 putative promoter 

fused to bgaH) and pJAM2804 (ubaA putative promoter fused to bgaH). Plasmid 

pJAM2678, which carries the open reading frame of bgaH fused to the rRNA P2 

promoter of Halobacterium cutirubrum and pJAM2702, which carries bgaH fused to the 

putative promoter of kdgk2 (Rawls et al., 2010) of Hfx. volcanii were used as positive 

controls. Plasmid pJAM2714, which carries the coding region of bgaH with no promoter 

insert (the rRNA P2 promoter was removed) and no ribosomal binding site (RBS 

absent), was used as a negative control (Rawls et al., 2010). Plasmid pJAM2715, which 

carries the coding regions of bgaH with no promoter (removal of the rRNA P2 promoter) 

but a ribosomal binding site present (RBS present), also served as a negative control 

(Rawls et al., 2010). Putative promoter regions were predicted as previously described 

(Schneider et al., 2006). 
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RNA Procedures 

Total RNA Isolation 

For Northern blot analysis and APM-gel analysis, total RNA was isolated from 

37.5 ml of log-phase culture of Hfx. volcanii H26 grown in ATCC 974 medium alone, 

ATCC 974 supplemented with 100 mM DMSO and GMM with alanine as the nitrogen 

source supplemented with 15 mM DMSO (100 ml medium per 500 ml baffled flask; 42 

°C at 200 rpm). Cells were harvested (20 min, 6,000 x g), and cell pellets were 

resuspended in 625 µl lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1 mM 

trisodium citrate, 1.5% w/v sodium dodecyl sulfate) with the addition of 17.5 µl 

diethylpyrocarbonate (DEPC). Cell lysate was incubated (10 min at 37 ºC followed by 10 

min on ice). Sodium-dodecyl sulfate (SDS)-DNA protein aggregate was generated by 

addition of 312.5 µl of saturated sodium chloride (40 grams sodium chloride per 100 ml 

DEPC-treated water) followed by incubation (4ºC, 15 min). Aggregates were removed 

by centrifugation (12,000 x g, 20 min, 4 ºC). The supernatant was transferred to a fresh 

1.8 ml Eppendorf tube and RNA was precipitated (2.5 vol, 95% (v/v) ethanol, -80 ºC) 

overnight. RNA pellet was recovered by centrifugation (13,000 x g, 15 min, 4 ºC), 

washed in 70% (v/v) ethanol, air-dried (5 min) and resuspended in 30 µl DEPC-treated 

water (0.1% v/v). RNA was further purified by extraction with equal volume of acidic-

phenol (pH 5.0): chloroform: isoamyl alcohol (25:24:1) followed by an additional 

chloroform: isoamyl alcohol (24:1) extraction. RNA was precipitated in 0.25 M sodium 

acetate (pH 5.0) with two volumes of 95% (v/v) ethanol (−70 °C, 15 min) and washed 

with 70% (v/v) ethanol. The air-dried RNA pellet was resuspended in 30 μl DEPC-

treated water with a typical yield of 100 to 150 μg RNA. Total RNA, for mapping 

transcriptional start sites and for RT-PCR and RT-(q) PCR, was isolated from Hfx. 
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volcanii H26 using RNeasy RNA purification columns (Qiagen) with the following 

modifications. Amplification grade DNase I (Sigma-Aldrich) was added at 3 units (U) per 

1 μg RNA and the mixture was incubated for 45 min at room temperature. Buffer RW1 

was omitted during the purification process (Babski et al., 2011). RNA concentration 

was determined by absorbance at 260nm (A260) using a Bio-Rad SmartSpec 3000 

instrument and a Nanovue Plus Spectrometer instrument (GE Healthcare Life Sciences, 

Uppsala, Sweden). RNA integrity was determined by 0.8% (w/v) agarose gel 

electrophoresis. 

RT-(q) PCR, RT-PCR 

 Primers used for RT-(q) PCR and RT-PCR are summarized in Table 2-2. RT-(q) 

PCR was performed using Hfx. volcanii total RNA as template, primers, iQSYBR Green 

Supermix and an iCycler according to supplier’s instructions (Bio-Rad). Total RNA (0.1 

μg) was reverse-transcribed to generate double-stranded cDNA with random hexamer 

primers (25 ºC, 5 min; 42 ºC, 30 min; 85 ºC, 5 min) with the iScript cDNA synthesis kit 

according to Manufacturer’s protocol (Bio-Rad). Double-stranded cDNA then served as 

template for RT-(q) PCR with iQ SYBR Green Supermix cDNA synthesis kit (Bio-Rad). 

This cDNA served as the template for PCR with iQ SYBR Green Supermix contents 

(Bio-Rad) and primer pairs listed in Table 2-2 specific for the coding region of samp1, 

samp2, samp3, and ubaA. All RT-(q) PCR reactions were subject to 40 amplification 

cycles: denaturation at 95°C for 30 sec, annealing for 1 min and elongation at 72°C 

using an iCycler (BioRad). For the controls, reactions were identical with the following 

exceptions: the sample was maintained on ice during the reverse-transcription step to 

exclude genomic DNA contamination, and Hfx. volcanii genomic DNA prepared as 

previously described (Dyall-Smith, 2008) was used as a template to confirm primer pair 
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function. For RT-(q) PCRs, relative quantitation for each transcript was according to 

methods previously described (Pfaffl, 2001). Transcript specific for the Hfx. volcanii 

ribosomal protein L10 gene (ribL) served as an internal control for data normalization 

based on a previous study (Brenneis et al., 2007). All assays were performed in 

biological triplicate with the means ± standard deviations (SD) calculated. For RT-PCR 

analysis of operon organization, cDNA served as template for PCR with primers (Table 

2-2) which amplify 5’ and 3’ regions of adjacent genes. PCR products were sequenced 

to ensure primer specificity.  

Northern Blot Analysis 

Total RNA (15 μg per lane) was denatured and fractionated by electrophoresis (4 

h, 50 V) on a 1.2% agarose gel using formaldehyde 0.8% (wt/vol) agarose gels in 1× 

morpholinepropanesulfonic acid (MOPS) buffer (20 mM MOPS [pH 7.0], 5 mM sodium 

acetate, 1 mM EDTA) according to standard procedures (Ausubel et al., 1987). RNA 

molecular mass standards labeled with digoxigenin (DIG-11-dUTP) (0.3- to 6.9-kb RNA 

ladder; Roche Molecular Biochemicals, Indianapolis, IN) were included. After three 

rinses (5 min) with DEPC-treated water, the formaldehyde gel was incubated (45 min) in 

10× saline sodium citrate (SSC) (where 20× SSC stock of 3 M sodium chloride plus 0.3 

M sodium citrate [pH 7.0] was diluted to 10×). RNA was transferred to a BrightStar-Plus 

nylon membrane (Ambion, Austin, TX) by upward capillary action overnight using 20× 

SSC, cross-linked using a UV Stratalinker 2400 (Stratagene), and hybridized overnight 

at 50 °C with DIG-labeled double-stranded DNA (dsDNA) probes specific for samp1, 

samp2, and samp3 genes. PCR for the generation of the samp probes was performed 

with samp specific primers using the samp pre-deletion plasmids as template. TaqDNA 

(Bio-Line) polymerase was used according to the supplier's recommendations with the 
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following modifications: 3% (vol/vol) DMSO was included, and the 1× DIG 

deoxyribonucleoside triphosphate mixture (Roche) was supplemented with mixed 

deoxynucleotides (New England Biolabs) to 0.1 mM. For hybridization, membranes with 

the cross-linked RNA samples were equilibrated in DIG Easy Hyb solution (Roche 

Applied Science) followed by incubation with 100-150 ng labeled probe in 10 ml DIG 

easy hyb (16 h, 50 °C). Membranes were washed with 2× SSC with 0.1% (wt/vol) SDS 

(twice, 5 min each) and with 0.1× SSC with 0.1% (wt/vol) SDS (twice, 15 min each, at 

50°C). Hybridization products were detected by a chemiluminescent (CSPD*) 

digoxigenin immunoassay (Roche). 

Mapping Transcript Ends 

Total RNA (7µg) from Hfx. volcanii H26 was treated with 10 U Tobacco Acid 

Pyrophosphatase (Fischer Scientific) and 30 U RNase Inhibitor (Promega) at 37 ºC for 1 

hour. RNA sample was treated with an equal volume of acidic-phenol (pH 5.0): 

chloroform: isoamyl alcohol (25:24:1) followed by chloroform: isoamyl alcohol (24:1). 

RNA was precipitated by addition of sodium acetate (pH 5.0) to 0.25 M and two 

volumes of 95% ethanol (−70 °C, 15 min). RNA pellets were washed with 70% ethanol 

and resuspended in DEPC-treated water. RNA was denatured (10 min, 65 ºC) and self-

ligated (1 h, 37 ºC) with 40 U T4 RNA ligase (New England Biolabs) with inclusion of 10 

U RNase inhibitor (Promega) and 1× T4 ligase buffer in a 25 µg total reaction volume. 

Self-ligated RNA was purified by phenol/chloroform extraction as earlier described 

followed by denaturation (10 min, 65 ºC) and hybridization with 0.5 pmol of samp1, 

samp2 and samp3 gene-specific primers listed in Table 2-2. First-strand cDNA 

synthesis followed with primer pairs (P1/P2) to amplify 5’-3’-ligated mRNA ends in the 

presence of the M-MLV reverse transcriptase, RNase H Minus, Point Mutant (Promega) 
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according to Manufacturer’s protocol. A second PCR reaction with nested PCR primers 

(N1/N2) was used with the first PCR reaction as template. The second nested PCR was 

designed to enhance specificity of amplification and eliminate potential false-positive 

fragments of the first PCR reaction (Brenneis et al., 2007). TaqDNA polymerase was 

used according to the Manufacturer's protocol (Bio-Line) with the following modification: 

3% (vol/vol) DMSO was included. The PCR reaction product was gel-extracted (Qiagen) 

and TOPO cloned into pCRII-TOPO vector according to Manufacturer’s protocol 

(Invitrogen) followed by Sanger sequencing and comparison to the Hfx. volcanii genome 

sequence (Brenneis et al., 2007).  

RNA Fold Prediction 

Secondary structures and ΔG values for RNA were predicted using Mfold version 

2.3 (Zuker, 2003) using 50 maximum foldings, linear RNA, and 50 % suboptimality. 

Invariable parameters were 42 °C and 1 M NaCl concentration. 

Assay for tRNA Thiolation 

APM-gel retardation analysis of tRNA was performed by collaborators, Dr. Dieter 

Söll and Dr. Markus Englert, at Yale University as follows. Total RNA (10 μg per lane) 

was separated by electrophoresis using 12% urea-PAGE gels supplemented with 30 μg 

APM per milliliter. RNA was transferred to a Hybond N+ nylon membrane (GE 

Healthcare) and immobilized by UV-crosslinking prior to hybridization. The 

oligonucleotide probe (listed in Table 2-4) used for hybridization was 5′ end-labeled 

using T4 polynucleotide kinase and [γ-32P] ATP with excess [γ-32P] ATP removed by 

passage of the probe through a MicroSpin G-25 column (GE Healthcare). The 

membrane-bound RNA was prehybridized in ULTRAhyb-Oligo buffer (Ambion) for 30 

min at 42 °C before addition of the end-labeled oligonucleotide (~106 cpm per milliliter). 
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After hybridization at 42 °C for 14 h, the membrane was washed twice with buffer 

consisting of 2× SSC and 0.5% SDS (for 30 min each time at 42 °C). The blot was 

exposed to an imaging plate (FujiFilm) and scanned on a Molecular Dynamics Storm 

860 Phosphoimager (GE Healthcare). 

Protein Procedures 

Bioinformatics  

Hfx. volcanii, Halorubrum lacusprofundi ATCC 49239, Halogeometricum 

borinquense DSM 11551, Haloarcula marismortui ATCC 43049, Natronomonas 

pharaonis DSM 2160, Halopiger xanaduensis SH-6, Natrinema sp. J7-2,  Haloterrigena 

turkmenica DSM 5511, Halobacterium sp. NRC-1, Halorhabdus utahensis DSM 12940, 

Halalkalicoccus jeotgali B3 genome sequences used in Chapter 3 were retrieved from 

the Microbial Genome Database (Uchiyama, 2003). Saccharomyces cerevisiae 

(ScNcs6, GI:50593215), Homo sapiens (HsNcs6, GI:74713747), Pyrococcus horikoshii 

(PH1680, GI:14591444; PH0300, GI:14590222), Thermus thermophilus (TTHA0477 or 

TtuA, GI: 55980446), Salmonella typhimurium (StTtcA, GI:16764998), Escherichia coli 

(EcTtcA, GI:85674916).and HVO_0580 of Hfx. volcanii (GI: 292654746) protein 

sequences used in Chapter 4 were retrieved from InterPro. Also, Saccharomyces 

cerevisiae ScTHI4 (sp:P32318), Arabidopsis thaliana AthTHI4 (gi:2501188), 

Thermotoga maritima TmarTHI4 (gi:12230784), and archaeal protein sequences that 

cluster to the THI4p family (IPR002922) and used in Chapter 5 were retrieved from 

InterPro. Protein sequences were aligned using ClustalW (Larkin et al., 2007). 

Extensive gaps and N- and C-terminal extensions were removed from protein 

sequences prior to dendrogram construction. Pairwise comparisons were performed 

and mean genetic distance was evaluated using p-distance with gaps analyzed using 
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pairwise deletion. The neighborhood-joining tree that best fit distance data is depicted 

and was constructed using MEGA 4.0 (Tamura et al., 2007).  

Fold-Recognition and 3D-Structural Modeling  

Phyre2 (Protein Homology/AnalogY Recognition Engine 2) web-based server 

(Bennett-Lovsey et al., 2008; Kelley and Sternberg, 2009) was used for fold-recognition 

and model building of HVO_0665, Tk0434 and Ma2851. In brief, the primary amino acid 

sequences were submitted to Phyre2 server using intensive mode. The Phyre2 

threading server combined HHsearch for remote homology detection based on pairwise 

comparison of hidden Markov models (HMM) with ab initio and multiple-template 

modeling. The library of known protein structures for comparison by Phyre2 was from 

the Protein Data Bank (PDB) and Structural Classification of Proteins (SCOP) 

databases. Chimera 1.7 (Pettersen et al., 2004) was used as an interface for interactive 

visualization and analysis of molecular 3D protein structures. Conserved active site 

residues were identified based on biochemical and structural analysis of THI4p of S. 

cerevisiae (PDB: 3FPZ) and Neurospora crassa (PDB: 3jsk, also named CyPBP37 

protein). 

Transcriptional Reporter β-Galactosidase Assay  

Promoter activity was assessed quantitatively by assay of β-galactosidase 

activity as previously described (Holmes and Dyall-Smith, 2000). Cells grown in 3 ml of 

appropriate media were harvested at exponential growth phase (0.3 to 0.5 OD600) by 

centrifugation (10 min, 6,000 x g, room temperature). Cell pellets were washed in assay 

buffer (50 mM Tris-HCl pH 7.2, 2.5 M NaCl, 10 μM MnCl2) and resuspended in 300 μl of 

assay buffer supplemented with 0.1% (w/v) β-mercaptoethanol. Cells were lysed by 

vortex after addition of 150 μl of 2 % (v/v) Triton X-100. Cell debris was removed my 
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centrifugation (10 min, 6,000 × g, room temperature). Supernatant (20 µl) was assayed 

in a 96-well plate format and 100 µl reaction volume by addition of 70 µl assay buffer 

and 10 µl of 2.6 mM o-nitrophenyl-β-D-galactopyranoside (ONPG). Assays for β-

galactosidase specific activity were monitored at 25 ºC by an increase in absorbance at 

405 nm (A405) due to the liberation of o-nitrophenol from ONPG using a BioTek Synergy 

HT plate reader. Non-specific background values were based on reactions with no 

substrate (ONPG) added for each cell lysate tested. All experiments were performed in 

biological triplicate and the means ± SD of the results were calculated. One unit of β-

galactosidase activity is defined as the amount of enzyme catalyzing the hydrolysis of 1 

µmol from o-nitrophenyl-β-D-galactopyranoside (ONPG)∙min−1 with a molar extinction 

coefficient for o-nitrophenol of 3300 M−1∙cm−1. Protein concentration was estimated 

using the Bradford assay (Bio-Rad Reagent) with bovine serum albumin as the 

standard. 

Desampylation (HvJAMM1) Assay 

Desampylation of SAMP protein conjugates was assayed with HvJAMM1 

enzyme as previously described (Hepowit et al., 2012). Reactions included 5 mM 

HvJAMM1, 12 mM SAMP conjugates, and 500 mM ZnCl2 in HEPES-salt buffer (20 mM 

HEPES, 2 M NaCl, pH 7.5). Negative controls included the addition of 50 mM EDTA to 

chelate the catalytic Zn2+ ion of HvJAMM1. All reactions were incubated for 4 h at 50 ºC. 

Samples were boiled (15 min) in reducing SDS loading buffer and separated by 10% 

(w/v) SDS-PAGE. Free and conjugated forms of Flag- and StrepII-tagged proteins were 

detected by Western blot. 
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Protein Purification 

For protein purification, Hfx. volcanii strains were grown to stationary phase in 

ATCC 974 medium with Nv (0.2 μg·ml−1) (1 l in 2.8 l Fernbach flask). Strains included C-

terminal Strep II-tagged (-Trp-Ser-His-Pro-Gln-Phe-Glu-Lys, -StrepII) and N-terminal 

Flag-tagged (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-, Flag-). Strep-tagged proteins were 

purified by StrepTactin chromatography from H26, H26 ΔncsA mutant strains (MH105, 

where ncsA is hvo_0580), H26 Δsamp2, (HM1042), and H26 ΔubaA (HM1052) that 

were transformed with plasmid pJAM2812 (expressing ncsA-strepII), pJAM2813 

(expressing samp1 in tandem with ncsA-strepII), pJAM2814 (expressing samp2 in 

tandem with ncsA-strepII), pJAM2818 (expressing samp2K58R, K64R in tandem with ncsA-

strepII) and pJAM202c (vector control). Cells were harvested, washed once with ice-

chilled Tris-salt buffer (20 mM Tris, 2M NaCl, pH 8.0) and stored at −80°C until used. 

Cell pellets were resuspended in Tris-salt buffer (1.5 ml per 1 g wet wild-type cells) and 

passed through a French Press (2000 psi) thrice. Cell extract was obtained by 

centrifugation (20 min at 5000 × g and 4 °C) followed by filtration (0.8 μm). Sample was 

applied to a Strep-Tactin column (Qiagen) pre-equilibrated in Tris-salt buffer. The 

column was washed with Tris-salt buffer, and proteins were eluted with Tris-salt buffer 

supplemented with 2.5 mM D-desthiobiotin. Purified protein fractions were pooled and 

buffer-exchanged by dialysis into Tris-salt buffer overnight at 4ºC with SnakeSkin 

dialysis tubing (3.5 kDa molecular weight cutoff) (Fisher Scientific). Strep-Tactin-purified 

proteins were applied to an Amicon Ultra-4 centrifugal filter unit with a 3 kDa molecular 

weight cutoff (Millipore) and centrifuged (40 min, 3000 x g, 4 ºC) in an Allegra™ X-22R 

swinging bucket rotor (Beckman Coulter, Indianapolis IN). Purified proteins were stored 
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at 4 °C. For small-scale protein purification, 50 ml cultures were grown to stationary 

phase in 250 ml Erlenmeyer baffled flasks, harvested by centrifugation (20 min, 5,000 x 

g, 4 ºC), lysed in 20 ml Tris-salt buffer by French Press, and purified by Strep-Tactin 

chromatography as described above using 50 µl Strep-Tactin resin with one 

modification: proteins were eluted with Tris-salt buffer supplemented with 5 mM D-

desthiobiotin. 

Protein Quantification 

Concentrations of protein in the cell lysates assayed for β-galactosidase activity 

were determined by the Bradford method (Bradford, 1976) according to Manufacturer’s 

protocols (Bio-Rad). Purified protein concentrations were determined by BCA assay kit 

according to Manufacturer’s protocols (Pierce). Bovine serum albumin (Bio-Rad) served 

as a standard for all protein concentration assays, and absorbance was determined in a 

96-well plate format (200 µl final volume per assay) using a BioTek Synergy HT 

microplate reader.  

Mass Spectrometry 

Protein fractions purified by Strep-Tactin chromatography were boiled in SDS-

reducing buffer, separated by10 % SDS-PAGE, and excised from protein bands of 

interest or retained in-solution and submitted for mass spectrometry as indicated. 

Proteins bands of interest were visualized by staining in Bio-Safe Coomassie (Bio-Rad) 

and destaining in double deionized water according to Manufacturer’s protocol (Bio-

Rad). Proteins were prepared for MS by reduction in 45mM dithiothreitol (DTT), 

alkylation with 100 mM iodoacetamide (IAA), and digestion with trypsin. Tryptic peptides 

were injected onto a capillary trap (LC Packings PepMap) and desalted for 5 min with 

0.1% vol/vol formic acid at a flow rate of 3 µl∙min-1 prior to loading onto an LC Packing 
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C18 Pep Map nanoflow high performance liquid chromatography (HPLC) column.  The 

elution gradient of the HPLC column started at 3% solvent A (0.1% vol/vol formic acid, 

3% vol/vol acetonitrile, and 96.9% v/v H2O), 97% solvent B (0.1% vol/vol formic acid, 

96.9% vol/vol acetonitrile , and 3% vol/vol H2O) and finished at 60% solvent A, 40% 

solvent B using a flow rate of 300 µl∙min-1 for 30 min. LC-MS/MS analysis of the eluting 

fractions was carried out on an LTQ Orbitrap XL mass spectrometer (ThermoFisher 

Scientific, West Palm Beach, FL). Full MS scans were acquired with a resolution of 

60,000 in the Orbitrap from m/z 300–2000.The ten most intense ions were fragmented 

by collision induced dissociation (CID).  

Raw data were analyzed using Mascot (Matrix Science, London, UK; version 

2.2.2) against a Hfx. volcanii database and a target decoy database including the Hfx. 

volcanii proteome and reversed protein sequences generated by Mascot was added 

during the search. Mascot was searched with a fragment ion mass tolerance of 0.8 Da 

and a parent ion tolerance of 15ppm. Iodoacetamide derivative of Cys was indicated as 

a fixed modification while deamidation of Asn and Gln and oxidation of Met were 

specified as variable modifications. Scaffold (Proteome Software Inc., Portland, OR) 

was used to validate MS/MS based peptide and protein identifications where protein 

probabilities were assigned by the Protein Prophet algorithm and peptide probabilities 

were assigned by the Peptide Prophet algorithm (Keller et al., 2002; Nesvizhskii et al., 

2003). 

Immunoblotting 

Purified C-terminally Strep-tagged proteins from Hfx. volcanii were TCA 

precipitated in 4% (w/v) TCA, twice washed in ice chilled acetone, and boiled in SDS- 

reducing buffer (2.5% v/v β-mercaptoethanol or 10 mM dithiothreitol) for 10 min. TCA 
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precipitated proteins and cell lysate (5 µg) were separated by 10% SDS–PAGE with 

equal loading confirmed by staining with Bio-Safe Coomassie. Proteins were transferred 

to Hybond-P polyvinylidene fluoride (PVDF) membranes (Amersham) using 10 mM 2-N-

morpholinoethanesulfonic acid (MES) buffer at pH 6.0 with 10 % (v/v) methanol at 4°C 

for 2.5 h at 90 V. To confirm uniform transfer, proteins bound to membranes were 

stained with Ponceau S according to supplier (Boston Bioproducts). Membranes were 

blocked with 10 % (w/v) milk solution in Tris-buffered saline (TBS) with agitation 

overnight at room temperature. Proteins were incubated with antibodies diluted in 10 % 

(w/v) milk in Tris-buffered saline with 0.05 % Tween-20 (TBST). Flag-tagged proteins 

were detected using alkaline phosphatase-linked anti-Flag M2 monoclonal antibody 

(Sigma) at a 1:5,000 dilution. StrepII-tagged proteins were detected using rabbit anti-

StrepII polyclonal antibody (Genscript) at a 1:5,000 dilution and alkaline phosphatase-

linked goat anti-rabbit IgG (H+L) antibody (SouthernBiotech) at a 1:10,000 dilution. 

Membranes were washed in TBST (3 x 15 min) after 1 h incubation of membrane with 

each antibody. Detection was completed by using chemiluminescence with CDP-Star 

according to supplier’s protocol (Applied Biosystems) and X-ray film (Hyperfilm; 

Amersham Biosciences). 
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Table 2-1. Strains and plasmids used in Chapter 3. 

 

 

 

 

 

 

Strain or plasmid  Description Source or reference 

Strains:   

E. coli TOP10 F– recA1 endA1 hsdR17(rK
– mK

+) supE44 thi-1 gyrA relA1 Invitrogen 
E. coli GM2163      F– ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA 

dcm-6 hisG4 rfbD1 rpsL136 dam13::Tn9 xylA5 mtl-1 thi-1 mcrB1 
hsdR2 

New England Biolabs 

Hfx. volcanii 
DS70 

wild-type isolate DS2 cured of plasmid pHV2 (Wendoloski et al., 2001) 

Hfx. volcanii H26 DS70 pyrE2 (Allers et al., 2004) 
 
Plasmids: 
pJAM2678 
 
pJAM2801 
pJAM2802 
pJAM2803 

 
 
Apr

 ; Nvr; pJAM202-derived plasmid containing P2rrnA-bgaH 
from pTA102 
pJAM2678 containing Psamp1-118 bp-bgaH 
pJAM2678 containing Psamp2-110 bp-bgaH 
pJAM2678 containing Psamp3-292 bp-bgaH 

 
 
(Rawls et al., 2011) 
 
This study 
This study 
This study 

pJAM2804 pJAM2678 containing PubaA-118 bp-bgaH This study 
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Table 2-2. Primers used in Chapter 3. 
 

Primer Pair   PCR Product/Description Primer Sequences 

RT-qPCR primer pairs:  

RT-qPCR 2619 FW 

RT-qPCR 2619 RV 

~200 bp probe within samp1 ORF; 
used to quantify transcript 
levels of samp1 by RT-qPCR 
 

5’-GAGTGGAAGCTGTTCGCCGACCTCG-3' 
5’-CGTCGTCACCGAACACCCGCGAT-3’ 

RT-qPCR 0202 FW 
RT-qPCR 0202 RV 

~200 bp probe within samp2 ORF; 
used to quantify transcript 
levels of samp2 by RT-qPCR 
 

5’-GACGACGACGGGACCTACGCGGAC-3’ 
5’-CGGAGCACCTTCACGCGGTCGA-3’ 

RT-qPCR 2177 FW 
RT-qPCR 2177 RV 

~200 bp probe within samp3 ORF; 
used to quantify transcript 
levels of samp3 by RT-qPCR 

5’-ACGCCTCCGCGTCCTCGCC-3’ 
5’-GTGGACCACCTCGCGCCCGT-3’ 

RT-qPCR 0558 FW 
RT qPCR 0558 RV 
 

~200 bp probe within ubaA ORF; 
used to quantify transcript 
levels of ubaA by RT-qPCR 

5’-ATGACGCTCTCACTCGACGCCAC-3’ 
5’-CCTGCCGCTGGAGGTTGCTC-3’ 

RT-qPCR ribL FW 
RT-qPCR ribL RV 

~200 bp probe within ribL ORF; 
used to quantify transcript levels of 
ribL by RT-qPCR and served as 
the normalization gene for all RT-
qPCR work 

5’-CCGGCGCCTGCTTGTTCTCGCG-3’ 
5’-CCGAGGACTACCCCGTCCAGATTAGC-3’ 
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Table 2-2. Continued 
 

Primer Pair   PCR Product/Description Primer Sequences 

RT-PCR primer pairs:  

samp1_trkA2 FW 
samp1_trkA2 RV 

anneals to 3’-end of samp1 and 5’-
end of trkA2 coding regions; used 
to determine if samp1 and trkA2 
are transcriptionally linked 

5’- ACGACCGTCGCACCCGAT-3’ 
5’- CGAACACCCGCGATTCGAGC-3’ 

 
 
trkA2_trkA1 FW 
trkA2_trkA1 RV 
 
 

anneals to 3’-end of trkA2 and 5’-
end of trkA1 coding regions; used 
to determine if trkA2 and trkA1 are 
transcriptionally linked 

5’-CGTCCTCGCGGTCCGGCAC-3’ 
5’-ACGAACGCGCCGACGACGAGG-3’ 

samp2_gcn5 FW 
samp2_gcn5 RV 

anneals to 3’-end of gcn5 and 5’-
end of samp2 coding regions; used 
to determine if gcn5 and samp2 are 
transcriptionally linked 

5’-GTGAAGGTGCTCCGCCTCATCAA-3’ 
5’-CCTCGATATAGTCGCCGTCGAGCG-3’ 

samp3_2178 FW 
samp3_2178 RV 
 

anneals to 3’-end of samp3 and 5’-
end of hvo_2178 coding regions; 
used to determine if samp3 and 
hvo_2178 are transcriptionally 
linked 

5’-CTCATCGAGGACGGCGAG-3’ 
5’-TCCTCGGTCTCGATGTCGA-3’ 

2178_2179 FW 
2178_2179 RV 
 

anneals to 3’-end of hvo_2178 and 
5’-end of hvo_2179 coding regions; 
used to determine if hvo_2178 and 
hvo_2179 are transcriptionally 
linked 

5’-GACCTCGTCGAGCGGTTCG-3’ 
5’-ACTCGAACCCCTGTGCGTACT-3’ 
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Table 2-2. Continued 
 

Primer Pair   PCR Product/Description Primer Sequences 

Primers for generating transcriptional reporter fusions:  

P samp1-118 bp FW 
P samp1-118 bp RV 

Putative samp1 promoter 
generated using genomic DNA as 
a template; includes XbaI and NdeI 
sites for cloning into pJAM2678 to 
generate pJAM2801. Promoter 
region includes 118-bp of genomic 
DNA upstream of the samp1 start 
codon 

5’-ATCTAGAGTCTCTCGCAGTTCTGGCGTCCGAG-3’ 
5’-ACTATACATATGCGCCGGTACACTCACCGACGC-3’ 

P samp2-110 bp FW 
P samp2-110 bp RV 

Putative samp2 promoter 
generated using genomic DNA as 
a template; includes XbaI and NdeI 
sites for cloning into pJAM2678 to 
generate pJAM2802.  

5’-ATCTAGAATCCGTTGTACCGACCGCCC-3’ 
5’-ACTATACATGCGCTCGTGGGTCGGG-3’ 

P samp3-292 bp FW 
P samp3-292 bp RV 

Putative samp3 promoter 
generated using genomic DNA as 
a template; includes XbaI and NdeI 
sites for cloning into pJAM2678 to 
generate pJAM2803. Promoter 
region includes 229-bp of genomic 
DNA upstream of the samp3 start 
codon 

5’- ATCTAGATCTGCCGGGTCGTTCG-3’ 
5’- ACTATACATATGCCTTGTCGGCGTCCA-3’ 
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Table 2-2. Continued 
 

Primer Pair   PCR Product/Description Primer Sequences 

P ubaA-118 bp FW 
P ubaA-118 bp RV 

Putative ubaA promoter generated 
using genomic DNA as a template; 
includes XbaI and NdeI sites for 
cloning into pJAM2678 to generate 
pJAM2804. Promoter region 
includes 229-bp of genomic DNA 
upstream of the ubaA start codon 

5’-ATCTAGAGTGGACAAACACGCCCG-3’ 
5’-GAGTGAGAGCGTCATATGCCGAGGTTGGCGTCG-3’ 

bgaH FW 
bgaH RV 

Primers used to amplify the bgaH, 
β-galactosidase encoding gene, 
ORF 

5’-CAGCGACCATATGACAGTTGGTGTCTGCT-3’ 
5’-TATGTAGCTCAGCTCACTCGGACGCGA-3’ 

Primers for mapping transcript ends:  

samp1 gsp 
Generates first-strand cDNA 
specific for samp1 transcripts 

5’-CACCGAACACCCGCGATTC-3’ 
 

samp1 P1 
samp1 P2 

Anneals to the unknown 5’- and 3’- 
untranslated regions (UTRs) of 
samp1 transcripts 

5’-CGACGGCGAACTGTACGACCAC-3’ 
5’-CCGGATGCGCCCCGAC-3’ 

samp1 N1 
samp1 N2 

Anneals to the known 5’- and 3’- 
ORF of samp2 

5’-GGAACGGCGAGGCGG-3’ 
5’-CGTCGAGCGCGTCGC-3’ 
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Table 2-2. Continued 
 

Primer Pair   PCR Product/Description Primer Sequences 

samp2 GSP 
Generates first-strand cDNA 
specific for samp2 transcripts 

5’-TGAGGTCCACCGCCCG-3’ 
 

samp2 P1 
samp2 P2 

Anneals to the unknown 5’- and 3’- 
untranslated regions (UTRs) of 
samp2 transcripts 

5’- CCCACGAGGTGACCGCC-3’ 
5’-CACGAGGTCCGCGTAGGTCC-3’ 

samp2 N1 
samp2 N2 

Anneals to the known 5’- and 3’- 
ORF of samp2 

5’-CTCGTCGACGGCCGCC-3’ 
5’-GCGACCTCGCTGGTCTCCT-3’ 

samp3 GSP 
Generates first-strand cDNA 
specific for samp3 transcripts 

5’-CGCCGTCCTCGATGAGTC-3’ 

samp3 P1 
samp3 P2 

Anneals to the unknown 5’- and 3’- 
untranslated regions (UTRs) of 
samp3 transcripts 

5’-GGTCAAGCCGCACGTGAACG-3’ 
5’-CGTCGCGTCGTCGTCGA-3’ 

samp3 N1 
samp3 N2 

Anneals to the known 5’- and 3’- 
ORF of samp3 

5’-TGCTGAAAAACGGGCGC-3’ 
5’-TAGATGGACTTCTGACCCACCAC-3’ 
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Table 2-3. Strains and plasmids used in Chapter 4. 
 

Strain or plasmid  Description Source or reference 

Strains:   
E. coli TOP10 F– recA1 endA1 hsdR17(rK

– mK
+) supE44 thi-1 gyrA relA1 Invitrogen 

E. coli GM2163      F– ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA dcm-6 
hisG4 rfbD1 rpsL136 dam13::Tn9 xylA5 mtl-1 thi-1 mcrB1 hsdR2 

New England Biolabs 

Hfx.  volcanii DS70 wild-type isolate DS2 cured of plasmid pHV2 (Wendoloski et al., 
2001) 

Hfx.  volcanii H26 DS70 pyrE2 (Allers et al., 2004) 
MH105 
HM1042 
HM1052 
 
Plasmids: 
pJAM947 
pJAM949 
pTA131 
pJAM809 
 
pJAM1118 

H26 hvo_0580 (∆ncsA) 
H26 hvo_0202 (∆samp2) 
H26 hvo_0558 (∆ubaA) 
 
Apr ;Nvr; pJAM202c carries P2rrna-Flag-hvo_2619 (Flag-SAMP1) 
Apr ;Nvr; pJAM202c carries P2rrna-Flag-hvo_0202 (Flag-SAMP2) 
Apr; pBluescript II carries Pfdx-pyrE2 with MCS 
Apr; Nvr ; pJAM202 carries P2rrnA-hvo1862-StrepII (KpnI site upstream 
of StrepII coding sequence) 
Apr ;Nvr;samp2 variant (Lys58 to Arg and Lys64 to Arg) carrying flag tag 

This study 
(Miranda et al.,2011) 
(Miranda et al.,2011) 
 
(Humbard et al., 2010) 
(Humbard et al., 2010) 
(Allers et al., 2004) 
(Humbard et al., 2009) 

pJAM1910 Apr ;Nvr ;Hvo_0580 500 bp flanking 
(deletion plasmid) 

(Miranda, 
unpublished) 
This study 

pJAM2812 Apr ;Nvr; hvo_0580 complement plasmid carrying strepII tag This study 
pJAM2813 
pJAM2814 
pJAM202c 
pJAM2818 
 

Apr  ;Nvr ;samp1 in tandem with hvo_0580 carrying flag and strepII tag 
Apr  ;Nvr ;samp2 in tandem with hvo_0580  carrying flag and strepII tag 
Apr ;Nvr; Hfx. volcanii-E.coli shuttle plasmid vector 
Apr;Nvr ;samp2 Lys58 to Arg and Lys64 to Arg SDM in tandem with 
hvo_0580 (ncsA) 

This study 
This study 
(Zhou et al., 2008) 
This study 
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Table 2-4. Primers used in Chapter 4. 
 

Primer Pair  PCR Product/Description Primer Sequences 

Hvo_0580 KpnI 
FW1 

Hvo_0580 XhoI 
RV1   

Used for generation of 
pre-deletion plasmid with 
pTA131 and also for 
generation of DIG-labeled 
probe for Southern blot 

5’- TTGGTACCAGGAGGCGTTGCACACTTCGAGGTGGACCG-3' 
5’-TCTCGAGCACTCCATTGCCGGTCGGTTGC-3’ 

Hvo_0580 Xho FW2 
Hvo_0580 Xba RV2 

Used for generation of 
pre-deletion plasmid with 
pTA131 

5’-TCTCGAGGATAGAAGCGGTCTGAGCGGCTACGGAA-3’ 
5’-TTCTAGAGGAATCGCGAGCAACATCACCGAACGGCTGGA-3’ 

Hvo_0580 confirm 
FW 700bp 
Hvo_0580 confirm 
RV 700bp 

Anneals to 700bp 
upstream and 
downstream Hvo_0580 to 
confirm gene deletion 

5’-CCGTCTCGGCATCGTCGTCC-3’ 
5’-CATCACGCAGCCGTCCCTCA-3’ 

Hvo_0580 NdeI 
Hvo_0580 KpnI 

Used to generate 
pJAM2812 (ncsA trans 

complement of ΔncsA) 

5’-CCGACCGTCATATGGAGTGCGACAAGTGCGG-3’ 
5’-TTGGTACCGACCGCTTCTATCGACTCGATGAGTC-3’ 

tRNA-Lys-UUU 
probe 

Probe for detection of 
Hfx. volcanii  tRNALysUUU 

5’-CGGGCTGGGAGGGACTTGAACCCCC-3’ 
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Table 2-5. Strains and plasmids used in Chapter 5. 
 

 
 
 
 
 
 
 
 

Strain or plasmid  Description Source or reference 

Strains:   
E. coli Top10 F– recA1 endA1 hsdR17(rK

– mK
+) supE44 thi-1 gyrA relA1 Invitrogen 

E. coli GM2163      F– ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA 
dcm-6 hisG4 rfbD1 rpsL136 dam13::Tn9 xylA5 mtl-1 thi-1 mcrB1 
hsdR2 

New England Biolabs 

Hfx.  volcanii DS70 wild-type isolate DS2 cured of plasmid pHV2 (Wendoloski et al., 2001) 
H26 
NC1101 
HM1096 

DS70 pyrE2 
H26 Δhvo_0665 (ΔHvTHI4) 
H26 Δsamp1 Δsamp2 Δsamp3 
 

(Allers et al., 2004) 
This study 
(Miranda et al., 2011) 

Plasmids: 
pTA131 
pJAM809 
 
pJAM2819 
pJAM2820 
pJAM2821 
pJAM202c 
pJAM2822 

 
Apr; pBluescript II carries Pfdx-pyrE2 with MCS 
Apr; Nvr; pJAM202 carries P2rrnA-hvo1862-StrepII (KpnI site 
upstream of StrepII coding sequence) 
Apr; pTA131-based pre-deletion plasmid for hvo_0665 (HvTHI4) 
Apr; pTA131-based deletion plasmid for hvo_0665 (HvTHI4) 
Apr; Nvr; pJAM202c carries P2rrn-hvo_0665-StrepII (HvTHI4-StrepII) 
Apr; Nvr; Hfx. volcanii-E.coli shuttle plasmid 
Apr; Nvr; hvo_0665-StrepII Cys165 to Ala SDM 

 
(Allers et al., 2004) 
(Humbard et al., 2009) 
 
This study 
This study 
This study 
(Zhou et al., 2008) 
This study 
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Table 2-6. Primers used in Chapter 5. 
 

Primer Pair PCR Product/Description Primer Sequences 

Hvo_0665 HindIII pre-
KO FW1 

 

Hvo_0665 pre-KO 
BamHI RV1   

1.9 kb product includes 
hvo_0665 and 0.5 kb of the 
5’- and 3’-regions flanking 
the gene; ligated into the 
HindIII to BamHI sites of 
pTA131 to generate 
pJAM2819  

5’- ATGAAGCTTAACGCGAGTCTCCTGTGGGCGCTCGG-3' 
5’-ATTGGATCCGACGCGCGCACCTCGCCGTTC-3’ 

Hvo_0665 3’-inverse 
Hvo_0665 5’-inverse 

Used to generate the 
hvo_0665 deletion plasmid 
by inverse PCR using 
pJAM2819 as template 

5’-TCCCGCGCCGGCCGACGACTGA-3’ 
5’-TCCGTCGCGTCGGTGAAGCCGTCGAACGACAT-3’ 

Hvo_0665 700bp 
confirm FW (P3) 
Hvo_0665 700bp 
confirm RV (P4) 

Anneal 0.7 kb upstream and 
downstream hvo_0665; used 
to confirm Δhvo_0665 strain 

5’-GCTCGGCGGGGCGAACACG-3 
5’-GTGACCCACGAGACGACCCACGCG-3’ 

Hvo_0665 NdeI (P1) 
Hvo_0665 KpnI (P2) 

Used to screen for 

Δhvo_0665 strain and to 

generate pJAM2820 (for in 
trans complementation of 

Δhvo_0665) 

5’-GGGCGGCATATGTCGTTCGACGGCTTCAC-3’ 
5’-TTGGTACCGTCGTCGGCCGGCGC-3’ 

C165A THI4 FW 
C165A THI4 RV 

Used to generate the site-
directed mutation of C165A 
in HvTHI4 (Hvo_0665) 
 

5’- CGCGAACTCACGGCGGTCGACCCCATC-3’ 
5’- GATGGGGTCGACCGCCGTGAGTTCGCG-3’ 
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CHAPTER 3 
TRANSCRIPT ANALYSIS OF THE UBIQUITIN-LIKE SAMPYLATION SYSTEM GENES 

OF Hfx. volcanii 

Introduction 

Archaea are one of the three evolutionary lineages of life. Archaea possess an 

overall genome organization similar to bacteria, but many of their molecular systems are 

similar to those of eukaryotes (Bell and Jackson, 1998). Archaeal RNA polymerases 

(RNAP) are similar to eukaryotic RNA polymerase II in both structure and function and 

are recruited by similar general transcription factors which are discussed later 

(Geiduschek and Ouhammouch, 2005). A notable distinction of archaeal RNAP is that it 

lacks the C-terminal extensions of the eukaryotic RNAPII that serve as a platform for 

complexes that mediate transcriptional activation, chromatin modification, transcriptional 

elongation and termination as well as co-transcriptional RNA processing (Hirata et al., 

2008).  

Although archaeal genomes do not encode for sigma factors as in bacterial 

genomes, archaea require basal factors for efficient promoter recognition (Bell and 

Jackson 2001; Geiduschek and Ouhammouch, 2005). Archaea possess a transcription 

factor B (TFIIB in eukaryotes), and a TATA box which allows for binding of a TATA 

binding protein (TBP) for gene regulation (Geiduschek and Ouhammouch, 2005). More 

recently, an additional transcription factor, TFE, has been identified in archaea to 

facilitate TBP binding to the TATA-box (Bell and Jackson, 2001). Hfx. volcanii possess 

multiple TFBs suggesting TFBs may recognize different BREs and, thus, regulate gene 

expression (Bell and Jackson, 2001). The mode of archaeal transcription initiation is 

less complex compared to the transcription initiation of eukaryotes (Bell and Jackson, 

1998; Bell and Jackson, 2001). In the archaea, TBP recognizes archaeal TATA box 
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promoter elements and binds TFB (Bell and Jackson, 2001). TFB then recognizes the B 

recognition element (BRE), a site located immediately upstream of the TATA box (Bell 

and Jackson, 2001).  RNAP is then recruited for transcription initiation (Geiduschek and 

Ouhammouch, 2005; Bell and Jackson, 2001).  

Although the basal transcriptional machinery of archaea and eukaryotes is 

related, archaeal gene regulation shares similarities with bacterial regulation. In the 

Archaea, homologs of bacterial transcriptional activators and repressors bind at sites 

near the promoter to interfere directly with transcription initiation (Bell and Jackson, 

2001). 

An additional inherent mode of gene regulation among all three evolutionary 

lineages is regulation by small regulatory RNAs (sRNAs). sRNAs are largely considered 

to be posttranscriptional regulators. In bacteria, these sRNAs are often encoded within 

intergenic regions and can be differentially expressed during environmental stress 

conditions (Kim and Gadd, 2008). Many of the bacterial sRNAs activate or repress 

translation (Kim and Gadd, 2008; Storz et al., 2011). In eukaryotes, RNA silencing is a 

mode of gene regulation mediated by sRNAs (Lu et al., 2005; Kim et al., 2009). 

Regulatory interactions are established based on nucleotide sequence base pairing 

between the sRNAs and their targets (Lu et al., 2005; Kim et al., 2009). Among the 

eukaryotic sRNAs are the small interfering RNAs, microRNAs, and Piwi-interacting 

RNAs, which are distinguished from each other by their association with Argonaute 

family proteins (Lu et al., 2005; Kim et al., 2009). In archaea, only recently have sRNAs 

been identified and details concerning a mechanism of interaction between the sRNA 

and its target remain to be elucidated (Marchfelder et al., 2012). Two sRNA deletion 
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mutants in Hfx. volcanii are sensitive to environmental stresses including heat shock 

and low salt conditions suggesting these sRNAs may be important in metabolism 

regulation (Straub et al., 2009). Taken all together, the archaeal mode of regulation is 

truly a hybrid of the eukaryotic machinery and bacterial-type regulation. 

 Archaeal genomes encode for ubiquitin-like proteins, three of which have been 

identified in Hfx. volcanii, termed SAMP1, SAMP2, and SAMP3 (Humbard et al., 2010; 

Miranda et al., 2013). As mentioned earlier, these three proteins require activation from 

an E1-like enzyme termed UbaA (Miranda et al., 2011). These small modifier proteins, 

similar to ubiquitin and other ubiquitin-like proteins, posttranslationally modify target 

proteins within the cell, of which some of the modified proteins are stress-related 

(Humbard et al., 2010). Ubiquitin encoded by eukaryotic genomes also modifies stress-

related proteins such as those involved in response to oxidative stress, aberrant cell 

signaling, and DNA damage (Grillari et al., 2010), and ubiquitin transcripts are stress-

induced (Finley et al., 1987; McGrath et al., 1991; Muller-Taubenberger et al., 1988). 

Molecular mechanisms involved in the adaptation of archaeal cells to stress conditions 

involve transcription, translation, and protein recycling (Macario et al., 1999). SAMP1, 

SAMP2, and SAMP3 are covalently attached to target proteins involved in such 

mechanisms (Humbard et al, 2010; Miranda et al., 2013). 

 A fundamental scientific gap exists in the regulatory network and regulation of 

Ub/Ubl proteins amongst the three major evolutionary lineages of life. Much literature is 

available concerning post-translational modification by Ub/Ubl proteins and the mode in 

which Ub/Ubl protein regulates the transcription of genes, or translation of target 
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proteins. On the contrary, there is a gap in literature concerning the regulation or 

transcriptional organization of the actual Ub/Ubl proteins. 

 To investigate the potential regulatory impact of the SAMPs and UbaA and to 

determine physiological conditions during which the SAMPs and UbaA are regulated is 

important. The findings are anticipated to provide an insight into when the SAMPs may 

be needed for protein modification and/or sulfur transfer and also to enhance our 

understanding of the biological relevance of archaeal ubiquitin-like proteins. The two 

aims of this study were to i) define the transcriptional units of samp genes and ii) 

determine whether samp and ubaA genes are regulated at the level of transcript and/or 

transcription during environmental stress. 

Results and Discussion 

SAMP Genomic Context is Conserved Among Many Haloarchaea 

One initial step to functionally characterize genomic sequences and gene 

networks is to determine operon organization. Genomic neighborhoods and co-

transcription of genes within operons can provide insight into their role in cell physiology 

and biological pathways (Sneppen et al., 2010). The Microbial Genome Database 

(Uchiyama, 2003) was used for comparative analysis of samp gene homologs and gene 

neighbors among haloarchaea (Figures 3-1, 3-2 and 3-3). With this approach, results 

revealed samp1, samp2 and samp3 gene neighborhoods are conserved in many 

haloarchaea.  

The samp1 gene neighbors include putative trk genes which encode for K+ 

regulators (Kraegeloh et al., 2005) (Figure 3-1). The Trk system will be discussed in 

further detail in the next section. Additional gene neighbors include a potassium 

channel-like gene, pchA, which also encodes for a putative K+ transporter and a gene 
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encoding for a member of the universal stress protein family or uspA.  In E. coli, the 

sensor kinase which regulates high-affinity K+ transport, KdpD, contains a UspA domain 

(Walderhaug et al., 1992). Interestingly, in some haloarchaea, the presence of uspA 

within the genomic context of the K+ transporter genes suggests a regulatory role in K+ 

channeling. A putative histone acetyltransferase and glutamyl-tRNA(Gln) 

amidotransferase subunit D are also conserved within the samp1 genomic context in 

some haloarchaea but not in Hfx. volcanii.  

The samp2 genomic context is also conserved. A putative GCN5-

acetyltrasferase is adjacent to samp2 in many haloarchaea (Figure 3-2). Furthermore, a 

DNA replication factor A gene, rfcA, appears to overlap the coding region of samp2 in 

Hfx. volcanii. The rfcA overlap is also observed in other haloarchaea including 

Halalkalicoccus jeotgali B3 and Natronomonas pharaonis DSM 2160 suggesting a 

potential regulation of samp2 by a DNA replication factor or samp2 may regulate DNA 

replication in select haloarchaea. Additionally, a putative phosphoglucomutase 

(potentially facilitates the interconversion of glucose 1-phosphate and glucose 6-

phosphate) (Jagannathan and Luck, 1949) and a putative alanyl-tRNA synthetase 

(Holley and Goldstein, 1959) are conserved within the genomic context of some 

haloarchaea.  

The samp3 genomic context is conserved among some haloarchaea including 

Hfx. volcanii, Halorubrum lacusprofundi ATCC 49239, Halogeometricum borinquense 

DSM 11551, Haloarcula marismortui ATCC 43049 and Natronomonas pharaonis DSM 

2160, however, a majority of samp3 gene neighbors encode hypothetical proteins 

(Figure 3-3). The samp3 genomic context is studied further in the proceeding sections. 
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SAMP transcripts overlap in coding sequence with their gene neighbors 

To evaluate the operon organization of the Hfx. volcanii samp genes, an end-

point RT-PCR approach was used with primers listed in Table 2-2 that were designed to 

anneal to the 3’ coding region of a particular target gene and the 5’ coding region of its 

adjacent gene (Figures 3-4, 3-5 and 3-6). With this approach, all three samp genes 

were found to be associated with transcripts that had, at least, a portion of the coding 

sequence of an adjacent gene including: i) samp1 and trkA2, ii) trkA1 and trkA2, iii) 

samp2 and gnat (hvo_0201), iv) samp3 and hvo_2178, and v) hvo_2178 and hvo_2129 

(Figures 3-4, 3-5 and 3-6). TrkA1/2 are homologs of ligand-gated K+ channels, 

HVO_0201 is a member of the GCN5-related N-acetyltransferase (GNAT) superfamily, 

and HVO_2178/9 are putative proteins of unknown function of which the former has a 

characteristic C-terminal diglycine motif. 

The TrkA1/2 homologs that are associated with SAMP1 in Hfx. volcanii, based on 

analysis by genomic context and RT-PCR (Figures 3-1 and 3-4 ), are closely related to 

ligand-gated Trk K+ channels characterized in halophilic organisms. In particular, the 

transcription and biochemical properties of the TrkA1/2 homologs TrkA, H and I of the 

bacterium Halomonas elongata have been examined (Kraegeloh et al., 2005). In this 

extreme halophile, the trkA and trkH genes are demonstrated to be cotranscribed, and 

the Trk proteins form ATP-dependent channels which transports K+ from the 

surrounding medium resulting in the transient accumulation of K+ as an osmoregulatory 

solute to achieve an osmotic equilibrium (Kraegeloh et al., 2005). In the haloarchaeon 

Halobacterium sp. NRC1, the trk transcript levels are upregulated after osmotic shock 

suggesting these genes are associated with maintaining osmotic equilibrium (Coker et 
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al., 2007). However, these microarray studies of osmotically-shocked cells show no 

differential regulation of the samp1 homolog transcript after osmotic shock compared to 

the several-fold upregulation of trk transcripts during low salt conditions (Coker et al., 

2007). Thus, it is unclear whether samp1 is associated with osmotic shock similar to the 

putative trk genes in Hfx. volcanii.  

Based on end-point RT-PCR for samp2, a transcript is generated that overlaps 

coding sequence for samp2 and its downstream gene neighbor, hvo_0201, a putative 

GCN5-related N-acetyltrasferase (Figure 3-5). Acetyltransferases use acyl-CoAs to 

acylate their cognate substrates including posttranslational modification of proteins by 

the covalent attachment of acetyl groups to the Nα-amino group of the protein itself or 

the Nε-amino groups of its lysine side chains (Sadoul et al., 2007). A significant body of 

data has confirmed that different acetylation-dependent regulatory mechanisms govern 

protein ubiquitination and protein stability (Glickman and Ciechanover, 2002). Protein 

acetyltrasferases in yeast that modify lysine residues at N-terminal regions of proteins 

can target these proteins to degradation by the ubiquitin-proteasome system (Glickman 

and Ciechanover, 2002; Sadoul et al., 2007). Thus, in analogy to eukaryotic systems, 

our analysis of gene neighborhood and detection of transcript(s) with overlap in samp2 

and gnat coding sequence suggests Hfx. volcanii has a coordinated mechanism to 

regulate protein acetylation and ubiquitin-like sampylation. 

The gene neighbor of which samp3 generates a transcript, hvo_2178, (Figure 3-

6) has no annotated function. HVO_2178 has a C-terminal diglycine motif similar to 

SAMPs, and its 3D-protein structure was modeled using Phyre 2 with 96.7% confidence 

and with 76% coverage to the C-terminal domain of TTHA0151, which has an N-
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terminal ubiquitin-fold domain (data not shown). An N-terminal epitope-tagged variant of 

HVO_2178 does not form protein conjugates. Its role, however, in sulfur mobilization 

has not been explored. In other haloarchaea genomes, this operon structure is 

conserved in which there is a diglycine motif present at the C-terminus of the gene 

adjacent to the samp3 homolog (data not shown). The possible physiological relevance 

of a transcript with samp3-hvo_2178 coding sequence overlap is unclear. 

SAMP1 and SAMP3 Transcripts are Induced by DMSO 

For further insight into the potential operon organization of the samp genes, their 

transcripts were analyzed by Northern blotting. Total RNA, prepared from H26 wild type 

cells grown aerobically in the presence and absence of DMSO, was hybridized with 

DIG-labeled probes specific for the samp1-3 coding sequences. The predominant 

samp1 transcript observed in cells grown in the presence of 100 mM DMSO was found 

to migrate in denaturing agarose gels at an estimated size of 1200-1300 nts with a 

smaller, less abundant transcript at an estimated size of 450-550 nts (Figure 3-7). 

These data are consistent with the end-point RT-PCR data (Figure 3-4) to indicate 

samp1 generates a transcript with trkA2 coding sequence. However, the total region 

that spans the intergenic and coding sequences of the trkA2 to samp1 region is 1973 nt 

in length. Thus, the estimated size of the larger transcript (1200-1300 nts) reveals that 

the samp1 transcript possesses an extensive 5’- untranslated region (UTR) and/or a 3’-

UTR. However, the length of this transcript is too short to accommodate the entire 

samp1 and trkA2 coding sequences. The smaller transcript detected by Northern blot 

analysis using the samp1 specific probe may be a result of possible cleavage of the 

larger transcript or transcription initiation at two separate promoters. The samp1 

transcripts were further explored later by mapping transcript ends. The predominant 
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samp3 transcript in wild-type cells grown in complex medium with DMSO was found to 

migrate at an approximate size of 400-500 nts (Figure 3-7), and this is consistent with 

the determination of the 5’- and 3’- ends of the transcript which will be discussed in the 

later section. Transcripts specific for samp2 were not detected by this experimental 

approach and in the growth conditions tested suggesting that either samp2 transcripts 

are not abundant when grown aerobically in complex medium in the presence or 

absence of DMSO or the DIG-labeled probe was not sensitive in detecting samp2 

transcripts.   

SAMP Gene Transcripts are Leaderless with Extensive 3’-UTRs  

 Determination of 5’- and 3’- ends of transcripts is used to identify not only where 

transcription initiation and termination occur but also enables the determination of the 

lengths of 5′- and 3′-UTRs of transcripts and can be useful in identifying sites of 

transcript cleavage (Reiter et al., 1988). A recently developed method was used to 

determine transcript ends where, in brief, total RNA was isolated from wild-type H26 

cells, the transcript ends dephosphorylated to 5’-monophosphates to ensure RNA 

circularization by an RNA ligase (Brenneis et al., 2007). Primers specific for the samp 

genes and reverse transcriptase were used to generate the first- strand of cDNA. A set 

of four nested PCR reactions, which included primers annealing to unknown 5’- and 3’- 

UTRs and primers that amplify 5’- and 3’- regions of the open reading frame were also 

used. The PCR products were TOPO cloned, and plasmid sequences were compared 

to the Hfx. volcanii genomic sequence. 

 With this approach, the 5’ and 3’ ends of samp2 and samp3  transcripts were 

mapped from total RNA extracted from wild-type cells grown with and without DMSO 

supplementation, while samp1 transcript ends could only be mapped from total RNA 
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extracted from wild-type cells grown in the presence of DMSO (Figure 3-8, A, B and C). 

The 5’ ends of all three samp transcripts were found to be initiated at the ‘‘A’’ of the ATG 

translational start site. Thus, the transcripts were leaderless, devoid of a 5’-UTR, leaving 

no space for a Shine-Dalgarno sequence upstream of the start codon regardless of the 

growth conditions examined. Mapping the transcript ends facilitated our prediction of 

important promoter elements for the samp genes. Archaeal promoter elements typically 

include the transcription factor B-recognition element (BRE, consensus motif “CGAAA”) 

and a TATA box (consensus motif “TTWT”, where “W” represents a purine) (Brenneis et 

al., 2007; Gregor and Pfeifer, 2005). The TATA box is generally centered at -27/-28 bp 

from the transcriptional start site in archaea such as Hfx. volcanii (Brenneis et al., 2007; 

Gregor and Pfeifer, 2005). Thus, samp promoter elements were predicted based on 

archaeal promoter consensus sequence combined with optimal spacing in relationship 

to the transcriptional start site, as predicted based on our RNA ligase mediated mapping 

of the transcript 5’-ends (although RNase cleavage to generate the 5-end cannot be 

ruled out). Consensus motifs for BRE and the TATA box were identified to be centered 

approximately 27 bp upstream of the transcriptional/translational start sites of samp 

genes and are depicted in Figure 3-8, A, B and C. While both samp2 and samp3 

promoter elements were identified within intergenic regions, the samp1 promoter was 

predicted to be located within the trkA2 open reading frame as both BRE and a TATA 

box promoter consensus sequence elements were centered 33 bp and 27 bp 

respectively upstream of the leaderless samp1 transcription start site (Figure 3-8A). 

Consistent with our findings, the majority of haloarchaeal transcriptional start 

sites mapped to date by this RNA-ligase approach as well as primer extension and 
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bioinformatic analyses are found to be leaderless (Tolstrup et al. 2000; Moll et al. 2002; 

Benelli et al. 2003; Brenneis et al. 2007). Haloarchaea efficiently translate leaderless 

transcripts by a mechanism thought to be initiated by an initiator Met-tRNA that binds to 

the AUG at the beginning of the mRNA in the presence of additional translation initiation 

factors and large and small ribosomal subunits which are in association (Brenneis et al., 

2007). At least 10 initiation factors have been identified in archaea, including a 

homologue of the eukaryal elongation factor 2 (eIF2) (Bell and Jackson, 1998; Kyrpides 

and Woese, 1998). Bacterial and eukaryotic leaderless transcripts use a similar mode of 

translation initiation in which transcripts bind undissociated ribosomes and initiator tRNA 

for translation initiation (Moll et al., 2002; Udagawa et al., 2004; Andreev et al., 2006; 

Brenneis et al., 2007). Thus, based on these results, all three samp transcripts most 

likely utilize a leaderless translation initiation strategy. 

 The samp-specific transcripts were found to possess 3’-UTRs of variable lengths 

including 3’-UTRs of 5 nts for samp1, 203 nts for samp2, and 219 nts for samp3 (Figure 

3-8, A, B and C). It is not uncommon for haloarchaeal transcripts to possess 3’-UTRs 

(Brenneis et al., 2007). All haloarchaeal 3’-ends that have been mapped to date are of 

variable length in which 80% of the 3′-UTRs are between 20 and 80 nts, and only seven 

3′-UTRs extend beyond 100 nts (Brenneis et al., 2007). Furthermore, most of these 

previously mapped 3’UTRs had polyU regions suggesting the 3’end was most likely 

generated by transcription termination (Brenneis et al., 2007). Compared to the 3’-UTRs 

previously mapped for Hfx. volcanii, the 3’-UTRs of the samp transcripts differed 

significantly in sequence with no apparent stretch of polyUs. Furthermore, the lengths of 

the samp 3’-UTRs were pronouncedly different with the 3’-UTR of samp1 at only 5 nts, 
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while both samp2 and samp3 3’-UTRs were much longer than the average at 203 and 

219 nts, respectively.  

When the 5’/3’ maps were compared to the Northern blot and end-point RT-PCR 

results for the samp transcripts, a number of insights were provided. First, the samp1 

transcript of ~1,300 nts (detected by Northern blot) that includes the trkA2 coding 

sequence (based on end-point RT-PCR coupled with gene organization) was not 

detected by 5’ and 3’ end mapping. In contrast, the smaller samp1 transcript of ~500 nts 

detected by Northern blot most likely corresponds to the samp1 transcript identified by 

mapping the 5’/3’-ends, which would be 266 nts. The inability to detect the larger samp1 

transcript by 5’/3’ mapping is most likely due to the limitations of the experimental 

method, as no nested PCR product was detected greater than 400 bps that could be 

successfully isolated from DNA agarose gels and TOPO cloned. An additional insight 

was that the samp2 3’-UTR, which extends 203 nts beyond the translational stop codon, 

encompasses the majority of the adjacent hvo_0201 gene downstream of samp1, but 

does not span the entire coding sequence of this GNAT acetyltransferase gene 

homolog. A polyU motif was not identified within the 3’-UTR suggesting a site for 

transcription termination by such a motif does not occur for this samp2 transcript. Thus, 

samp2 transcripts are either cleaved at their 3’-end by an RNase or use an alternative 

type of transcriptional terminator to generate the 3’-end of the transcripts which occur at 

a U corresponding to the T of the “TCGA” motif within the coding sequence of hvo_0201 

(Figure 3-8B).  Interestingly, the samp3 3’-UTR of 219 nts, also has no apparent polyU 

stretch and extends substantially into the adjacent downstream gene (hvo_2178). 

Similarly to samp2, the 3’UTR of the samp3 transcript has a 3’end sequence that 



 

100 

terminates at a U corresponding to the T of a “TCGA” motif located within the hvo_2178 

coding sequence. The open reading frames of the conserved hypothetical proteins 

HVO_2178 and HVO_2179 overlap by four nts, and a stretch of four U’s is observed 7 

nt downstream of HVO_2179 that may serve as a possible site of transcription 

termination. Furthermore, Northern blot analysis of samp3 transcripts indicated a 

transcript of 500 nt which is consistent with the deduced size of the samp3 transcript 

from 5’/3’ end mapping. Together these results reveal and support the end-point RT-

PCR data indicating samp2 and samp3 generate a transcript with its downstream gene 

neighbors (i.e., hvo_0201, and hvo_2178 respectively) with the transcripts subject to 

possible post-transcriptional 3’-end processing at a “UCGA” site or an alternative 

mechanism of transcription termination.  

To further analyze these extended downstream regions of samp2 and samp3, 

Mfold 2.3 was used to identify putative stemloop structures.  Prediction of secondary 

structure within 3’-UTRs allows examination of potential transcription termination sites 

(Mazumder et al., 2003). By this approach, multiple stemloop structures were predicted 

within the 3’-UTR of both samp2 and samp3 (Figure 3-9). The samp2 3’-UTR has 3 

predicted hairpin regions stemming from positions 4 to 32, 41 to 137 and 141 to 203 

(Figure 3-9A). Furthermore,  five stemloop structures were predicted in the samp3 3’-

UTR at positions 4 to 22, 25 to 87, 88 to 122, 125 to 147, and 150 to 209 (Figure 3-9B). 

The structure and sequence of the samp2 and samp3 putative stemloop structures are 

not conserved therefore a general mode of transcription termination is unclear. 

However, the presence of diverse secondary structure within these 3’-UTRs suggests 

an alternative mechanism for samp transcription termination. 
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SAMP Gene Transcripts may be Regulated at the Post-Transcriptional Level 
During Certain Growth Conditions and Environmental Stress  

Different nitrogen sources 

 Archaea are capable of utilizing both organic and inorganic forms of nitrogen for 

cell growth (Cabello et al., 2004). Hfx. volcanii has a doubling time of 3.5 h when the 

inorganic form, ammonium chloride (NH4Cl), serves as the nitrogen donor compared to 

an organic nitrogen donor such as the amino acid alanine in which the cells have 

doubling times from 9 to 23 h (Sabag-Daigle, 2009). Ammonium chloride is thus 

considered a nitrogen-sufficient source for growth of Hfx. volcanii and amino acids are 

considered to be nitrogen-insufficient. Microarray data of Hfx. volcanii wild-type cells 

grown in glycerol minimal medium in the presence of NH4Cl compared to alanine 

indicate significant differences in gene expression in the nitrogen assimilation pathway 

(Chavarria, unpublished). For example, the gene encoding the nitrogen regulatory 

protein PII is upregulated several-fold when alanine serves as the nitrogen source as 

opposed to growth on NH4Cl where the nitrogen regulatory protein PII gene was not 

highly upregulated (Chavarria, unpublished).  

SAMP conjugate profiles and deletion mutants of proteasomal components are 

demonstrated to be significantly altered by growth on different nitrogen sources and 

during environmental stress respectively. During growth on alanine versus NH4Cl, the 

profile of SAMP1/2 protein conjugates were increased with alanine as the nitrogen 

source (Humbard et al., 2010). In addition, SAMP1/2 conjugates are altered during 

growth on glycerol minimal medium supplemented with alanine as the nitrogen source 

when wild-type cells are compared to deletion mutants of proteasome components 

(PAN-A/1 and 20S core particle α1) (Humbard et al., 2010). Both Δpan-A/1 and Δα1 
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strains display reduced growth when alanine serves as the nitrogen source, are altered 

in their recovery from heat shock, and are sensitive to stresses including hypo-osmotic 

shock and protein unfolding due to incorporation of the amino acid analogue L-

canavanine (Zhou et al., 2008). Since SAMP1/2 conjugates are altered by different 

nitrogen sources and this regulation appears linked to proteasome function, determining 

whether the samp and ubaA gene expression was affected at the transcript level by 

growth in different nitrogen sources was important. 

To investigate the effect of nitrogen source on samp and ubaA gene expression 

at the transcript level, RT-qPCR was performed. Wild-type H26 cells were grown in 

biological triplicate in glycerol minimal media supplemented with alanine or NH4Cl. 

Using this approach, an approximate 2.5-fold increase in the levels of samp1- and 

samp2-specific transcripts was observed when cells were grown in the absence (with 

alanine as the nitrogen source) compared to the presence of ammonium (Figure 3-10A). 

In contrast, the levels of samp3- and ubaA-specific transcripts remained unaltered by 

these conditions. Although transcript levels were increased for samp1 and samp2 

transcripts, the approximate 2.5 fold transcript induction was modest.  

DNA sequence corresponding to 121 bp immediately upstream of the samp2  

translation start site were fused to the start codon of the beta-galactosidase gene, 

bgaH, to assess how this 5’ region may alter samp2 gene expression during growth with 

NH4Cl and alanine as a nitrogen source. In this construct, the samp2 promoter 

consensus sequence elements identified by 5’/3’ end mapping (and highlighted in 

Figure 3-8B) were positioned 1 bp upstream of the bgaH translational start site, similarly 

to the native samp2 translational start site. Based on 5’/3’ mapping we now understand 
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that samp1 transcript is leaderless and likely transcribed from a promoter consensus 

sequence within the trkA2 coding sequence as highlighted in Figure 3-8A.  However, at 

the time of this early study, the putative trkA1 promoter (upstream of samp1) was 

positioned 1 bp upstream of the bgaH translational start site and assessed for activity. 

Based on reporter assays, transcription from the putative samp2 and trkA1 promoters 

was not altered by nitrogen source (Figure 3-10A). The beta-galactosidase specific 

activity during growth on NH4Cl and alanine was comparable at 97±11 and 76± 9 Miller 

units for samp2 and 58 ± 3.7 and 78 ±20 Miller units for trkA1, respectively. This result 

suggests that samp2 and trkA1 are not differentially regulated at the level of 

transcription by nitrogen source (Figure 3-10B). Thus, the increase in the level of samp2 

transcripts observed by RT-(q) PCR is indicative of post-transcriptional regulation as the 

levels of transcription were not altered by nitrogen source. 

Heat shock 

 Ubiquitin gene expression is heat shock inducible in eukaryotic organisms 

(Simon et al., 1999; Finley et al., 1987; McGrath et al., 1991; Muller-Taubenberger et 

al., 1988; Ovsenek and Heikkila, 1988). In Xenopus laevis, ubiquitin mRNA is 

developmentally regulated in response to heat shock (Ovsenek and Heikkila, 1988). 

This accumulation of heat shock-induced ubiquitin transcripts is proposed to be due to 

an increase in transcription and/or mRNA stability (Ovsenek and Heikkila, 1988). In 

addition to heat shock inducible ubiquitin in Xenopus laevis, Dictyostelium discoideum, 

a soil-dwelling amoeba, also has accumulation of ubiquitin transcripts after heat shock 

with a decrease in these levels as cells recover from heat shock (Muller-Taubenberger 

et al., 1988). This result suggested a negative feedback loop in which ubiquitin genes 

are inactivated by high concentrations of ubiquitin from excess production of ubiquitin 
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during heat shock by an unidentified mechanism. This effect was also observed in S. 

cerevisiae, where ubiquitin transcript levels increase during heat shock and decrease 

during a recovery period (Finley et al., 1987, Simon et al., 1999). 

 To determine if samp and ubaA genes are differentially regulated at the transcript 

level by heat shock similar to ubiquitin of eukaryotic organisms, Hfx. volcanii wild-type 

cells were subjected to a heat shock temperature of 60 °C for 40 min. From previous 

heat shock studies of halophilic archaea, genes that encode for major regulatory 

functions such as chaperonins (Kuo et al., 1997) and heat shock transcription factors 

(Coker et al., 2007) are maximally expressed at the transcript level after shift from 37 ºC 

and 42 ºC respectively to 60° C. Therefore, 60ºC was selected as the temperature to 

study how heat shock may influence the transcript levels of samp and ubaA. Transcripts 

were analyzed from cells exposed to heat shock and after a 20 min recovery period. 

Cells treated similarly, but not subjected to heat shock, were included as a negative 

control. RT-(q) PCR was used to determine transcript levels. 

 With this approach, transcript levels of samp1 and ubaA were found to be 

increased by heat shock, whereas the samp2/3 transcripts were not altered. In 

particular, samp1 and ubaA transcript levels were increased as a result of heat shock by 

approximately 2.3- and 1.7-fold, respectively (Figure 3-11A). In contrast, the samp2 and 

samp3 transcript levels were altered less than 1-fold regardless of whether or not cells 

were exposed to heat shock (Figure 3-7A). After a 20 min recovery period at 42° C, the 

samp1 and ubaA transcripts were found to decrease from their peak levels during heat 

shock suggesting a possible transitory effect of gene expression after heat shock, 
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similarly to eukaryotic species where ubiquitin transcript levels are found to decrease 

during recovery from heat shock (McGrath et al., 1991; Simon et al., 1999). 

To further investigate the influence of heat shock on samp1 transcript levels, a 

time-course analysis in which RNA was extracted from wild-type H26 at different time 

points after shifting from 42 to 60°C was performed. RT-(q) PCR was used to detect 

samp1 transcript levels. By this approach, samp1 transcript levels were found to 

increase after the initial exposure to heat shock, reaching a peak increase of ~2.6-fold 

after 60 min and decreasing to nearly basal levels (only ~1.2 fold) after 105 min (Figure 

3-11B). These results suggest the samp1 transcript levels, although increased by heat 

shock, return to steady state to maintain cell homeostasis providing cells are viable at 

prolonged exposure at 60ºC. Previous analysis of yeast ubiquitin transcript revealed an 

increase after heat shock however this effect was transient (McGrath et al., 1991; 

Simon et al., 1999). In yeast, monomeric ubiquitin levels slightly increase for a short 

period of time after heat shock and then decrease (McGrath et al., 1991). This effect 

would therefore be consistent with the many ubiquitination reactions which occur during 

heat shock in yeast (McGrath et al., 1991). In addition to RT-qPCR, beta-galactosidase 

assays were to be used to study transcription from the putative samp1 promoter 

however the BgaH enzyme is not thermostable (Figure 3-11C) at 60ºC. Additionally, 

deletion mutant strains of samp2 and ubaA are sensitive to growth at an elevated 

temperature (50 ºC) suggesting both UbaA and SAMP2 functions are important during 

growth at elevated temperatures (Miranda et al., 2011).   

Cold shock 

 Ubiquitin is a cold-stress induced transcript in eukaryotes (Muller-Taubenberger 

et al., 1988); thus, cold shock was used as a stress to study samp and ubaA gene 
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expression. Hfx.volcanii cells bearing bgaH-reporter fusions to promoter regions 

associated with samp2/3, ubaA and trkA1 (upstream of samp1) genes were subjected 

to cold shock at 4°C for 1.5 h. Although cold-shock response has not been studied in 

Hfx. volcanii, 4°C was chosen as the cold shock temperature. A cold shock study has 

been performed in Halobacterium sp. NRC-1 where cells were grown at 15 ºC for cold 

shock whereas 42 ºC is the optimum temperature for growth of this organism (Coker et 

al., 2007). In this study, cold shock genes cspD1 and cspD2 are upregulated during cold 

shock (Coker et al., 2007).  Putative promoter-reporter fusions revealed similar levels of 

transcription from samp and ubaA putative promoters during incubation at 4ºC and 42ºC 

(Figure 3-12) suggesting transcription levels are not altered by cold shock in Hfx. 

volcanii.  

DMSO respiration versus oxygen respiration and aerobic growth in the presence 
of DMSO 

As an additional growth condition to assay for transcription from putative samp 

and ubaA promoters, transcription levels were investigated in rich media near optimal 

growth temperature (42 °C) with either oxygen or DMSO as the terminal electron 

acceptor and also aerobically in the presence of DMSO. From a previous study 

(Miranda et al., 2011), SAMP2 protein-conjugates increased when DMSO served as the 

terminal electron acceptor compared to oxygen. SAMP1 protein-conjugate levels 

remained the same regardless of the terminal electron acceptor (Miranda et al., 2011). 

In an effort to determine whether the differential regulation of SAMP-protein conjugates 

is consistent with transcriptional regulation, putative promoter regions were investigated 

using the aforementioned bgaH reporter assay. Cells bearing these putative promoter 

constructs were grown overnight in 10 ml screw-cap tubes on YPC supplemented with 
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100 mM DMSO and 2% (wt/vol) glucose. The 10 ml screw-cap tubes were filled to 

maximum volume to minimize the oxygen levels within the tube. Cultures were also 

grown aerobically with agitation in YPC supplemented with 2% (wt/vol) glucose alone to 

maximize oxygen levels within the tube. During early logarithmic growth, cells were 

immediately lysed and BgaH-specific activity was assessed. Transcription from samp 

and ubaA putative promoters, based on beta-galactosidase activity, was similar 

regardless of the terminal electron acceptor (Figure 3-13) suggesting the increased 

SAMP2 protein-conjugate levels when cells are grown with DMSO as the terminal 

electron acceptor is not at the level of transcriptional regulation therefore suggesting 

post-transcriptional regulation of samp2 during these growth conditions. Furthermore, it 

was noted earlier from Northern blot analysis that samp3 transcript levels are induced 

during oxygen respiration in the presence of DMSO. Therefore, to investigate whether 

this induction is potentially regulated at the transcription level, samp2/3 putative 

promoters were used to assess promoter activity in complex medium in the presence 

and absence of DMSO (Figure 3-14). SAMP2 conjugate levels, similar to SAMP1 and 

SAMP3 conjugate levels, increased in the presence versus absence of DMSO 

aerobically (Miranda et al., 2013), therefore the samp2 putative promoter was also used 

in this study. Results revealed similar levels of both samp2 and samp3 promoter activity 

regardless of DMSO supplementation in the growth medium suggesting increases in 

transcript levels and protein conjugate levels during growth with DMSO may be at the 

level of post-transcriptional regulation. Together, these results suggest samp genes 

may be regulated at the post-transcriptional level during DMSO respiration in the case 

of samp2 and also during aerobic respiration for samp1/2/3 in the presence of DMSO. 
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Although protein-conjugate levels are increased during these conditions, transcription 

levels are unaltered.    

Conclusion 

 This study reveals that all three samp gene neighborhoods are conserved among 

many haloarchaea and samp genes generate leaderless transcripts in which the 

mRNAs lack a 5'-UTR and, hence, are missing canonical Shine-Dalgarno sequences. 

Therefore, the start codon itself may serve as the most important signal for the 

translation initiation of these genes. The occurrence of leaderless transcripts in Hfx. 

volcanii is consistent with a majority of haloarchaea and some bacteria such as 

Actinobacteria and Deinococcus-Thermus whose transcriptional start sites have been 

mapped (Brenneis et al., 2007; Zheng et al., 2011). Leaderless transcription has also 

been identified in well-studied bacteria such as Escherichia coli, but appears to be a 

stress induced function (Vesper et al., 2011), by contrast to organisms such as Hfx. 

volcanii where it is common. In addition to mapping transcriptional start sites, the samp 

transcripts were found to possess 3’-UTRs, a common feature of the majority of 

haloarchaeal transcripts in which the 3’-ends have been mapped (Brenneis et al., 2007).  

However, in the case of the samp2 and samp3 transcripts, the 3’ends extended within 

the ORF of the downstream gene, gnat and hvo_2178 respectively. Northern blot 

analysis of samp1 revealed two transcripts (in the range of 1200-1300 nts and 450-550 

nts) and a single transcript of ~450 nts was detected for samp3. Overall, the results not 

only shed light on the organization of samp genes and samp transcripts in Hfx. volcanii, 

but also add, in general, to the understanding of samp transcriptional units in 

haloarchaea. 
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 SAMP transcripts were also differentially expressed under varying conditions. 

The samp1 and samp2 transcripts were differentially regulated whereas samp3 and 

ubaA levels were not differentially regulated at the transcript level by growth on different 

nitrogen sources (i.e., NH4Cl and alanine). Putative promoter-reporter fusion assays 

demonstrated similar levels of promoter activity during growth regardless of nitrogen 

source. Taken together, posttranscriptional regulation of samp1 and samp2 may occur 

during growth on different nitrogen sources. Also, samp1 transcripts were upregulated 

in a time-dependent manner during heat shock. The samp1 transcript levels increased 

and then decreased during heat shock suggesting this phenomenon is transient in order 

to maintain steady state levels of samp1 during heat shock. Also, samp transcription 

levels remained the same during cold shock versus 42 ºC and respiration with oxygen 

versus DMSO as the terminal electron acceptor during experimental conditions tested. 

Furthermore, although samp3 transcript levels are induced in the presence versus 

absence of DMSO during growth where oxygen served as the electron acceptor, samp3 

transcription levels remained the same suggesting posttranscriptional regulation. Taken 

together, these data suggest different modes of regulation for samp genes and during 

certain conditions tested, samp genes may be regulated at the posttranscriptional level. 

This is the first study of samp transcripts and regulation of samps and it provides a 

basis for further studying regulation of ubiquitin-like proteins in archaea. 
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Figure 3-1. The samp1 genomic context is conserved in many haloarchaea. Genes that 

are conserved across multiple species are as follows: samp1, red, potassium 
transporter (trkA1/2, lime green), universal stress protein A (uspA, dark 
green), potassium channeling A homolog (pchA, multicolored in pink, orange, 
yellow, and light blue), histone acetyltransferase (hat5, dark purple), glutamyl-
tRNA(Gln) amidotransferase subunit D (asbA, light purple) and genes 
encoding hypothetical proteins are cyan. 
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Figure 3-2. The samp2 genomic context is conserved in many haloarchaea. Genes that 

are conserved across multiple species are as follows: samp2, red, GCN5-
related N-acetytrasferase (gnat, lime green), replication factor A (rfcA, dark 
blue), alanyl-tRNA synthetase (alaS1, pink), phosphomannomutase (pmm, 
burgundy/pool blue) and genes encoding hypothetical proteins are cyan. 
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Figure 3-3. The samp3 genomic context is conserved in many haloarchaea. Genes that 

are conserved across multiple species are as follows: samp3, red, 
hypothetical protein with diglycine motif (hvo_2178, lime green), hypothetical 
protein often associated with HVO_2178 (hvo_2179, orange), aldehyde 
oxidoreductase (aor4, cyan/dark blue) and genes encoding hypothetical 
proteins are cyan. 
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Figure 3-4. The samp1 gene generates transcript with trkA2, a putative K+ channeling homolog.  This is a schematic 

representation of the samp1 genomic context and locations for primers to anneal for RT-qPCR, end-point RT-
PCR, and probe for Northern blot analysis. End-point RT-PCR reveals generation of a transcript (RT+) for trkA1 
and trkA2 as well as samp1 and trkA2. Genomic DNA (PCR) was used as a positive control and RNA without 
the reverse transcriptase step (RT-) was used as a negative control. Genes generating cotranscripts are in 
aqua and genes flanking this region are in gold. 
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Figure 3-5. The samp2 gene generates transcript with gnat, a putative GCN5-related N-acetyltransferase. This is a 

schematic representation of the samp2 genomic context and locations for primers to anneal for RT-qPCR, end-
point RT-PCR, and probe for Northern blot analysis. End-point RT-PCR reveals generation of a transcript (RT+) 
within the 5’- and 3’- ends of samp2 and gnat. Genomic DNA (PCR) was used as a positive control and RNA 
without the reverse transcriptase step (RT-) was used as a negative control. Genes generating cotranscripts are 
in aqua and genes flanking this region are in gold. 
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Figure 3-6. The samp3 gene generates transcript with hvo_2178, a structurally-related MoaD protein. This is a schematic 

representation of the samp3 genomic context and locations for primers to anneal for RT-qPCR, end-point RT-
PCR, and probe for Northern blot analysis. End-point RT-PCR reveals generation of a transcript (RT+) for 
samp3 and hvo_2178 as well as hvo_2178 and hvo_2179. Genomic DNA (PCR) was used as template for PCR 
and served as a positive control and RNA without the reverse transcriptase step (RT-) was used as a negative 
control. Genes generating cotranscripts are in aqua and genes flanking this region are in gold. 
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Figure 3-7. Detection of samp1 and samp3 transcripts by Northern blot analysis when cells are grown in the presence of 
DMSO. Total RNA was isolated from Hfx. volcanii H26 wild-type grown at 42°C (200 rpm) in the absence of 
DMSO and the presence of 15mM and 100mM DMSO as indicated. Transcripts were analyzed by Northern 
blotting with DIG-labeled probes specific for samp1 and samp3 as indicated. Transcript sizes are denoted for 
samp1 (~1290 nt and ~540 nt) and for samp3 (~450 nt). The markers (in thousands) of DIG-labeled RNA 
molecular weight marker I are indicated on the left.  The blot on the far left is representative for detection of 
samp transcripts with DIG-labeled for samp1, samp2 and samp3.  
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Figure 3-8. mRNA sequence of samp1/2/3 transcripts indicating 5’- and 3’-ends. A) The 
5’- and 3’- ends of samp1 transcript and putative BRE and TATA regions 
located upstream of the transcriptional start site.B) Representation of 5’- and 
3’-ends of samp2 transcript and predicted promoter elements (BRE and TATA 
box).C) Representation of 5’- and 3’-ends of samp3 transcript and predicted 
promoter elements (BRE and TATA box in light purple). Open reading frames 
for samps (pink) and neighboring genes (light green) are also highlighted. 
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  C 
 
Figure 3-8. Continued
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    A 

 

Figure 3-9. The samp2 and samp3 3’-UTRs possess multiple putative stemloop 
structures. The secondary structures are evidenced by the basepairing of 
nucleotides to form hairpins in the 3’-UTR of samp2 (A) and samp3 (B). 
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Figure 3-9. Continued 
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Figure 3-10. The samp1 and samp2 transcripts may be regulated at the post-

transcriptional level when cells are grown with alanine as the nitrogen source. 
A) RT-qPCR data of H26 wild-type cells grown in glycerol minimal medium 
with alanine versus ammonium chloride as the nitrogen source. B) β-
galactosidase enzyme activity assay of putative PtrkA1 and Psamp2 promoter as 
well as promoterless controls (RBS=ribosomal binding site) and the positive 
rRNA P2 control prepared from cells grown in glycerol minimal medium with 
alanine (-NH4Cl) versus ammonium chloride (+NH4Cl) as the nitrogen 
source.  All experiments were performed in triplicate, and the means ± SD 
were calculated. 

A 
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Figure 3-11. The samp1 transcripts are induced by heat shock (60 ºC) and this effect is 

transient. A) RT-qPCR data of H26 wild-type cells exposed to heat shock at 
60ºC versus non-heat shocked cells and cells exposed to heat shock 
conditions and given a recovery period for 20 minutes vs. non-heat shocked 
cells. B)  Time course analysis of samp1 transcript compared to non-heat 
shocked cells. All experiments were performed in triplicate, and the means ± 
SD were calculated.C) BgaH thermostability as a function of temperature. 

 
 

A 
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Figure 3-11. Continued 
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Figure 3-12. The samp and ubaA putative promoter activity is similar during cold shock 

versus 42ºC. β-galactosidase enzyme activity assay of putative promoters 
(PtrkA1, Psamp2, Psamp3, PubaA ) as well as promoterless controls (RBS=ribosomal 
binding site) and the positive rRNA P2 control prepared from cells during cold 
shock (4ºC) in light grey and  from cells during growth at near optimal 
temperature (42ºC) in dark grey.  All experiments were performed in triplicate, 
and the means ± SD were calculated. 
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Figure 3-13. The samp and ubaA putative promoter activity is similar during oxygen 

versus DMSO respiration. β-galactosidase enzyme activity assay of putative 
promoters (PtrkA1, Psamp2, Psamp3, PubaA ) as well as promoterless controls 
(RBS=ribosomal binding site) and the positive rRNA P2 control prepared from 
cells grown in complex medium (YPC) with 2% glucose in dark grey and from 
cells grown in YPC with 2% glucose supplemented with 100mM DMSO in 
light grey. Experiments were performed in triplicate, and the means ± SD 
were calculated. 
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Figure 3-14. The samp3 putative promoter activity is similar in the presence versus 

absence of DMSO during oxygen respiration. β-galactosidase enzyme activity 
assay of putative promoters (Psamp2, Psamp3) as well as promoterless 
controls (RBS=ribosomal binding site) and the positive rRNA P2 control 
prepared from cells grown in complex medium (ATCC 974) as indicated by 
the light grey box and from cells grown in ATCC 974 supplemented with 100 
mM DMSO. Experiments were performed in triplicate, and the means ± SD 
were calculated. 
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CHAPTER 4 
Ncs6/Tuc1 HOMOLOG (NcsA) IS REQUIRED FOR tRNALys

UUU THIOLATION AND IS 
ASSOCIATED WITH UBIQUITIN-PROTEASOME AND RNA PROCESSING SYSTEM 

HOMOLOGS IN ARCHAEA  

Introduction 

A wide variety of posttranscriptional modifications in RNA are widespread 

amongst all evolutionary lineages (Auffinger and Weshof, 1998; McCloskey et al., 

2001). Over 100 modified RNA species have been identified to date (Rozenski et al., 

1999). RNA modifications play critical roles in cell metabolic processes and RNA 

structural stability (Rozenski et al., 1999). In particular, modification of tRNA is important 

for proper codon-anticodon base-pairing and decoding (Bjork, 1992; Agris, 1996). One 

such tRNA modification is 2-thiomodification of tRNAs specific for lysine, glutamate, and 

glutamine (Rogers et al., 1995) which was recently reported in yeast to enhance 

translational efficiency by increasing ribosomal A-site binding and peptide bond 

formation in vitro (Rezgui et al.,2013). 

Ub/Ubl proteins conjugate to target proteins within the cell to mediate both 

proteolytic and non-proteolytic modifications (Hochstrasser, 2009). In the eukaryote 

Sacchormyces cerevisiae, the ubiquitin-related modifier protein, Urm1, participates in 

both protein modification (Goehring et al., 2003a, Van der Veen et al., 2011) and is 

required for 2-thiouridine biosynthesis (Nakai et al., 2008; Schlieker et al., 2008; Leidel 

et al., 2009; Noma et al., 2009). Five proteins in yeast (Urm1, Uba4, TUM1, Ncs6, and 

Ncs2) have been identified by ribonucleome analysis as important proteins for 2- 

thiouridine biosynthesis (Noma et al., 2009). It is proposed that Urm1p is first 

adenylated by the E1-like activating enzyme, Uba4. Once activated by Uba4, the C-

terminal diglycine of Urm1 is thiocarboxylated by a persulfide generated from cysteine 
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desulfurases. The activated sulfur is then transferred to uridines in the wobble position 

of lysine, glutamate, and glutamine tRNAs that have been adenylated by Ncs6 (Noma et 

al., 2009). Ncs6 contains a P-loop ATPase domain commonly found in tRNA modifying 

enzymes belonging to the N-type ATP pyrophosphatase superfamily (Bjork et al., 2007; 

Dewez et al., 2008; Nakagawa et al., 2013). Ncs2, a protein partner of Ncs6, either 

enhances the binding of Ncs6 to tRNA or may facilitate 2-thiolation in another capacity 

(Dewez et al., 2008). This sulfur relay system and the use of ubiquitination chemistry to 

mediate such a system is also similar in Thermus thermophilus and Arabidopsis 

thaliana (Shigi et al., 2006; Shigi et al., 2008; Nakai et al., 2012).   

Sulfur is an essential element of life that is required for the synthesis of vitamins, 

biomolecules, amino acids, and cofactors (Kessler, 2006). The incorporation of sulfur 

into biomolecules in archaea is not well studied. The source of sulfur in archaea is 

unknown however, recently, in vitro studies suggests sulfide can act as a sulfur donor 

for 4-thiouridine biosynthesis in Methanococcus maripaludis (Liu et al., 2012). The 

presence of 2-thiouridine biosynthesis in the haloarchaeon, Haloferax volcanii, has also 

been identified from our recent studies of UBL protein, small archaeal modifier proteins 

(SAMPs). SAMP2 and the E1-like ubiquitin-activating homolog, UbaA, are important in 

posttranslational protein modification and for thiolation of tRNALys
UUU indicative of 2-

thiouridine biosynthesis (Miranda et al., 2011).  

Here we report the characterization of Hfx. volcanii NcsA (HVO_0580; Ncs6/Tuc1 

homolog). NcsA was found important for maintaining cellular pools of thiolated 

tRNALys
UUU and growth at elevated temperatures. NcsA was covalently modified by 

apparent polySAMP2 chains through a UbaA-dependent mechanism and was non-



 

129 

covalently associated with homologs of the eukaryotic ubiquitin-proteasome and 

exosome systems. Taken together, our results suggest the archaeal Ncs6/Tuc1 

homolog, NcsA, is important for 2-thiolation of wobble uridine tRNAs and is intimately 

linked with post-translational systems including ubiquitin-like protein modification, 

protein degradation and RNA processing. 

Results and Discussion 

NcsA and its Haloarchaeal Orthologs Form a Distinct Subgroup within the 
Adenine Nucleotide α Hydrolase (ANH) Superfamily and have Conserved tRNA 
Thiolase Active Site Residues. 

  Hfx. volcanii NcsA (HVO_0580) is a member of the adenine nucleotide α 

hydrolase (ANH) superfamily (cd01993) and is predicted to be involved in tRNA thio-

modification based on Gene Ontology annotation (GO:0034227) and sequence 

similarity to tRNA modification enzymes such as Ncs6/Tuc1. In this study, hierarchical 

clustering was used to further understand the relationship of NcsA (HVO_0580) to 

members of the ANH protein superfamily (Figure 4-1). NcsA was found to form a tight 

cluster with uncharacterized ANH superfamily members from other haloarchaea. This 

haloarchaeal-specific ANH cluster was related to eukaryotic Ncs6/Tuc1 and relatively 

distinct from the bacterial and archaeal members that have been characterized 

including: Salmonella enterica serovar Typhimurium TtcA (Jager et al., 2004), Thermus 

thermophilus TtuA (Shigi et al., 2008; Shigi, 2012; Nakagawa et al., 2013), and 

Pyrococcus horikoshii Ph0300 (Nakagawa et al., 2013). These protein sequence 

relationships suggested new insight would be provided through biochemical and genetic 

study of Hfx. volcanii NcsA (HVO_0580).  
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We next determined whether Hfx. volcanii NcsA had conserved active site 

residues common to ANH superfamily members using Phyre2-based homology 

modeling and multiple amino acid sequence alignment (Figure 4-2 and Figure 4-3). 

NcsA was predicted to have conserved 3D-structural fold and residues common to Ncs6 

and TtuA proteins of the TtcA family group II including the five C-X2-[C/H] motifs and the 

PP motif (P-loop-like motif in a widespread ATP pyrophosphatase domain; SGGXDS, 

where X is any amino acid residue) (Jager et al., 2004; Bork and Koonin, 1994; Björk et 

al., 2007; Nakagawa et al., 2013). Based on recent study of TtuA by in vivo site-directed 

mutagenesis and x-ray crystallography, the first and second C-X2-[C/H] motifs form an 

N-terminal zinc finger (ZnF1), the third C-X2-C forms the putative catalytic active site 

and the C-terminal zinc finger (ZnF2) is formed by the fourth and fifth C-X2-C motifs 

(Nakagawa et al., 2013). Thus, Hfx. volcanii NcsA is predicted to have conserved 

residues of the cysteine-rich- and PP-motifs that mediate the binding, adenylation and 

thiolation of tRNA. 

NcsA is Necessary for Thio-Modification of Lysine tRNA with a Wobble Uridine 

Next, a genetic approach was used to investigate the role of NcsA in the 

thiolation of tRNA. An Hfx. volcanii strain with a markerless deletion of the ncsA 

(hvo_0580) gene and its trans-complement (that expressed NscA with a C-terminal 

StrepII-tag, NcsA-StrepII) were generated from parent strain H26 and confirmed by 

Southern blotting and DNA sequence analyses (Figure 4-4). Total RNA was purified 

from these strains and analyzed for thiolation of wobble uridine tRNA by use of APM gel 

electrophoresis coupled with Northern blotting using a probe specific for tRNALys
UUU

 

(Figure 4-5). The tRNALys
UUU probe was chosen based on the presence of uridine 

nucleoside in the wobble position of the anticodon specific for lysine tRNAs. By this 
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experimental approach, a fraction of tRNALys
UUU in the parent and trans-complement 

strains was found to be thio-modified (Figure 4-5, lanes 1 and 3). By contrast, only non-

thiolated tRNALys
UUU was detected in the ΔncsA mutant strain (Figure 4-5, lane 2). 

Taken together, these results revealed NcsA is required for the thiomodification of the 

wobble uridine of tRNAs specific for lysine, similarly to what has been previously 

observed for the ubiquitin-fold SAMP2 and E1-like UbaA (Miranda et al., 2011). Thus, 

UbaA, SAMP and NcsA may function like the eukaryotic Uba4, Urm1 and Ncs6 in the 

thiol-modification of wobble uridine tRNAs including those specific for lysine 

(tRNALys
UUU), glutamate (tRNAGlu

UUC) and glutamine (tRNAGln
UUG).  

NcsA is Necessary for Growth at Elevated Temperatures 

Next, NcsA was examined to determine whether it is necessary for optimal 

growth at elevated temperature similar to SAMP2 and UbaA (Miranda et al., 2011). Hfx. 

volcanii ΔncsA mutant and its trans complement were compared to H26 parent and 

Δsamp2 mutant for growth at 50 ᵒC. Growth at this elevated temperature was compared 

for all conditions to growth at 42 ᵒC, which is within the temperature range for optimal 

growth of Hfx. volcanii (Robinson et al., 2005). When grown at 42 ᵒC, all four Hfx. 

volcanii strains were found to have comparable growth rates and cell yield under all 

conditions tested (Figure 4-6). By contrast, when cells were grown at 42 ᵒC and 

transferred to 50 ᵒC, a slow-growth phenotype was detected for the ΔncsA and Δsamp2 

mutant strains when compared to the parent and ncsA trans-complement (Figure 4-7A). 

To examine whether this slow-growth phenotype may be attributed to suppressor 

mutation(s), the four Hfx. volcanii strains were grown at 50 ᵒC, inoculated into fresh 

medium, and monitored for growth at 50 ᵒC (Figure 4-7B). By this experimental 

approach, the ΔncsA and Δsamp2 mutant strains were found to display no detectable 
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growth at 50 ᵒC compared to the robust growth and cell yield detected for the parent 

and trans-complement strains (Figure 4-7B). Similar results were observed by rich 

medium agar plate assay (Figure 4-7C). Thus, the slow growth phenotype of the ΔncsA 

and Δsamp2 strains was not due to a suppressor mutation but instead is likely due to 

cellular component(s) present in the 42 ᵒC inoculum that were somewhat active for 

initial batch culture at 50 ᵒC but were not functional for long-term growth at this elevated 

temperature.   

The phenotypic characterization of the ΔncsA mutant provides evidence that 

NcsA is needed for growth at high temperature. Many thiolase enzymes of the ANH 

superfamily are demonstrated to be important for growth at elevated temperatures 

including TtuA from Thermus thermophilus (Shigi et al., 2006) and Ctu1/Ncs6/Tuc1 from 

Schizosaccharomyces pombe (Dewez et al., 2008). Based on recent work 

demonstrating the importance of wobble uridine thiolation in structuring the anticodon 

for efficient and accurate recognition of cognate and wobble codons (Vendeix et al., 

2012), we speculate that the thermosensitive phenotype of the ΔncsA mutant is due to 

the lack of 2-thiomodification that would otherwise promote efficient translation and 

tRNA structural stability. 

UbaA Mediates Covalent and Non-Covalent Associations of NcsA with SAMP2 

In an effort to further understand the previous MS-based detection of NcsA and 

its association with SAMP2 (Humbard et al., 2010), NcsA pull-down assays were used 

to determine potential protein partners. The trans-complemented ΔncsA mutant, which 

expresses NcsA-StrepII, was used for pull-down of NcsA by StrepII affinity 

chromatography. Additional strains that co-expressed NcsA-StrepII with N-terminal 

Flag-tagged (Flag-) SAMP1 and SAMP2 proteins were also analyzed. Flag-SAMP1 
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served as a negative control, as SAMP1 was not predicted to interact with NcsA based 

on our previous analysis by mass spectrometry (Humbard et al., 2010) and Northern 

blotting of APM-gels which revealed SAMP1 was not necessary for thiolation of 

tRNALys
UUU (Miranda et al., 2011). An empty vector control, pJAM202c, was used to 

identify non-specific proteins which may have co-purified from the ΔncsA mutant by 

StrepII affinity chromatography.  

NcsA was found to purify with protein partners and as multiple NcsA isoforms by 

the StrepII-pull down approach. Analysis of the NcsA pull-down fractions by Coomassie 

staining (Figure 4-8A, upper) of proteins separated by reducing SDS-PAGE revealed 

purification of a predominant protein migrating at ~36 kDa, which was likely NcsA-

StrepII based on its anhydrous mass of 37.4 kDa. Additional protein bands were also 

detected in the NcsA-StrepII purified fractions that were not detected in the empty 

vector control suggesting protein partners may have co-purified with NcsA (Figure 4-8A, 

lane 1). The NscA-pull down fractions were further examined by immunoblotting with 

antibodies raised against the StrepII- and Flag-tags (Figure 4-8, as indicated). From this 

experimental approach, NcsA was detected at ~ 36 kDa by anti-StrepII (Figure 4-8A). 

However, additional bands of higher molecular mass were also detected by anti-StrepII 

that were not found in the vector control suggesting the presence of covalently modified 

forms of NcsA that are resistant to boiling in reducing SDS buffer (Figure 4-8A). To 

further investigate this possibility, the NcsA-pull down fractions were probed with an 

anti-Flag antibody as both SAMP1 and SAMP2 were Flag-tagged proteins (Figure 4-

8A). From this analysis, Flag-SAMP1 did not appear to co-purify with NcsA. By contrast, 

SAMP2 was readily detected in NcsA-pull down fractions and appeared to be 
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associated in a free-form (20 kDa band based on previous studies) (Humbard et al., 

2010; Miranda et al., 2011) and as protein conjugates (migrating at 60-250 kDa). Based 

on these results, it is suggested that NcsA is associated with SAMP2 through covalent 

and non-covalent bonds. Furthermore, SAMP2 protein conjugates that are distinct from 

SAMP2 modified NcsA also appear to be enriched in these fractions based on 

comparison of the protein banding pattern in the >50 kDa region by anti-StrepII and anti-

Flag immunoblotting (Fig. 4A, lane 3). 

Next, experiments were performed to determine if SAMP2 encoded from the 

genome was covalently bound to NcsA and whether this modification required the E1-

like activating enzyme, UbaA. In brief, the NcsA-StrepII pull-down experiments were 

performed in H26 (wild-type), Δsamp2, and ΔubaA backgrounds and the fractions were 

analyzed by anti-StrepII immunoblot (Figure 4-8B). When purified from wild-type cells, 

NcsA was detected as a predominant band of ~36 kDa (consistent with its anhydrous 

mass) as well as associated in putative covalent protein conjugates of 50-125 kDa 

(Figure 4-8B, lane 1). By contrast, NcsA was only detected as an ~36 kDa band when 

purified from the Δsamp2 and ΔubaA strains, providing evidence that SAMP2 and UbaA 

are required for the modified forms of NcsA that are detected by this assay. As an 

additional measure to verify that UbaA is needed for NcsA modification, Flag-SAMP2 

and NcsA-StrepII were co-expressed in wild-type and ΔubaA and analyzed by anti-

StrepII and anti-Flag immunoblot (Figure 4-8C). By anti-StrepII immunoblot, both 

unmodified and modified forms of NcsA were observed in the wild-type background 

(Figure4-8C, lane 1). However, the modified forms of NcsA were not detected in the 

ΔubaA mutant strain (Figure 4-8C, lane 2), suggesting and consistent with earlier 
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experiments that UbaA is important in mediating NcsA modification. By anti-Flag 

immunoblot, the conjugate and free forms of SAMP2 were detected in the wild-type 

background (Figure 4-8C, lane 3). However, the banding pattern was reduced in the 

ΔubaA background (Figure 4-8C, lane 4) again suggesting the importance of UbaA in 

mediating conjugation of SAMP2 to NcsA. Free SAMP2 levels (migrating at ~20 kDa) 

were also dramatically reduced in the ΔubaA background when compared to wild-type 

(Figure4-8C, lane 4 versus 3). It is suggested that UbaA is needed for SAMP2 activation 

as an acyl-adenylate followed by SAMP2 thiocarboxylation through a sulfur relay 

system. These UbaA-mediated modifications to the C-terminus of SAMP2 may precede 

the non-covalent binding of SAMP2 to NcsA and would be reflected as reduced binding 

of SAMP2 to NcsA in strains that lack UbaA. Alternatively, SAMP2 is not synthesized or 

expressed at high levels when cells are deficient of UbaA; however, this does not 

appear to be the case based on our previous analysis of Flag-SAMP2 expression in a 

ΔubaA strains (Miranda et al., 2011). Another interesting observation, from the anti-Flag 

immunoblotting results, was the detection of an ~60 kDa band that appeared covalently 

associated with SAMP2 and was present in NcsA-pull down fractions of the ΔubaA 

mutant strain (Figure 4-8C, lane 4) but not the ΔubaA empty vector control (data not 

shown). This SAMP2 conjugate was not NcsA-StrepII and would be the first report of 

such a putative SAMP2 conjugate formed independent of UbaA in Hfx. volcanii or other 

archaea. 

To further investigate the SAMP2-modified forms of NcsA, the NcsA protein 

fractions purified from the ΔncsA mutant strain expressing Flag-SAMP2 and NcsA-

StrepII were treated with the desampylating enzyme, HvJAMM1, and analyzed by 
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immunoblotting. HvJAMM1 is a Zn2+-dependent metalloenzyme of the 

JAB1/MPN+/MOV34 superfamily that hydrolyzes covalent bonds between SAMPs and 

their target substrates (Hepowit et al., 2012). Based on anti-StrepII immunoblotting, 

HvJAMM1 was found to hydrolyze the SAMP2-modified forms of NcsA but not the ‘free’ 

36 kDa form of NcsA (Figure 4-9A, lane 3). As negative controls, NcsA fractions were 

incubated without HvJAMM1 or alternatively the metal chelator, EDTA, was added to 

the reactions to chelate the Zn2+ needed for HvJAMM1 activity. In these control 

reactions (Figure 4-9A, lanes 1 and 2), the covalently modified forms of NcsA were still 

detected. The identical protein fractions were subject to anti-Flag immunoblot, and the 

results revealed that SAMP2-conjugate levels were significantly reduced in the 

presence of HvJAMM1 metalloprotease (Figure 4-9B, lane 3) but not in control reactions 

(Figure 4-9B, lanes 1 and 2). Interestingly, analysis of the samples by anti-Flag 

immunoblot, revealed the presence of two α-Flag bands between 50 kDa and 75 kDa 

that remained after treatment of NcsA fractions with HvJAMM1 (Figure. 4-9B, lane 3) 

that were consistent with proteins detected in the NcsA fractions purified from ΔubaA 

co-expressing NcsA-StrepII with Flag-SAMP2 (Figure. 4-9B, lanes 6-7). The bands in 

this region from NcsA-StrepII purified fractions from the ΔubaA background were not 

hydrolyzed by HvJAMM1 suggesting these unidentified protein(s) are modified 

covalently by bonds that are distinct from the bonds formed by UbaA that are 

hydrolyzed by HvJAMM1. Overall, analysis of NcsA-pull down fractions by HvJAMM1 

provides further evidence that NcsA is covalently bound to SAMP2 and suggests NcsA 

modification may, in part, be regulated by HvJAMM1 activity. 
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NcsA Lys204 is Isopeptide Linked to SAMP2 

With evidence that NcsA is modified by SAMP2 through a UbaA-dependent 

mechanism, we next sought to determine whether the covalent linkage was an 

isopeptide bond and to identify the site of modification. Thus, NcsA-StrepII purified 

proteins were subjected to trypsin digest and analyzed in liquid and in gel slices by 

Orbitrap liquid chromatography (LC) tandem MS (MS/MS). This approach has been 

previously used to map modification sites of SAMP2 (Humbard et al., 2010). Based on 

MS-analysis, an increase of +114 kDa, indicating the presence of a diglycine footprint, 

was observed on Lys204 of NcsA (Figure 4-10). This NscA-SAMP2 isopeptide linkage 

was uniquely identified in the MS/MS spectral analysis of NcsA-StrepII purified samples 

and was not detected in the vector alone control. 

NcsA is Covalently Modified by Poly-SAMP2 Chains 

 Ub/Ubl proteins are susceptible to chain formation on target substrates, thus, 

serving as a signal in proteasomal-mediated degradation or other regulatory roles within 

the cell (Hochstrasser, 2009). Lys58-linked SAMP2 chains have been identified in Hfx. 

volcanii (Humbard et al., 2010). However, it is not known whether or not these chains 

are anchored to protein targets. Furthermore, SAMP2 has a second lysine residue (Lys-

64) that may serve as a site for chain formation and would not have been identified by 

the trypsin-based mass spectrometry approach used by Humbard et al. (2010). In an 

effort to determine whether NcsA is modified by poly-SAMP2 chains, NcsA-StrepII was 

co-expressed with a Flag-SAMP2 variant devoid of lysine residues (K58R and K64R, 

named K>R) in wild-type, Δsamp2, and ΔubaA backgrounds. NcsA was subjected to 

StrepII pull down assays and probed with anti-Flag (Figure 4-11A) and anti-StrepII 

(Figure 4-9B) antibodies. With this approach, similarly to SAMP2, the SAMP2 K>R 
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variant was found functional in formation of protein conjugates (Figure 4-11A). However, 

only a single modified form of NcsA (~50 kDa) was detected when the SAMP2 K>R 

variant was expressed in the Δsamp2 background compared to expression of SAMP2 

(Figure 4-11A, lane 5 versus 2). This result provides evidence that poly-SAMP2 chains 

are anchored on NcsA and that these chains do not form when SAMP2 lysines are 

modified to arginine residues. The physiological role of poly-SAMP2 chain formation on 

NcsA is unclear. However, consistent with the diverse roles of protein polyubiquitination, 

poly-SAMP2 chains are speculated to target NcsA for proteasome-mediated 

degradation or other roles in the cell such as altering its activity in 2-thiouridine 

formation and/or protein-protein interactions. 

NcsA is Associated with Homologs of Ubiquitin-Proteasome and RNA 
Processing/Translation Systems Based on MS/MS 

 In an effort to identify protein partners of NcsA, NcsA-StrepII purified proteins 

were subjected to trypsin digest and analyzed in liquid fractions and in gel slices by 

Orbitrap LC-MS/MS. Samples included NcsA-StrepII purified from the ΔncsA mutant 

strain in the presence and absence of co-expression with Flag-SAMP1 and -SAMP2 as 

well as an empty vector control. By this approach, NcsA was found to co-purify with five 

proteins with >95% probability that had MS coverage >25% and high spectral counts 

(Table 4-1). NcsA protein partners included UbaA, SAMP2 and the proteasome-

activating nucleotidase A/1 (PAN-A/1), which are all ubiquitin-proteasome system 

homologs. NcsA was also found associated with RNA processing/translation system 

homologs including: i) HVO_0359 annotated as a translation elongation factor aEF-1α 

(aEF-1a) and ii) HVO_0874 of the aCPSF1 (archaeal cleavage and polyadenylation 

specificity factor 1) group of the β-CASP ribonuclease family of proteins (Dominski et 
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al., 2013). Of the SAMPs, only SAMP2 was identified in the NcsA fractions.  We note 

that SAMP1 and SAMP3 can be readily detected in protein samples by a trypsin-based 

MS approach (Humbard et al., 2010; Miranda et al., 2013) and that our earlier described 

immunoblotting results are consistent with this result which demonstrate NcsA 

association with SAMP2 and not SAMP1 (Figure 4-8A). Together the MS analysis 

reveals NcsA specifically associates with SAMP2 and not SAMP1/3 and that NcsA is 

also associated with a network of protein homologs including those of the ubiquitin-

proteasome and RNA translation/processing systems. 

NcsA is Associated with UbaA and PAN-A/1 Based on Immunoblotting  

To further analyze NcsA protein partners, an immunoblotting approach was used 

to probe NcsA-pull down fractions with polyclonal antibodies raised against UbaA (this 

study) and PAN-A/1 (Reuter et al., 2004). We note that our earlier discussed results 

(Figure 4-8) revealed the importance of UbaA in mediating the covalent and non-

covalent association of NcsA with SAMP2. Fractions analyzed by immunoblotting with 

polyclonal antibody raised against UbaA (Figure 4-12) revealed the presence of UbaA 

(~36 kDa) in NcsA pull-down fractions from wild-type but not ΔubaA mutant or empty 

vector control strains (Figure 4-12A). Likewise, PAN-A/1 of ~50 kDa was readily 

detected in NcsA pull-down fractions by immunoblotting with anti-PAN-A/1 polyclonal 

antibody but not in fractions isolated from the empty vector control (Figure 4-12B). Thus, 

NcsA is associated with UbaA and PAN-A/1 homologs of ubiquitinylation and 

proteasome systems, respectively. 

NcsA and aCPSF1 Form a Complex 

To further investigate the physical association of NcsA and aCPSF1 deemed 

from MS-analysis, the Hfx. volcanii aCPSF1 homolog (HVO_0874) was N-terminally 
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Flag-tagged and expressed with and without NcsA-StrepII in a ΔncsA mutant 

background. When aCPSF1 was expressed alone, a protein band of ~100 kDa was 

readily detected in cell lysate by α-Flag immunoblot that migrated similarly (although 

larger) than the Flag-aCPSF1 theoretical mass of 73.2 kDa (Figure 4-13A, lane 3). By 

contrast, multiple aCPSF1 bands of 50-200 kDa were detected when NcsA was 

included in the expression strain (Figure 4-13A, lane 4), suggesting that, when NcsA is 

present in the cell, the aCPSF1 undergoes covalent modifications that increase and 

decrease in its molecular mass (the latter most likely due to proteolytic cleavage). 

Production of NcsA was confirmed by anti-StrepII immunoblotting of cell lysate in the 

ΔncsA cells expressing NcsA alone and in tandem with aCPSF1 (Figure 4-13A, lower 

panel). We note that the SAMP2-NcsA isoforms are not detected by this immunoblot of 

cell lysate (Figure 4-13A, lanes 2 and 4) but are detected when NscA-StrepII is enriched 

by pull-down from ΔncsA mutant strains (Figure 4-8A).  

To determine if NcsA co-purifies with aCPSF1, NcsA-StrepII pull-down was 

performed. StrepTactin chromatography is fully suited for maintaining the integrity of 

non-covalent complexes of halophilic proteins in buffers supplemented with 2 M salt, 

while anti-Flag affinity chromatography is not compatible with these high salt buffers. 

Salt is required for complex integrity and activity for a wide variety of haloarchaeal 

proteins, including those of Hfx. volcanii such as 20S proteasomes, chaperonins, and 

PAN-A/1 particles (Wilson et al., 2000; Large et al, 2002; Prunetti et al., unpublished), 

and correlates well with the intracellular environment of haloarchaea where K+ is a 

prominent ion (between 1.9 and 5.5 M) (Pérez-Fillol and Rodríguez-Valera, 1986). 

Results of the NscA-StrepII pull down experiment revealed the presence of an aCPSF1 
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band of ~100 kDa that co-purified with NcsA in the ΔncsA background; whereas, this 

band was not present in strains devoid of NcsA (Figure 4-13B) suggesting NcsA and 

aCPSF1 are interacting protein partners (Figure 4-13). Interestingly, while co-

expression of NcsA with aCPSF1 appeared to promote the generation of multiple 

isoforms of aCPSF1 from 50-200 kDa (Figure 4-13A, lane 4), the aCPSF1 isoform that 

co-purified with NcsA was only the ~100 kDa form (Figure 4-13B, lane 3). Likewise, 

NcsA that co-purified with aCPSF1 migrated at ~ 37 kDa (Figure 4-13B, lane 3) 

consistent with the form of NcsA that is not covalently attached to SAMP2. Further 

analysis of the NscA-pull down fractions by Coomassie blue stain revealed aCPSF1 is 

the major protein band associated with NcsA when co-expressed in an ΔncsA mutant 

strain (Figure 4-13C).  

Conclusion 

Here, it is demonstrated that tRNA thiolase homologs such as NcsA are 

widespread in haloarchaea and are needed for thiolation of tRNALys
UUU in Hfx. volcanii. 

NcsA was found to be a member of the adenine nucleotide α hydrolase (ANH) 

superfamily of tRNA thiolases with conserved residues important for ATP binding (PP-

motif) and RNA recognition (Zn finger motifs). NcsA was a member of a clade of ANH 

protein homologs of haloarchaea that was distinct, yet related, to other members of the 

ANH superfamily including characterized tRNA thiolases of bacteria (TtcA and TtuA) 

and eukaryotes (Ncs6/Tuc1). Based on analysis of an Hfx. volcanii ΔncsA mutant, we 

found NcsA to be required for thiolated tRNALys
UUU and growth at high temperature. 

Many thiolase enzymes of the ANH superfamily are demonstrated to be important for 

growth at elevated temperatures including T. thermophilus TtuA (Shigi et al., 2006) and 

Schizosaccharomyces pombe Ctu1/Ncs6/Tuc1 (Dewez et al., 2008). Based on recent 
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work demonstrating the importance of wobble uridine thiolation in structuring the 

anticodon for efficient and accurate recognition of cognate and wobble codons (Vendeix 

et al., 2012), we speculate that the thermosensitive phenotype of the ΔncsA mutant is 

due to the lack of 2-thiomodification that would otherwise promote efficient translation 

and tRNA structural stability. Overall, we suggest that NcsA and its close homologs are 

important for 2-thiolation of tRNAs with wobble uridine, including those specific for lysine 

(tRNALys
UUU), glutamate (tRNAGlu

UUC), and glutamine (tRNAGln
UUG) in diverse 

haloarchaea.  

NcsA was found to be covalently modified at Lys204 by isopeptide linked chains 

of the ubiquitin-like SAMP2, through a mechanism that required the ubiquitin-activating 

E1 enzyme homolog UbaA. While polySAMP chains were previously described for 

SAMP2 and SAMP3 (Humbard et al., 2010; Miranda et al. 2013), it was unclear whether 

these chains were anchored to protein targets. NcsA is the first example in prokaryotes 

of a protein target that is isopeptide-linked to polymeric chains of a ubiquitin-like protein 

modifier. Another important point is that the NcsA-related tRNA thiolase TtuA of T. 

thermophilus was recently demonstrated to be covalently modified at multiple lysine 

residues (including those at positions 137, 226 and 229; highlighted in Figure 4-3) 

through isopeptide linkage to the ubiquitin-like protein modifier TtuB (Shigi, 2012). While 

two of these lysine residues (Lys226 and Lys229) are unique to the T. thermophilus 

TtuA, the third (Lys137) is conserved with P. horikoshii Ph0300 and is found within a 

largely disordered ‘hole-forming’ region near the disulfide bond forming cysteine 

residues proposed to function in catalysis of tRNA thiolation suggesting the ubiquitin-like 
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modification of Lys137 alters TtuA enzyme activity (Nakagawa et al. 2013).However, 

TtuA Lys137 is not conserved with NcsA or Tuc1/Ncs6 homologs.  

Evidence is also provided that NcsA associates non-covalently with homologs of 

ubiquitin-proteasome (UbaA, SAMP2 and PAN-A/1), translation (aEF-1α) and RNA 

processing (aCPSF1) systems. Our discovery of UbaA, SAMP2 and NcsA interactions 

are consistent with the proposed mechanism of sulfur transfer to tRNA and analogous 

to the protein-protein interactions detected for Uba4, Urm1, and Ncs6 proteins by MS 

analysis and yeast-two hybrid study (Leidel et al., 2009). The finding that SAMP2 

associates with NcsA non-covalently preferentially in a strain with UbaA activity 

suggests adenylation and thiolation of SAMP2 by UbaA precedes the non-covalent 

binding of SAMP2 to NcsA. The association of NcsA with aEF-1α is also in line with the 

tRNA thiolation pathway based on the need for this translation elongation factor to 

deliver aminoacyl-tRNAs to the ribosome, where the tRNAs are presumably 2-thiolated 

prior to association with aEF-1α to enhance translation fidelity. The physiological role(s) 

of NcsA association with PAN-A/1 and aCPSF1 is less clear than the other protein 

partners identified in this study. The close association of SAMP2 and UbaA with sulfur 

mobilization and protein modification may account for the binding of NcsA to the PAN-

A/1 AAA ATPase homolog of the 26S proteasome Rpt1-6 subunits. Whether the PAN-

A/1 associates to catalyze non-proteolytic protein remodeling and/or proteasome-

mediated proteolysis of NcsA is not known. Interestingly, the aCPSF1 protein expressed 

in cells with NcsA is found in high and low molecular mass forms that are not evident in 

the ΔncsA mutant suggesting NcsA promotes the post-translational modification of 

aCPSF. Whether the archaeal ubiquitin-proteasome system homologs (UbaA, SAMP2 
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and PAN-A/1) associate with NcsA to promote the covalent modification and proteolysis 

of aCPSF1 remains to be determined. We note that strains expressing aCPSF1 in trans 

in ΔncsA strains display poor growth and are unstable (data not shown) suggesting the 

post-translational modification of the in trans aCPSF1 is important to cell function.  

Interestingly, only the 100 kDa form of aCPSF1 co-purified with NcsA, while the other 

forms did not co-purify. These results suggest aCPSF1 is modified by post-translational 

mechanism from its anhydrous 73.2 kDa to a 100 kDa species that has high affinity for 

NcsA or to other forms of 50-200 kDa that have low affinity for NcsA.  

NcsA interaction with aCPSF1 belonging to the β-CASP family is the first 

identification of a tRNA thiolase enzyme associating with a putative RNA cleavage 

enzyme in archaea. Protein members of the β-CASP family which are found amongst all 

three evolutionary lineages, notably the cleavage and polyadenylation specificity factor 

(CPSF), are involved in RNA processing where cleavage of 3' ends of newly 

synthesized pre-messenger RNA (pre-mRNA) during transcription occurs (Aravind, 

1999). A novel archaeal β-CASP protein in Methanothermobacter thermautotrophicus 

was recently characterized as a metalloenzyme which binds RNA at U-rich regions 

(Silva et al., 2011). This β-CASP protein was hypothesized to act as a nuclease which 

degrades mRNA of proteins which may be targeted to the proteasome for proteasome-

mediated degradation and may potentially serve as a means for RNA turnover in 

archaea (Koonin et al., 2001; Silva et al., 2011). More recently, the Pyrococcus abyssi 

homolog Pab-aCPSF1 has been demonstrated to have a RNA endoribonucleolytic 

activity that preferentially cleaves at single-stranded CA dinucleotides and a 5'-3' 

exoribonucleolytic activity that acts on 5' monophosphate substrates (Phung et al., 
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2013). The β-CASP protein of Hfx. volcanii has not been characterized at the 

physiological or biochemical level, and mRNA polyadenylation is not detected in this 

haloarchaeon under standard growth conditions (Portnoy et al., 2005; Brenneis et al., 

2007). The genome of Hfx. volcanii does encode for RNaseZ which enzymatically 

cleaves tRNA precursors from the 3’-end suggesting aCPSF1 is not needed for this type 

of tRNA cleavage activity (Schierling et al., 2002). NcsA is likely to possesses the innate 

ability to adenylate, and it is possible aCPSF1 may be modified by NcsA for regulating 

aCPSF1 activity. Further studies will include understanding and characterizing the 

NcsA-aCPSF1 interaction. Taken all-together, these results provide the first 

characterization and evidence of a tRNA thiolase enzyme in archaea, which is modified 

by the sampylation system and is important for mediating 2-thiouridine formation in 

haloarchaea. 
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Figure 4-1. Dendrogram analysis of NcsA (HVO_0580) and homologs of the α 

hydrolase (ANH) superfamily from archaea, eukaryotes and bacteria. NcsA 
(HVO_0580) and close haloarchaeal homologs were found to group into a 
distinct clade based on cluster analysis. Shown is a tree drawn to scale, with 
branch lengths in the same units as those of the evolutionary distances used 
to infer the phylogenetic tree. Proteins related to NcsA were selected for 
dendrogram analysis using the microbial genome database (MGDB; with 
MGDB protein sequence numbers in parenthesis) (Uchiyama et al., 2010). 
Protein sequences were aligned by ClustalW (Larkin et al., 2007) and 
alignments were visualized in the graphic view of BioEdit v7.2.0 (Hall, 1999). 
Protein sequences with unique N- and C-terminal tails were trimmed and their 
evolutionary history was inferred using the Neighbor-Joining method (Saitou 
and Nei, 1987). The evolutionary distances were computed in MEGA5 
(Tamura et al., 2011) using the p-distance method (Nei and Kumar, 2000) 
and are in units of the number of amino acid differences per site. 
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Figure 4-2. 3D-structural model of Hfx. volcanii NcsA. The 3D model of NcsA 

(HVO_0580) is represented in ribbon diagram with α-helices (green) and β-
sheets (blue) highlighted. Conserved PP-motif (P-loop), Zn finger (ZnF1 and 
ZnF2) and catalytic cysteine residues (disulfide bond forming) as well as the 
SAMP2 modified Lys204 are indicated. Phyre2 (Protein Homology/AnalogY 
Recognition Engine 2) web-based server (Bennett-Lovsey et al., 2008; Kelly 
and Sternberg, 2009) was used for the fold-recognition and model building. In 
brief, the primary amino acid sequence of NcsA (HVO_0580) was submitted 
to the Phyre2 threading server using intensive mode, thus, combining 
HHsearch for remote homology detection based on pairwise comparison of 
hidden Markov models (HMM) with ab initio and multiple-template modeling. 
The library of known protein structures for comparison by Phyre2 was from 
the Protein Data Bank (PDB) and Structural Classification of Proteins (SCOP) 
databases. Chimera 1.7 (Pettersen et al., 2004) was used as an interface for 
interactive visualization and analysis of the 3D structure modeled at >90% 
accuracy. 
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Figure 4-3. Multiple amino acid sequence alignment of HVO_0580 with tRNA thio-

modification (GO: 0034227). Proteins included NcsA/Tuc1 homologs of 
Saccharomyces cerevisiae (GI:50593215), Homo sapiens (GI:74713747), 
Pyrococcus horikoshii (GI:14591444 and 14590222) , Thermus thermophilus 
HB8 (GI: 55980446), Salmonella typhimurium (GI:16764998), and 
Escherichia coli (GI:85674916). Conserved residues are highlighted in red 
including residues of the ATP pyrophosphatase signature PP-motif 
(SGGXDS) involved in ATP binding (Bork and Koonin, 1994) as well as motifs 
CXXC and GHXXDD (which act to recognize RNA) present in the TtcA protein 
family (Jager et al., 2004). Zinc fingers are highlighted in blue boxes, modified 
lysine residues are in red boxes, and conserved catalytic cysteine residues 
are indicated by a star. Furthermore, conserved structural elements are 
highlighted with blue arrows (β-sheets) and green cylinders (α-helices). 
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Figure 4-4. Southern blot analysis of Δhvo_0580 (ΔncsA). Southern blot confirm 

markerless deletion of hvo_0580 in the mutant strain. 2'-Deoxyuridine-5'-
triphosphate coupled by an 11-atom spacer to digoxigenin (DIG-11-dUTP) 
was used to label the dsDNA probes used for Southern blot as previously 
described (Rawls et al., 2010) and molecular masses (kb) are indicated to the 
right of the figure for both wild-type and mutant strain. The DIG-labeled 
molecular weight marker is also indicated to the left. 
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Figure 4-5. HVO_0580 (NcsA) is required for thiolation of tRNALys

UUU. Total RNA was 
isolated as described in the Materials and Methods section from H26 (wild-
type), Δhvo_0580, and Δhvo_0580 complemented with hvo_0580 gene in 
trans as indicated. Total RNA was electrophoresed in a 12% urea 
polyacrylamide gel supplemented with 30 μg APM per milliliter. Total RNA 
was then hybridized with a probe complementary to tRNALys

UUU. Thiolated   
tRNALys

UUU migrates slower than non-thiolated tRNALys
UUU as indicated. 
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Figure 4-6. The ΔncsA strain displays similar growth as H26 (WT) at optimum growth temperature (42 ºC). NcsA is 

required for growth at an elevated temperature (50°C). Hfx. volcanii strains were grown in 13 x 100 mm culture 
tubes and incubated at 42 °C with shaking (200 rpm). After a set of three subcultures, cells were inoculated at 
0.02 OD600 into 20 ml ATCC 974 medium in 250 ml baffled flasks and incubated at indicated temperatures. A) 
Cells cultured from logarithmic-phase cells from 42 ºC and inoculated into fresh ATCC 974 medium for growth 
at 42 ºC. B) Cells cultured from stationary-phase cells from 42°C and inoculated into fresh ATCC 974 medium 
for growth at 42°C. C) Cells cultured from stationary-phase cells from 50°C and inoculated into fresh ATCC 974 
medium for growth at 42°C. Optical density was measured to follow growth over time and experiments were 
performed in triplicate and the mean ± standard deviation (SD) was calculated. D) For spot dilutions, Hfx. 
volcanii strains, as indicated, were diluted to 0.1 OD600 and spot-plated on ATCC 974 medium in serial dilutions 
as indicated above each plate. Plates were then incubated at 42 °C. 
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Figure 4-7. NcsA is required for growth at an elevated temperature (50 ºC). Hfx. volcanii strains (H26, WT), Δsamp2, 

ΔubaA, and ΔncsA trans complemented with NcsA) were grown in 13 x 100 mm culture tubes and incubated at 
42 ºC with agitation (200 rpm). After a set of three subcultures, cells were inoculated at 0.02 OD600 into 20 ml 
ATCC 974 medium in 250 ml baffled flasks and incubated at indicated temperatures. A) Cells cultured from 
logarithmic-phase from 42 ºC and inoculated at 0.02 OD600 into fresh ATCC 974 medium for growth at 50 ºC. B) 
Cells cultured from stationary-phase cells from 50 ºC and inoculated at 0.02 OD600 into fresh ATCC 974 medium 
for growth at 50 ºC. C) Cell cultures, as indicated above each plate, were diluted to 0.1 OD600 and spot-plated 
on ATCC 974 solid agar plates in serial dilutions as indicated. Plates were then incubated at 50 ºC. 
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Figure 4-8. NcsA is covalently associated with SAMP2 through a UbaA-dependent mechanism. A) NcsA StrepII-affinity 

purified fractions purified from ΔncsA strains expressing NscA-StrepII with and without Flag-SAMP1/2 proteins 
were separated by reducing SDS-PAGE and analyzed by Coomassie blue stain (upper panel) and α-StrepII and 
α-Flag immunoblotting (middle and bottom panels, respectively) as indicated. B) α-StrepII immunoblot of NcsA-
StrepII purified from H26 (WT, parent), ΔubaA, and Δsamp2. C) α-Flag immunoblot of NcsA-StrepII purified  
from H26 (WT, parent) and ΔubaA strains co-expressing Flag-SAMP2. Molecular weight markers are indicated 
to the left of each blot. 
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Figure 4-9. HvJAMM1 (desampylase) collapses NcsA modified forms and SAMP2 conjugates. Assay conditions with 

HvJAMM1 and immunoblotting with α-StrepII and α-Flag antibodies (as indicated) are described in Methods. A) 
α -StrepII immunoblot of NcsA-StrepII fractions purified from ΔncsA strains as indicated. B) α-Flag immunoblot 
of NcsA-StrepII fractions purified from ΔncsA and ΔubaA as indicated. H26 (WT, parent) expressing Flag-
SAMP2 served as a control substrate for assay of HvJAMM1 activity. Molecular weight markers are indicated to 
the left of each blot. 
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Figure 4-10. NcsA is modified on Lys204. The NcsA-StrepII purified fractions were digested with trypsin and analyzed by 

an LTQ Orbitrap mass spectrometer. The MS/MS spectrum shows Gly-Gly modified Lys204 in peptide 
HFDASIGDFEK. The precursor mass, b ion series and y11 ion are evidence for the modification identified on 
the peptide.  
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Figure 4-11. SAMP2 is associated in apparent poly-SAMP2 chains on NcsA. A) α-Flag and B) α-StrepII immunoblots of 

NcsA-StrepII fractions purified from H26 (WT, parent), Δsamp2, and ΔubaA strains expressing NcsA-StrepII, 
Flag-SAMP2 and/or Flag-SAMP2 K>R variant as indicated. Coomassie blue stain (CB stain) to indicate equal 
loading is indicated below the blot. Molecular weight markers are indicated to the left of each blot. 
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Table 4-1. NcsA co-purified proteins identified by LC-MS/MS. 
 

Orf no 
(cal. kDa)a 

Homolog Protein description Average 
Coverage 

Average 
Spectral 
Count 

HVO_0580 
(36 kDa) 

Ncs6/Tuc1/TtuA N-type ATP pyrophosphatase 75% 334.4 

HVO_0558 
(29 kDa) 

E1-like protein Ubiquitin activating enzyme 29% 9 

HVO_0202 
(7 kDa) 

Ubiquitin-like 
protein 

SAMP2, conserved hypothetical 
protein 

42% 37.5 

HVO_0850 
(46 kDa) 

PAN-A1 Proteasome-activating 
nucleotidase A 

46% 42 

HVO_0874 
(72 kDa) 

aCPSF mRNA 3-end processing factor 
homolog 

65% 64 

HVO_0359 
(46 kDa) 

Translation 
elongation factor 
EF-1alpha 
(GTPase) 

Translation elongation factor 
aEF-1 alpha subunit 

51% 43 

aMS-identified proteins with coverage above 25% are reported according to the Hfx. volcanii gene locus tag from the 

National Center for Biotechnology Information and were unique to samples prepared from strain ΔncsA expressing the 

FLAG-tagged SAMP1 in tandem with StrepII-tagged NcsA, FLAG-tagged SAMP2 in tandem with StrepII-tagged NcsA, or 
StrepII-tagged NcsA alone compared to the vector alone. cal kDa, molecular mass estimated from deduced polypeptide 
based on genome sequence in parenthesis. 
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Figure 4-12. UbaA and PAN-A/1 proteins detected in NcsA-StrepII purified fractions. UbaA and PAN-A/1 are detected in 

NcsA-StrepII purified fractions. A) Polyclonal UbaA and B) PAN-A/1 antibodies were used to detect the 
presence of UbaA and PAN-A/1 proteins in NcsA-StrepII purified samples as indicated by immunoblot. 
Molecular weight markers are indicated to the left of each blot.  
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Figure 4-13. NcsA forms a complex with an archaeal CPSF1 homolog. A) Cell lysate and B) StrepII purified fractions of an 

ΔncsA mutant expressing NcsA-StrepII and/or Flag-aCPSF were probed with α-Flag and α-StrepII antibodies as 
indicated. C) Coomassie blue (CB) stain of StrepII-purified fractions as indicated. Molecular weight markers are 
indicated to the left of each blot.  

 
 
 
 
 
 
 



 

160 

CHAPTER 5 
A THI4 HOMOLOG IS REQUIRED FOR THIAMINE BIOSYNTHESIS IN Hfx. volcanii 

Introduction 

Thiamine pyrophosphate (TPP) is a biologically active form of thiamine (vitamin 

B1) and an essential cofactor synthesized by diverse de novo pathways in many 

prokaryotes and some eukaryotes (plants and fungi) (Jurgenson et al., 2009). Thiamine 

biosynthetic pathways are poorly understood in Archaea with most harboring homologs 

of the yeast thiamine thiazole synthase (THI4p) that lack the conserved cysteine residue 

used for sulfur donation to the thiazole ring by a THI4p-like suicide mechanism and, 

instead, are associated with the isomerization of D-ribose 1,5-bisphosphate (Finn and 

Tabita, 2004). 

Based on a study of Saccharomyces cerevisiae, one gene product (THI4p) 

appears central to the biosynthesis of the thiazole ring (Praekelt et al., 1994). S. 

cerevisiae THI4p is highly conserved among plants and fungi and functions as a suicide 

enzyme in the formation of the thiazole moiety of thiamine (Chatterjee et al., 2011). In a 

single turnover reaction, THI4p Cys205 serves as the source of sulfur and NAD+ serves 

as the five-carbon chain in thiazole formation (Chatterjee et al., 2011). 

Archaeal thiazole biosynthesis is poorly understood. The majority of Archaea 

harbor protein homologs with structural folds similar to the bacterial ThiS (ubiquitin-like 

SAMPs) and ThiF (ThiF/MoeB/E1-like UbaA) used to mobilize sulfur to thiamine 

(Makarova and Koonin, 2010). Most archaea also have homologs that cluster to the 

THI4p protein family (IPR002922), but lack the conserved cysteine residue of the yeast 

THI4p that is required for sulfur transfer in formation of the thiazole ring. Instead 

archaeal THI4p homologs are shown to function as ribose-1, 5-bisphosphate (R15P) 
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isomerases in the conversion (or salvage) of nucleoside monophosphates to 3-

phosphoglycerate based on the functional characterization of Thermococcus 

(Pyrococcus) kodokaraensis Tk0434 (Aono et al., 2012; Sato et al., 2007). Furthermore, 

the Methanosarcina acetivorans THI4p homolog (Ma2851) is required for conversion of 

5-phospho-D-ribose-1-pyrophosphate (PRPP) to ribulose 1, 5-bisphosphate in 

recombinant E. coli extracts (Finn and Tabita, 2004).  

In this study, it is reported that THI4p homologs with conserved catalytic cysteine 

residues are widespread in halophilic archaea and provide evidence that links these 

archaeal THI4p proteins to thiamine biosynthesis. Deletion of the THI4p gene homolog 

(hvo_0665) of the halophilic archaeon Hfx. volcanii was found to confer a partial 

auxotrophic requirement for thiamine and Δhvo_0665 mutants expressing the site-

directed change of the putative conserved catalytic cysteine, Cys165, also displayed 

partial thiamine auxotrophy. Overall, our results provide a new insight that archaeal 

homologs of the THI4p family (IPR002922) with conserved cysteine residues are 

important in thiamine biosynthesis. Thus, halophilic archaea use an apparent chimeric 

pathway with a yeast THI4 homolog for synthesis of the thiazole ring and bacteria 

enzyme homologs for synthesis of the pyrimidine moiety (HMP-P, 

hydroxymethylpyrimidine phosphate) of thiamine. 

Results and Discussion 

Haloarchaea and Other Select Archaea have THI4 Homologs with a Conserved 
Active Site Cysteine.  

 To further understand the molecular mechanisms used by archaea to 

synthesize the thiazole ring of thiamine, archaeal members of the THI4 family 

(IPR002922) were compared to Saccharomyces cerevisiae ScTHI4p and other THI4 
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homologs by multiple amino acid sequence alignment (Figure 5-1) and cluster analysis 

(Figure 5-2). Based on these comparisons, the majority of archaeal THI4 homologs (like 

those of bacteria such as Thermotoga maritima) were found to have a conserved 

histidine residue in the position of ScTHI4p Cys205. Archaeal THI4 ‘histidine-containing’ 

homologs included the Mj0601, Ma2851 and Tk0434 proteins previously examined for 

their ability (or lack thereof) to convert 5-phospho-D-ribose-1-pyrophosphate (PRPP) to 

ribulose 1,5-bisphosphate or function as a R15P isomerase (Finn and Tabita, 2004; 

Sato et al., 2007)(Aono et al., 2012). ScTHI4p Cys205 residue is highly conserved 

among eukaryal THI4 homologs, required for THI4 activity, and proposed to be used as 

a sulfur donor in an iron-mediated sulfur transfer reaction to form the thiazole ring, 

based on MS-based detection of a dehydroalanine residue at this position after a single-

turnover reaction (Chatterjee et al., 2011). Since the majority of archaeal THI4 

homologs lack the conserved active site cysteine, these enzymes are not predicted to 

use a eukaryal-type mechanism of thiazole biosynthesis. However, a subset of archaeal 

homologs displayed not only an overall amino acid sequence similarity to ScTHI4, but 

also harbored a cysteine residue analogous to the ScTHI4 active site Cys205. For 

example, the Hfx. volcanii THI4 homolog (Hvo_0665, named HvTHI4) had the 

conserved active site cysteine (HvTHI4 Cys165) and was 31 % identical to ScTHI4 with 

a query coverage of 92% and E value of 3e-26 by BLAST analysis. Archaeal THI4 

homologs with the conserved active site cysteine residue were found to cluster and 

included homologs of all haloarchaea and Thaumarchaeota examined as well as the 

crenarchaeote Aeropyrum pernix. Examples of archaea with two THI4 homologs (one 

with a conserved active site cysteine residue and one with a conserved histidine 
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residue) were also detected in others, including Pyrococcus sp. strain NA2, P. yayanosii 

strain CH1 and Methanobacterium sp. strains AL-21 and SWAN-1.  

 To further compare THI4 family proteins, the 3D-stuctures of HVO_0665, 

Tk0434 and Ma2851 were predicted by Phyre2-based fold-recognition and model 

building (see Methods for details). The resulting 3D-models were overlaid with the x-ray 

crystal structures of THI4p of S. cerevisiae (PDB: 3FPZ) and N. crassa (PDB: 3jsk) 

(Figure 5-3) to identify structurally conserved active site residues using Chimera 1.7 

(Pettersen et al., 2004). Conserved active site residues were based on analogy to 

residues identified to be important in a biochemical and structural study of ScTHI4p 

(Chatterjee et al., 2011) and in binding adenosine diphosphate 5-(beta-ethyl)-4-methyl-

thiazole-2-carboxylic acid (AHZ) in the atomic structure of N. crassa THI4p (PDB: 3jsk). 

From this analysis, all three archaeal THI4 homologs were found to have close 

structural similarity to the yeast and fungal enzymes (Figure 5-3, A, B and C). However, 

only HVO_0665 (not Tk0434 or Ma2851) was found to have residues analogous to 

those bound to AHZ in the atomic structure of N. crassa THI4p as well as the conserved 

catalytic cysteine of ScTHI4p required for sulfur mobilization to the thiazole ring (Figure. 

5-1). 

Deletion of the THI4 and Mutation of the Putative Catalytic Cysteine Conferred a 
Partial Auxotrophic Requirement for Thiamine in Haloferax volcanii. 

 To further understand the molecular mechanisms used by Archaea with 

predicted ThiS/ThiF- and THI4-type pathways to synthesize the thiazole ring of 

thiamine, Hfx. volcanii was chosen as a model organism and mutant strains were 

generated for examining growth on thiamine minus medium. Hfx. volcanii has the 

metabolic capacity for thiamine biosynthesis based on its ability to grow on minimal 
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medium in the absence of an exogenous source of thiamine (Dyall-Smith, 2009; Pribat 

et al., 2011). Furthermore, Hfx. volcanii is demonstrated to synthesize key metabolic 

enzymes that are TPP-dependent including the 2-oxoacid (α-ketoacid): ferredoxin 

oxidoreductases used in the oxidative decarboxylation of pyruvate and 2-oxoglutarate 

(Kerscher and Oesterhelt, 1981) and three 2-oxoacid dehydrogenases used under 

nitrate-respirative conditions (van Ooyen and Soppa, 2007).  

 To examine the ThiS/ThiF- and THI4-type pathways in thiazole biosynthesis, 

HVO_0558 (ubaA) and HVO_0665 (thi4) were chosen as targets to examine how the 

deletion of these genes would impact growth of Hfx. volcanii on thiamine-minus 

medium. The role of UbaA in thiamine metabolism is not known. UbaA is the only Hfx. 

volcanii DS2 protein of the UBA/THIF-type NAD/FAD binding fold (IPR000594) family 

and is shown through gene deletion and trans complementation (Miranda et al., 2011) 

to be required for thiolation of tRNALys
UUU, DMSO reductase activity (presumably due to 

the inability to mobilize sulfur to form the molybdenum cofactor-based active site) and 

sampylation (the conjugation of ubiquitin-like SAMPs to protein targets). A Δthi4 

(HVO_0665) mutant strain (NC1011) was generated for this study (Figure 5-4) by a 

pyrE based pop-in/pop-out strategy similarly to the ΔubaA strain (HM1052) (Miranda et 

al., 2011). 

Once generated, the ΔubaA and Δthi4 mutant strains were compared to their 

parent strain H26 for aerobic growth on glycerol minimal medium with and without 

thiamine (Figure 5-5A). Strains were grown in complex ATCC974 medium to log-phase, 

washed thrice with the appropriate minimal media with and without thiamine to remove 

trace nutrients from the complex medium, and subcultured to a starting OD600 of 0.03. 
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Growth was monitored by measuring OD600 over 60 h and doubling times calculated. 

With this approach, the Δthi4 mutant strain displayed reduced growth (doubling time of 

10 hr per generation) in comparison to the parent and ΔubaA strains (doubling time of 5 

hr per generation). However, the overall cell yield was comparable with the Δthi4 mutant 

reaching an OD600 of 1.3 while the ΔubaA and parent H26 were at an OD600 of 1.6. 

Based on these results, Hfx. volcanii appears to use THI4 and not a ThiS/ThiF-type 

mechanism for sulfur incorporation into the thiazole ring. 

The next question asked whether the bradytrophic (partial auxotrophic) 

requirement of thiamine for the Δthi4 mutant strain was due to absence of thi4 (and not 

a distal effect) and whether the conserved cysteine residue (Cys165) of HvThi4 was 

required for its activity. To answer these questions, the Δthi4 mutant strain was 

transformed with plasmids encoding wild-type and Cys165Ala variant StrepII-tagged 

forms of HvThi4, and the transformed strains were compared to Δthi4 and parent H26 

for growth on thiamine minus medium (Figure 5-5B). With this approach, growth of the 

Δthi4 mutant strain trans complemented with a wild-type copy of thi4 was found similar 

to the parent H26 revealing the partial thiamine autotrophy is due to the absence of thi4 

and not a distal effect of the deletion of this gene. Addition of the C-terminal StrepII tag 

had no apparent impact on this trans complementation suggesting HvThi4-StrepII is 

active. In contrast to HvThi4, the gene encoding the HvThi4 Cys165Ala variant was 

unable to complement the Δthi4 mutation. Western blotting against the C-terminal 

StrepII tag of HvThi4 confirmed that the native and Cys165Ala forms of HvThi4 were 

produced at similar levels (32 kDa) (Figure 5-6) in the cell suggesting that the 

differences in complementation are not due to HvThi4 protein levels. Together, these 
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results are consistent with the possibility that the conserved active site cysteine 

(Cys165) is required for HvThi4 activity.  

A SAMP Triple Deletion Strain Does Not Display Thiamine Auxotrophy 

 In order to determine whether a SAMP1/2/3 deletion does not display thiamine 

auxotrophy similar to ΔUbaA, H26 (wild-type) and a samp triple mutant (Δsamp1 

Δsamp2 Δsamp3) were monitored for growth in minimal medium in the presence and 

absence of thiamine. For growth in minimal media with thiamine supplementation, the 

wild-type strain displayed a two-fold increase in growth rate compared to the samp triple 

deletion strain (Figure 5-7A). Identical strains were tested for growth in minimal medium 

without thiamine supplementation and the overall growth pattern is similar to growth with 

thiamine (Figure 5-7B) suggesting the samp triple deletion is not a thiamine auxotroph 

and the sampylation system is not involved in thiamine biosynthesis. It is unclear why 

the samp triple deletion does not grow similar to the wild-type whether grown in minimal 

medium in the presence or absence of thiamine. However this reduced growth may be 

due to missing nutritional components, excluding thiamine, in the minimal medium 

necessary for the mutant to display wild-type level of growth. 

Conclusion 

Evidence is provided that THI4 protein family members with a conserved catalytic 

cysteine residue essential for thiazole synthesis in yeast THI4p are found in the 

Archaea and are widespread among the halophilic Archaea. Our results also 

demonstrate that the THI4p homolog (HVO_0665 or HvTHI4) of Hfx. volcanii is required 

for optimal growth on thiamine-minus medium whereas SAMP1/2/3 and UbaA are not 

necessary. Furthermore, these results provide evidence that Cys165 is most likely the 

catalytic residue which mediates sulfur mobilization to the thiazole ring in those 
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archaeons with this conserved cysteine residue. Based on THI4 protein homology, 

pairwise comparison, and the reduced growth phenotype of the Hfx. volcanii Δthi4 

mutant strain in minimal media lacking thiamine, it appears HvTHI4 plays a critical role 

in thiazole biosynthesis and is proposed to act as a suicide thiamine thiazole synthase 

in this halophlic archaeon similar to yeast THI4. The partial thiamine auxotrophic 

phenotype of the Hfx. volcanii Δthi4 is observed in other organisms in which thiamine 

biosynthetic genes have been deleted including Bacillus subtilis, Salmonella 

typhimurium, and S. cerevisiae. Deletion of a B. subtilis thiL gene, which encodes for a 

thiamine monophosphate kinase, resulted in mutants that were thiamine bradytrophs 

similar to thiL mutants of S. typhimurium and E. coli (Schyns et al., 2005). Due to the 

leaky thiamine auxotroph phenotype, B. subtilis is proposed to have two pathways to 

produce TPP. A thiM insertion mutant in S. typhimurium is also a thiamine bradytroph 

where expression of thiD, which encodes for hydroxymethylpyrimidine phosphate 

kinase (HMP-P kinase), is reduced thus allowing for leaky excretion of HMP (Peterson 

and Downs, 1997). Similarly, in S. cerevisiae, mutants of thiD are also thiamine 

bradytrophs (Llorente et al., 1999). Although the Hfx. volcanii Δthi4 is a partial thiamine 

auxotroph, the presence of other uncharacterized thiamine biosynthetic enzymes in Hfx. 

volcanii may compensate for the loss of HvTHI4. 
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                   10        20        30        40        50        60        70        80        90                  

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

HVO_0665  MSFDGFTDATEAQVTRAISDSWMEEFRERTDTEVIVVGGGPSGLVAAKELAER--GVDVTIVEKNNYLGGGFWLGGFLMNKVTVRDPAQR  

ScTHI4    WSDFKFAPIRESTVSRAMTSRYFKDLDKFAVSDVIIVGAGSSGLSAAYVIAKNRPDLKVCIIESSVAPGGGSWLGGQLFSAMVMRKPAHL  

ATTHI4    LNAFTFDPIKESIVSREMTRRYMTDMITYAETDVVVVGAGSAGLSAAYEISKN-PNVQVAIIEQSVSPGGGAWLGGQLFSAMIVRKPAHL  

Tk0434    --------MREIEISRAIVEAYFNDLLQNLQLDIAIVGAGPSGMVAGYYLAKG--GAKVAIFEKKLSVGGGIWGGAMGFNRVVVQESARE  

Ma2851    ------MELDEVIITRAIFDEYSKTFLDYTDIDVALVGGGPANLVAAKYLAEA--GVKVALYEQKLSLGGGMWAGGMMFPRIVVQEEATR  

TmThi4    --------MRDVLISRLIVERYFEKLRNSLELDVAIVGAGPSGLTAAYELAKN--GFRVAVFEERNTPGGGIWGGGMMFNEIVLEKELEN  

 

                  100       110       120       130       140       150       160       170      180         

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

HVO_0665  VLDELGVPYEESDEAEGLYVADGPHACSALIKAACDAG-AKIQNMTEFTDVVLREDDR-----VGGIVMNWTPVHALPRELTCVDPIAVE  

ScTHI4    FLQELEIPYE--DEGDYVVVKHAALFISTVLSKVLQLPNVKLFNATCVEDLVTRPPTEKGEVTVAGVVTNWTLVTQAHGTQCCMDPNVIE  

ATTHI4    FLDEIGVAYD--EQDTYVVVKHAALFTSTIMSKLLARPNVKLFNAVAAEDLIVKGNR------VGGVVTNWALVAQNHHTQSCMDPNVME  

Tk0434    ILDEFGVDYS--QVGNGLYVLDSIELASTLASKAVKAG-AKIFNMVEVEDLVVK-DGR-----VSGLVINWTPVMMTG---LHVDPLTVE  

Ma2851    ILDDFGIRYK--EYESGYYVANSVESVGKLIAGATSAG-AEVFNLVSFEDIMIRENDR-----VTGIVINWGPVTTQR---LHVDPLMIR  

TmThi4    FLKEVEIEY---EVKEDHIVVDSVHFASGLLYRATKAG-AIVFNNVSVEDVAVQ-NGR-----VCGVVVNWGPTVRLG---LHVDPITVK  

 

                  190       200       210       220       230       240       250       260       270         

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

HVO_0665  SD---------------LVLDATGHDAVVLSKLSERGVLDVNGIEHAKEHNTGMDKTADGEYGAPGHDSPGHDSMWVSESEDSIVDATG-  

ScTHI4    LAGYKNDGTRDLSQKHGVILSTTGHDGPFGAFCAKR--IVDIDQNQKLGG---------------------MKGLDMNHAEHDVVIHSGA  

ATTHI4    AK---------------IVVSSCGHDGPFGATGVKR--LKSIGMIDHVPG---------------------MKALDMNTAEDAIVRLT--  

Tk0434    AK---------------FVVDSTGHGAQISQHLLKR------GLIKAIPG---------------------EGPMWAEKGEELTVEHTR-  

Ma2851    TK---------------LVIDGTGHEAVVCNTILRKIPNAKIGELGLLG----------------------EKPMWSEVGERLAVNATQ-  

TmThi4    AS---------------FVVDGTGHPANVVSLLAKR------GLVEMKT----------------------EFPMDADEAEKFVVDNTG-  

 

                  280       290       300       310       320       330       340             

          ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|. 

HVO_0665  -VVHPGVVASGMAVATAHHLPRMGPTFGAMLLSGRQAAQSCLDELGRDAPDVSISGPAPADD--------------  

ScTHI4    YAGVDNMYFAGMEVAELDGLNRMGPTFGAMALSGVHAAEQILKHFAA-----------------------------  

ATTHI4    REVVPGMIVTGMEVAEIDGAPRMGPTFGAMMISGQKAGQLALKALGLPNAIDGTLVGNLSPELVLAAADSAETVDA  

Tk0434    -EVFPGLYATGMAANALAGAPRMGPIFGGMLLSGRKAALEILQKLGK-----------------------------  

Ma2851    -EIYPGLIVAGMAANAATRAPRMGPVFGGMLLSGEKAAKLALDRLKTI----------------------------  

TmThi4    -EIFPGLLVSGMAVCAVHGGPRMGPIFGGMILSGQKVARIVSERLR------------------------------  

  
              

 Figure 5-1. Multiple amino acid sequence alignment of HVO_0665 to eukaryotic THI4 enzymes and archaeal MJ0601 
and TK0434 annotated as ribose-1, 5-bisphosphate isomerases. Proteins included Hfx. volcanii HVO_0665 (gi: 
292654829), Saccharomyces cerevisiae ScTHI4 (gi:1323242, trimmed N-terminal amino acids 1-34 for 
alignment), Arabidopsis thaliana AtTHI4 (gi: 332009156, trimmed N-terminal amino acids 1-52 for alignment), 
Thermotoga maritima TmTHI4 (gi: 499079529), Methanosarcina acetivorans Ma2851 (gi: 20091675) and 
Thermococcus kodakarensis Tk0434 (gi:57640369). ScTHI4 Cys205 implicated in serving as a sulfur donating 

residue in thiamine biosynthesis (Chatterjee et al., 2011) is indicated (∆). 



 

169 

 

 

 

Figure 5-2. Dendrogram analysis of the THI4 family (IPR002922) including protein 
members from archaea and select eukaryotes. Hfx. volcanii HVO_0665 or 
HvTHI4 (sp: D4GSS5) of this study indicated by •. M. acetivorans Ma2851 
(sp: Q8TM19), M. jannaschii Mj0601 (sp:Q58018) and T. kodakarensis 
Tk0434 (sp:Q5JD25) implicated as ribose-1,5-bisphosphate isomerases are 
indicated by *. S. cerevisiae ScTHI4 (sp: P32318) and A. thaliana AtTHI4 (sp: 
Q38814) implicated in thiamine biosynthesis are indicated by ∆. Archaeal 
THI4 homologs that have conserved residue to ScTHI4 Cys205 active site are 
shaded in grey and include uncharacterized ORFs from halophilic archaea, 
Thaumarchaeota, Aeropyrum, select methanogens and select pyrococci.  
UniProtKB/Swiss- Prot numbers are included. Three letter abbreviations 
proposed by the Subcommittee on the taxonomy of the family 
Halobacteriaceae are used. 
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Figure 5-3. 3D-Structural models of archaeal THI4 family proteins compared to the x-ray 

crystal structure of N. crassa THI4p (PDB:3jsk). Proteins are represented in 
ribbon diagram including HVO_0665 (dark blue), Ma2851 (cyan), Tk0434 
(purple) and N. crassa THI4p (tan), with the latter in octameric (A) and 
monomeric (B) configuration. The conserved catalytic cysteine residue of the 
fungal THI4p (Cys232) essential for thiamine biosynthesis is in the sulfur 
minus 2,3-didehydroalanine (DHA) form is structurally analogous to the 
HVO_0655 Cys165 as indicated in pink (B and C). In panel C, conserved 
active site residues are highlighted in association with adenosine diphosphate 
5-(beta-ethyl)-4-methyl-thiazole-2-carboxylic acid (AHZ). For clarity in panel 
B, N and C-terminal tail extensions are hidden including amino acid residues 
1-9 and 298-307 of HVO_0665 and amino acid residues 35-57 of 3jsk. 
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Figure 5-4. HvTHI4 gene and its deletion by a markerless pop in/pop-out methodology as described in the Materials and 

Methods section. A. Schematic representation of the Hfx. volcanii DS2 thi4 (HVO_0665) gene on the genome 
with primer pairs (P1/P2 and P3/P4) used to screen for the thi4 gene deletion by PCR indicated. B. PCR 
products generated for the Δthi4 (Δhvo_0665) mutant and parent (H26, wt) strains using primer pairs P5/P6 and 
P7/P8 as indicated.      
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Figure 5-5. Hvo_0665 (HvTHI4) is associated with thiamine biosynthesis. Growth of Hfx. 

volcanii parent (H26, triangles), HvTHI4 deletion (ΔHVO_0665, circles), 

HvTHI4 C165A mutant (diamonds), ΔHVO_0665 complemented in trans 

(dash), ΔUbaA (squares in panel A), and vector alone (squares in panel B) 

strains were grown in GMM supplemented with (closed symbols) and without 
(open symbols) thiamine as indicated and described in the Materials and 
Methods. Experiments were performed in duplicate and the mean ± standard 
deviation (SD) was calculated. 
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Figure 5-6. THI4C165A protein is synthesized to similar levels as wild-type THI4. Cell 

lysate of Hfx. volcanii Δthi4 expressing indicated plasmids in trans were boiled 

in SDS-reducing buffer and probed with anti-Strep antibody. Molecular weight 
markers are indicated to the left of the blot. 
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Figure 5-7. A samp triple deletion strain does not display thiamine auxotrophy. Growth of Hfx. volcanii parent (H26, closed 

circles) and the samp triple deletion (Δsamp1 Δsamp2 Δsamp3, open circles) strains were grown in GMM 
supplemented with (A) and without (B) thiamine as described in the Materials and Methods. Experiments were 
performed in triplicate and the mean ± standard deviation (SD) was calculated. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

Summary and Findings 

The regulation and biological roles of SAMP1/2/3 and UbaA in sulfur mobilization 

and protein conjugation are not well understood in archaea.The goals of this study were 

threefold. First, the purpose of this study was to enhance our understanding of the 

mode in which SAMPs are regulated at the transcript level by environmental signals and 

growth conditions in Hfx. volcanii. Second, this study also sought to identify and 

characterize additional proteins important in sulfur mobilization for 2-thiouridine 

formation in haloarchaea and third, to determine whether SAMPs and a THI4 protein 

homolog are important for sulfur transfer in thiamine biosynthesis.  

This study revealed several important aspects of samp transcripts and regulation. 

All three samp gene neighborhoods are conserved among many haloarchaea and samp 

genes generate leaderless transcripts in which the mRNAs lack a 5'-UTR. The samp1 

transcript possesses a short 3’-UTR (5 nts), whereas both samp2 and samp3 transcripts 

possess an extended 3’-UTR (203 and 219 nts respectively) which has multiple 

predicted stemloop structures. Based on our results we propose that all three samp 

transcripts most likely utilize a leaderless translation initiation strategy and the presence 

of diverse secondary structure within samp2 and samp3 3’-UTRs suggests an 

alternative mechanism for samp transcription termination. Furthermore, samp1 and 

samp3 transcripts are induced during aerobic growth in the presence of DMSO where 

samp1 appears to generate two transcripts, indicating possible processing of the samp1 

transcript, and samp3 generates a single transcript. Furthermore, putative promoter 

activity of samp3 during aerobic growth in the presence or absence of DMSO was 



 

176 

similar indicating possible posttranscriptional regulation of samp3, at least, during this 

condition since samp3 transcripts are induced during growth with DMSO 

supplementation. In addition to aerobic growth in the presence or absence of DMSO, 

samp1 and samp2 transcripts increased at modest levels during growth in minimimal 

media where alanine versus ammonium chloride served as the nitrogen source. 

Putative promoter activity revealed that both trkA1 (putative samp1 promoter) and 

samp2 transcription levels remained the same during identical growth conditions. The 

samp1 transcript also increased during heat shock and this phenomenon is transient 

and consistent with the increase then decrease of ubiquitin transcript in Dictyostelium 

discoideum and S. cerevisiae (Muller-Taubenberger et al., 1988; Simon et al., 

1999).Putative promoter activities for trkA1, samp2, samp3, and ubaA were also similar 

during cold shock and growth in complex medium where oxygen or DMSO served as 

the terminal electron acceptor. Taken together, these data suggest different modes of 

regulation for samp genes and during certain conditions tested, samp genes may be 

regulated at the posttranscriptional level. This is the first study of samp regulation at the 

transcript level and it provides a basis for further studies on the regulation of ubiquitin-

like proteins in the Archaea. 

This study also revealed the identification and characterization of a thiolase 

enzyme in haloarchaea, NcsA. NcsA was found to be important for sulfur mobilization 

for 2-thiolation of wobble uridine of lysine tRNAs and most likely glutamate and 

glutamine tRNAs. Furthermore, NcsA is required for growth at elevated temperatures 

(50 ºC) similar to SAMP2 and UbaA (Miranda et al., 2011) and consistent with other 

members of the ANH superfamily, TtuB from Thermus thermophilus (Shigi et al., 2006) 
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and Ctu1 from Schizosaccharomyces pombe (Dewez et al., 2008). UbaA mediates 

covalent and non-covalent associations of NcsA with SAMP2 and NcsA was also found 

to be covalently modified on Lys204 by SAMP2. NcsA was also covalently modified by 

poly-SAMP2 chains. Poly-SAMP2 chains are speculated to target NcsA for 

proteasomal-mediated degradation as a means of protein quality control. Alternatively, 

the covalent attachment of poly-SAMP2 chains on NcsA may promote protein-protein 

interactions or modify NcsA for its role in 2-thiouridine formation. MS-analyses of 

purified fractions revealed NcsA to associate with UbaA and SAMP2 consistent with 

results from immunoblotting. Additional proteins identified by MS-analyses to be 

associated with NcsA included homologs of the proteasome activating nucleotidase A/1 

(PAN-A/1, HVO_0850), and an archaeal cleavage and polyadenylation specificity factor 

1 (aCPSF1, HVO_0874). NcsA was also found to complex with aCPSF1. This is the first 

identification of a tRNA thiolase enzyme associating with a putative RNA cleavage 

enzyme in archaea. Taken together, these results provide the first characterization and 

evidence of a tRNA thiolase enzyme which is modified by sampylation and mediates 2-

thiouridine formation in haloarchaea. 

This study also examined the possible role of SAMPs on sulfur mobilization in 

thiamine biosynthesis and identification of a thiamine biosynthetic gene, HvTHI4 in 

haloarchaea. A samp triple deletion was assessed for thiamine auxotrophy by growth in 

the absence versus presence of thiamine. However, the samp triple deletion mutant did 

not exhibit thiamine auxotrophy when compared to the wild-type strain. Interestingly, a 

deletion of a putative thiazole biosynthetic gene, HvTHI4, and a site directed change of 

a conserved residue, Cys165, expressed in ΔHvTHI4 was bradytrophic for thiamine in 
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minimal medium suggesting it is important for sulfur mobilization in thiamine 

biosynthesis and Cys165 is mediating sulfur mobilization to the thiazole ring. Taken all 

together, this study provides a basis for further studies on regulation of archaeal 

ubiquitin-like proteins and its relation to environmental stress and also their roles in 

sulfur mobilization in archaea. Additionally, this study provides new insight into thiolase 

enzymes mediating 2-thiouridine biosynthesis and also enzymes which may mediate 

thiamine biosynthesis in archaea. 

Future Directions 

Ubiquitin-like proteins were only recently identified in archaea (Humbard et al., 

2010). Therefore, future studies identifying a precise mechanism for regulation of samp 

genes will be important in understanding their physiological roles within the cell. Also, 

future studies on determining a mechanism of transcription termination for samp 

transcripts will also be useful in giving further insight into whether the varying lengths of 

samp 3’-UTRs are indicative of a new mechanism of transcription termination in 

haloarchaea.  

Further studies into the role of sampylation in sulfur mobilization are also 

important. Future studies will include determining the source of sulfur in haloarchaea 

and also indentifying the enzyme which activates sulfur into a persulfidic form for 2-

thiouridine formation. Also, further studies will be focused on understanding the 

importance of NcsA modification and also genetically and biochemically studying the 

importance of NcsA-associated proteins such as the archaeal CPSF1 and PAN-A/1. 

Furthermore, Archaea also encode for enzymes relevant to thiamine biosynthesis 

including bacterial ThiI, ThiG, and ThiF homologs. It is still to be determined whether 

these archaeal proteins are functionally related to their bacterial counterparts. 
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Biochemical characterization and other approaches including high performance liquid 

chromatography, nuclear magnetic resonance coupled with MS- analyses of HvTHI4 will 

be useful in determining whether this enzyme is functionally related to THI4 of 

eukaryotes and whether HvTHI4 associates with thiamine-related proteins or thiamine-

related metabolites within the cell. 
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