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ABSTRACT 

 Cysteine desulfurases are PLP-dependent enzymes that catalyze the 

abstraction of sulfur from the free amino acid cysteine in a majority of organisms. 

Together with their sulfur acceptor proteins, these enzymes are required for the 

mobilization of sulfur for its incorporation into a wide variety of sulfur-containing 

biomolecules, including [Fe-S] clusters, thiamine, biotin and thionucleosides, such 

as 2-thiouridine. Thiolation of the wobble uridine on tRNA molecules to yield 2-

thiouridine is critical for accuracy and efficiency in translation in all three domains 

of life, and depletion of this thionucleoside is associated with severe growth 

defects. Though its biosynthesis and functions have been well characterized in 

eukaryotes and Gram-negative bacteria, until now, little was known about its role 

or formation in Gram-positive bacteria. 

 This dissertation provides a detailed investigation into the biosynthesis and 

functions of 2-thiouridine in the Gram-positive bacterium, Bacillus subtilis. 

Specifically, it details the novel and abbreviated pathway for its biosynthesis 

through the cysteine desulfurase YrvO and its sulfur acceptor thiouridylase MnmA. 

This work also provides evidence for a sequential order in U34 modification, 

beginning with thiolation, and demonstrates that 2-thiouridine tRNA is responsive 

to sulfur availability, indicating a functional role for this thionucleoside during 

nutrient starvation. Furthermore, this work provides discoveries pertaining to the 

residues within YrvO which govern its specificity in interaction with its sulfur 

acceptor partners, as well as the physiological reductants participating in these 

reactions. Additionally, here we have provided the first report of a bacterial 
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thioredoxin capable of [Fe-S] cluster coordination, and propose a model for the 

utility of [Fe-S] cluster-bound TrxA in its physiological environment. Altogether, the 

work demonstrated in this dissertation provides unique insight into important 

processes of sulfur metabolism in Bacillus subtilis, and suggests important 

directions for future areas of study in the field. 
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CHAPTER 1 

 

Shared-Intermediates in the Biosynthesis of Thio-cofactors: 

Mechanism and Functions of Cysteine Desulfurases and Sulfur 

Acceptors 

Katherine A. Black and Patricia C. Dos Santos* 

 

 

 The work described in this chapter was initially published in the journal 

Biochimica et Biophysica Acta- Molecular Cell Research. Black, K.A. and Dos 

Santos P.C. (2015). “Shared-intermediates in the biosynthesis of thio-cofactors: 

mechanism and functions of cysteine desulfurases and sulfur acceptors.” BBA- 

Molecular Cell Research1853(6): 1470-1480 (2015). The manuscript, including 

figures, was drafted and edited by K.A. Black and P.C. Dos Santos before 

submission to the journal. Since publication, format changes have been applied 

to maintain consistency throughout this document. 
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1.1 Introduction 

 Sulfur-containing cofactors are widely distributed in nature and participate 

in essential biochemical reactions (Beinert, 2000; Kessler, 2006). While the 

biological significance of sulfur’s versatile chemistry is widely recognized, the 

mechanisms responsible for its mobilization and incorporation into protein 

cofactors are not completely understood as they involve transient intermediates 

and, often, shared enzymes across multiple pathways.  

 It is well-recognized that the amino acid cysteine serves as the sulfur 

source for most, if not all, sulfur containing cofactors in bacterial and eukaryotic 

systems (Hidese, Mihara, & Esaki, 2011; Mueller, 2006). The first step of sulfur 

mobilization is catalyzed by a pyridoxal-5’-phosphate (PLP) enzymatic reaction of 

cysteine desulfurases. This class of enzymes promotes the abstraction of sulfur 

from cysteine and transfers it to acceptor molecules participating in the 

biosynthesis of thio-cofactors (Figure 1.1).  
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 In most organisms, a single general cysteine desulfurase serves as the 

central hub of sulfur mobilization and subsequent delivery for various pathways, 

including biosynthesis of Fe-S clusters, thiamin, molybdenum cofactor, 

thionucleosides, lipoic acid, and biotin (Lauhon, 2002; Lauhon & Kambampati, 

2000; Schwartz, Djaman, Imlay, & Kiley, 2000). However, additional cysteine 

desulfurases may be recruited under specific physiological or environmental 

conditions (Rajakovich, Tomlinson, & Dos Santos, 2012; Takahashi & Tokumoto, 

2002; Zheng, White, Cash, Jack, & Dean, 1993). These additional enzymes are 

capable of providing functional overlap with reactions performed by the main 

housekeeping enzyme. 
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 The first enzyme to be associated with PLP-dependent cleavage of a C-S 

bond was discovered in the diazotrophic organism Azotobacter vinelandii. 

Pioneering work from the Dean laboratory established that NifS is a PLP-

containing enzyme involved in sulfur mobilization for nitrogenase Fe-S clusters 

(Zheng et al., 1993). The functional assignment of NifS as a cysteine desulfurase 

led to the subsequent identification of IscS, an essential paralog participating in 

sulfur mobilization for the biosynthesis of Fe-S clusters, the function of which is 

not restricted to nitrogen fixation (Zheng, Cash, Flint, & Dean, 1998). It is now 

known that NifS/IscS homologous enzymes are found in most living organisms, 

including selected Archaea species and all bacteria and eukaryotic species 

studied to date (Hidese, Inoue, Imanaka, & Fujiwara, 2014; Lill et al., 2012; 

Roche et al., 2013), suggesting a near universal route of sulfur mobilization. 

These enzymes are thought to follow the same general enzymatic mechanism of 

sulfur activation from the substrate cysteine. However, the subsequent transfer of 

sulfur to acceptor molecules, which dictates their physiological functions, varies 

with the type of cysteine desulfurase. 

1.2 Mechanism of cysteine desulfurases 

 All catalytically active cysteine desulfurases studied to date are 

evolutionarily related and display similar quaternary structures (Mihara & Esaki, 

2002). Each monomer of the homodimer contains a PLP cofactor covalently 

bound to a strictly conserved lysine residue via a Schiff base (internal aldimine) 

(Figure 1.2). As purified, these enzymes display a bright yellow color 

characteristic of its associated cofactor with a visible spectrum displaying broad 
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absorption features around 400 nm. The reaction catalyzed by cysteine 

desulfurases can be divided into two discrete steps: persulfide formation and 

persulfide transfer. The first half of the reaction involves the cleavage of a C-S 

bond of the PLP-activated substrate by the nucleophilic attack of the active site 

Cys-thiol (Zheng, White, Cash, & Dean, 1994). This reaction step leads to 

formation of a persulfide bond which is considered the hallmark step in sulfur 

mobilization (Mueller, 2006).  In physiological environments, the persulfide 

enzyme intermediate serves as a vehicle for sulfur trafficking and delivery to 

either a dedicated or a diverse clientele of acceptor molecules.  
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 The in vivo functionality of cysteine desulfurases is dependent on the 

presence of sulfur acceptors. Most studies reporting kinetic analysis of cysteine 

desulfurases disregard the presence of physiological sulfur acceptor substrates 

and include the presence of artificial reductants that, in some cases, compete for 

the enzyme’s catalytic intermediate and skew determination of kinetic rate 

constants (Behshad, Parkin, & Bollinger, 2004; B. P. Selbach, Pradhan, & Dos 

Santos, 2013b). In the presence of reducing conditions and in the absence of an 

acceptor molecule, the enzyme catalyzes the stoichiometric conversion of the 

free amino acid cysteine into alanine with the concomitant production of free 

sulfide (S2-). However, under non-reducing conditions, multiple enzyme 

intermediates are accumulated leading to the formation of elemental sulfur (S8) 

and mixed enzyme-associated polysulfide species (R-S-Sn; 2<n<7) (Zheng et al., 

1993). Most recently, the involvement of acceptor proteins and accessory 

proteins controlling the reactivity of these enzymes have provided further insight 

into chemical steps of sulfur mobilization and the hierarchy of physiological 

persulfide sulfur transfer (Cartini et al., 2011; Dai & Outten, 2012; Kambampati & 

Lauhon, 1999; Outten, Wood, Munoz, & Storz, 2003; B. Selbach, Earles, & Dos 

Santos, 2010). The enzymatic mechanism associated with the persulfide 

formation within cysteine desulfurases was first reported for A. vinelandii NifS 

(Zheng et al., 1994). Subsequent kinetic analysis of ortholog enzymes from 

Escherichia coli (Dai & Outten, 2012; Mihara, Kurihara, Yoshimura, & Esaki, 

2000; B. P. Selbach et al., 2014b), Synechocystis sp. (Behshad & Bollinger, 2009; 

Behshad et al., 2004), and Bacillus subtilis (B. Selbach et al., 2010; B. P. 
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Selbach et al., 2014b) validated and refined that initial proposal. It is assumed 

that all cysteine desulfurases follow the same catalytic steps leading to formation 

of persulfide, while the second half of the reaction varies with the sub-class of 

cysteine desulfurase and type of sulfur acceptor(s).  

1.2.1 Cysteine desulfurase mechanism part I: Persulfide formation 

 The reaction is initiated upon binding of the substrate amino acid cysteine 

to the active site (Figure 1.2). The first step of the reaction follows a standard 

PLP transimination from the internal Lys-aldimine (intermediate 1) to form an 

external Cys-aldimine Schiff base. This transition is accomplished by three 

rounds of proton transfer from the incoming primary amine of the substrate to the 

lysine amino group via formation of a tetrahedral C4’ intermediate, geminal 

diamine (intermediates 2-3). Formation of the aldimine linkage between the 

substrate and PLP (intermediate 4) leads to the electronic coupling of the imine 

and the pyridine ring causing a conjugated pi electron withdrawing effect. This 

conformation facilitates the abstraction of a proton from the alpha carbon of the 

substrate by an enzyme residue serving as a general base (intermediate 5).  A 

combination of kinetic analysis in D2O, mutagenesis, and inhibition studies 

discredited the involvement of either the active site Lys or Cys residues during 

this catalytic step (Behshad & Bollinger, 2009; Zheng et al., 1994). Inspection of 

crystal structures of cysteine desulfurases (Kaiser et al., 2000; S. Kim & Park, 

2013; E. N. Marinoni et al., 2012; Shi et al., 2010; Tirupati, Vey, Drennan, & 

Bollinger, 2004) reveals the presence of a conserved His residue near the active 

site (Figure 1.3D and E), suggesting its potential role as a general base during 
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abstraction of the substrate alpha proton.  The next step in this reaction is the 

protonation of C4’ of the Cys-PLP quinonoid adduct (intermediate 6). In the 

proposed mechanism, the active site Cys-thiol acts as a general acid during this 

catalytic step (Zheng et al., 1994). 
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 The first committed step of the cysteine desulfurase reaction is led by the 

nucleophilic attack of the deprotonated active site Cys-thiol onto the substrate 

thiol (intermediate 7). This step leads to formation of the enzyme persulfide-

covalent intermediate and the Ala-enamine PLP adduct (intermediate 8) (Zheng 

et al., 1994). The conversion of intermediate 8 to the Ala-ketamine, -aldimine 

intermediates involves a general acid/base reaction step likely assisted by the 

His residue surrounding the active site. The final release of alanine and formation 

of the Lys-PLP internal Schiff base occurs in the reverse order of the substrate 

binding (Figure 1.2C). In the presence of a sulfur acceptor, the release of alanine 

is proposed to occur at a step prior to the persulfide transfer. However, in the 

absence of sulfur acceptors and/or reducing agents, the covalently modified 

enzyme is able to bind and react with another cysteine substrate, albeit at a 

different kinetic rate (Behshad et al., 2004; B. P. Selbach et al., 2013b; Zheng et 

al., 1993), resulting in the formation of polysulfide species. In addition, it has 

been reported for some cysteine desulfurases that slow dissociation of the 

alanine product results in the formation of sub-stoichiometric amounts of 

pyruvate and ammonia, which likely follows a standard deamination mechanism 

(Kessler, 2004; Mihara et al., 2000). 

1.2.2 Cysteine desulfurase mechanism part II: Persulfide transfer 

 Trafficking sulfur as a protein-bound persulfide intermediate is a recurring 

theme in sulfur mobilization and represents an elegant metabolic strategy for 

transferring sulfur in a nontoxic form. The transfer of persulfide from a cysteine 

desulfurase to an acceptor molecule is thought to occur via one of three 
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mechanisms (Mueller, 2006). In the first mechanism, the sulfur acceptor can act 

as a nucleophile leading to the nucleophilic attack onto the enzyme’s persulfide 

sulfur. Alternatively, the sulfur acceptor acts as an electrophile, in which the 

enzyme’s persulfidic sulfur conducts the nucleophilic attack on a thiol group of 

the acceptor protein. In the third mechanism, the enzyme is an active participant 

promoting sulfur transfer to a nascent Fe-S cluster onto the acceptor molecule. 

Since formation of Fe-S clusters involves more than one sulfur transfer event to 

the sulfur acceptor/scaffold protein, it is also possible to consider that cysteine 

desulfurases may use more than one mechanism during cluster assembly. 

Furthermore, persulfide sulfur transfer reactions appear to vary between classes 

of cysteine desulfurases. Protein structural elements surrounding the persulfide 

bond, the nature of the acceptor protein, and the involvement of metals and 

accessory proteins have been recently described as factors controlling the 

reactivity of these enzymes.  

1.3 Classes of Cysteine desulfurases 

 Although all known cysteine desulfurases display amino acid sequence 

and overall folding similarities, structural differences, along with their distinct 

reactivities, allow the assignment of members of this family into two classes: 

Class I, composed of IscS- and NifS-like sequences, and Class II, composed of 

SufS- and CsdA-like sequences (Mihara & Esaki, 2002). Amino acid sequence 

comparison shows higher alignment scores among members within each class. 

These straightforward comparisons allow computational functional assignments 

of IscS- and SufS-like sequences into classes I and II, respectively. Fragment 



11 
 

insertions close to PLP-coordinating Lys and active site Cys residues also serve 

as identifiers during classification (Figure 1.3). Members of class I cysteine 

desulfurases contain a twelve-residue sequence insertion following the active site 

Cys residue, denoted as class I sequence insertion (Figure 1.3, shown in red in 

the diagram and structure). This extension constitutes a structural loop including 

the catalytic Cys residue. In the Escherichia coli (Cupp-Vickery, Urbina, & 

Vickery, 2003; Shi et al., 2010) and Thermotoga maritima IscS structures (Kaiser 

et al., 2000), the loop is partially disordered, while in the structure of the 

Archeoglobus fulgidus IscS-IscU complex (E. N. Marinoni et al., 2012), the Cys-

thiol group is ~23 Å away from the PLP cofactor (Figure 1.3 B and D, loop is 

shown in red), suggesting the occurrence of a large movement of this structural 

element during each catalytic cycle of the cysteine desulfurase. Based on the 

structure and reaction mechanism, it is expected that the appended loop swings 

into the active site during the first half of the catalytic cycle and swings out to the 

surface during the second half of the reaction. The flexibility of this loop, afforded 

by the class I sequence insertion, has been proposed to be a determinant in 

allowing the enzyme to interact with a variety of sulfur acceptors (Ikeuchi, Shigi, 

Kato, Nishimura, & Suzuki, 2006; Kambampati & Lauhon, 2000; Shi et al., 2010; 

Smith et al., 2001). The E. coli IscS enzyme, for example, is able to provide 

sulfur for the biosynthesis of several cofactors through S-transfer reactions to at 

least three known protein acceptors: IscU, TusA, and ThiI (Figure 1.1).  However, 

the flexibility of the loop is certainly not the sole element controlling enzyme 

specificity. Other members of class I cysteine desulfurases, such as A. vinelandii 
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NifS and B. subtilis NifZ, have dedicated acceptors NifU and ThiI respectively 

despite the presence of class I sequence insertion (Dos Santos et al., 2004; 

Rajakovich et al., 2012; Yuvaniyama, Agar, Cash, Johnson, & Dean, 2000).  

 Members of the class II cysteine desulfurases, on the other hand, contain 

a shorter structurally-defined catalytic Cys-loop (Figure 1.3 C and E). The E. coli 

SufS and CsdA structures show that the active site Cys is 7 Å away from C4 of 

the PLP cofactor (Fujii et al., 2000; S. Kim & Park, 2013), suggesting that, when 

the substrate is bound to the cofactor, the distance between substrate thiol and 

the catalytic Cys-thiol would be in close enough proximity to allow persulfide 

bond formation. For class II cysteine desulfurases, a large conformational 

change of the Cys-loop is not expected to occur during catalysis. In fact, SufS 

enzymes display low specific activity towards cysteine when in the absence of 

sulfur acceptors, and DTT is partially ineffective in reducing the enzyme’s 

persulfide bond (B. P. Selbach et al., 2014b; B. P. Selbach et al., 2013b). In 

these cases, the sulfur acceptor molecule plays an active role during the second 

half of the catalytic cycle and its presence enhances the overall rate of the 

desulfurization reaction. Interestingly, each of these enzymes requires a specific 

acceptor, and genes coding for these proteins are often located adjacent to the 

cysteine desulfurase gene. For example, B. subtilis sufS gene is adjacent to sufU, 

coding for its acceptor protein (Albrecht et al., 2010; B. Selbach et al., 2010). E. 

coli sufS gene is also immediately upstream of its sulfur acceptor sufE (Outten et 

al., 2003), as well as csdA and its partner csdE (Loiseau et al., 2005). Despite 

their similar structural folds and functions as sulfur intermediates, these proteins 
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do not always share a common evolutionary ancestor and they do not cross react 

in vivo or in vitro (i.e., B. subtilis SufU sulfur acceptor can enhance the cysteine 

desulfurase activity of B. subtilis SufS by nearly 200-fold (B. Selbach et al., 2010), 

but it does not enhance the E. coli cysteine desulfurase SufS). Likewise, E. coli 

SufE can accelerate by 100-fold the rate of sulfide production of its counterpart E. 

coli SufS (B. P. Selbach et al., 2013b), while causing no effect on reactivity of the 

bacillus enzyme (PDS unpublished results).  

 Kinetic analysis of the Cys:SufU sulfurtransferase reaction of B. subtilis 

SufS showed a double displacement mechanism (ping-pong) where the release 

of alanine precedes the binding of its sulfur acceptor molecule SufU (B. Selbach 

et al., 2010). The proposed kinetic scheme for the second half of the reaction is 

led by the nucleophilic attack of SufU’s thiol onto the persulfide sulfur (Figure 

1.1A). Interestingly, a recent report showed that SufU coordinates a tightly-bound 

zinc atom that is essential for its sulfurtransferase function (B. P. Selbach et al., 

2014b). Although SufU shows similar primary sequence and tertiary structure to 

the Fe-S cluster scaffold IscU protein, SufU is unable to construct Fe-S clusters. 

The strong binding of zinc possibly restricts the function of SufU as a dedicated 

sulfur acceptor in performing functions analogous to those of SufE in the E. coli 

Suf pathway.  

 The overall reactivity of class II SufS enzymes is not only regulated by the 

presence of their dedicated sulfur acceptor counterparts, but it is also subject to 

intercommunication between each monomer of the dimer structure. One turnover 

kinetic analysis and inhibition study showed half site reactivity of SufS enzymes, 
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in which one active site is open at a time (B. Selbach et al., 2010; Singh, Dai, 

Outten, & Busenlehner, 2013). This behavior has also been previously observed 

in dimers and tetramers of other PLP-containing enzymes following a ping-pong 

mechanism (Burnett, Yonaha, Toyama, Soda, & Walsh, 1980; Churchich & 

Moses, 1981). Interestingly, the structure of SufS shows the presence of 

structural elements from both subunits constituting each active site entrance. Of 

particular interest is a 19-amino acid sequence insertion extending over the 

adjacent subunit near the substrate access path (Figure 1.3, shown in orange in 

the diagram and structure). This sequence insertion is absent in class I enzymes 

and it is one of the diagnostic features of class II cysteine desulfurases. Given 

the location of the active site near the dimer interface, it is reasonable to suggest 

that the ping-pong mechanism observed in SufS enzymes may be a catalytic 

feature of this class of enzymes.  

1.4 Sulfur-acceptors and Thio-cofactors 

 Cysteine desulfurase reactions are located at the intersection of multiple 

biochemical pathways involving the synthesis of multiple thio-cofactors. While all 

cysteine desulfurases use similar strategies for sulfur mobilization, their 

associated biochemical functions, specific or general, are dictated by their 

interacting sulfur acceptor molecules. Furthermore, the physiological status of S-

acceptor partners, along with the presence of accessory proteins, are factors 

known to limit their in vivo reactivity and partition their roles among various 

aspects of metabolism (Hidese et al., 2011; Kessler, 2006; Mueller, 2006).  
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1.4.1 Iron-Sulfur Cluster Biogenesis 

 Iron-sulfur cluster biosynthesis was the first biochemical pathway identified 

to require a cysteine desulfurase. Specifically, the involvement of the cysteine 

desulfurase NifS in the assembly of the Fe-S clusters of nitrogenase was initially 

reported as a necessary component for its catalytic activity in the nitrogen-fixing 

Azotobacter vinelandii (Jacobson et al., 1989; Zheng et al., 1993). NifS’ sulfur 

acceptor is the Fe-S cluster scaffold NifU. When in the presence of Fe2+ and 

cysteine, NifS is capable of sulfur transfer to NifU where both [2Fe-2S] and [4Fe-

4S] clusters can be formed (Smith et al., 2005). These clusters are then 

subsequently transferred directly to the nitrogenase Fe-protein or used as initial 

building blocks for synthesis of the FeMo-cofactor (Dos Santos et al., 2004; 

Smith et al., 2005; Zhao, Curatti, & Rubio, 2007). The NifU-NifS pair constitutes 

the minimum tool box for Fe-S cluster biogenesis and their concerted function 

established a paradigm that the formation of simple Fe-S clusters requires at 

least a cysteine desulfurase enzyme and a scaffold protein. The NIF Fe-S cluster 

biosynthetic gene region also includes IscAnif with functions proposed to be 

associated with Fe binding and/or the delivery of Fe-S units (Krebs et al., 2001; 

Mapolelo, Zhang, Naik, Huynh, & Johnson, 2012). Nonetheless, phenotypes 

resulting from iscAnif gene inactivation have not been identified (Dos Santos & 

Dean, 2011; Jacobson et al., 1989). 

 Subsequent studies using A. vinelandii nifS deletion strain led to the 

discovery of the main cysteine desulfurase, IscS, involved in general synthesis of 

Fe-S clusters not limited to nitrogen fixation (Zheng et al., 1998). The A. 
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vinelandii IscS is essential for growth denoting its indispensable role in providing 

sulfur for the biosynthesis of essential thio-cofactors (Dos Santos, Johnson, 

Ragle, Unciuleac, & Dean, 2007; Johnson, Unciuleac, & Dean, 2006). Like A. 

vinelandii, Escherichia coli iscS chromosomal location co-occurs with other 

genes whose products are involved in Fe-S cluster biogenesis (Takahashi & 

Nakamura, 1999). The operon containing iscRSUA, hscBA, fdx and iscX 

demonstrates the higher level of complexity of the ISC system for Fe-S 

biogenesis, yet it shares some similarities with the NIF system, as both the genes 

encoding NifS and IscS are located adjacent to their sulfur acceptors and 

scaffold proteins NifU and IscU, respectively. IscU can also hold transient [2Fe-

2S] and [4Fe-4S] clusters that can be directly or indirectly transferred to apo-

proteins (Agar et al., 2000; Raulfs, O'Carroll, Dos Santos, Unciuleac, & Dean, 

2008; Unciuleac et al., 2007). The HscAB chaperone proteins act on IscU to 

facilitate cluster transfer (Bonomi, Iametti, Morleo, Ta, & Vickery, 2011; 

Chandramouli & Johnson, 2006; Urbina, Silberg, Hoff, & Vickery, 2001). HscA is 

an ATPase regulated by HscB, which mediates specific interactions with IscU, 

while the HscAB chaperone complex catalyzes [2Fe-2S] cluster transfer to 

ferredoxin (Fdx) (Hoff, Silberg, & Vickery, 2000).  The latter has been proposed 

to be involved in sulfur transfer events from IscS to IscU during cluster assembly 

and/or to provide electrons for the reductive coupling of 2 x [2Fe-2S] into a [4Fe-

4S] cluster on IscU (Unciuleac et al., 2007). The small acidic proteins, CyaY, 

which is located elsewhere in the chromosome, and IscX, the last component of 

the ISC system, have been proposed to act as Fe-donors or affect the assembly 
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of Fe-S cluster by the ISC system (Adinolfi et al., 2009; Bridwell-Rabb, Iannuzzi, 

Pastore, & Barondeau, 2012; J. H. Kim, Bothe, Frederick, Holder, & Markley, 

2014), although the circumstances under which each protein is utilized are 

unknown. IscA functions as either a Fe-S scaffold protein or as a Fe-chaperone 

(Ding, Smith, & Ding, 2005; Landry, Cheng, & Ding, 2013). The ability of 

irreversible Fe-S cluster transfer from IscU to IscA supports the hypothesis that 

IscA acts downstream of IscU as an intermediate cluster carrier (Figure 1B). 

Similar to IscA, NfuA and ErpA also function as Fe-S carriers acting downstream 

of IscU, for further transfer to apo-protein targets (Bandyopadhyay et al., 2008; 

Loiseau et al., 2007; Py et al., 2012; Vinella, Brochier-Armanet, Loiseau, Talla, & 

Barras, 2009). IscR is required for transcriptional regulation of this operon by 

means of a negative feedback mechanism (Schwartz et al., 2001). 

 In E. coli, deletion of iscS causes severe growth impairments with defects 

associated with lack of thionucleosides, lower levels of Fe-S clusters and inability 

to synthesize thiamin, nicotinic acid, and branched-chain amino acids (Lauhon, 

2002; Schwartz et al., 2000; Takahashi & Nakamura, 1999). Although Fe-S 

clusters are essential for survival, deletion of iscS in E. coli does not result in a 

lethal phenotype as evidenced for A. vinelandii. This observation led to the 

identification of a secondary system encoded by the sufABCDSE operon 

(Takahashi & Tokumoto, 2002). The SUF system is used under adverse 

conditions such as oxidative and heavy metal stress and iron starvation, and is 

able to provide functional overlap to the ISC system (Outten, Djaman, & Storz, 

2004). Attempts to inactivate both suf and isc genes are not feasible in E. coli 
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(Tokumoto, Kitamura, Fukuyama, & Takahashi, 2004). In the SUF system, the 

sulfur mobilization reaction involves the cysteine desulfurase SufS functioning in 

similar capacity to IscS. However, its reactivity towards cysteine, as well as its 

physiological role, is dependent on the availability of a dedicated sulfur acceptor, 

SufE (Loiseau, Ollagnier-de-Choudens, Nachin, Fontecave, & Barras, 2003; 

Outten et al., 2003). In vivo and in vitro studies demonstrated that SufE acts as 

an intermediate in sulfur mobilization mediating the protected persulfide sulfur 

transfer from SufS to the proposed scaffold protein SufB when in a complex with 

SufD and/or SufC (Layer et al., 2007). Interestingly, the rates of cysteine 

desulfurization by SufS are dependent on the availability and sulfuration status of 

SufE (B. P. Selbach et al., 2013b).  In this sulfur relay scheme, it is expected that 

under conditions of high demand for Fe-S clusters, the final sulfur acceptor SufB 

up-regulates the flux of sulfur transfer from SufS to SufE to SufB. Supporting this 

model, kinetic analysis showed an increase in the turnover rate of the cys:SufE 

sulfurtransferase reaction of SufS in the presence of the SufBCD complex.  

 Whereas many Gram-negative bacteria contain both ISC and SUF Fe-S 

biogenesis systems, Gram-positive bacteria appear to contain only one Fe-S 

cluster biosynthetic system (Riboldi, Verli, & Frazzon, 2009). These single 

pathways vary with taxonomic groups, and the lack of redundancy of additional 

systems suggests that genes coding for biosynthetic components are essential. 

Three systems have been identified in Gram-positive bacteria (P.C. Dos Santos, 

2014). Clostridia species contain a short version of the ISC system found in E. 

coli which includes the IscR regulator, IscS cysteine desulfurase and IscU sulfur 
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acceptor and Fe-S cluster scaffold, while the two other systems found in 

Actinobacteria (SufRCDBSUT) and Bacilli (SufCDSUB), show some similarities 

to the aforementioned SUF system. Despite the similarities of including a class II 

cysteine desulfurase SufS, and the proposed scaffold protein complex SufBCD, 

both Actinobacteria and Bacilli SUF systems display notable differences when 

compared to the E. coli SUF. First, the suf gene region lacks sufA, although, in 

some species, a copy of an A-type carrier can be found somewhere else in the 

genome. Second, the pathway lacks the mandatory sulfur acceptor SufE, and 

instead it contains SufU. Interestingly, genomic analysis showed that SufU and 

SufE do not co-occur (i.e. species containing sufU lack a copy of the sufE gene, 

and vice versa). The requirement of a dedicated sulfur acceptor of class II 

cysteine desulfurases, along with co-occurrence of the SufS-SufU pair, suggest 

their mutual dependencies in mobilizing sulfur for the biogenesis of Fe-S clusters 

in Gram-positive bacteria and function analogous to the SufS-SufE pair.  The 

assumption is that the Gram-positive cysteine desulfurase SufS is capable of 

sulfur transfer to its zinc-containing sulfur acceptor SufU during the initial sulfur 

mobilization step (B. P. Selbach et al., 2014b) (Figure 1.4). In this model, 

zincSufU acts as an intermediate in sulfur transfer from SufS to the proposed Fe-S 

cluster scaffold SufB (Chahal, Dai, Saini, Ayala-Castro, & Outten, 2009). While 

SufS is proposed to be the major donor of sulfur for the biosynthesis of Fe-S 

clusters in B. subtilis and other Gram-positive bacteria using the SUF system, it 

is possible that SufS also transfers sulfur to other yet-unidentified sulfur 

acceptors.  However, the presence of additional cysteine desulfurases in these 
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organisms suggests that the biosynthesis of Fe-S clusters in this organism is 

decoupled from the synthesis of other thio-cofactors.  

 

1.4.2 ThiI dual sulfur acceptor for the biosynthesis of thiamin and          

4-thiouridine 

 In E. coli and Salmonella enterica, IscS and ThiI have been shown to be 

required for 4-thiourine modification of tRNA (s4U) and thiamin biosynthesis 

(Lauhon & Kambampati, 2000; Martinez-Gomez, Palmer, Vivas, Roach, & Downs, 

2011; Mueller, Buck, Palenchar, Barnhart, & Paulson, 1998) (Figure 1.1B). ThiI 

contains three domains: a rhodanese domain (Rhd), critical for sulfur transfer to 

both cofactors, the THUMP domain involved in tRNA binding, and the PP-loop 

pyrophosphatase domain, necessary for adenylation and subsequent sulfuration 
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of s4U in tRNA (Lauhon, Erwin, & Ton, 2004; Neumann et al., 2014; Palenchar, 

Buck, Cheng, Larson, & Mueller, 2000; Waterman, Ortiz-Lombardia, Fogg, 

Koonin, & Antson, 2006).  

 Sulfur incorporation for the biosynthesis of thiamin is initiated by a 

persulfide sulfur transfer reaction from the cysteine desulfurase IscS to a 

conserved cysteine residue on the rhodanese domain of ThiI (E. coli ThiI Cys456) 

(Martinez-Gomez et al., 2011). Persulfurated ThiI then serves as an S-

intermediate and promotes sulfur transfer to the C-terminal acyladenylated form 

of ThiS, a protein which has been previously modified by ThiF (Lehmann, Begley, 

& Ealick, 2006). This reaction results in elimination of AMP and formation of a 

thiocarboxylate at the C-terminal glycine of ThiS (Taylor et al., 1998). Thiazole 

synthase (ThiG) uses the sulfur from ThiS thiocarboxylate along with 

dehydroglycine, and 1-deoxy-D-xylulose 5-phosphate (DXP) to generate the 

thiazole phosphate moiety of thiamine pyrophosphate (a.k.a. vitamin B1) (Begley, 

Ealick, & McLafferty, 2012). In Salmonella enterica, the rhodanese domain of ThiI 

alone is an active entity in the biosynthesis of thiamin and the two additional 

domains (THUMP and PP-loop) are not necessary for the role of ThiI in this 

pathway (Martinez-Gomez et al., 2011). Interestingly, gene inactivation studies of 

B. subtilis ThiI did not result in thiamine auxotrophy, suggesting that the 

involvement of ThiI, if any, is not mandatory for thiazole formation (Rajakovich et 

al., 2012).  It is worthy of noting that B. subtilis ThiI, as well as the majority of ThiI 

sequences present in the database of sequenced genomes, lacks the rhodanase 

domain proposed to carry the site of sulfur transfer in this pathway. This 
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observation begs the question of whether computational assignments of these 

proteins as thiamin biosynthetic enzymes should not be revisited (Bender, 2011).   

 Thiolation of uridine’s C-4 atom at position 8 in tRNA to yield 4-thiouridine 

(s4U) is a reaction that also involves the cysteine desulfurase acceptor ThiI 

(Iwata-Reuyl, 2008; Kessler, 2006; Lauhon, 2006; Mueller, 2006) (Figure 1.5). 

This modification is one of the best characterized modifications of tRNA. s4U 

serves as a photosensor of near-UV radiation, as UV light absorption induces a 

cross-linking reaction between this thionucleoside and cytosine at position 13 of 

tRNA (Favre, Michelson, & Yaniv, 1971). This photochemical reaction induces a 

conformational change of the tRNA molecule, inhibiting aminoacylation and 

culminating with a stringent response caused by accumulation of uncharged 

tRNAs (Mueller et al., 1998; Thomas & Favre, 1975). In E. coli, sulfur 

modification of ThiI for the biosynthesis of s4U also involves the initial persulfide 

sulfur transfer from IscS to Cys456 of ThiI located in the rhodanese domain (You, 

Xu, Yao, Zhou, & Deng, 2008). In this pathway, besides its participation as a 

sulfurtransferase, ThiI also catalyzes the adenylation of C4 of uridine 8 of tRNA 

activating the substrate tRNA for the subsequent thiolation. The exact 

mechanism of sulfur insertion from persulfurated ThiI to tRNA is not yet known, 

but it has been established that this reaction generates AMP as the leaving group 

and involves a resolving cysteine Cys344 which assists completion of the 

catalytic cycle through formation of a disulfide bond with Cys456 (Mueller, 

Palenchar, & Buck, 2001; Palenchar et al., 2000).  
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 Despite the absence of a rhodanese domain, B. subtilis ThiI is capable of 

catalyzing the synthesis of s4U in vivo and in vitro only when in the presence of 

the cysteine desulfurase NifZ (Figure 1.4). 35S-labeling studies showed that this 

shorter version of ThiI possesses a transient site of sulfur modification 

(Rajakovich et al., 2012). It is possible that the lack of a rhodanese 

sulfurtransferase domain is compensated by the recruitment of a dedicated 

cysteine desulfurase as the sulfur donor and active participant at the end of the 

catalytic cycle. Complementation studies in E. coli iscS or thiI deletion strains 

showed that s4U synthesis is restored only when both B. subtilis NifZ and ThiI are 
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present, suggesting their mutually specific roles. While the identity of the cysteine 

desulfurase and associated sulfur acceptor has been defined for s4U formation, 

the enzymes involved in the initial sulfur mobilization as well as its insertion into 

ThiS for the biosynthesis of thiamin remain unidentified in B. subtilis. 

1.4.3 TusA dual sulfur acceptor for the biosynthesis of 2-thiouridine tRNA 

and Moco  

 TusA is also an acceptor of IscS and mediates sulfur transfer reactions for 

the biosynthesis of both 2-thiouridine tRNA and molybdenum cofactor (Moco) 

(Dahl et al., 2013; Ikeuchi et al., 2006). The involvement of TusA in sulfur 

trafficking shows some similarities to ThiI. Both proteins interact with IscS in the 

capacity of sulfur acceptors for two distinct pathways. ThiI and TusA are also 

able to perform two types of sulfur transfer reactions: persulfide sulfur transfer to 

a thiol acceptor molecule or to an activated acyladenylated protein intermediate.  

However, involvement of TusA in s2U and Moco synthesis appears to be more 

complicated. Unlike ThiI, TusA, is not the final sulfur intermediate in s2U 

synthesis as the pathway involves five additional proteins. In addition, TusA can 

be bypassed for Moco biosynthesis, albeit its absence causes major depletion of 

Moco accumulation.  

 Sulfur-containing nucleosides are found among all organisms and are 

required for proficient growth and metabolism. Interestingly, the majority of 

modified nucleosides, including those which obtain sulfur from IscS, occur within 

tRNA molecules, suggesting their necessity for accurate and efficient translation 

and molecular signaling (Shigi, 2014) (Figure 1.5). Modification of the wobble (34) 
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position in glutamate (Glu), glutamine (Gln) and lysine (Lys) tRNA molecules 

produces 5-methyl-2-thiouridine derivatives (xm5s2U). Thiolation of this wobble 

uridine stabilizes the anticodon structure and confers the tRNA molecule’s ability 

to bind to the ribosome, subsequently improving reading frame maintenance and 

translational efficiency by preventing the occurrence of frameshifting (Agris, 1991; 

Ikeuchi et al., 2006; Ogle et al., 2001; Urbonavicius, Qian, Durand, Hagervall, & 

Bjork, 2001). Prior studies have shown that absence of the s2U34 modification 

results in a growth defect (Kambampati & Lauhon, 2003; Shigi, 2014), which, in 

combination with the knowledge that this modification is conserved among all 

organisms suggests its significance in maintaining cellular viability.  

 The biosynthetic pathway of 2-thiouridine has been elucidated in E. coli 

and requires the involvement of seven enzymes, IscS, TusABCDE, and MnmA 

(Ikeuchi et al., 2006). The first step is catalyzed by IscS which transfers the sulfur 

to a cysteine residue on TusA. In this sulfur relay pathway, the second step of 

persulfide sulfur transfer involves TusA and a cysteine residue within TusD which 

is part of a TusBCD complex and subsequently transfers the sulfur to TusE. The 

final step of sulfur relay involves interaction of TusE’s persulfide adduct with a 

MnmA-tRNA complex. MnmA thiouridylase activity can be divided into two 

reactions: the activation of C2 of uridine 34 of tRNA by adenylation and sulfur 

insertion into the cofactor with concomitant elimination of AMP (Numata, Ikeuchi, 

Fukai, Suzuki, & Nureki, 2006). However, the exact involvement of MnmA during 

the sulfur insertion step remains unclear.  Namely, it has not been determined 

whether MnmA accepts the sulfur from TusE and transfers it to the tRNA, or if the 
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sulfur is directly transferred from TusE to the tRNA (Ikeuchi et al., 2006). 

Furthermore, the involvement of TusABCDE proteins can be bypassed during 

synthesis of s2U in vitro leaving no strong physiological and mechanistic reason 

for the involvement of these five additional proteins in this pathway. It is possible 

that the recruitment of small sulfur acceptor proteins is necessary to outcompete 

with other acceptors of IscS, guaranteeing delivery of sulfur to selected pathways.  

 In E. coli, the use of the promiscuous enzyme IscS in sulfur activation to 

several pathways demands the recruitment of sulfur transfer proteins or proteins 

domains. In Gram-positive bacteria, this challenge is circumvented by the 

existence of dedicated cysteine desulfurases. In B. subtilis, for example, tRNA 

carries the s2U modification, however its genome contains only two of the 

proposed biosynthetic genes: yrvO, a cysteine desulfurase coding sequence with 

homology to IscS, and its adjacent neighbor, mnmA, encoding a thiouridylase, 

which is orthologous to the E. coli MnmA. The genome also encodes YrkF, a 

protein similar to TusA (37% identity), but deletion of its coding sequence does 

not affect levels of s2U modification (P.C. Dos Santos, 2014) (Figure 1.4). In 

recent studies investigating the s2U biosynthetic pathway in B. subtilis, we have 

obtained evidence that the individual B. subtilis proteins are unable to 

complement the function of their corresponding E. coli orthologs in 2-thiouridine 

biosynthesis. However, upon co-expression of both B. subtilis YrvO and MnmA, 

we observe an accumulation of s2U. These findings indicate that B. subtilis YrvO 

and MnmA are capable of forming the 2-thiouridine modification in a pathway 

independent of the one utilized in E. coli (Black, KA and Dos Santos PC, 2015). 
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The recruitment of devoted cysteine desulfurases such as YrvO in s2U 

biosynthesis and NifZ in s4U biosynthesis, along with the co-occurrence of their 

respective sulfur acceptor partners, MnmA and ThiI, suggest an alternate 

mechanism used by microbes to regulate the flux of sulfur delivery across 

biosynthetic pathways. 

 Recently, the E. coli sulfur acceptor TusA has also been identified in 

partaking a role in the biosynthesis of Moco (Dahl et al., 2013) (Figure 1.1B). 

The pathway involves at least nine proteins dedicated to the synthesis of the 

pterin moiety and insertion of sulfur and molybdenum. In E. coli and other Gram-

negative organisms, six proteins have been identified as participating in sulfur 

incorporation into pyranopterin phosphate (aka precursor Z, cPMP) to form 

molybtopterin (MPT): IscS, TusA, YnjE, MoaD, MoaE, and MoeB (Mendel & 

Leimkuhler, 2014). IscS initially provides the sulfur to YnjE, a rhodanese domain 

protein containing sulfurtransferase activity (Dahl et al., 2011). This reaction can 

be either assisted or intermediated by TusA which ultimately leads to formation of 

a thiocarboxylated intermediate of MoaD (Dahl et al., 2013).  Prior to the 

succeeding sulfur transfer from YnjE, MoaD’s C-terminal glycine residue must 

first be adenylated by MoeB, activating the carboxylic group for thiolation 

(Schmitz, Wuebbens, Rajagopalan, & Leimkuhler, 2007). For activation of the 

molybdopterin synthase (MPT) complex, the thiocarboxylated MoaD intermediate 

must form a complex with MoaE. The function of this MPT synthase complex 

(MoaDE) is to insert the dithiolene moiety into precursor Z, the first intermediate 

in the Moco pathway, generated from GTP (Iobbi-Nivol & Leimkuhler, 2013).  
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 Interestingly, in a recent study, Dahl et al. showed that E. coli TusA has a 

role in the direction of sulfur to the pathway responsible for molybdopterin 

synthesis (Dahl et al., 2013). The E. coli ∆tusA strain exhibits increased 

transcription of genes responsible for Moco synthesis, likely due to the 

decreased activity of molybdoenzymes, revealing its involvement in Moco 

biosynthesis. This deletion strain suggests a connection between sulfur 

incorporation into Moco and s2U, as both increased expression of mnmA and a 

higher rate of translational frameshifting were observed. In addition, the 

pleiotropic defects associated with absence of one of the sulfur acceptors of IscS 

impacted other pathways involving proteins participating in Fe-S cluster 

biogenesis, tRNA thiolation, and thiamin. 

1.4.4 Sulfur intermediates in the biosynthesis of s2C and ms2i6A tRNA, 

lipoic acid, and biotin 

 The mechanisms of sulfur incorporation into thio-cofactors can also occur 

through the action of Fe-S enzymes that in some cases utilize their own Fe-S 

prosthetic groups to serve as a sacrificial source of sulfur. In the biosynthesis of 

lipoic acid, biotin, 2-thiocytidine tRNA (s2C), and 2-methylthioadenosine 

derivatives of tRNA (ms2(i/t)6A), the path of sulfur insertion is complicated, as the 

terminal biosynthetic enzymes also contain Fe-S clusters (Figure 1.6). In all 

these cases, the Fe-S clusters are active participants in the activation of the 

substrate and/or the sulfur insertion step, thus making it challenging to dissect 

the paths of sulfur transfer in the biosynthesis of these cofactors.  
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 The s2C modification found in bacterial tRNA allows greater flexibility of 

the anticodon loop to limit the characterized U33-turn conformation of the 

anticodon (Figure 1.5), enhancing the accuracy and efficiency of translation. 

Sulfur assimilation into s2C requires the tRNA 2-thiocytidine synthetase TtcA, 

which catalyzes the sulfur insertion step into the C2 position of cytidine 32 of 

tRNA (Bouvier et al., 2014). This enzyme contains a PP-loop domain similar to 

that of ThiI and MnmA, and can coordinate a [4Fe-4S] cluster that is essential for 

its activity. Based on complementation studies, TtcA contains three cysteines 

that are essential for its in vivo function, suggesting the involvement of the Fe-S 

cluster in catalysis. While the activation of C2 of cytidine is expected to occur via 

adenylation in the same fashion as described for s4U and s2U synthesis, the 

sulfur insertion event remains undetermined.  
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 C-H bond activation of a substrate prior to thiolation can also be promoted 

by an adenosyl radical reaction catalyzed by selected members of the Fe-S 

radical SAM enzyme superfamily (Dowling, Vey, Croft, & Drennan, 2012). Using 

this substrate activation strategy, LipA and BioB are both involved in sulfur 

insertion reactions for the biosynthesis of lipoic acid and biotin. Likewise, MiaB, 

MtaB, and RimO catalyze the methylthiolation of 2-methylthio-N6-isopentenyl-

adenosine 37 of tRNA (ms2i6A), 2-methylthio-N6-threonylcarbamoyl-adenosine 37 

of tRNA (ms2t6A), and the β-carbon of an aspartate residue within S12 ribosomal 

protein respectively. These enzymes contain two types of Fe-S clusters. One is 

involved in the reductive formation of a 5’-deoxyadenosyl 5’-radical (5’dA.) that 

activates the substrate C-H bond through hydrogen abstraction (radical SAM 

cluster), while the other cluster has been associated with either sulfur 

mobilization or methylthiol formation (auxiliary cluster) (Fugate & Jarrett, 2012; 

Lanz & Booker, 2012). The ultimate sulfur source for all these thio-cofactors is 

known to be derived from the amino acid cysteine in pathways involving a 

cysteine desulfurase and SAM as the source of the methyl group in 

methylthiotransfer reactions (Figure 1.1B).  

 Despite significant progress in understanding the stoichiometry, order of 

reaction events and the structural fold of active sites enabling these reactions, 

the formation of the final enzyme sulfur intermediate remains an elusive step. It 

has been proposed that the auxiliary clusters of LipA and BioB are the sulfur 

sources during catalysis, serving in a self-destructive role (Cicchillo et al., 2004; 

Fugate & Jarrett, 2012). (i.e., in vitro synthesis of lipoic acid and biotin occur at 
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nearly stoichiometric ratios of enzyme to product with the concomitant 

consumption of auxiliary clusters, thus suggesting the sacrificial role of these 

enzymes in catalysis). An alternate enzyme sulfur intermediate has been 

proposed for MiaB and RimO (Forouhar et al., 2013), where the auxiliary clusters 

appear to bind additional sulfur atoms which can be used as the source of sulfur 

during methylthiolation (Landgraf, Arcinas, Lee, & Booker, 2013). Nevertheless, 

the involvement of proteins serving as S and Fe-S carriers partnering with radical 

SAM enzymes during thiolation reactions is anticipated. Details of the 

physiological mechanism promoting a multiple enzyme-turnover reaction are not 

known and the identity of partners enabling the action of these enzymes as true 

catalysts awaits further investigation. 

1.5 Interconnectivity in sulfur mobilization reactions 

 Biochemical pathways involving the synthesis of thio-cofactors are 

mutually dependent on the functionality of sulfur trafficking pathways and thio-

cofactors (Fugate & Jarrett, 2012; Koenigsknecht & Downs, 2010; Lauhon, 

Skovran, Urbina, Downs, & Vickery, 2004). The involvement of Fe-S clusters in 

the biosynthesis of multiple thio-cofactors, along with the requirement of shared 

cysteine desulfurases in promoting sulfur mobilization to several pathways 

represent some of the challenges in mapping these metabolic circuits (Figure 

1.6).  Further complicating matters are the participation of proteins that optimize, 

but do not eliminate, the flow of sulfur to certain pathways. For example, the 

frataxin ortholog CyaY, although not essential for Fe-S cluster biogenesis, is able 

to regulate the rate of Fe-S cluster assembly on IscU by controlling the reactivity 
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of IscS (Adinolfi et al., 2009; Bridwell-Rabb et al., 2012).  Likewise TusA, an 

essential sulfur acceptor for s2U formation in E. coli (Ikeuchi et al., 2006), 

facilitates the flow of sulfur transfer to Moco biogenesis albeit its requirement is 

not mandatory. For instance, inactivation of E. coli TusA causes numerous 

pleiotropic effects, not limited to Moco and s2U formation, as its absence 

indirectly affects the interaction of cysteine desulfurases and other sulfur 

acceptors (Dahl et al., 2013). Thus, elimination of one competing sulfur acceptor 

leads to an increase of sulfur flow to other pathways utilizing the cysteine 

desulfurase. The structures of IscS/IscU and IscS/TusA complexes provide some 

initial clues of how the cysteine desulfurase may allow these interactions and 

how the enzyme partitions and selects different sulfur acceptors (Shi et al., 2010) 

(Figure 1.7). In the complex structures, the surface of interaction of IscS and 

IscU is different than the one occupied by TusA. Mutagenesis studies have also 

suggested the footprinting of protein-protein interactions between IscS and 

additional interacting proteins such as ThiI, CyaY, IscX. While the binding of IscS 

to IscU, ThiI, or TusA would allow formation of only binary complexes, the 

interactions with CyaY and IscX would not exclude IscU binding, providing a 

model for regulatory roles of CyaY and IscX.  Nevertheless, the versatile 

involvement of IscS in several biochemical pathways, not limited to the synthesis 

of Fe-S clusters, is derived from its ability to interact with a suite of sulfur 

acceptors with diverse structural folds and functions.  Although the identity of 

many sulfur-partners has been determined (Ayala-Castro, Saini, & Outten, 2008), 
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the mechanisms by which IscS, as well as other cysteine desulfurases interact 

and restrict the clientele of sulfur acceptors remain not fully elucidated.  

 

 Another strategy used to guarantee the delivery of sulfur to various 

pathways is the recruitment of multiple dedicated cysteine desulfurases rather 

than the one-enzyme multi-acceptor model. These parallel sulfur trafficking 

schemes partially deconvolute the interconnectivity of sulfur mobilization 

reactions. These enzymes are proposed to serve in specialized roles, thus 

dispensing the need for sulfur carrier proteins or protein sulfurtransferase 

domains. In Bacillus subtilis, and other Gram-positive bacteria, the biosynthesis 

of thio-cofactors appears to use distinct metabolic circuits. The B. subtilis 

genome codes for several cysteine desulfurases: SufS, NifS, NifZ, YrvO (Figure 
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1.4). The genomic location of some of these cysteine desulfurases in B. subtilis 

provides insights into their metabolic functions (P.C. Dos Santos, 2014).  For 

example, the sufS gene is found in a transcriptional unit along with other genes 

known to participate in Fe-S cluster biogenesis, and its reactivity towards 

cysteine is dependent on the presence of the zinc-dependent sulfurtransferase 

SufU (B. P. Selbach et al., 2014b). The yrvO gene is located next to a gene that 

encodes MnmA and both are capable of synthesizing s2U tRNA (Kambampati & 

Lauhon, 2003, Black and Dos Santos, 2015).  The gene coding for NifZ is 

adjacent to the thiI gene, coding for two mutually dependent enzymes of s4U 

tRNA biosynthesis (Rajakovich et al., 2012). Lastly, nifS gene is co-transcribed 

with nadR and its promoter overlaps that of nadBCA genes coding for the NAD 

biosynthetic pathway (Sun & Setlow, 1993). Although, neither NAD nor its 

intermediate quinolinic acid are sulfur-containing cofactors, quinolinate synthase 

NadA is a Fe-S enzyme (I. Marinoni et al., 2008; Saunders et al., 2008). Based 

on this observation, a proposal has been put forward that involved the role of 

NifS in the direct assembly of the [4Fe-4S] cluster of NadA. In fact, in vitro 

activation studies show that NifS is chemically competent in activating NadA in 

the presence of cysteine and iron (Zhong Fang, personal communication). 

However, in vitro reconstitution studies do not clearly ascertain the molecular 

basis for this biochemical specificity or the requirement for a dedicated cysteine 

desulfurase which dispenses the need of a protein cluster scaffold. Despite the 

fact that each cysteine desulfurase in B. subtilis has at least one assigned 

function so far, it does not fully eliminate the occurrence of intersections and 
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bifurcations in metabolic pathways involving the synthesis of thio-cofactors as 

additional sulfur containing cofactors are known to be synthesized in this 

bacterium.   

 The common feature in the biosynthetic schemes involving the formation 

of sulfur containing cofactors in bacteria and eukaryotic cells is the recruitment of 

cysteine desulfurases that activate the sulfur from cysteine and transfer it to 

target acceptor proteins. The nature of sulfur acceptors and their chemical 

functionality dictate the direction and flow of sulfur transfer. The inherent 

instability of sulfur intermediate species along with the interconnectivity of the 

pathways involving sulfur metabolism continue to challenge our understanding of 

the promiscuous and dedicated roles of these enzymes. 
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ABSTRACT 

 The 2-thiouridine (s2U) modification of the wobble position in glutamate, 

glutamine and lysine tRNA molecules serves to stabilize the anticodon structure, 

improving ribosomal binding and overall efficiency of the translational process. 

Biosynthesis of s2U in Escherichia coli requires a cysteine desulfurase, IscS, a 

thiouridylase, MnmA, and five intermediate sulfur-relay enzymes (TusABCDE). 

The E. coli MnmA thiouridylase adenylates and subsequently thiolates tRNA to 

form the s2U modification. Bacillus subtilis lacks IscS and the intermediate sulfur-

relay proteins, yet its genome encodes a cysteine desulfurase, yrvO, directly 

adjacent to mnmA. The genomic synteny of yrvO and mnmA, combined with the 

absence of the TUS proteins indicated a potential functionality of these proteins 

in s2U formation. Here, we provide evidence that B. subtilis YrvO and MnmA are 

sufficient for s2U biosynthesis. A conditional B. subtilis knockout strain showed 

that s2U abundance correlates with MnmA expression, and in vivo 

complementation studies in E. coli IscS- or MnmA- deficient strains revealed the 

competency of these proteins in s2U biosynthesis. In vitro experiments 

demonstrated s2U formation by YrvO and MnmA, and kinetic analysis established 

a partnership between the B. subtilis proteins that is contingent upon the 

presence of ATP. Furthermore, we observed that the slow growth phenotype of E. 

coli ∆iscS and ∆mnmA strains associated with s2U depletion is recovered by B. 

subtilis yrvO and mnmA. These results support the proposal that the involvement 

of a devoted cysteine desulfurase, YrvO, in s2U synthesis bypasses the need for 

a complex biosynthetic pathway by direct sulfur transfer to MnmA. 
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INTRODUCTION 

 Post-transcriptional RNA modifications are found among all organisms 

and are essential for their cellular function. More than 100 RNA modifications 

have been identified thus far which serve a variety of physiological functions 

(Cantara et al., 2011). Particularly, post-transcriptional modifications of tRNA are 

often necessary for translational fidelity and efficiency, especially those found in 

anticodon bases. The third base in the anticodon is deemed the wobble position, 

as it is bound more loosely to the ribosome than the first two. Consequently, 

wobble bases have greater flexibility, allowing them to make non-canonical base 

pairs, leading to a greater chance of amino acid misincorporation into a growing 

peptide chain. An explanation of how this phenomenon is overcome is provided 

by the modified wobble hypothesis, which states that certain base modifications 

have evolved to adjust the anticodon shape, either to limit or enable the 

occurrence of wobble pairing (Agris, 1991). 

 The modification of the wobble (34th position) in glutamate (Glu), 

glutamine (Gln), and lysine (Lys) tRNA molecules produces 5-methyl-2-

thiouridine derivatives (xm5s2U) (Figure 2.1). Thiolation of the wobble uridine 

places the base in an anti, C3’-endo, gauche conformation, thus forming a rigid 

structure, which increases its affinity for pairing with adenosine, and thereby 

yields higher accuracy in the corresponding peptide sequence. Additionally, this 

modification stabilizes the anticodon structures and confers the tRNA molecule’s 

ability to bind to the ribosome. Tighter ribosomal binding to tRNA subsequently 

improves reading frame maintenance and deficiencies in the translational 
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process (Agris, 1991; Ikeuchi et al., 2006; Ogle et al., 2001; Urbonavicius et al., 

2001). Lack of the 2-thiouridine (s2U) modification in tRNA causes growth defects 

in bacteria attributed to accumulation of frameshifting during translation (Nilsson, 

Lundgren, Hagervall, & Bjork, 2002).  In humans, mutations within the gene 

coding for the 2-thiouridylase TrmU, responsible for the sulfur insertion step, has 

been associated with acute infantile liver failure and respiratory defects that lead 

to dysfunction of the auditory system (Torres, Batlle, & Ribas de Pouplana, 2014).  

 The biosynthesis of the xm5s2U modification involves two distinct branches 

of U34 at C5 and C2 positions. The synthesis of 5-methylaminomethyl-uridine 

(mnm5U) is mediated by the MnmEG complex, which catalyzes the insertion of 

the aminomethyl (nm) or carboxymethylaminomethyl (cmnm) groups to the C5 

position of U34, and by the bi-functional enzyme, MnmC, involved in the 

conversion of nm5U or cmnm5U into mnm5U tRNA (J. Kim & Almo, 2013; 

Moukadiri, Garzon, Bjork, & Armengod, 2014). In a parallel pathway, the 

thiolation of C2 of U34 in Escherichia coli has been shown to involve seven 

proteins: IscS, TusA, TusBCD complex, TusE, and MnmA (Figure 2.1) (Ikeuchi 

et al., 2006; Kambampati & Lauhon, 2003; Lauhon, 2002; Nilsson et al., 2002).  
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 Gene inactivation studies showed that elimination of the thiolation branch 

involving s2U formation results in bacterial growth defects and consequently 

accumulation of the mnm5U intermediate, revealing the essentiality of each 

component for in vivo functionality of this thiolation pathway (Ikeuchi et al., 2006; 

Kambampati & Lauhon, 2003). 

 In Salmonella enterica and E. coli, the s2U thiolation pathway is initiated 

by the cysteine desulfurase IscS (Kambampati & Lauhon, 2003; Nilsson et al., 

2002), which catalyzes the PLP-dependent cleavage of a carbon-sulfur bond 
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from the amino acid cysteine. During catalysis, the enzyme forms a covalent-

persulfide intermediate, which serves as a central hub for sulfur delivery in the 

biosynthesis of several thio-cofactors not limited to s2U formation (Black & Dos 

Santos, 2014). The versatility of IscS partaking in multiple pathways has been 

associated with its ability to interact with and transfer sulfur to a variety of sulfur 

acceptor molecules. In fact, inactivation of iscS in E. coli dramatically decreases 

the growth rate in rich medium and leads to a null-growth phenotype in minimal 

media. It has been established that pleiotropic defects associated with iscS gene 

deletion are attributed to severe defects in synthesis of Fe-S clusters, thiamin, 

lipoic acid, molybdenum cofactor, and biotin, in addition to all thio-nucleosides 

(Schwartz et al., 2000).  In the s2U pathway, IscS is capable of persulfide sulfur 

transfer to a cysteine residue of TusA, which is then transferred to another 

cysteine residue within TusD when in a complex with TusC and TusB. In this 

sulfur relay scheme, TusE is also proposed to serve as a persulfide intermediate, 

since it is able to interact with the TusBCD complex and to form a ternary 

complex with MnmA and tRNA (Numata et al., 2006). The final sulfur insertion 

event is catalyzed by the thiouridylase, MnmA in a reaction analogous to that of 

ThiI in the biosynthesis of s4U (Mueller, 2006). The bifunctional enzyme MnmA 

promotes the ATP-dependent activation of C2 of U34 tRNA and subsequent 

sulfur transfer from its persulfurated form to the tRNA substrate (Numata et al., 

2006). Structural and mutagenesis studies have provided insight into the mode of 

tRNA binding as well as the MnmA residues involved in substrate activation and 

thiolation. Interestingly, despite the requirement of all seven components for the 
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in vivo formation of s2U, in vitro reconstitution of this pathway showed that only 

IscS and MnmA are indispensable components, while TusA, TusBCD, and TusE 

are utilized for maximum activity levels (Ikeuchi et al., 2006).  Furthermore, 

bioinformatics analysis of sequenced genomes showed that the TUS proteins are 

not as ubiquitously distributed as the occurrence of s2U, suggesting the existence 

of alternative mechanisms for the biosynthesis of this modification in many 

species. 

 The model Gram-positive bacterium Bacillus subtilis does not contain the 

master cysteine desulfurase IscS, but instead its genome encodes four 

functionally active cysteine desulfurases: SufS, NifZ, NifS, and YrvO (P. C. Dos 

Santos, 2014). Their genomic locations provide insight into their functions in 

sulfur metabolism. In a previous work, we and others have shown that sufS gene 

is adjacent to its sulfur acceptor gene, sufU (Albrecht et al., 2010; B. Selbach et 

al., 2010), coding for a zinc-dependent sulfur transfer protein (B. P. Selbach et al., 

2014a). Both proteins are involved in the formation of Fe-S clusters. Likewise, 

nifZ gene is located immediately upstream of sulfur acceptor thiI, and both gene 

products are dedicated partners in the biosynthesis of s4U in tRNA (Rajakovich et 

al., 2012). Interestingly, the yrvO coding sequence is 31 bases away from the 

mnmA orthologous gene, suggesting that they are co-transcribed and possibly 

indicating the involvement of both proteins in the biosynthesis of s2U tRNA. 

Furthermore, genome sequence searches failed to identify sequences coding for 

the TUS proteins participating in the sulfur relay pathway, the only exception 

being YrkF protein which shows 38% identity to TusA. The genomic synteny of 
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yrvO and mnmA and the lack of the TUS orthologous proteins led us to 

hypothesize that the presence of a devoted cysteine desulfurase promotes the 

direct sulfur transfer from cysteine to MnmA, dispensing the need of a sulfur relay 

path as observed in E. coli. 

 Here, we describe the functional investigation of Bacillus subtilis YrvO and 

MnmA in the biosynthesis of s2U tRNA. Biochemical analysis shows that YrvO is 

a cysteine desulfurase able to transfer sulfur to a cysteine residue within MnmA 

only when in the presence of ATP. Together, YrvO and MnmA are capable of 

forming s2U tRNA in vitro. Using an in vivo complementation approach in E. coli, 

we demonstrate that YrvO and MnmA constitute a two-component pathway in 

which both proteins are mutually specific and competent in synthesizing s2U 

using a distinct strategy from the one of E. coli. Co-expression of B. subtilis YrvO 

and MnmA in an E. coli iscS deletion strain restores s2U synthesis and partially 

recovers growth defects associated with loss of the master cysteine desulfurase, 

revealing the importance of this modification in cellular maintenance. 
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MATERIALS AND METHODS 

Media, media additions, and chemicals.  

 LB and M9 media (Sambrook, Fritsch, & Maniatis, 1987) were used with 

the following concentrations of antibiotics and media additives, unless otherwise 

specified: ampicillin (100 μg/mL), kanamycin (40 μg/mL), erythromycin (0.5 

μg/mL), X-Gal (40 μg/mL), IPTG (10 μg/mL), L-arabinose (2 mg/mL), L-isoleucine 

(1 mM), L-leucine (1 mM), L-methionine (0.25 mM), L-cysteine (1 mM). MS-I 

medium consists of 17.5 mM NH4SO4, 80.3 mM K2HPO4, 44.1 mM KH2PO4, 3.4 

mM trisodium citrate dehydrate, 0.81 mM MgSO4, 0.5% glucose, 0.02% 

casamino acids and 0.1% yeast extract. MS-II medium consists of MS-I medium 

with 0.125 mM MgSO4 and 0.0125 mM CaCl2. Unless specified, all chemicals 

were purchased from Fisher Scientific and Sigma-Aldrich Inc. Restriction 

enzymes were purchased from New England Biolabs. 

Plasmid construction.  

 All genes were amplified from B. subtilis PS832 strain genomic DNA which 

was prepared using a commercial DNA extraction kit (QuickExtract™, Epicentre). 

PCR amplification reactions were performed using Fail Safe PCR kit 

(Epicentre™). The PCR products were all previously cloned into TopoTA® vector 

(Invitrogen) for sub-cloning purposes. The correct sequence of all plasmids used 

in this study was confirmed by DNA sequencing (Genewiz). A comprehensive list 

and description of primers and plasmids used in this work are shown in Table II.I. 
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Table II.I Primers, plasmids and strains used in experiments 

Primers Sequence 

BsyrvO-NcoI5 5’-GCGACCATGGAACGGATTTATTTAG-3’ 

BsyrvO’-BamHI3 5’-GGATCCGGTCACTCTCTTCGCCG-3’ 

BsmnmA-NdeI5 5’-GACCATATGGAAAAACGGCCGGAGG-3’ 

BsmnmA-
BamHI3 

5’-GCTGGATCCTTTTATACGTACCACAATTTTGTTCCG-3’ 

Plasmids Relevant Gene Cloned Vector Reference 

pDS 16 yrvO PCR product using BsyrvO-NcoI5 and 
BsyrvO-BamHI3 primers. It places NcoI and 
BamHI sites at 5’ and 3’ sites flanking yrvO 
coding sequence 

pCR2.1 
TOPO 

This work 

pDS 22 1.1 kb NcoI-BamHI yrvO fragment ligated 
into NcoI-BglII sites of pAra13. 

pAra13 This work 

pDS 31 827bp BamHI-BglII fragment of pDS16 
containing ʹyrvO was cloned into BamHI of 
pMutin4. 

pMutin4 This work 

pDS 123 mnmA PCR product using BsmnmA-NdeI5 
and BsmnmA-BamHI3 primers. It places 
NdeI and BamHI sites at 5’ and 3’ sites 
flanking mnmA coding sequence 

pCR2.1 
TOPO 

This work 

pDS143 1.2 kb NdeI-BamHI fragment of mnmA 
ligated into NdeI-BamHI sites of pET16b 

pet16b This work 

pDS 144 yrvO-mnmA PCR product using BsyrvO-
NcoI5 and BsmnmA-BamHI3 primers. It 
places NcoI and BamHI sites at 5’ and 3’ 
sites flanking yrvO and mnmA coding 
sequences respectively 

pCR2.1 
TOPO 

This work 

pDS 145 2.3 kb NcoI-BamHI fragment of yrvO-mnmA 
ligated into NcoI-BglII sites of pBad 

pBad This work 

pDS151 1.2 kb NcoI-BamHI fragment of mnmA 
ligated into NcoI-BglII sites of pBad 

pBad This work 

pDS 173 pDS 151 containing codon substitution at 
position 104 of mnmA (C104A, TGC to 
GCC) 

pBad This work 

pDS 174 pDS 143 containing codon substitution at 
position 104 of mnmA (C104A, TGC to 
GCC) 

pet16b This work 

pDS 175 pDS 145 containing codon substitution at 
position 104 of mnmA (C104A, TGC to 
GCC) 

pBad This work 

pDS 178 pDS 143 containing codon substitution at 
position 200 of mnmA (C200A, TGC to 
GCC) 

pet16b This work 
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pDS 179 pDS 145 containing codon substitution at 
position 200 of mnmA (C200A, TGC to 
GCC) 

pBad This work 

pDS 180 pDS 151 containing codon substitution at 
position 200 of mnmA (C200A, TGC to 
GCC) 

pBad This work 

pDS 194 pDS 143 containing codon substitution at 
position 51 of mnmA (C51A, TGC to GCC) 

pet16b This work 

pDS 195 pDS 151 containing codon substitution at 
position 51 of mnmA (C51A, TGC to GCC) 

pBad This work 

pDS 196 pDS 143 containing codon substitution at 
position 66 of mnmA (C66A, TGC to GCC) 

pet16b This work 

pDS 197 pDS 151 containing codon substitution at 
position 66 of mnmA (C66A, TGC to GCC) 

pBad This work 

pDS 198 pDS 143 containing codon substitution at 
position 304 of mnmA (C304A, TGC to 
GCC) 

pet16b This work 

pDS 199 pDS 151 containing codon substitution at 
position 304 of mnmA (C304A, TGC to 
GCC) 

pBad This work 

pDS 201 pDS 143 containing codon substitution at 
position 325 of mnmA (C325A, TGC to 
GCC) 

pet16b This work 

pDS 202 pDS 145 containing codon substitution at 
position 325 of mnmA (C325A, TGC to 
GCC) 

pBad This work 

pDS 203 pDS 151 containing codon substitution at 
position 325 of mnmA (C325A, TGC to 
GCC) 

pBad This work 

pDS 217 pDS 145 containing codon substitution at 
position 304 of mnmA (C304A, TGC to 
GCC) 

pBad This work 

pDS 219 pDS 22 containing codon substitution at 
position 325 of yrvO (C325A, TGC to GCC) 

pAra13 This work 

pDS 220 pDS 145 containing codon substitution at 
position 325 of yrvO (C325A, TGC to GCC) 

pBad This work 

pDS 221 pDS 145 containing codon substitution at 
position 51 of mnmA (C51A, TGC to GCC) 

pBad This work 

pDS 222 pDS 145 containing codon substitution at 
position 66 of mnmA (C66A, TGC to GCC) 

pBad This work 

Strain Relevant Genotype Reference 

B. subtilis PS832 wild type strain Corfe et al. 1994 

B. subtilis DD19 ʹyrvO::pMutin4 This work 
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B. subtilis J1235 yqhL::spc ytwF::erm 
yrkF::erm::cat ybfQ∆::kan 

 T.J. Larson laboratory stock 

E. coli MG1655 wild type strain Laboratory stock 

E. coli BW25113 wild type strain Laboratory stock 

E. coli CL100 ∆iscS Lauhon and Kambampati 2000 

E. coli JW1119 ∆mnmA Laboratory stock 

B. subtilis strain construction.  

 All strains of B. subtilis listed in Table II.I were derivatives of strain 168 

(PS832 strain). The transformation protocol was the same as previously 

described (Rajakovich et al., 2012). Transformed cells were selected for 

erythromycin resistance and blue/white selection in the presence of X-gal and 1 

mM IPTG. 

Growth Curve Analysis.  

 Cell growth was measured by monitoring absorbance at 650 nm (A650 nm) 

while strains were incubated with shaking at 37°C. Individual colonies were 

outgrown in 5 mL of appropriate media overnight. Overnight cultures were diluted 

to an optical density of 0.1 and subsequently, 5 μL of cell suspension was used 

to inoculate 195 μL of the appropriate media in each well of a 96-well microtiter 

plate. Growth at 37°C with periodic shaking at intensity level 2 was monitored 

using a microplate spectrophotometer (Bio-Tek Instruments).  

Isolation of tRNA from B. subtilis and E. coli cells.  

 B. subtilis wild type strain PS832 and J1235, kindly provided by TJ Larson, 

were grown in 500 mL LB medium. B. subtilis strain DD19 was grown in the 

presence of 0- 1 mM IPTG in 500 mL LB medium with erythromycin at 37°C to an 
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OD600nm of 0.8-1.2. E. coli strain CL100 transformed with pBAD, pDS22 or 

pDS145 and E. coli strain JW1119 transformed with pBAD, pDS151 or pDS145 

were grown in LB medium containing ampicillin and arabinose at 37°C to an 

OD600nm of 0.8-1.2. Cells were harvested by centrifugation at 8,200 g for 10 min 

and frozen at -20 °C until further use. 

 The protocol for tRNA isolation was adapted from a method described 

elsewhere (Rajakovich et al., 2012) with the following changes: phenol for 

extraction was saturated with 1 M sodium acetate pH 4.5. Following ethanol 

precipitation and centrifugation, the pellet was washed with 70% ethanol and 

then allowed to dry for 5-10 min. The pellet was resuspended in H2O and the 

concentration and purity (determined by absorbance ratios A260nm/280nm and 

A260nm/230nm) were analyzed using the Nanodrop (Fisher Sci.).  

In vitro generation of s2U34 in in vivo isolated tRNA.  

 The pH of in vivo isolated tRNA dissolved in H2O was adjusted using 20 

mM Hepes pH 7.5. tRNA samples were diluted to 187 μM and folded in an 80 °C 

water bath and 1 mM MgCl2 was added at 65 °C. Assay reactions (1 mL) 

containing 5.6 μM tRNA, 1.7 μM YrvO or A. vinelandii IscS, 0.5 mM cysteine and 

5 mM MgCl2 in the presence or absence of 34 μM B. subtilis or E. coli MnmA 

and/or 1 mM ATP were incubated at 37°C for 1 hr. When indicated, DTT was 

added to a final concentration of 2 mM. To isolate the tRNA following incubation, 

samples were extracted with 300 μL of phenol saturated with 1 M sodium acetate 
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pH 4.5 and precipitated with the addition of 2 M ammonium acetate and 2 mL of 

cold ethanol overnight at -20°C. 

Analysis of modified tRNA nucleosides.  

 Unfractionated tRNA isolated from B. subtilis and E. coli cells was 

digested into individual nucleosides for analysis. Approximately 60 μg tRNA 

dissolved in H2O was heated at 100°C for 5 min. and subsequently chilled on ice 

for 5 min. Once cooled, 10 μL of 0.1 M NH4OAc and 10 μL of Nuclease P1 (1 

mg/ml) were added and incubated at 50°C for 3 hrs. Next, 20 μL of 0.1 M 

ammonium bicarbonate, 10 μL of FAST alkaline phosphatase and 20 μL 

phosphatase buffer were added and incubated at 37°C for 2 hrs. The sample 

was then centrifuged at 15,700 g for 5 min and the supernatant was transferred 

to a new tube. Methanol and formic acid were added to the sample to final 

concentrations of 2% and 0.1% respectively, and 20 μL sample was analyzed by 

HPLC using Electron Spray Ionization Mass spectrometry (ESI-MS), and/or UV 

detector. 

 Digested tRNA samples were analyzed by HPLC using a C-18 column 

(Supelcosil), coupled with a mass spectrometer (Orbitrap). Solvent A was Optima 

LC-MS grade water with 0.1% formic acid and solvent B was Optima LC-MS 

grade methanol with 0.1% formic acid. The HPLC conditions included a gradient 

of solvent B- 2% from 0-15 min, 5% at 22 min, 75% at 37 min, 100% at 38 min, 

and 2% for 7 min at a flow rate of 0.3 mL/min with 20 μL injections. The mass 

spectrum was recorded in the positive mode under the following conditions: 
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nebulizer pressure of 2 torr, drying gas flow of 53 (arb) L/min at 350°C and 

capillary voltage of 27 V. Standards of s4U (Sigma) and s2U (Carbosynth) were 

run as controls. 

Protein expression and purification.  

 Plasmid pDS22 containing yrvO was transformed into E. coli CL100 

competent cells and selected for ampicillin resistance. Single colonies were 

inoculated in 3 L of LB medium containing ampicillin and grown overnight (18 h) 

at 30°C in the presence of L-arabinose (0.2%). Cells were harvested by 

centrifugation at 8,200 g for 10 min and resuspended (3 mL/g of cell wet weight) 

in 25 mM Tris-HCl pH 8, 10% glycerol (buffer A). Cells were lysed using an 

Emulsiflex C5 high-pressure homogenizer (Avestin) and centrifuged for 20 min at 

12,857 g. Supernatant was incubated with 1% (w/v) streptomycin on ice for 15 

min, then centrifuged for 15 min at 12,857 g. The supernatant was loaded using 

a fast protein liquid chromatography (FPLC) system (AktaPurifier, GE Healthcare) 

onto a 5 mL Q-Sepharose column (GE Healthcare) pre-equilibrated with buffer A. 

The column was washed with buffer A and the sample was eluted at a flow rate 

of 2 mL/min with a 0-70% gradient of 25 mM Tris-HCl, pH 8, 1 M NaCl, 10% 

glycerol (buffer B) over 20 column volumes. The collected eluent was analyzed 

by SDS-PAGE and the fractions eluted with 40% buffer B, containing the desired 

protein of 41.2 kDa, were combined. Pooled fractions were treated with 75% 

saturating concentrations of ammonium sulfate with incubation on ice for 15 min, 

followed by centrifugation at 31,209 g for 15 min after each step. The 75% 

ammonium sulfate pellet containing the desired protein was resuspended in 10 
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mL of 25 mM Tris-HCl, pH 8, 300 mM NaCl, 10% glycerol (buffer C) and loaded 

using an FPLC onto a 2.5 cm x 60 cm Sephacryl S-200 column (GE Healthcare) 

pre-equilibrated with buffer C, at a flow rate of 1 mL/min. The eluent was 

analyzed by SDS-PAGE and the desired fractions were pooled and dialyzed 

against 25 mM Tris-HCl, pH 8, 0.1 M NaCl, 10% glycerol (buffer D) overnight at 

4°C. The dialyzed sample was pelleted in liquid nitrogen for storage at -80°C. 

 Plasmid pDS151 containing mnmA was transformed into E. coli Arctic 

Express competent cells (Stratagene) and selected for ampicillin resistance. 

Plasmids containing mnmA variants were transformed into E. coli Rosetta 2(DE3) 

(Merck Millipore) competent cells. For expression of all mnmA variants, single 

colonies were inoculated in 3 L of LB medium containing ampicillin and grown to 

an OD600nm of 0.5-0.6 at 25°C. Cell cultures were induced with lactose (0.2%) 

and grown overnight (16 h) at 15°C, followed by centrifugation at 8200 g for 10 

min. Cells were resuspended (5 mL/g of cell wet weight) in buffer C, lysed using 

an Emulsiflex C5 High Pressure homogenizer (Avestin) and centrifuged for 15 

min at 12,857 g. The crude extract was loaded onto a 5-mL Histrap column pre-

equilibrated with buffer C and isolated through Ni-NTA chromatography by 

elution at 50% buffer E (25 mM Tris-HCl pH 8, 300 mM NaCl, 500 mM imidazole). 

The eluent was analyzed by SDS-PAGE. The desired fractions were treated with 

2 mM DTT, dialyzed overnight against degased buffer D, and then pelleted in 

liquid nitrogen for storage at -80°C. All protein concentrations were determined 

by the method of Bradford et al. (Bradford, 1976), using a BioRad protein assay 

kit and bovine serum albumin as standard.  
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Cysteine desulfurase activity.  

 Cysteine desulfurase activity was assessed through formation of S2- using 

the methylene blue assay as previously reported (Zheng et al., 1993). Assays 

were performed with fixed concentrations of YrvO (0.05 mg, 1.5 μM) and 2 mM 

DTT, varying the concentrations of L-cysteine (0.0125-0.5 mM), and in the 

presence or absence of 1 mM ATP and/or MnmA (1 mg, 29 μM). 

35S-Sulfur transfer assays.  

 Assay reactions (60 μL) contained 9 μg (3.6 μM) YrvO and 18 μg (6.9 μM) 

MnmA, 1 mM ATP, 5 mM MgCl2 in 50 mM Tris-HCl pH 8 with 200 μM L-cysteine 

and 10 μCi 35S-cysteine (Perkin Elmer). Reactions were incubated at 37°C for 1 

hr and quenched with 0.4 mM N-ethylmaleimide for 5 min. Reactions were 

evaluated by non-reducing SDS-PAGE. Protein size and migration were 

observed by Coomassie Brilliant Blue staining and 35S-persulfurated proteins 

were visualized using Phosphoimager (BioRad). 

Western blots.  

 Crude extract aliquots (40 μg of protein) obtained from cell lysates from 

the appropriate cell culture were separated on 12% SDS-PAGE gels for 1.5 hrs 

at 150 V and transferred to PVDF-Immobilon membrane (Millipore) at 100 V for 1 

hr. Polyclonal primary rabbit antiserum raised against purified B. subtilis MnmA 

(Thermo scientific) was used to probe expression of MnmA in B. subtilis crude 

extracts. Anti-rabbit antibody conjugated with alkaline phosphatase produced in 

goat (Sigma) served as the secondary antiserum. LumiPhosWB (Pierce) was 
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used as substrate for chemiluminescent detection following the manufacture’s 

protocol. 

RESULTS 

Levels of expression of MnmA affects abundance of s2U formation in 

Bacillus subtilis.  

 Although the s2U modification affects cellular viability in E. coli, it is not an 

essential modification (Kambampati & Lauhon, 2003). Therefore, we 

hypothesized that this modification would also not be essential in B. subtilis and 

strains lacking YrvO and/or MnmA would be viable. However, despite numerous 

attempts, we were unable to inactivate yrvO. Likewise, similar strategies for 

inactivating mnmA have also failed. These results are also supported by a 

previous report suggesting that both YrvO and MnmA are among the select 

group of essential genes in B. subtilis (Kobayashi et al., 2003). As an alternative 

approach, we have constructed a conditional knockout strain (DD19) by inserting 

an IPTG-inducible promoter (pSPAC) (Vagner, Dervyn, & Ehrlich, 1998) 

upstream of mnmA while retaining an intact copy of yrvO. This genetic construct 

allowed controlled expression of MnmA when culturing DD19 strain under 

different concentrations of IPTG (Figure 2.2), but it did not completely eliminate 

the expression of MnmA.  
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 Longer exposure of the Western blot film showed the detection of trace 

amounts of MnmA (Figure 2.3).  

 

 The involvement of MnmA in the biosynthesis of s2U was then assessed 

by quantification of modified nucleosides from in vivo isolated tRNA samples. In 
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studied systems, the absence of the thiolation pathway leads to accumulation of 

the 5-methylaminomethyl-uridine precursor (mnm5U) (Figure 2.4), therefore the 

ratio of fully modified mnm5s2U to mnm5U precursor was used as a normalized 

readout for s2U abundance (Kambampati & Lauhon, 2003; Laxman et al., 2013).  

Since standards of both mnm5U and mnm5s2U are not commercially available, 

we have optimized our protocol for tRNA extraction and digestion for separation 

and detection using LC/MS analysis. The resolution of this technique allows 

quantification of the specific mass abundance of nucleosides with high resolution 

(<5 ppm) (Figure 2.4).  

 

 Analysis of the mnm5s2U/mnm5U ratio of nucleoside samples extracted 

from cells containing different levels of MnmA (Figure 2.2), shows that the 

accumulation of the thiolated U34 modification reflects the levels of the 
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thiouridylase MnmA (Table II.II). These results provided direct evidence for the 

involvement of MnmA in s2U biosynthesis. Since YrkF showed sequence 

similarity to TusA, the effect of yrkF inactivation was also determined. For this 

experiment, the B. subtilis J1235 strain carrying inactivation of the four 

rhodanase-domain containing proteins, including yrkF, was used (Table II.II). 

This strain when cultured in minimal medium showed no growth defects or 

changes in the levels of s2U modification (Table II.II).  Despite its similarity to 

TusA, YrkF is not involved in sulfur transfer for this pathway.  

 Table II.II: tRNA modification levels in B. subtilis strains 

B. subtilis strain 
(relevant genotype) 

 mnm5s2U /mnm5U 
(st dev)* 

PS832 (wild type)  12.7 (±2.9) 

J1235 (yrkF::cat)  15.1 (±1.3) 

DD19 (pSPAC-mnmA)  5.0 (±0.12) 
 + 0.01 mM IPTG  7.1 (±1.6) 

 + 1mM IPTG  24.7 (±2.2) 
*Standard deviations were obtained from at least three independent experiments. 

 Analyses of modified nucleosides indicated that the DD19 genetic 

construct did not completely eliminate s2U synthesis. This result suggested that 

either the pSPAC promoter had residual activity without the inducer, providing 

minimal expression of MnmA, and/or, in the absence of MnmA, thiolation may be 

provided through an alternate mechanism. In a previous study, we reported the 

use of the pMUTIN vector for inactivation of the non-essential NifZ and/or ThiI, 

involved in the biosynthesis of s4U tRNA (Rajakovich et al., 2012). In this latter 

case, cells cultured in the absence of the inducer showed only 10% of s4U wild 

type levels.  However, the inherent instability of pSPAC and potentially leaky 
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expression of its associated promoter in B. subtilis has been reported for the 

essential thioredoxin and RNAse P genes (Gossringer, Kretschmer-Kazemi Far, 

& Hartmann, 2006; Mostertz, Hochgrafe, Jurgen, Schweder, & Hecker, 2008). It 

is possible that similar challenges were encountered for the DD19 strain if mnmA 

is in fact essential. Interestingly, the DD19 strain did not display significant 

growth defects in minimal media lacking the IPTG inducer (data not shown). 

 Considering the MnmA expression as observed in western blots (Figure 

2.3) and the residual s2U levels in absence of inducer, it is likely that the pSPAC 

promoter in this B. subtilis strain allows just enough MnmA expression to 

circumvent growth defects associated with s2U depletion. Similarly, lack of a 

growth phenotype was also reported for a strain of B. subtilis containing the 

essential RNAse P gene under control of pSPAC. Our failed attempts to 

inactivate yrvO and mnmA, along with similar challenges with residual expression 

of the pSPAC promoter, suggest that both genes are essential in B. subtilis. 

Furthermore, these observations highlight the genetic plasticity of B. subtilis and 

experimental challenges when manipulating essential genes in this bacterium. 

YrvO and MnmA are functional partners in the biosynthesis of 2-thiouridine 

tRNA. 

 In E. coli, s2U modification is not essential and strains carrying inactivation 

of biosynthetic components do not produce s2U (Ikeuchi et al., 2006; 

Kambampati & Lauhon, 2003). Therefore, this model bacterium offered an ideal 

platform to test the functionality of the B. subtilis candidate biosynthetic enzymes. 

B. subtilis YrvO and MnmA show 42% and 55% sequence identity to E. coli IscS 
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and MnmA, respectively. The initial presumption was that YrvO could provide a 

functional complement to the orthologous cysteine desulfurase IscS, and that B. 

subtilis MnmA could complement the loss of the endogenous E. coli MnmA. This 

hypothesis was tested through complementation studies using E. coli strains 

defective in the s2U pathway. E. coli iscS and mnmA deletion strains were 

transformed with plasmids expressing B. subtilis YrvO and/or MnmA. In vivo 

functionality of YrvO and MnmA was assessed by quantification of modified 

nucleosides from tRNA isolated from E. coli cells lacking either IscS or MnmA, 

but expressing the B. subtilis enzymes. Contrary to our initial predictions, the 

individual B. subtilis enzymes were not able to complement their E. coli orthologs. 

Namely, YrvO was not able to perform IscS’ function in s2U synthesis, since 

ratios of mnm5s2U/mnm5U were similar to those of the deletion strain (Table II.III).  

Table II.III: tRNA modification levels in E. coli strains expressing B. subtilis 
MnmA and/or YrvO 

E. coli strain 
(relevant genotype) 

Expression vector mnm5s2U /mnm5U 
(st dev)* 

BW25113 (wild type) pBAD 30.2 (±1.4) 

MG1655 (wild type) pBAD 30.2 (±2.3) 

JW1119 (∆mnmA) pBAD 0.14 (±0.04) 
 pBAD-mnmA 0.05± (0.04) 
 pBAD-mnmA (C51A) 0.02 (±0.01) 

 pBAD-mnmA (C66A) 0.03 (±0.02) 

 pBAD-mnmA (C104A) 0.06 (±0.01) 

 pBAD-mnmA (C200A) 0.09 (±0.02) 

 pBAD-mnmA (C304A) 0.04 (±0.02) 

 pBAD-mnmA (C352A) 0.07 (±0.01) 

 pBAD-yrvO-mnmA 31.7 (±5.7) 

 pBAD-yrvO-mnmA (C51A) 0.18 (±0.03) 

 pBAD-yrvO-mnmA (C66A) 35.8 (±3.45) 

 pBAD-yrvO-mnmA (C104A) 0.13 (±0.001) 

 pBAD-yrvO-mnmA (C200A) 0.11 (±0.02) 
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 pBAD-yrvO-mnmA (C304A) 28.1 (±1.4) 

 pBAD-yrvO-mnmA (C352A) 7.0 (±0.6) 

CL100 (∆iscS) pBAD 0.04 (±0.03) 

 pBAD-yrvO 0.002 (±0.08) 

 pBAD-yrvO-mnmA 64.7 (±4.1) 

 pBAD-yrvO (C325A)-mnmA 0.03 (±0.01) 

JW3435 (∆tusA) pBAD-yrvO 0.006 (±0.003) 

 pBAD-mnmA 0.035 (±0.013) 

 pBAD-yrvO-mnmA 35.0 (±4.25) 

JW0952 (∆tusE) pBAD-yrvO 0.003 (±0.001) 

 pBAD-mnmA 0.069 (±0.023) 

 pBAD-yrvO-mnmA 23.1 (±2.49) 

*The mass abundance ratio of mnm5s2U to its precursor nucleoside, mnm5U is 

shown. Standard deviations were obtained from at least three independent 

experiments. 

 Likewise, B. subtilis MnmA was not able to complete the thiolation of tRNA. 

The lack of functional complementation of individual proteins indicated that 

neither YrvO nor MnmA were able to interact with the Tus proteins, mediating the 

sulfur transfer reactions from the cysteine desulfurase to the final thiouridylase 

enzyme (Figure 2.1). However, s2U synthesis was restored to wild type levels 

when both YrvO and MnmA were co-expressed in E. coli strains lacking either 

IscS or MnmA (Table II.III). Furthermore, the ability of YrvO and MnmA to form 

s2U in E. coli tusA and tusE deletion strains was assessed by individual or co-

expression of yrvO and mnmA. This experiment demonstrated that even in the 

absence of the E. coli proteins which interact with E. coli IscS and MnmA, B. 

subtilis YrvO and MnmA can only synthesize s2U when co-expressed (Table 

II.III). Bioinformatic analysis using Gram-positive sequenced genomes (80 

species) showed the occurrence of a cysteine desulfurase gene either 
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immediately upstream or up to two genes away from the mnmA coding sequence 

in 65 genomes (Table II.IV). These bacterial species lacked a complete set of 

TUS genes, however most of them showed the presence of a gene similar to the 

B. subtilis yrkF, which was found to have no role in U34 thiolation in this study. 

Together, these results provided evidence for the catalytic compentecy of YrvO 

and MnmA enzymes in synthesizing s2U. In addition, the lack of cross reactivity 

between individual ortholog enzymes suggests that B. subtilis and likely other 

Gram-positive bacteria utilize a pathway independent of the one employed by E. 

coli.   

Table II.IV Gram-positive species containing MnmA and cysteine desulfurase 
genes 

Gram-positive species containing mnmA and cysteine desulfurase within 
the same genomic neighborhood  
Species Name  MnmA  

Locus Tag  
Cysteine 
Desulfurase  
Locus Tag  

Acidothermus cellulolyticus 11B  Acel_0689  Acel_0688  
Actinomyces odontolyticus ATCC 
17982  

ACTODO_01767  ACTODO_01768  

Anaerostipes caccae DSM 14662  ANACAC_00390  ANACAC_00392  
Anoxybacillus flavithermus WK1  Aflv_0738  Aflv_0737  
Arthrobacter aurescens TC1  AAur_2710  AAur_2712  
Bacillus amyloliquefaciens plantarum 
FZB42  

RBAM_024610  RBAM_024620  

Bacillus anthracis Sterne  BAS4291  BAS4292  
Bacillus cereus E33L (ZK)  BCZK4139  BCZK4140  
Bacillus halodurans C-125  BH1261  BH1260  
Bacillus licheniformis DSM 13 
Goettingen  

BLi02875  BLi02876  

Bacillus subtilis subtilis 168  BSU27500  BSU27510  
Bacillus weihenstephanensis KBAB4  BcerKBAB4_4243  BcerKBAB4_4244  
Brevibacterium linens BL2  BlinB01001207  BlinB01001208  
Caldicellulosiruptor saccharolyticus 
DSM 8903  

Csac_2252  Csac_2254  

Carboxydothermus 
hydrogenoformans Z-2901, DSM 
6008  

CHY_2197  CHY_2199  
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Clavibacter michiganensis 
michiganensis NCPPB 382  

CMM_1403  CMM_1402  

Clostridium beijerinckii NCIMB 8052  Cbei_1100  Cbei_1098  
Clostridium botulinum BoNT/A1 Hall  CLC_1228  CLC_1225  
Clostridium cellulolyticum H10  Ccel_1930  Ccel_1932  
Clostridium difficile 630 (epidemic 
type X)  

CD1281  CD1279  

Clostridium perfringens ATCC 13124  CPF_2037  CPF_2039  
Collinsella aerofaciens ATCC 25986  COLAER_01430  COLAER_01431  
Corynebacterium diphtheriae bv. 
Gravis  

DIP1074  DIP1072  

Corynebacterium glutamicum R  cgR_1317  cgR_1309  
Deinococcus geothermalis DSM 
11300  

Dgeo_0792  Dgeo_0781  

Desulfotomaculum reducens MI-1  Dred_0766  Dred_0764  
Dorea longicatena DSM 13814  DORLON_02440  DORLON_02442  
Enterococcus faecalis V583  EF2070  EF2072  
Eubacterium siraeum DSM 15702  EUBSIR_02454  EUBSIR_02456  
Exiguobacterium sibiricum 255-15, 
DSM 17290  

Exig_2078  Exig_2079  

Finegoldia magna ATCC 29328  FMG_1586  FMG_1587  
Frankia alni ACN14a  FRAAL5861  FRAAL5862  
Geobacillus kaustophilus HTA426  GK2563  GK2564  
Heliobacterium modesticaldum Ice1  HM1_1866  HM1_1864  
Janibacter sp. HTCC2649  JNB_19083  JNB_19078  
Kineococcus radiotolerans 
SRS30216  

Krad_1308  Krad_1307  

Lactobacillus brevis ATCC 367  LVIS_1434  LVIS_1434  
Lactobacillus casei ATCC 334  LSEI_1292  LSEI_1289  
Lactobacillus johnsonii NCC 533  LJ0986  LJ0984  
Leifsonia xyli xyli CTCB07  Lxx14390  Lxx14420  
Listeria monocytogenes sv. 1/2a 
EGD-e  

lmo1512  lmo1513  

Listeria welshimeri sv. 6b, SLCC5334  lwe1525  lwe1526  
Mycobacterium abscessus CIP 
104536  

MAB_3356c  MAB_3357c  

Mycobacterium bovis AF2122/97  Mb3050c  Mb3051c  
Mycobacterium leprae TN  ML1707  ML1708  
Mycobacterium smegmatis MC2 155  MSMEG_2358  MSMEG_2357  
Mycobacterium tuberculosis H37Ra  MRA_3055  MRA_3056  
Nocardia farcinica IFM 10152  nfa42670  nfa42680  
Nocardioides sp. JS614  Noca_3445  Noca_3446  
Pediococcus pentosaceus ATCC 
25745  

PEPE_1172  PEPE_1174  

Pelotomaculum thermopropionicum 
SI  

PTH_1056  PTH_1054  
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Propionibacterium acnes KPA171202  PPA1117  PPA1116  
Renibacterium salmoninarum ATCC 
33209  

RSal33209_1673  RSal33209_1674  

Rhodococcus jostii RHA1  RHA1_ro06467  RHA1_ro06466  
Rubrobacter xylanophilus DSM 9941  Rxyl_1354  Rxyl_1353  
Ruminococcus gnavus ATCC 29149  RUMGNA_01754  RUMGNA_01752  
Salinispora arenicola CNS-205  Sare_1107  Sare_1106  
Staphylococcus aureus RF122  SAB1492c  SAB1493c  
Staphylococcus epidermidis ATCC 
12228  

SE1304  SE1305  

Streptococcus pneumoniae sv. 14 
CGSP14  

SPCG_0121  SPCG_1185  

Streptomyces avermitilis MA-4680  SAV2753  SAV2756  
Thermoanaerobacter 
pseudethanolicus 39E, ATCC 33223  

Teth39_0281  Teth39_0280  

Thermobifida fusca YX  Tfu_0597  Tfu_0595  
Tropheryma whipplei TW08/27  TW353  TW352  
marine actinobacterium PHSC20C1  A20C1_05071  A20C1_05076  
Gram-positive species containing mnmA and cysteine desulfurase genes 
at two separate locations in the genome  
Species Name  MnmA  

Locus Tag  
Cysteine 
Desulfurase  
Locus Tag  

Acholeplasma laidlawii PG-8A  ACL_0559  ACL_1215  
Alkaliphilus oremlandii OhILAs  Clos_0891  Clos_1670  
Anaerofustis stercorihominis DSM 
17244  

ANASTE_01135  ANASTE_02089  

Candidatus Desulforudis audaxviator 
MP104C  

Daud_2035  Daud_0907  

Candidatus Phytoplasma onion 
yellows OY-M  

PAM125  PAM468  

Deinococcus radiodurans ATCC 
BAA-816  

DR1759  DR0215  

Eubacterium dolichum DSM 3991  EUBDOL_01338  EUBDOL_01200  
Lactobacillus acidophilus NCFM  LBA0822  LBA1177  
Lactococcus lactis cremoris MG1363  llmg_1725  llmg_2048  
Mesoplasma florum L1  Mfl412  Mfl248  
Paenibacillus larvae larvae BRL-
230010  

PlarI_010100015
834  

PlarI_0101000223
13  

Streptococcus agalactiae sv. V/V 
2603V/R  

SAG2144  SAG1098  

Streptococcus pyogenes sv. M1 GAS 
SF370  

SPy2188  SPy1122  

Streptococcus thermophilus LMD-9  STER_1979  STER_1426  
Syntrophomonas wolfei Goettingen, 
DSM 2245B  

Swol_0464  Swol_1912  
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 The ability of B. subtilis YrvO and MnmA to replace biochemical pathways 

in E. coli was also assessed in growth experiments (Figure 2.5). Inactivation of 

iscS results in a slow-growth phenotype in rich media and null-growth in minimal 

media unless supplemented with nicotinic acid, thiamin, and branched-chain 

amino acids (Schwartz et al., 2000). This strong phenotype has been attributed 

to the involvement of IscS in sulfur transfer reactions for the biosynthesis of 

several cofactors including all thionucleosides (Lauhon, 2002). Subsequent 

studies showed that the growth rate of a strain lacking mnmA was comparable to 

that of the iscS strain, leading to the notion that the absence of s2U was a major 

cause for the growth defects observed in rich media (Nilsson et al., 2002). 

Therefore, we have assessed the growth profile of E. coli iscS and mnmA 

strains expressing individual or both B. subtilis proteins (Figure 2.5).  
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 In agreement with thio-nucleoside analysis, restoration of the s2U pathway 

was only achieved by co-expression of YrvO and Bsu MnmA which completely 

recovered the growth rate in the E. coli mnmA strain (Figure 2.5D). Similarly, 

complementation of the s2U pathway in the E. coli iscS also resulted in growth 
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improvement, but it did not fully recover the defects associated with lack of the 

master cysteine desulfurase (Figure 2.5B). Thus, the partial recovery in growth 

rate of the E. coli iscS strain containing fully modified mnm5s2U indicates that 

lack of this modification is one of the factors (although not necessarily the major 

factor) contributing to growth defects of E. coli iscS. Furthermore, the inability of 

YrvO to recover growth defects associated with lack of IscS suggests that YrvO 

is also not able to effectively interact with additional sulfur acceptors of this 

master cysteine desulfurase. In fact, auxotrophies observed in minimal media 

cultures of E. coli iscS were not rescued by YrvO regardless of the presence of 

its counterpart MnmA (Figure 2.5A). This result is supported by amino acid 

sequence alignment between E. coli IscS and B. subtilis YrvO, which 

demonstrates that four of the IscS residues necessary for interaction with TusA, 

and thus formation of s2U, are not conserved within YrvO (W45, E49, D65 and 

R340) (Figure 2.6). In addition, although the YrvO sequence contains some of 

the equivalent IscS residues which enable interaction with IscU, ThiI, IscX and 

CyaY, several that are critical for interactions with these proteins are not 

conserved in YrvO (Shi et al., 2010). This analysis supports the hypothesis that 

YrvO alone cannot replace other functions of E. coli IscS, and suggests that it 

may in fact be capable of non-productive interactions with IscS’ sulfur acceptor 

proteins, potentially resulting in growth defects when overexpressed in E. coli 

iscS. 



66 
 

 

YrvO is a cysteine desulfurase capable of sulfur transfer to MnmA only in 

the presence of ATP.  

 The lack of complementation of individual proteins led us to probe 

individual reaction steps involving the formation of s2U.  The first step in sulfur 

mobilization involves the activation of cysteine by YrvO with formation of an 

enzyme-persulfide intermediate, as shown in 35S-L-Cys labeling experiments 

(Figure 2.7).  
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 The affinity of YrvO for cysteine is an order of magnitude greater than that 

of any other cysteine desulfurase found in B. subtilis (KM = 4.3 μM; an order of 

magnitude lower than that of other B. subtilis cysteine desulfurases) (Figure 2.8) 

(Rajakovich et al., 2012; B. Selbach et al., 2010).  
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 As reported for other cysteine desulfurases, the active site cysteine 

(Cys325) is essential for YrvO activity (Figure 2.9) and Cys325Ala YrvO variant 

is not able to rescue the levels of s2U in E. coli (Table II.III). The pH-dependent 

activity profile displays an ionization event with associated pKa of 7.35, 

compatible with a proposed mechanism involving the active site cysteine residue 

(Figure 2.8). 
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 The subsequent step in this proposed pathway is the persulfide sulfur 

transfer reaction from Cys325 of YrvO to a cysteine residue within MnmA. 

Interestingly, 35S-L-Cys labeling of MnmA is only observed in the presence of 

ATP, suggesting that the enzyme undergoes a conformational change upon 

nucleotide binding to allow sulfur transfer. Similarly, Numata et al. demonstrated 

that E. coli MnmA in complex with tRNAGlu (Figure 2.10A.) exhibits a 

conformational change following formation of the tRNA adenylated intermediate 

(Figure 2.10B.). The dependency of ATP binding on persulfide sulfur transfer 

was also observed for the E. coli MnmA, however 35S-labeling was reported 

when both ATP and tRNA were present (Numata et al., 2006). In the case of the 

Bacillus cysteine desulfurase and sulfur acceptor, the binding of tRNA to MnmA 

is not required for sulfur transfer (Figure 2.7).   
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Additional evidence for the catalytic competency of MnmA in serving as a sulfur 

acceptor was also assessed through the activity of YrvO in cysteine desulfurase 

assays.  In the presence of ATP and under reducing conditions, MnmA caused a 

six-fold increase in the rate of sulfide formation (Figure 2.11), whereas, in the 

absence of ATP, MnmA did not affect YrvO’s cysteine desulfurase activity.  This 

activity enhancement has also been observed for cysteine desulfurases in the 

presence of their corresponding sulfur acceptors and has been attributed to the 

ability of sulfur acceptor substrates to accelerate the regeneration of the enzyme 

for the next catalytic cycle through rapid persulfide sulfur transfer (Dai & Outten, 

2012; Rajakovich et al., 2012; B. P. Selbach et al., 2014a; B. P. Selbach, 
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Pradhan, & Dos Santos, 2013a). That is, the sulfur transfer step from YrvO to 

MnmA is faster than the reduction of YrvO’s persulfide by DTT.  Nevertheless, 

MnmA was able to enhance the turnover rate of sulfide formation only when in 

the presence of ATP (Figure 2.11). Labeling experiments along with kinetic 

analysis of YrvO in the presence of MnmA shows that the ATP-bound state of the 

MnmA is the catalytically competent form of the sulfur acceptor protein. 

 

Conserved cysteine residues are essential for MnmA function.   

 In the proposed s2U biosynthetic scheme (Numata et al., 2006), MnmA 

serves as a sulfur intermediate from the cysteine desulfurase to the tRNA. 

Results from labeling experiments showed the ability of MnmA to directly receive 

sulfur from YrvO. Therefore, we sought to identify whether the formation of a S-

covalent enzyme intermediate is a mandatory step prior to sulfur insertion into 

tRNA. In order to gain further insight into chemical steps involving the thiolation 

reaction catalyzed by MnmA, variant forms of this thiouridylase were generated 

and their in vivo functionality was assessed through complementation studies in 
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E. coli.  Sequence analysis using the Concise database with MnmA ortholog 

sequences from over 200 distinct species showed that among the six Cys 

residues of B. subtilis MnmA, three of them  (Cys51, 104, and 200) were 

completely conserved, while the other three (Cys66, 304, and 352) were not fully 

conserved. Expression plasmids containing individual Ala substitutions at each of 

the six Cys residues of MnmA were used for individual and co-expression with 

YrvO. As expected, none of the MnmA variants when expressed individually 

were able to complement E. coli mnmA (Table II.III). YrvO co-expression with 

MnmA C66A or C304A variants was able to restore ratios of mnm5s2U/mnm5U to 

wild type levels, while MnmA C352A showed only partial complementation (23%) 

suggesting that these three non-conserved Cys residues are not required for the 

thiolation reaction. Furthermore, radiolabeling experiments with YrvO, MnmA 

C352A and 35S-L-Cys confirmed that MnmA Cys352 is not required for thiolation 

of MnmA (Figure 2.12). Inspection of the MnmA-tRNA complex structures 

(Numata et al., 2006) shows that the E. coli equivalent residue is positioned at a 

remote location from the tRNA binding and adenylation site (in close proximity to 

the N-terminal tail; Figure 2.10).  
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 Individual alanine substitutions of the three conserved Cys residues (51, 

104, 200) completely hindered the ability of MnmA along with YrvO to synthesize 

s2U in vivo. Previous structural studies in E. coli MnmA suggested residues 

Cys102 and Cys199 (equivalent to B. subtilis MnmA Cys104 and Cys200) were 

located at the active site (Figure 2.13) (Numata et al., 2006). In vitro synthesis of 

s2U using E. coli Cys-to-Ser variants showed the requirement of both residues for 

the MnmA thiolation reaction. 35S-labeling experiments of B. subtilis MnmA 

showed that the Cys104Ala variant was not competent for persulfide formation, 

while inactivation of Cys200 retained the ability of 35S-modification (Figure 2.12). 

Interestingly, substitution of Cys51 residue also abolished persulfide sulfur 

transfer. In the structure of E. coli MnmA this residue is located close to the 

surface, away from the active site and tRNA binding domain. The involvement of 
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this residue in the regulation, structure, or function of this enzyme remains to be 

determined. 

 

In vitro synthesis of s2U tRNA by B. subtilis MnmA and YrvO.  

 The thiouridylation reaction of MnmA involves the ATP-dependent 

adenylation of the tRNA substrate and the sulfur transfer reaction from the 

cysteine desulfurase to the activated tRNA substrate. Incubation of MnmA, YrvO, 

ATP, Cys, and tRNA under reducing conditions resulted in the formation of s2U 

modified tRNA, providing in vitro evidence that MnmA and YrvO are catalytically 

competent in completing this modification.  The source of tRNA for in vitro s2U 

synthesis reactions was native tRNA isolated from the E. coli mnmA strain, 

which contained both precursor form, unmodified U34 tRNA and partially 

modified mnm5U34 tRNA. The use of native tRNA, rather than a synthetic 
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transcript, allowed the investigation of substrate preferences in samples also 

containing non-substrate tRNA molecules. Thiolation of U34 of tRNA was 

determined by taking the ratio of MS signal intensities of mnm5s2U/mnm5U and 

s2U to another thionucleoside, s4U, the biosynthesis of which should remain 

unaltered (Table II.V).  

Table II.V: in vitro s2U synthesis 

Reaction Components mnm5s2U /mnm5U  
(st dev)* 

×103 

 s2U /s4U  
(st dev)* 

×103 

 - DTT + DTT  - DTT + DTT 

Cysteine 0.22 
(±0.09) 

0.70  
(±0.3) 

 1.8  
(±0.3) 

1.5  

(±1.3) 
Cysteine + YrvO + 
MnmA 

0.37 
(±0.2) 

0.94  
(±0.3) 

 381.3 
(±44.7) 

628.5 
(±72.6) 

Sulfide + MnmA 0.38 
(±0.3) 

0.95  
(±0.3) 

 191.1 
(±18.2) 

290.9 
(±27.6) 

Cysteine + YrvO + E. c. 
MnmA 

0.34 
(±0.03) 

  39.6  
(±3.5) 

 

Cysteine + A.v. IscS + 
B.s. MnmA 

0.35 
(±0.07) 

  12.2  
(±2.3) 

 

*Standard deviations were obtained from at least three independent experiments. 

 Furthermore, U34 thiolation was assessed by direct comparison of the 

signal intensity of a standard curve generated with s2U (Figure 2.14).  Complete 

reactions with YrvO in the presence of cysteine, DTT, ATP and MnmA showed 

the formation of 43 pmol of s2U (Table II.VI), representing over 400-fold 

enhancement in the s2U/s4U ratio. In the same reactions, the ratio of 

mnm5s2U/mnm5U increased only 1.7- or 1.4-fold for reactions in the absence or 

presence of DTT, respectively, when compared to the control (Table II.V).  
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Table II.VI. pmol of s2U formed in in vitro s2U reactions 

Reaction Components pmol of s2U (st dev)* 

 - DTT + DTT 

Cysteine 0.2 (±0.2) 0.1 (±0.03) 
Cysteine + YrvO + MnmA 26.0 (±0.76) 43.1 (±1.75) 
Sulfide + MnmA 22.5 (±1.31) 19.9 (±2.3) 

*Standard deviations were obtained from at least three independent experiments 

  

This apparent substrate preference was observed in all reaction conditions 

tested in this study. Inspection of the E. coli MnmA structure in complex with 

tRNA shows the presence of two conserved residues (Phe154 and Asp99) 

positioned 4 Å away from C5 of the U34 tRNA substrate (Figure 2.13). The steric 

hindrance possibly imposed by the Phe and Asp side chains at the active site 

suggests that the partially modified mnm5U34 tRNA may not fit into the active site, 

although validation of this hypothesis awaits experimental investigation. Numata 

et al. showed that in the pre-reaction and adenylated intermediate states (Figure 

2.10B.), MnmA subtly changes conformation, with the variable segment adjusting 

to cover the active site, bringing the catalytic Cys residues closer together. This 

structural change simultaneously rotates U34 nearly 180° from the initial binding 

state (Figure 2.10A.), placing it near the catalytic residues (Figure 2.13) 

(Numata et al., 2006). The closed conformation adopted upon activation of U34 

could suggest that although C5’ modified U34 may be able to bind to MnmA, it 

would prevent proper structural activation of the enzyme and tRNA for sulfur 

insertion. The results from in vitro synthesis reported here are in agreement with 

structural analysis, implying that MnmA’s active site conformation may restrict the 

tRNA substrate to unmodified U34.  
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 In vitro s2U reactions were performed in the presence of an artificial 

reducing agent, DTT. Previous studies reporting the in vitro synthesis of s2U 

using the E. coli biosynthetic proteins were also performed under reducing 

conditions. However, DTT is known to interact with the cysteine desulfurase 

persulfide intermediate, releasing free sulfide (Figure 2.11). Supporting this 

observation, in vitro s2U formation was detected when sulfide was used as the 

sulfur source. This result indicates that, in the presence of DTT, YrvO and 

cysteine may serve as a source of sulfide, and that the formation of a YrvO-

MnmA-tRNA ternary complex is not mandatory for s2U formation. Nevertheless, 

in vitro s2U synthesis was also accomplished under non-reducing conditions, 

albeit at a reduced level (Table II.V). It is worth noting that these experiments 

were performed with naturally produced bulk tRNA and in the presence of excess 

equivalents of MnmA, suggesting that in vitro synthesis of s2U is likely the result 

of single turnover reactions. 

 To verify the result from complementation experiments that B. subtilis 

YrvO or MnmA could not directly complement the loss of E. coli IscS or MnmA, in 
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vitro s2U synthesis reactions were performed with YrvO and E. coli MnmA and 

with IscS and B. subtilis MnmA in the absence of DTT. Although both reactions 

demonstrated s2U formation, the levels of s2U were only 10% of those observed 

in reactions containing both B. subtilis proteins, confirming the specificity of the 

partnership between YrvO and MnmA. 
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DISCUSSION 

 Thiolation of U34 within tRNALys, Gln, Glu is universally conserved in all three 

domains of life.  Analysis of tRNA nucleosides confirms that B. subtilis 

accumulates the mnm5s2U modification, while displaying no detectable levels of 

s2U (data not shown). Biosynthetic components involved in tRNA substrate 

activation as well in sulfur mobilization and insertion have been identified in 

eukaryotic, archaeal and Gram-negative bacterial species (Chavarria et al., 2014; 

Ikeuchi et al., 2006; Liu, Long, Wang, Soll, & Whitman, 2014; Nakai, Nakai, & 

Hayashi, 2008; Noma, Sakaguchi, & Suzuki, 2009). However, the biosynthetic 

pathway involving thiolation of C2 of U34 of tRNA has not been reported in 

Gram-positive bacteria. Bioinformatic analysis pointed to the presence of a gene 

coding for the MnmA thiouridylase adjacent to yrvO coding for a cysteine 

desulfurase, which combined with the lack of the TUS relay proteins, led to the 

hypothesis that only YrvO and MnmA would be required for biosynthesis of s2U in 

B. subtilis.  

 Inactivation of s2U pathway in E. coli is not lethal but it causes growth 

defects associated with loss of reading frame maintenance (Agris, Vendeix, & 

Graham, 2007; Sylvers, Rogers, Shimizu, Ohtsuka, & Soll, 1993). Similarly, 

inactivation of the non-essential 2-thiouridylase MTU1, while viable, causes 

respiratory defects in yeast and humans (Umeda JBC 2014 and Boczonadi, Hum 

Mol Genetic 2013). On the other hand, the archaeal 2-thiouridylase Ncs6 is 

essential in Methanococcus maripaludis (Liu et al., 2014), and necessary for 

growth at high temperatures in Haloferax volcanii (Chavarria et al., 2014). In the 
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model Gram-positive bacterium B. subtilis, we and others failed when attempting 

to inactivate yrvO or mnmA (Kobayashi et al., 2003), indicating that both proteins 

participate in essential cellular processes. Insertion of an IPTG-inducible 

promoter in front of mnmA coding sequence resulted in a viable strain and levels 

of MnmA expression correlated with the accumulation of fully modified mnm5s2U, 

providing direct evidence for its involvement in the thiolation pathway.  

 Co-expression of YrvO and MnmA, but not individual ortholog components, 

rescued s2U synthesis to wild type levels in E. coli strains deficient of the s2U 

pathway. Results from complementation studies support the model that, in B. 

subtilis, the cysteine desulfurase YrvO is capable of direct sulfur transfer to the 

final acceptor MnmA. This abbreviated pathway involves a dedicated cysteine 

desulfurase, which dispenses the need for a bucket-brigade of sulfur transport 

involving the TUS proteins, as observed in E. coli. Mutual specificity between a 

cysteine desulfurase and its cognate sulfur acceptor protein was previously 

reported by our group in the investigation of the sulfur transfer reaction involving 

NifZ and ThiI in the biosynthesis of s4U tRNA in B. subtilis (Rajakovich et al., 

2012). Similar to the results reported in this study, individual Bacillus enzymes 

NifZ and ThiI, also failed to provide functional complementation of equivalent E. 

coli orthologs, while their co-expression provided a full complement of the 

pathway. For the biosynthesis of s4U, the B. subtilis 4-thiouridylase ThiI is a 

shorter version of its E. coli ortholog as it lacks the rhodanese sulfurtransferase 

domain. It has been suggested that the lack of a sulfur acceptor rhodanese 

handle was compensated by the recruitment of the dedicated cysteine 
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desulfurase acting as the direct sulfur donor to Bsu ThiI. We propose that YrvO 

and MnmA exert a similar catalytic dependency for the formation of s2U. In s2U 

biosynthesis, the involvement of a dedicated cysteine desulfurase YrvO provides 

direct sulfur transfer to MnmA, thus dispensing the need of a complex sulfur relay 

system. 

 Labeling experiments along with kinetic analysis of the YrvO cysteine 

desulfurase provides biochemical evidence for the requirement of ATP during the 

sulfur transfer event. MnmA was able to enhance the rate of sulfide formation by 

YrvO only when in the presence of ATP. Likewise, 35S-labeling of MnmA by YrvO 

and 35S-Cys also showed requirement for ATP suggesting that ATP binding 

precedes the sulfur transfer reaction.  This observation makes sense 

mechanistically, since both persulfide-enzyme and adenylated-tRNA are labile 

intermediates. It is possible that the requirement of ATP binding preceding the 

sulfur transfer event may impose coordination of the two reactions catalyzed by 

MnmA. This proposed sequential binding guarantees that once persulfurated, 

MnmA is able to bind tRNA and lead the reaction to completion.   

 Distinct mechanisms of s2U have been reported in eukaryotic, archaeal 

and Gram-negative model species. The unifying feature in all reported pathways 

is the participation of a PP-loop pyrophosphatase enzyme involved in the 

adenylation of the C2 position of U34 tRNA, enabling the subsequent thiolation 

reaction (Chavarria et al., 2014; Ikeuchi et al., 2006; Liu et al., 2014; Nakai et al., 

2008; Noma et al., 2009). However, the mechanisms of sulfur activation and 

insertion vary and are not fully understood.  In Archaeal species, the identity of 
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the sulfur donor remains unidentified. In E. coli, 35S-labeling studies showed that 

MnmA Cys102Ser variant, but not MnmA Cys199Ser, retained the ability to be 

35S-modified upon incubation with 35S-Cys in the presence of IscS, TusA, 

TusBCD, TusE, ATP, and tRNA (Numata et al., 2006). These results led to a 

proposed catalytic mechanism of E. coli MnmA in which Cys199 is the site of S-

modification by the final sulfur donor TusE, and Cys102 would act as a resolving 

Cys residue forming a disulfide bond with Cys199 at the end of each catalytic 

cycle. Although it is anticipated that both E. coli and B. subtilis MnmA enzymes 

use similar chemical steps during sulfur transfer to the activated tRNA, the role of 

each Cys residue appears to be switched (i.e. MnmA variant carrying Cys200Ala 

retained the ability of accepting a sulfur from YrvO, while MnmA Cys104Ala did 

not). In addition, complementation studies showed that Cys51 is also necessary 

for the functionality of MnmA in vivo. A recent report on the M. marapaludis 2-

thiouridylase also showed the requirement of three conserved cysteines 

necessary for sulfur transfer (Liu et al., 2014). Interestingly, mass spectrometry 

analysis showed that two of these Cys residues can form a trisulfide bond, 

possibily resulting from an oxidation event between a persulfide with another Cys 

thiol at the active site, while the role of the third Cys residue remains unknown. 

Likewise, labeling experiments along with in vitro synthesis of s2U tRNA showed 

that MnmA Cys51Ala is not competent in receiving a sulfur from YrvO, but is 

likely capable of adenylating tRNA since MnmA Cys51Ala can complete s2U 

synthesis in the presence of sulfide (data not shown). It is possible that this 
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residue participates in the interaction between MnmA and its sulfur donor, YrvO, 

however such a proposal awaits experimental validation. 

 YrvO and MnmA were fully functional in operating in the s2U pathway in a 

heterologous system such as E. coli, while individual expression of these 

proteins did not provide a functional complement of their equivalent orthologs. 

Furthermore, individual or co-expression of YrvO and MnmA did not rescue the 

null growth phenotype of IscS deletion in minimal media (Figure 3A). This result 

indicates that despite the high degree of sequence similarity to IscS (42% 

identity), YrvO is not able to effectively interact with other sulfur acceptors of IscS. 

Most importantly, individual expression of YrvO resulted in an apparent toxic 

phenotype in E. coli iscS strain. The slow growth phenotype of iscS strain was 

exacerbated upon expression of YrvO, but not when expressed in conjunction 

with MnmA or when YrvO was inactivated with Cys325Ala substitution (Figure 

3B). It seems plausible to propose that YrvO, when expressed without its partner 

MnmA, is able to form non-productive interactions with other sulfur acceptors, 

thus causing disfunction among pathways involving sulfur transfer. We are 

currently investigating potential interactions and pathways in which YrvO may 

interfere.  
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CHAPTER 3 

 

Mutational studies of Bacillus subtilis YrvO: Revealing 

mechanisms of cysteine desulfurase substrate specificity  

Katherine A. Black, Ryan Melvin, Hannah L. Martin, Ashley M. Edwards, Ike 

Osuorah, Freddie R. Salsbury Jr., and Patricia C. Dos Santos* 

 

 

 The work contained in this chapter including tables and figures, was 

drafted and edited by K.A. Black and P.C. Dos Santos. The computational 

structural modeling work was conducted by R. Melvin and all figures were 

created by K.A. Black. The research was performed by K.A. Black, H.L. Martin, 

A.M. Edwards and I. Osuorah. I. Osuorah and A.M. Edwards performed the 

mutagenesis and K.A. Black assisted in the plasmid construction. A.M. Edwards 

purified all the variant proteins; H.L. Martin and K.A. Black purified the remaining 

proteins and all three conducted the kinetic assays. Spectroscopy experiments 

were performed by A.M. Edwards and K.A. Black 
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INTRODUCTION 

 Sulfur containing cofactors are found in all organisms and serve a wide 

variety of physiological functions (Beinert, 2000; Kessler, 2006). In both bacteria 

and eukaryotes, the amino acid cysteine is the major source of sulfur for biothiols, 

such as protein cofactors, LMW thiols, Fe-S clusters, and thionucleosides 

(Hidese et al., 2011; Mueller, 2006).   

 There are two common steps for sulfur trafficking in the biosynthesis of 

thiocofactors. First is the initial abstraction of sulfur from the free amino acid 

cysteine by PLP-containing cysteine desulfurase enzymes, forming an enzyme-

persulfide intermediate (Zheng et al., 1994). Second is the persulfide-sulfur 

transfer reaction to a sulfur acceptor protein, that can subsequently incorporate 

sulfur into the cofactor directly or through a series of additional enzyme 

intermediates. 

 In Gram-negative bacteria, like the model organism E. coli, a master 

cysteine desulfurase, IscS serves as the sulfur activating agent for the 

biosynthesis of all thiocofactors present in the organism. IscS transfers sulfur to 

at least three different sulfur acceptor proteins: ThiI for s4U and thiamine 

biosynthesis, IscU for [Fe-S] biogenesis, and TusA for delivery to s2U and MoCo 

(Lauhon, 2002; Lauhon & Kambampati, 2000; Schwartz et al., 2000). Thus, IscS 

serves as a mecca for sulfur incorporation to a network of intertwined pathways 

for thiocofactor formation. Figure 3.1 demonstrates the challenges with mapping 

these metabolic circuits for sulfur transfer, as several thiocofactor biosynthetic 
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pathways include shared intermediates and require Fe-S cluster containing 

enzymes.  

 

 A comprehensive structural and functional study by Shi et al. has been 

incredibly informative in clarifying the interactions between IscS and its sulfur 

acceptors. The crystal structures of IscS-TusA and IscS-IscU complexes 

revealed different areas of protein-protein interaction between the cysteine 

desulfurase and respective sulfur acceptors. Functional analysis of IscS variants 

via in vitro pull down experiments and thionucleoside analysis provided additional 

information about residues critical for protein interaction and sulfur transfer. This 

study showed that sulfur acceptors interact through distinct binding modes 
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involving, in some cases, a different set of residues on IscS, providing a 

structural basis for the versatility of this enzyme while interacting with a suite of 

different acceptors (Shi et al., 2010). 

 Unlike organisms that utilize the multifunctional cysteine desulfurase IscS, 

sulfur incorporation in the biosynthesis of thiocofactors in Gram positive bacteria 

involves multiple enzymes which have been proposed to perform specialized 

functions in sulfur transfer. B. subtilis contains 4 functionally active cysteine 

desulfurases, and their genomic locations suggested their specific functions, 

providing initial direction to deconstruct pathways for sulfur mobilization in this 

bacterium (P. C. Dos Santos, 2014). We have previously reported that YrvO, the 

B. subtilis homolog of IscS, is a cysteine desulfurase responsible for sulfur 

mobilization and incorporation into the tRNA s2U modification (Black and Dos 

Santos, 2015). The equivalent pathway in E. coli is distinct; it involves TusA as 

the initial sulfur acceptor from IscS, followed by five additional sulfur-relay TUS 

proteins before delivery to MnmA for tRNA thiolation (Ikeuchi et al., 2006). 

Whereas E. coli utilizes a bucket brigade of sulfur transfer proteins for s2U 

formation, this pathway is drastically simplified in B. subtilis, in which YrvO is 

capable of direct sulfur transfer to MnmA, which then thiolates the tRNA. B. 

subtilis lacks the TUS proteins but its genome encodes YrkF, the B. subtilis 

ortholog of TusA (59% amino acid sequence similarity, 37% identity) (Martin et 

al., 2016). Although YrkF is not necessary for s2U, this sulfurtransferase enzyme 

can serve as a sulfur acceptor of YrvO, enhancing the catalytic turnover rate of 

the cysteine desulfurase two-fold. However, neither the identity of the 
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physiological sulfur acceptor of YrkF, nor the involvement of YrvO in promoting 

sulfur transfer to other biochemical pathways have yet been determined. 

 Prior studies have demonstrated involvement of several of the E. coli TUS 

proteins in additional metabolic pathways (Leimkuhler S. et al., 2014), and thus 

the need for such a complicated pathway is most likely an evolved strategy for 

sulfur trafficking in organisms with one major cysteine desulfurase like IscS. 

Initial investigation of the role of YrvO and MnmA in s2U biosynthesis utilized 

complementation studies, in which plasmids containing B. subtilis yrvO and/or 

mnmA were expressed in E. coli IscS or MnmA null strains and the levels of s2U 

were quantified. These experiments were designed to assess the competency of 

the B. subtilis proteins to replace their E. coli orthologs in the E. coli s2U 

biosynthetic pathway, as a defect in any of its biosynthetic components results in 

complete elimination of s2U. Surprisingly, neither B. subtilis YrvO nor MnmA were 

able to replace their E. coli orthologs, however s2U production was only achieved 

upon co-expression of both yrvO and mnmA. These results indicated that neither 

YrvO was capable of sulfur transfer to TusA, nor was TusE able to transfer sulfur 

to the Bacillus MnmA. Specific sulfur transfer reactions between Bacillus proteins 

suggested that residues critical for interaction between cysteine desulfurase and 

sulfur acceptors were not conserved in E. coli. Furthermore, expression of B. 

subtilis YrvO in the E. coli IscS null background seemed to exacerbate growth 

defects caused by absence of IscS (Black and Dos Santos, 2015). These results 

suggested that the similarity (64% amino acid sequence similarity, 44% identity) 
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(Martin et al., 2016) of YrvO to IscS allowed for nonproductive interactions with E. 

coli S-acceptors.  

 Amino acid sequence alignment of IscS and YrvO sequences showed that 

many of the IscS residues critical for interaction with TusA are conserved within 

YrvO sequences (Figure 2.6). However, this analysis showed that select 

residues are not conserved and may be the cause of nonproductive interaction 

with TusA. Thus, in this study, we sought to identify the key residues responsible 

for specific interactions with TusA. To address this question, we employed 

mutagenesis studies combined with structural modeling and complementation 

experiments to determine which YrvO residues prevent partnership with TusA, 

IscU, and ThiI and simultaneously, to clarify the residues that govern specificity 

of interaction with YrvO’s known sulfur acceptors MnmA and YrkF.  
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MATERIALS AND METHODS 

Media, media additions, and chemicals.  

 Unless otherwise indicated, LB media (Sambrook et al., 1987) was used 

with the following concentrations of antibiotics and media additives: ampicillin 

(100 μg/mL), kanamycin (40 μg/mL), and L-arabinose (2 mg/mL). Unless stated, 

all chemicals were purchased from Fisher Scientific and Sigma-Aldrich Inc. 

Restriction enzymes were purchased from New England Biolabs. 

Plasmid construction.  

 All genes were amplified from the B. subtilis PS832 strain genomic DNA 

which was prepared using a commercial DNA extraction kit (QuickExtract™, 

Epicentre). PCR amplification reactions were performed using the Fail Safe PCR 

kit (Epicentre™). The PCR products were all previously cloned into TopoTA® 

vector (Invitrogen) for sub-cloning purposes. The correct sequence of all 

plasmids described in this study was confirmed through DNA sequencing 

(Genewiz®). pDS 282, a pUC57 vector containing the yrvO gene with four codon 

substitutions, thus expressing YrvOR41W, K45E, A61D, T337R (herein referred to as 

YrvO*) was synthesized through GenPlus™ (GenScript) and used for subcloning 

into pARA13 and further codon substitutions. 

Site-directed mutagenesis.  

 Amino acid substitution was achieved by using the QuickChange 

mutagenesis kit (Agilent) as specified by the manufacturer. Variant constructs 
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were made using the pDS 22 (yrvO in pARA13), pDS 290 (yrvO* in pARA13) or 

pDS145 (yrvO-mnmA in pBAD) plasmids as templates. Samples were submitted 

for sequencing (Genewiz®) to confirm the presence of the correct codon 

substitution and no additional mutations. A comprehensive list and description of 

primers and plasmids used in this work are shown in Table III.1. 

Protein expression and purification.  

 Plasmid pDS22 containing yrvO was transformed into E. coli CL100 

competent cells and selected for ampicillin resistance. Single colonies were 

inoculated in 3 L of LB medium containing ampicillin and grown overnight (18 h) 

at 30°C in the presence of L-arabinose (0.2%). Cells were harvested by 

centrifugation at 8,200 g for 10 min and resuspended (3 mL/g of cell wet weight) 

in 25 mM Tris-HCl pH 8, 10% glycerol (buffer A). Cells were lysed using an 

Emulsiflex C5 high-pressure homogenizer (Avestin) and centrifuged for 15 min at 

12,857 g. Supernatant was incubated with 1% (w/v) streptomycin on ice for 15 

min then centrifuged for 15 min at 12,857 g. The supernatant was loaded using a 

fast protein liquid chromatography (FPLC) system (AktaPurifier, GE Healthcare) 

onto a 5 mL Q-Sepharose column (GE Healthcare) pre-equilibrated with buffer A. 

The column was washed with buffer A and the sample was eluted at a flow rate 

of 2 mL/min with a 0-70% gradient of 25 mM Tris-HCl, pH 8, 1 M NaCl, 10% 

glycerol (buffer B) over 20 column volumes. The collected eluent was analyzed 

by SDS-PAGE and the fractions eluted with 40% buffer B, containing the desired 

protein of 41.2 kDa, were combined. Pooled fractions were further purified by the 

removal of impurities within 45% and 60% ammonium sulfate precipitation 
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fractions. Proteins samples were treated by the slow addition of ammonium 

sulfate with incubation on ice for 15 min followed by centrifugation at 31,209 g for 

15 min after each step. Following removal of impurities, the 75% ammonium 

sulfate pellet containing the desired protein was resuspended in 10 mL of 25 mM 

Tris-HCl, pH 8, 300 mM NaCl, 10% glycerol (buffer C) and dialyzed against 25 

mM Tris-HCl, pH 8, 100 mM NaCl, 10% glycerol (buffer D) overnight at 4°C. The 

dialyzed sample was pelleted in liquid nitrogen for storage at -80°C. 

 Plasmid pDS143 containing mnmA was transformed into E. coli Arctic 

Express competent cells (Stratagene) and selected for ampicillin resistance. For 

expression of mnmA, single colonies were inoculated in 3 L of LB medium 

containing ampicillin and grown to an OD600nm of 0.5-0.6 at 25°C. Cell cultures 

were induced with lactose (0.2%) and grown overnight (16 h) at 15°C, followed 

by centrifugation at 8200 g for 10 min. Cells were resuspended (5 mL/g of cell 

wet weight) in buffer C, lysed using an Emulsiflex C5 High Pressure homogenizer 

(Avestin) and centrifuged for 15 min at 12,857 g. The crude extract was loaded 

onto a 5-mL Histrap column pre-equilibrated with buffer C and isolated through 

Ni-NTA chromatography by elution at 50% buffer E (25 mM Tris-HCl pH 8, 300 

mM NaCl, 10% glycerol, 500 mM imidazole). The eluent was analyzed by SDS-

PAGE. The desired fractions were treated with 2 mM DTT, dialyzed overnight 

against degased buffer D, and then pelleted in liquid nitrogen for storage at -80°C. 

All protein concentrations were determined by the method of Bradford et al., 

using a BioRad protein assay kit and bovine serum albumin as standard.  
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All other B. subtilis cysteine desulfurases were isolated as described previously 

(Selbach et al., Rajakovich et al., 2012).  

 B. subtilis yrkF from the pT7-7 vector was ligated into pET16b such that 

an N-terminal His-tag was added, and expressed and purified using the same 

method described above for MnmA. The YrkF-His protein of interest was eluted 

with 30% Buffer E (25 mM Tris pH 8, 300 mM NaCl, 10% glycerol, 500 mM 

imidazole). The desired fractions were combined, reduced with 2 mM DTT, and 

flushed with argon prior to dialyzing overnight against Buffer C (25 mM Tris pH 8, 

100 mM NaCl, 10% glycerol). YrkF-His activity was compared to YrkF activity 

through the enhancement of YrvO activity in a cysteine desulfurase assay, and 

the N-terminal His-tag was not found to interfere with YrkF’s enhancement of 

YrvO (data not shown). 

 E. coli ThiI was expressed in BL21 cells and purified as previously 

described (Mueller EG et al. 1998). 

Cysteine desulfurase activity.  

 Cysteine desulfurase activity was assessed through formation of S2- with 

the methylene blue assay as previously reported (Zheng et al., 1993). Assays (1 

mL) were performed in 50 mM Bicine pH 8.5 in the presence of 0.5 mM L-

cysteine and 2 mM DTT, with fixed concentrations of YrvO (0.1 mg, 2.4 μM), or 

with 0.05 mg YrvO (1.2 μM) in the presence of 1 mM ATP and MnmA (1 mg, 23 

μM), 0.15 mg YrkF (6 μM), or 0.05 mg E. coli ThiI (1.5 μM). 
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Assays (1 mL) to assess the YrkF-mediated enhancement of cysteine 

desulfurases were performed as described above containing 0.75 μM YrvO, NifS, 

or NifZ, or 1.5 μM SufS with 5 molar equivalents of YrkF (3.75 or 7.5μM 

respectively) in the presence of 2 mM DTT at pH 8.  

Rhodanese assays.  

 Reactions were performed as published (Cipollone et al., 2006) on 4.84 

μM YrkF and 2.43 μM YrvO with either 50 mM sodium thiosulfate or 50 mM L-

cysteine in 100 mM Tris buffer pH 8.6. Reactions were initiated by the addition of 

50 mM potassium cyanide and incubated for 5 minutes. Reactions were 

quenched by the addition of 5.0% formaldehyde. Color was developed by the 

addition of ferric nitrate (0.165 M Iron (III) nitrate hydrate and 4.3% nitric acid). 

The absorbance at 460 nm was used to determine the specific activity of the 

rhodanese enzyme in each assay using a standard curve of thiocyanate. 

UV/Visible Spectra.  

 The UV/visible absorption spectra of YrvO and its variants were 

determined in a Cary 50 spectrophotometer from 250-600 nm in 1 nm increments 

using 1 cm Quartz cuvettes. YrvO was present at 48.5 μM in 25 mM Tris-HCl pH 

8 in the presence or absence of 0.5 mM L-cysteine in a total 1-mL volume.  

Circular Dichroism.  

 Secondary structure was determined by circular dichroism (CD) using an 

AVIV Circular Dichroism Spectrometer (Model 215; AVIV Biomedical) with a 1 

nm bandwidth. All protein samples were at 5 µM in 10 mM potassium phosphate 
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buffer pH 7.1 for the 190-250 nm scan range with 1 nm intervals. All spectra are 

the average of 3 individual scans. The CD spectra containing proteins were 

normalized to those containing buffer only and a moving average with 5 s 

intervals was generated. 

Structural modeling parameters.  

 We produced our initial structure predictions for YrvO individually with 

homology models via Swiss-Model, using the automated first approach model 

(Arnold K., et al., 2006, Biasini M. et al., 2014, Guex N. et al., 2009, Kiefer F. et 

al., 2009).  We selected PDB ID 3LVJ – a crystal structure of E. coli IscS-TusA 

complex (Shi, R. et al., 2010) TusA structures were taken directly from PDB ID 

3lVJ. For a detailed explanation of many of the computational techniques 

discussed in this methods section, see Godwin et al.’s review (Godwin R. C. et 

al., 2015).   

Simulation.  

 We performed all structure relaxations and dynamics predictions using all-

atom Molecular Dynamics (MD). We solvated each structure in an explicit TIP3P 

water box with 10 Å of padding between the protein and each wall of the box for 

all systems simulated.  We then added sufficient ions to reach a concentration of 

0.15 M NaCl. Both of these steps were done using VMD (Humphrey W. et al., 

1996). Simulations were run using standard protocols (Negureanu L. & Salsbury 

F. R., 2012a; Negureanu L. & Salsbury F. R., 2012b; Negureanu L. & Salsbury F. 

R., 2013, Negureanu L. & Salsbury F. R., 2014; Godwin R., Gmeiner W., 2015) 
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in the isobaric-isothermal ensemble (NPT). During simulation, systems were held 

at 300K using a Langevin thermostat and 1.01352 bar using a Berendsen 

barostat. Since our solvated systems each contain more than 10,000 atoms, all 

statistical ensembles should converge to the same result (Harvey M. J. et al., 

2009). Hydrogen mass repartitioning as implemented in ACEMD (Harvey M. J. et 

al., 2009) was used with 4 fs time steps in our production runs. The coordinates 

were saved every 10 ps. These simulations used the standard CHARMM27 

forcefield, which is based on the interaction energies of small model systems 

determined by both quantum mechanics computations and direct experiment 

(Foloppe N., & MacKerell A. D., 2000; MacKerell A. D. & Banavali N. K., 2000; 

MacKerell A. D. et al., 2000). Before beginning these production runs, systems 

underwent 1000 steps of conjugate-gradient minimization to relieve strained 

contacts. For VdW and electrostatic forces, we applied the default 9 Å cutoff and 

7.5 Å switching distance, calculating long-range electrostatics with a Smooth 

Particle Mesh Ewald (SPME) summation method (Darden T. et al., 1993; Harvey 

M. J., & De Fabritiis G., 2009). These simulations were run on Titan GPUs in 

Metrocubo workstations produced by Acellera.  

Protein-protein interaction.  

 We predicted bound TusA-YrvO complexes using the protein-protein 

interaction software ZDOCK, testing over 4,000 potential docking poses (i.e., 

rotation angles of the respective proteins), resulting from the default docking 

settings. The docking algorithm in ZDOCK is based on Fast Fourier Transforms, 

testing all possible binding modes based on translation and rotation of the two 
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input proteins and scoring them based on interaction energies (Chen R. et al., 

2003; Chen R., & Weng Z., 2003; Hwang H. et al., 2010; Pierce B. G. et al., 2011; 

Pierce B. G. et al., 2014). 

 As inputs for MD simulations, we selected two structures. The first 

structure was the highest-scoring docking pose from ZDOCK. The second 

structure contains the TusA coordinates from PDB ID 3LVJ with analogous 

residues on YrvO placed based on IscS coordinates from the same crystal 

structure.   

Hydrogen bond analysis.  

 To suggest residues for mutation studies, we used the hydrogen bond 

detection algorithm built in to VMD to find interacting residues across YrvO and 

TusA. We ran these detection algorithms on the top 50 ZDOCK predictions and 

on 100 ns of MD trajectories, suggesting all residue interaction pairs from 

ZDOCK structures and pairs that existed for more than 50 % of MD frames as 

candidates for mutation studies. For these detection calculations, we defined a 

hydrogen bond as heavy atom to heavy atom distance of no greater than 4 Å and 

a heavy atom to hydrogen to heavy atom angle of no more than 60 degrees. 

Table III.I. Primers, plasmids and strains used in experiments 

Primers Sequence 

BsyrvO-
NcoI5 

5’-GCGACCATGGAACGGATTTATTTAG-3’ 

BsyrvO’-
BamHI3 

5’-GGATCCGGTCACTCTCTTCGCCG-3’ 

BsmnmA-
NdeI5 

5’-GACCATATGGAAAAACGGCCGGAGG-3’ 
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BsmnmA-
BamHI3 

5’-GCTGGATCCTTTTATACGTACCACAATTTTGTTCCG-3’ 

BsyrvO-
R41W5 

5’-
TCCACCCATTTTCGAGATTCCCAGCCAAATGAATGAATACTGG-
3’ 

BsyrvO-
R41W3 

5’-
CCAGTATTCATTCATTTGGCTGGGAATCTCGAAAATGGGTGGA-
3’ 

BsyrvO-
R44E5 

5’-
TCATTCATTTGGCAGAGAATCTGAGGAATGGGTGGATGAAGCA
A 
GAG-3’ 

BsyrvO-
R44E3 

5’-
CTCTTGCTTCATCCACCCATTCCTCAGATTCTCTGCCAAATGAA 
TGA-3’ 

BsyrvO-
R44Equad5 

5’-
CATTCATTTGGCTGGGAATCTGAGGAATGGGTGGATGAAGCA 
AGA-3’ 

BsyrvO-
R44Equad3 

5’-TCTTGCTTCATCCACCCATTCCTCAGATTCCCAGCCAAATGA 
ATG-3’ 

BsyrvO-
K45E5 

5’-
TTGCTTCATCCACCCACTCTCGAGATTCTCTGCCAAATGAATG-
3’ 

BsyrvO-
K45E3 

5’-
CATTCATTTGGCAGAGAATCTCGAGAGTGGGTGGATGAAGCAA
-3’ 

BsyrvO-
A61D5 

5’-TAAAAATGATCTCCTGCTCATCCGCTCCGATTTCTGCTGC-3’ 

BsyrvO-
A61D3 

5’-GCAGCAGAAATCGGAGCGGATGAGCAGGAGATCATTTTTA-3’ 

BsyrvO-
Q63R5 

5’-ATCGGAGCGGCAGAGCGGGAGATCATTTTTACAA-3’ 

BsyrvO-
Q63R3 

5’-TTGTAAAAATGATCTCCCGCTCTGCCGCTCCGAT-3’ 

BsyrvOX4-
Q63R5 

5’-AATCGGAGCGGATGAGCGGGAGATCATTTTTACAAG-3’ 

BsyrvOX4-
Q63R3 

5’-CTTGTAAAAATGATCTCCCGCTCATCCGCTCCGATT-3’ 

BsyrvO-
K216R5 

5’-
GGACAGGCTTTTTATATGCTAGTAGAGATGTGAAGCTTTCACC-
3’ 

BsyrvO-
K216R3 

5’-
GGTGAAAGCTTCACATCTCTACTAGCATATAAAAAGCCTGTCC-
3’ 

BsyrvO-
T337R5 

5’-AGTCCTGCCGTCACATGTTCTGAGGGCTATGTTCGGC-3’ 
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BsyrvO-
T337R3 

5’-GCCGAACATAGCCCTCAGAACATGTGACGGCAGGACT-3’ 

  

Strain Relevant Genotype Reference 

MG1655 E. coli wild type strain Laboratory stock 

CL100 E. coli ∆iscS Lauhon and Kambampati 2000 

Plasmids Relevant Gene Cloned Vector Reference 

pBH113 E.coli thiI cloned into NdeI-BamHI sites of 
pET15b 

pET15b TJ Larson 

pDS 16 yrvO PCR product using BsyrvO-NcoI5 and 
BsyrvO-BamHI3 primers. It places NcoI and 
BamHI sites at 5’ and 3’ sites flanking yrvO 
coding sequence 

pCR2.1 
TOPO 

Black and 
Dos Santos 
2015 

pDS 22 1.1 kb NcoI-BamHI yrvO fragment ligated into 
NcoI-BglII sites of pAra13 

pAra13 Black and 
Dos Santos 
2015 

pDS 123 mnmA PCR product using BsmnmA-NdeI5 
and BsmnmA-BamHI3 primers. It places NdeI 
and BamHI sites at 5’ and 3’ sites flanking 
mnmA coding sequence 

pCR2.1 
TOPO 

Black and 
Dos Santos 
2015 

pDS143 1.2 kb NdeI-BamHI fragment of mnmA ligated 
into NdeI-BamHI sites of pET16b 

pet16b Black and 
Dos Santos 
2015 

pDS 144 yrvO-mnmA PCR product using BsyrvO-
NcoI5 and BsmnmA-BamHI3 primers. It 
places NcoI and BamHI sites at 5’ and 3’ sites 
flanking yrvO and mnmA coding sequences 
respectively 

pCR2.1 
TOPO 

Black and 
Dos Santos 
2015 

pDS 145 2.3 kb NcoI-BamHI fragment of yrvO-mnmA 
ligated into NcoI-BglII sites of pBad 

pBad Black and 
Dos Santos 
2015 

pDS 151 1.2 kb NcoI-BamHI fragment of mnmA ligated 
into NcoI-BglII sites of pBad 

pBad Black and 
Dos Santos 
2015 

pVK2B yrkF PCR product ligated into NdeI-BamHI 
sites of pT7-7 

pT7-7 T.J. Larson 

pDS 269 pDS 145 containing codon substitution at 
position 41 of yrvO (R41W, AGA to TGG) 

pBad This Work 

pDS 270 pDS 145 containing codon substitution at 
position 45 of yrvO (K45E, AAA to GAG) 

pBad This Work 

pDS 271 Synthetic 300 bp NcoI-BamHI thiS fragment 
ligated into EcoRV site of pUC57 

pUC57 This Work 
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pDS 274 pDS 22 containing codon substitution at 
position 61 of yrvO (A61D, GCA to GAT) 

pAra13 This Work 

pDS 275 pDS 22 containing codon substitution at 
position 337 of yrvO (T337R, ACT to AGG) 

pAra13 This Work 

pDS 277 pDS 22 containing codon substitution at 
position 45 of yrvO (K45E, AAA to GAG) 

pAra13 This Work 

pDS 278 pDS 145 containing codon substitution at 
position 61 of yrvO (A61D, GCA to GAT) 

pBad This Work 

pDS 279 pDS 22 containing codon substitution at 
position 41 of yrvO (R41W, AGA to TGG) 

pAra13 This Work 

pDS 281 300 bp PciI-BamHI thiS fragment from pDS 
271 ligated into NcoI-BamHI sites of pDB1111 

pet16b This Work 

pDS 282 Synthetic 1.2 kb XbaI-NcoI-BamHI yrvO 
fragment containing codon substitutions at 
positions 41, 45, 61, and 337 (R41W, K45E, 
A61D, T337R) ligated into EcoRV site of 
pUC57 

pUC57 This Work 

pDS 290 1.2 kb NcoI-BamHI fragment of pDS 282 
ligated into NcoI-BglII sites of pARA13 

pARA13 This Work 

pDS 291 1.2 kb NcoI-BamHI fragment of pDS 16 
ligated into NcoI- BamHI sites of pDS 281 

pet16b This Work 

pDS 292 1.2 kb NcoI-BamHI fragment of pDS 282 
ligated into NcoI- BamHI sites of pDS 281 

pet16b This Work 

pDS 307 600 bp NdeI-BamHI yrkF fragment from 
pVK2B ligated into NdeI-BamHI sites of pDS 
143 

pet16b This Work 

pDS 314 pDS 290 containing codon substitution at 
position 63 of yrvO (Q63R, CAG to CGG) 

pARA13 This Work 

pDS 315 pDS 314 containing codon substitution at 
position 44 of yrvO (R44E, CGA to GAG) 

pARA13 This Work 

pDS 316 pDS 290 containing codon substitution at 
position 44 of yrvO (R44E, CGA to GAG) 

pARA13 This Work 

pDS 317 pDS 22 containing codon substitution at 
position 63 of yrvO (R41W, CAG to CGG) 

pARA13 This Work 

pDS 318 pDS 22 containing codon substitution at 
position 216 of yrvO (K216R, AAA to AGA) 

pARA13 This Work 
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RESULTS 

Mutual activity enhancement of B. subtilis YrvO and YrkF.  

 Prior work from our lab made use of radiolabeling experiments to 

demonstrate that the B. subtilis rhodanese-containing protein, YrkF can function 

as a sulfur acceptor of both B. subtilis cysteine desulfurases YrvO and NifZ 

(Martin et al., 2016). This led us to propose that it partners with one of these 

cysteine desulfurases for sulfur incorporation into a thiocofactor whose 

biosynthesis is unknown so far. This finding was further investigated by 

conducting activity assays of all four B. subtilis cysteine desulfurases in the 

presence of YrkF. Interestingly, YrvO was the only cysteine desulfurase which 

exhibited significant activity enhancement by YrkF (Figure 3.2A), suggesting that 

it is the preferred sulfur donor partnering with this protein. Although radiolabeling 

studies showed that YrkF can obtain sulfur from NifZ, it is important to note that 

under reducing conditions, the intrinsic activity of NifZ (Vmax 350 ± 26 nmol S2-

/min/mg) (Rajakovich, L. et al., 2012) is over 12-fold higher than that of YrvO 

(Vmax 28.8 ± 0.5 nmol S2-/min/mg) (Black and Dos Santos, 2015) and thus in 

order to determine the actual sulfur donor for YrkF, assays would need to be 

completed under single turnover conditions.  

 Analysis of YrkF’s rhodanese activity demonstrated that it does have 

activity in the absence of YrvO with thiosulfate as the sulfur source. However, 

when cysteine was used as the initial sulfur source, it had no activity by itself and 

exhibited a YrvO-mediated dose-dependent elevation of activity (Figure 3.2B), 

providing further evidence that YrvO is an effective sulfur donor for this enzyme. 
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Despite the specific partnership of YrkF with YrvO and the amino acid sequence 

homology with TusA, which plays a key role in sulfur transfer for s2U and MoCo 

in E. coli, YrkF is not involved in B. subtilis s2U formation (Leimkuhler, S. et al., 

2014; Black and Dos Santos, 2015). Furthermore, B. subtilis strains deficient of 

YrkF showed no defects in s2U biosynthesis (Table II.II), and thus, the current 

hypothesis is that this protein partners with YrvO to mobilize sulfur for MoCo 

biogenesis. This proposal is currently under investigation in our group. 

 

Structural modeling confirms nonproductive interaction between YrvO and 

TusA.   

 Considering the amino acid sequence homology between IscS and YrvO, 

combined with experimental evidence that YrvO is the specific sulfur donor and is 

able to interact with YrkF, it is puzzling that this enzyme is incapable of sulfur 
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transfer to TusA. Thus, we sought to uncover the mechanistic reasons for lack of 

cross reactivity of this enzyme. Structural prediction of YrvO interaction with 

TusA using the IscS-TusA complex as a model was extremely advantageous for 

understanding on the molecular level what was preventing sulfur transfer. Figure 

3.3A displays the prediction of the YrvO dimer interacting with two TusA 

monomers, and the IscS-TusA complex structure (Figure 3.3B). Comparison of 

the two structures reveals that although the YrvO structure is similar to that of 

IscS, there are some minor differences that may prevent interaction with TusA, 

IscU and ThiI. The structural model demonstrates two potential interacting 

regions for TusA within the YrvO dimer. Only one of these regions (top) is similar 

to the interaction surface of IscS occupied by TusA. However, in this predicted 

binding site, the catalytic cysteine (C325) residue located between the loop and 

helix of the YrvO monomer in blue, is far from the catalytic TusA C19 and, in this 

model, the thiol is oriented in the opposite direction. In the alternate binding site 

(bottom), TusA is located directly next to YrvO C325, enabling sulfur transfer, yet 

there is a complete lack of interacting residues on this surface that would bind to 

TusA and stabilize the interaction. Although there are obvious limitations to the 

reliable amount of information that can be extrapolated from structural predictions, 

these two potential binding regions of TusA offer support for our previous 

hypothesis that TusA binding to YrvO is most likely a nonproductive interaction. 

Several structural and kinetic studies monitoring the interaction of IscS 

with IscU demonstrate that IscU interacts with IscS at the C-terminal end of the 

protein. Specifically, a truncated IscS variant lacking residues 376-413 displayed 
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activity comparable to that of the full-length WT protein in sulfide assays in vitro, 

but is unable to bind, transfer sulfur to, or assemble Fe-S clusters with IscU 

(Urbina et al., 2001). YrvO is shorter than IscS and thus lacks most of these 

equivalent C-terminal residues. The WT YrvO protein only contains residues 333-

338 (analogous to 376-381 in IscS), and only 2 of those 6 residues are 

conserved. Complementation experiments assessing Fe-S enzyme activity in 

crude extracts from cells expressing YrvO variants in an IscS null background 

demonstrated no improvement in activity (data not shown). Thus, it appears that 

in order to assess the competency of YrvO to interact with IscU, it would likely be 

required to add an additional C-terminal helix. 
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Interface of TusA interaction with IscS or YrvO.  

 In the structural and mutational study of IscS-TusA interaction, Shi et al. 

identified nine specific IscS residues that were critical for TusA binding and/ or 

proper s2U levels (not including the catalytic C328) (Shi et al., 2010). Of those 

nine, all but four are conserved within YrvO (Figure 2.6; Black and Dos Santos, 

2015). Furthermore, not only was there a lack of conservation, but they had 

completely different chemical properties entirely (IscS W45, E49, D65 and R340 

corresponding to YrvO R41, K45, A61 and T337). Thus, we rationalized that 

perhaps these four YrvO residues were the limiting factor preventing productive 

interaction and sulfur transfer to TusA. Therefore, we constructed individual 

variants with each substitution of YrvO: R41W, K45E, A61D, and T337R, along 

with a quadruple variant containing all four substitutions (YrvO*). 

 Upon completion of the YrvO-TusA structural prediction and comparison 

with that of IscS-TusA, we were able to identify three additional residues that 

would be worth substitution to improve TusA binding. YrvO substitutions, R44E, 

Q63R, and K216R were generated to emulate IscS residues E49, R67 and R220. 

YrvO variants exhibit incongruent levels of activity.  

 Results obtained from an initial thionucleoside analysis screen (data not 

shown) prompted us to investigate the specific activity of YrvO variants in the 

presence or absence of sulfur acceptor proteins. All of the purified YrvO variants 

exhibit lowered levels of activity in cysteine desulfurase assays. Specifically, 5 of 

the 9 variants retained greater than 40% activity compared to the WT (K45E, 

A61D, T337R, Q63R, and YrvO* Q63R), while YrvO K216R, YrvO*, YrvO* R44E 
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and YrvO* Q63R R44E variant activity was less than 20% that of the WT (Figure 

3.4A). Despite several attempts at expression and purification of the YrvO* 

quadruple variant, the activity was never higher than 10% that of the WT. This 

was particularly surprising considering that the activities of the individual K45E, 

A61D and T337R variants were between 4-8 fold higher (Figure 3.4A).   

 



107 
 

 Compared to the nearly 5-fold stimulation of YrvO activity by MnmA and 

ATP, the only variants exhibiting significant activity enhancement were YrvO 

Q63R (~3-fold), YrvO* Q63R (~4-fold), and YrvO* Q63R R44E (~2-fold) (Figure 

3.4B). It appears that the presence of a positively charged residue at the 63 

position of YrvO is favorable for interaction with MnmA. Perhaps the mutation of 

Ala to Asp at position 61 of YrvO that is present in all of the YrvO* variants 

partially prevents proper binding to MnmA, and thus, the positively charged Arg 

at position 63 counteracts this effect. The YrvO T337R variant behaved similarly 

to the WT in the presence of YrkF, as both had ~3-fold activity enhancement 

(Figure 3.4C). 

 In the presence of E. coli ThiI, YrvO WT does not exhibit much stimulation 

of activity, however, several YrvO variants exhibited significant activity 

enhancement in reactions containing ThiI. Both YrvO and YrvO* Q63R had ~5-

fold activity enhancement, and YrvO* K216R had more than 12-fold activity 

increase, suggesting that these modifications have enabled the interaction of 

YrvO with the sulfur acceptor ThiI. Furthermore, both variants containing the 

R44E substitution had ~30-fold activity enhancement when compared to their 

basal activity levels (Figure 3.4D).  One explanation for the activity enhancement 

provided by ThiI is given by the findings from Shi et al. IscS variants in which the 

W45, R220 or R340 (equivalent to YrvO R41, K216 and T337 respectively) were 

substituted, revealed an inability to bind ThiI in pull-down experiments. 

 Interestingly, all YrvO variants that exhibited activity stimulation contained 

one or more of these substitutions, suggesting that these variants were sufficient 
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to construct a YrvO protein with better structural similarity to IscS and thus 

displaying an improved interacting surface for the sulfur acceptor E. coli ThiI. 

 Some YrvO variants mimicked the proposed result of nonproductive YrvO 

WT interaction with TusA by demonstrating activity inhibition in the presence of 

certain sulfur acceptors. These results suggest that the interaction is retained, 

but sulfur transfer is prevented, presumably due to a conformational change 

imposed on YrvO by the sulfur acceptor or an inhibitory interaction with the 

catalytic cysteine containing loop. The YrvO K216R variant was inhibited in 

reactions containing MnmA. Additionally, YrvO*, but not the K45E, A61D or 

T337R variants were inhibited by MnmA, suggesting that R41 and K216 are 

important for YrvO interaction with MnmA. The only variants that were inhibited in 

presence of YrkF were the two variants containing the R44E substitution, 

indicating that a positively charged residue at position 44 is critical for sulfur 

transfer to YrkF. Taken together, these kinetic results suggest functional roles for 

the R41 and K216, and R44 residues in mediating the specificity of sulfur transfer 

to MnmA and YrkF, respectively.  

YrvO variant activity disparities result from mechanistic rather than 

structural defects.  

 Considering that none of the variants contained amino acid substitutions 

of the catalytic cysteine or PLP-binding lysine residues, we were surprised that 

the intrinsic activity of several variants was significantly impaired. Thus, we 

sought to identify the cause of defects in cysteine desulfurase activity observed 

in some YrvO variants. To confirm that the amino acid substitutions generated 
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did not result in improper protein folding, circular dichroism scans were taken of 

variant proteins and compared to the wild type. The CD spectra demonstrated 

that all proteins seemed to be properly folded (Figure 3.5) and quantitative 

secondary structure comparison of the generated spectra confirmed very similar 

conformational percentages (data not shown). 

 

 The PLP-cofactor is typically coordinated to cysteine desulfurases through 

a lysine residue and is critical for activity. It is easily identifiable by its bright 

yellow color, as well as through UV-visible spectroscopy as it has a λmax=385 nm 

in the internal aldimine form. The PLP-coordinated cofactor reacts with cysteine 

to form the Schiff base (Zheng, White, Cash, & Dean, 1994). Incubation of an 

active PLP-containing cysteine desulfurase with cysteine leads to a spectral shift 

in the peak at 385 nm to 420 nm corresponding to PLP-mediated formation of the 

Schiff base and subsequent persulfide formation, both of which have a λmax=420 

nm. Like other reported cysteine desulfurases (Behshad & Bollinger, 2009; 
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Behshad et al., 2004), this event is observed upon incubation of YrvO and 

cysteine (Figure 3.6A). In the purifications of WT YrvO and all variants, it was 

obvious that all contained PLP, as they displayed a bright yellow color. But, 

considering the discrepancies in cysteine desulfurase activity, we also made use 

of UV-visible spectroscopy to check for the presence of PLP, and persulfide 

formation upon incubation of the enzyme with cysteine. 

 Interestingly, we observed a lesser extent of spectral shifting in the YrvO 

Q63R variant and no spectral shift for either YrvO variant containing the R44E 

substitution upon cysteine addition. Furthermore, all three of these variants, 

displayed a peak at λ~340 nm (Figure 3.6B, D, E). Closer examination of these 

spectra reveals that while the WT scan without cysteine displays a single broad 

peak spanning approximately 330-460 nm, the three variants in Fig 3.6 B, D, E 

portray two different peaks in that range, with the main peak being ~ 420 nm and 

a shoulder peak at 385 nm. Taken together, these results suggest that YrvO 

variants Q63R and YrvO* Q63R R44E and YrvO* R44E were purified in a mixed 

population of intermediate states during reaction with cysteine.  

 Nucleophilic attack by the catalytic cysteine residue enables C-S bond 

cleavage of the Cys ketimine (λmax=340 nm), resulting in formation of the 

persulfide bond and the Ala-eneamine intermediate which then forms the Ala-

ketimine intermediate with a λmax=340 nm. Based on the proposed cysteine 

desulfurase reaction mechanism, (the complete reaction mechanism, including 

all intermediates, can be found in Figure 1.2, Black and Dos Santos 2015). It 

seems reasonable to propose that the YrvO Q63R, YrvO* Q63R R44E and 
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YrvO* R44E variants were purified in the persulfide form retaining the Ala-

ketimine associated to the cofactor. In this working model, the binding of the 

sulfur acceptor protein may trigger a conformational change to the enzyme 

leading to release of alanine and subsequent sulfur transfer. These results 

provide an explanation for the activity defects exhibited by these variants alone 

and the huge enhancement observed in the presence of a sulfur acceptor.  
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DISCUSSION 

 YrvO is a specific cysteine desulfurase that participates in the biosynthesis 

of s2U tRNA. This enzyme is known to interact with at least one additional sulfur 

acceptor, YrkF, however the pathway involving YrvO and YrkF has not yet been 

identified. Despite the high level of sequence similarity between YrvO and IscS, 

these proteins do not display cross-reactivity in vivo for sulfur transfer reactions 

since YrvO could not complement IscS in thionucleoside formation, Fe-S cluster 

assembly, or thiamin biosynthesis (Black and Dos Santos 2015). In this work, we 

sought to fine tune the reactivity of YrvO by conducting a rational design of 

residue substitutions at the proposed points of protein interaction with sulfur 

acceptor proteins. That is, we hypothesized that by introducing substitutions at 

sites remote from the active site, but at regions of the protein responsible for 

interaction with sulfur acceptors, we would generate a modified form of YrvO with 

IscS’ expanded reactivities.  

 Isolation of YrvO variants and subsequent kinetic characterization through 

cysteine desulfurase assays in the absence and in the presence of sulfur 

acceptors showed that these modifications affect the catalytic turnover rate of the 

desulfurase reaction to varying degrees. These results are somewhat conflicting 

to our proposed general catalytic mechanism for cysteine desulfurases in which 

the first half of the reaction, involving the binding of cysteine followed by the 

formation of the enzyme persulfide intermediate and subsequent release of 

alanine, is independent of the presence of the sulfur acceptor. The distinct 

activities in the absence of sulfur acceptor, along with the absorption spectral 
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changes of these variants argue that sulfur acceptors may also affect the first half 

of the reaction.  

 Careful inspection of UV/Vis absorption spectra of these variants, however, 

suggested that certain substitutions, like R44E, led to isolation of enzyme-

substrate or enzyme-product bound forms. In the proposed catalytic mechanism, 

alanine release requires a basic residue for proton abstraction from the lysine 

residue. However, based on the YrvO structure model, the Arg44 would be too 

far from the Lys207 to serve this role. One possible explanation for the defects 

observed with this substitution is that in combination with the other four 

substitutions in the R44E variants, the electronic environment of the enzyme’s 

active site is altered in such a way that induces a partial conformational change, 

thus re-positioning the residues involved in alanine release. These modifications 

have not led to inactivation of the enzyme since the activities of both R44E 

variants were enhanced approximately 30-fold by E. coli ThiI, indicating that 

these variants retain catalytic competency that is dependent on the presence of a 

specific sulfur acceptor. However, the same extent of activation was not 

observed with MnmA or YrkF, and in fact, R44E variants were inhibited by YrkF. 

Together, these findings suggest that R44E stimulation by ThiI results from fine-

tuning the specificity of this reaction by substitutions which allow ThiI to 

effectively interact with the enzyme in a productive manner. ThiI also provided a 

great deal of stimulation to YrvO* (~20-fold) and YrvO K216R (~12-fold). 

Interestingly, Shi et al. found that the IscS W45, R220 and R340 residues were 
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crucial for ThiI binding and/or s4U formation, and thus, the stimulation of the 

equivalent YrvO variants is consistent with the specificity needed for ThiI binding. 

Furthermore, YrvO A61D showed no activity enhancement in the presence of 

MnmA, suggesting that this substitution prevents a productive sulfur transfer 

interaction between the cysteine desulfurase and the physiological sulfur 

acceptor. On the other hand, this same substitution did not affect the ability of 

YrkF to interact with YrvO, indicating that the binding interface of YrvO-MnmA is 

distinct from YrvO-YrkF. Future analysis of tRNA modified nucleosides isolated 

from cells lacking IscS and expressing variant forms of YrvO will then determine 

the reactivity of YrvO in performing various functions of IscS in vivo. 

 Overall, findings from this study and future work on this project will assist 

in the understanding of ways in which cysteine desulfurase enzymes have 

evolved to interact with various sulfur acceptor proteins to elicit specific or 

housekeeping cellular functions. Results described in this chapter highlight the 

importance of assessing the kinetic reactivity of cysteine desulfurases in the 

presence of sulfur acceptors instead of limiting these analyses to the first half of 

the reaction as typically reported for this class of enzyme. Furthermore, 

considering the results obtained thus far, future studies may shed light onto 

regulatory mechanisms used by cysteine desulfurases to prevent the release of 

unwanted byproducts such as sulfide and pyruvate under conditions in which 

sulfur acceptors are not available (Kessler, 2004; Mihara et al., 2000), as well as 

compensatory cellular mechanisms resulting from thiocofactor depletion, such as 

s2U-tRNA. 
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INTRODUCTION 

 Post-transcriptional tRNA modifications are essential for ensuring the 

fidelity of the genetic code, thereby impacting biogenesis and structural stability 

of the translational machinery, and overall cellular metabolism. Chemical 

changes to the bases of tRNA anticodons are widely recognized and studied as 

key modifications in all organisms (Bjork 1995). Deficiencies in modifications on 

the tRNA body inhibit proper aminoacylation, whereas hypomodification of bases 

at or near the anticodon typically have very negative impacts on translation 

efficiency (Damon et al., 2014). Francis Crick proposed the wobble hypothesis 

based on the observation that the first nucleotide on the anticodon of a tRNA 

molecule is less constrained than the other two bases, resulting from fewer 

hydrogen bonds with the ribosome during reading of the genetic code. This 

consequently provides greater flexibility to the nucleotide located at the aptly 

named “wobble position,” enabling non-canonical base pairing with the last 

nucleotide in the codon of an mRNA sequence, and consequently, the 

degeneracy of the genetic code (Crick F.H.C. 1966; Kim J. and Almo S. 2013).  

The modified wobble hypothesis states that certain nucleotides have evolved 

base changes to alter anticodon structure either to facilitate or restrict wobble 

pairing, which influences amino acid incorporation into a growing peptide chain 

(Agris, 1991). Post-transcriptional modifications of tRNA wobble bases are 

specifically important as they improve reading frame maintenance by stabilizing 

the interaction between tRNA, mRNA, and the ribosome. Thus, the wobble bases 

decrease frameshifting of the ribosome during translation (Agris, 1991; Ikeuchi et 
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al., 2006; Ogle et al., 2001; Urbonavicius et al., 2001). Further investigation 

reveals a prevalence of post-transcriptionally modified uridine molecules located 

in the wobble position of certain tRNA molecules. Of particular interest are the 

sulfur modifications to tRNA. The chemical elasticity of sulfur provides the 

rationale for its incorporation into a multitude of biomolecules, including tRNA 

thionucleosides, such as the 2-thiouridine (s2U), 4-thiouridine (s4U), and 2-

thiocytosine (s2C) modifications (Shigi, 2014). 

 Post-transcriptional modification of the U34 wobble position in lysine, 

glutamine, and glutamic acid tRNA to s2U and its derivatives are found in all 

three domains of life.  Modification of the wobble position in these tRNA 

molecules produces xm5s2U derivatives, which stabilize the anticodon structure 

and confer ribosomal binding, thus improving reading frame maintenance and 

translational efficiency (Nilsson et al., 2002). The importance of the tRNA s2U 

modification is demonstrated by the severe growth defects associated with its’ 

absence. In prokaryotes, gene deletions yielding disruption of the 2-thiouridine 

biosynthetic pathway cause significant growth impairment and cellular viability of 

these mutants is strongly compromised. Similarly, in eukaryotes, the absence of 

the 2-thiouridine modification causes metabolic defects. For instance, it is 

embryonic lethal in mice and flies (Chen 2009, Walker 2011), and in humans, 2-

thiouridine depletion leads to a disease known as MERFF (myoclonic epilepsy 

with ragged-red fibers) (U.S. National Library of Medicine 2014). MERFF causes 

myopathy, myoclonus, epilepsy, ataxia, and dementia. These are merely but a 
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few examples depicting the important role that 2-thiouridine plays in both 

prokaryotic and eukaryotic species. 

 In addition to its role in translation, the yeast s2U modification is also used 

as a sensor to gauge nutrient availability and regulate translational capacity and 

amino acid homeostasis (Kambampati & Lauhon, 2003; Laxman et al., 2013). 

Laxman and collaborators showed that the abundance of the s2U modification 

directly reflected the availability of sulfur-containing amino acids, cysteine and 

methionine. Intriguingly, genes coding for proteins involved in growth specific 

processes, ribosome biogenesis and the translational machinery were found to 

be enriched in codons read by these modified tRNAs (Laxman et al., 2013). Thus, 

under nutrient starvation, when cysteine and methionine are limiting, reduced 

levels of uridine thiolation consequently downregulates translation and growth to 

conserve energy, and signal for synthesis and salvage of methionine, cysteine, 

and lysine (Figure 4.1).  
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 Although s2U synthesis and function has been widely studied in 

eukaryotes, archaea and Gram-negative bacteria (J. Kim & Almo, 2013; Ikeuchi 
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et al., 2006), little is known about its formation in Gram-positive bacteria. Prior 

work from our lab has provided the first and only report of s2U biosynthesis in a 

Gram-positive organism, in which we discovered the unique biosynthetic pathway 

utilized for B. subtilis s2U formation (Black and Dos Santos 2015). This pathway 

is distinct from the pathway identified in the Gram-negative Escherichia coli, 

which requires a cysteine desulfurase, IscS, a thiouridylase MnmA, to adenylate 

and thiolate tRNA, and five intermediate TUS sulfur-relay enzymes (Figure 2.1) 

(Ikeuchi at al, 2006). B. subtilis lacks IscS and the TUS proteins, yet its genome 

contains a homologous cysteine desulfurase, yrvO, directly upstream of mnmA 

(Figure 1.4) which encode the only two components in this abridged s2U 

biosynthetic pathway. Interestingly, yrvO and mnmA are located in an operon 

directly downstream from the global regulator of cysteine metabolism, cymR, 

providing support for a potential correlation between s2U formation and sulfur 

amino acid metabolism in this bacterium.  

 Cysteine is utilized as a major component of the cellular reducing buffer, 

and its intracellular concentration contributes to the cellular redox status and 

sensitivity to oxidative stress. However, super saturating concentrations of 

cysteine or H2S can contribute to cysteine auto-oxidation, generation of reactive 

oxygen species (ROS), and protein thiol oxidation, in addition to respiratory 

enzyme inhibition and/or of branched chain amino acid synthesis (Even et al., 

2006; Poole, 2015). Thus, it is critical for metabolism to employ ways to maintain 

adequate cysteine homeostasis. To that end, previous reports have shown that 

one function of CymR is to down-regulate cysteine biosynthetic genes when its 
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levels are too high (Even et al., 2006; Soutourina et al., 2009). In many bacteria, 

including Staphylococcus aureus, CymR has been shown to sense oxidative 

stress via oxidation of its active site cysteine to sulfenic acid, which subsequently 

causes it to dissociate from DNA, allowing activation of the virulence regulation 

pathway and the cysteine biosynthesis and ROS detoxification pathways 

(Soutourina, Dubrac, Poupel, Msadek, & Martin-Verstraete, 2010). Contrastingly, 

B. subtilis CymR regulates cysteine metabolism by a different mechanism, as its 

protein sequence does not contain any cysteine residues. CysK acts as the 

sensor of the cellular cysteine pool, by means of its substrate, O-acetylserine. 

During disulfide or superoxide stress, or when cysteine levels are elevated, CysK 

stabilizes the binding of CymR to DNA by forming a regulatory complex. In a B. 

subtilis ∆cymR strain, growth defects and an altered stress response are shown 

upon challenges with H2O2, paraquat and diamide. These phenotypes are 

attributed to the accumulation of thiol compounds such as cysteine, 

homocysteine and H2S, in addition to a depletion of branched chain amino acids 

(Even et al., 2006; Hullo, Martin-Verstraete, & Soutourina, 2010).  

 In this work, we provide initial evidence showing that the abundance of 

s2U in B. subtilis reflects the availability of sulfur source provided, similar to what 

has been observed in yeast (Laxman et al., 2013). We are currently working on 

elucidating the mechanism behind the correlation between s2U abundance and 

translational integrity and metabolic homeostasis in B. subtilis as initial proof of 

principle of this proposed signaling pathway.  
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MATERIALS AND METHODS 

Media, media additions, and chemicals.  

 Unless otherwise indicated, LB and M9 media (Sambrook et al., 1987) 

were used with the following concentrations of antibiotics and media additives: 

ampicillin (100 μg/mL), L-arabinose (2 mg/mL), Spizizen minimal media 

consisted of 17.5 mM NH4Cl, 80.3 mM K2HPO4, 44.1 mM KH2PO4, 3.4 mM 

trisodium citrate dehydrate, 0.5% glucose, and sterilized trace elements. Unless 

stated, all chemicals were purchased from Fisher Scientific and Sigma-Aldrich 

Inc. Restriction enzymes were purchased from New England Biolabs. 

Plasmid construction.  

 All genes were amplified from the B. subtilis PS832 strain genomic DNA 

which was prepared using a commercial DNA extraction kit (QuickExtract™, 

Epicentre). PCR amplification reactions were performed using the Fail Safe PCR 

kit (Epicentre™). The PCR products were all previously cloned into TopoTA® 

vector (Invitrogen) for sub-cloning purposes. The correct sequence of all 

plasmids described in this study was confirmed through DNA sequencing 

(Genewiz). A comprehensive list and description of primers, plasmids and strains 

used in this work are shown in Table IV.I.  

Growth Curve Analysis.  

 Cell growth was measured by monitoring absorbance at 650 nm (A650 nm) 

while strains were incubated with shaking at 37°C. Individual colonies were 
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outgrown in 5 mL of appropriate media overnight. Overnight cultures were diluted 

to an optical density of 0.1 and subsequently, 15 μL of cell suspension was used 

to inoculate 185 μL of the appropriate media in each well of a 96-well microtiter 

plate. Growth at 30°C with periodic shaking at intensity level 2 was monitored 

using a microplate spectrophotometer (Bio-Tek Instruments).  

Western Blots.  

 The cell pellets were resuspended in 500 μL 25 mM Tris buffer, pH 8.5. 

Cells were then sonicated with a Microson Ultrasonic Cell Disruptor (Misonix) at 

an intensity of 18, four times for 30 seconds with 30 second breaks. The 

sonicated cell lysates were then centrifuged at 16,100 rpm for 20 minutes to 

obtain crude extracts. The protein concentration of each crude extract was 

quantified using a Bradford assay with a Bovine Serum Albumin standard curve. 

Crude extract aliquots (50 μg of protein) were separated on 12% SDS-PAGE 

gels for one hour and 45 minutes at 150V. Proteins from the gel were then 

transferred to a PVDF-Immobilion membrane (Millipore) at 100V for one hour. 

Polyclonal primary rabbit antibody raised against purified B. subtilis YrvO or 

MnmA (Thermo Scientific) was introduced onto the membrane to probe 

expression of B. subtilis YrvO or MnmA in crude extracts. For the secondary 

antibody, anti-rabbit antibody conjugated with alkaline phosphatase produced in 

goat (Sigma) was used. The membrane was then covered with 1 mL of 

LumiPhos WB (Pierce) substrate for chemiluminescent detection in the dark 

room and exposed to X-ray film. After exposing the film, it was placed in the 
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developer solution for 20 seconds, washed with water, and put into the fixer 

solution for 15 seconds. 

Isolation of tRNA from B. subtilis and E. coli cells.  

 B. subtilis PS832 or E. coli MG1655 wild-type strains were grown in LB 

medium or Spizizen’s minimal media with NH4Cl substituted for (NH4)2SO4 and 

supplemented with either sulfate, thiosulfate, cysteine, methionine, cystine, or 

homocystine at various concentrations. Cultures were incubated at 37°C while 

shaking until an OD600nm of 0.5-0.6 was reached. Cells were harvested by 

centrifugation at 8,200 g for 10 min and frozen at -20 °C until further use. The 

protocol for tRNA isolation was performed as previously described (Black and 

Dos Santos, 2015).  

Analysis of modified tRNA nucleosides.  

 Unfractionated tRNA isolated from E. coli cells was digested into individual 

nucleosides for analysis. Approximately 60 μg tRNA dissolved in H2O was 

heated at 100°C for 5 min. and subsequently chilled on ice for 5 min. Once 

cooled, 10 μL of 0.1 M NH4OAc and 5 μL of Nuclease P1 (1 mg/ml) were added 

and incubated at 50°C for 3 hrs. Next, 20 μL of 0.1 M ammonium bicarbonate, 10 

μL of FAST alkaline phosphatase and 20 μL phosphatase buffer were added and 

incubated at 37°C for 2 hrs. The sample was then centrifuged at 15,700 g for 10 

min and the supernatant was transferred to a new tube. Methanol and formic acid 

were added to the sample to final concentrations of 2% and 0.1% respectively, 
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and 15 μL sample was analyzed by HPLC using Electron Spray Ionization Mass 

spectrometry (ESI-MS). 

 Digested tRNA samples were analyzed by HPLC using a C-18 column 

(Supelcosil), coupled with a LTQ-Orbitrap XL mass spectrometer (Thermo 

Scientific). Solvent A was Optima LC-MS grade water with 0.1% formic acid and 

solvent B was Optima LC-MS grade methanol with 0.1% formic acid. The HPLC 

conditions included a gradient of solvent B- 2% from 0-15 min, 5% at 22 min, 75% 

at 37 min, 100% at 38 min, and 2% for 30 min at a flow rate of 0.3 mL/min with 

15 μL injections. The mass spectrum was recorded in the positive mode under 

the following conditions: nebulizer pressure of 2 torr, drying gas flow of 53 (arb) 

L/min at 350°C and capillary voltage of 27 V. Standards of pseudouridine (X), 

s4U (Sigma) and s2U (Carbosynth) were run as controls. 

Enzymatic assays.  

 B. subtilis YrvO and MnmA were purified as described previously (Zheng 

et al., 1993, Black and Dos Santos, 2015). Cysteine desulfurase enzyme assays 

were also conducted as previously described. The only difference was the 

presence of 3 mM ATP in the reactions and the standard curve. 

Table IV.I. Primers, plasmids and strains used in experiments 

Primers Sequence 

BsyrvO-NcoI5 5’-GCGACCATGGAACGGATTTATTTAG-3’ 

BsyrvO’-
BamHI3 

5’-GGATCCGGTCACTCTCTTCGCCG-3’ 

BsmnmA-
NdeI5 

5’-GACCATATGGAAAAACGGCCGGAGG-3’ 

BsmnmA- 5’-GCTGGATCCTTTTATACGTACCACAATTTTGTTCCG-3’ 
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BamHI3 

  

Strain Relevant Genotype Reference 

PS832 B. subtilis wild type strain Laboratory stock 

MG1655 E. coli wild type strain Laboratory stock 

Plasmids Relevant Gene Cloned Vector Reference 

pDS 16 yrvO PCR product using BsyrvO-NcoI5 
and BsyrvO-BamHI3 primers. It places 
NcoI and BamHI sites at 5’ and 3’ sites 
flanking yrvO coding sequence 

pCR2.1 
TOPO 

Black and Dos 
Santos 2015 

pDS 22 1.1 kb NcoI-BamHI yrvO fragment 
ligated into NcoI-BglII sites of pAra13 

pAra13 Black and Dos 
Santos 2015 

pDS 123 mnmA PCR product using BsmnmA-
NdeI5 and BsmnmA-BamHI3 primers. 
It places NdeI and BamHI sites at 5’ 
and 3’ sites flanking mnmA coding 
sequence 

pCR2.1 
TOPO 

Black and Dos 
Santos 2015 

pDS143 1.2 kb NdeI-BamHI fragment of mnmA 
ligated into NdeI-BamHI sites of 
pET16b 

pet16b Black and Dos 
Santos 2015 

 

RESULTS 

 In yeast, sulfur-containing amino acid availability impacts cellular 

translational capacity through modulation of s2U abundance (Laxman et al., 

2013). Our working hypothesis was that in bacteria, s2U levels are affected by 

availability of sulfur nutrients, and its deficiency affects expression of certain 

genes, providing a link between sulfur metabolism and central metabolic 

processes such as translation. To test this hypothesis, B. subtilis wild-type cells 

were cultured in Spizizen’s minimal media containing a wide range of fixed 

concentrations of individual sulfur sources. At the appropriate growth phase, cells 

were used in growth analysis, or harvested for western blots to monitor YrvO and 

MnmA expression or tRNA thionucleoside analysis to quantify s2U levels (Figure 

4.2)  . 
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Growth rates reflect s2U status in B. subtilis.  

 The wild-type B. subtilis PS832 strain cultured in Spizizen minimal media 

with equivalent concentrations (1 mM) of sulfate, thiosulfate, cysteine, methionine, 

cystine, or homocystine showed no significant differences in growth rate (Figure 

4.3).  
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 B. subtilis has two different pathways for cysteine biosynthesis (Figure 

4.4). The thiolation pathway, requiring sulfide is most common in bacteria and 

other organisms. However, some bacteria, including B. subtilis, are capable of 

enzymatic conversion of methionine to cysteine through the transsulfuration 

pathway (Albanesi, Mansilla, Schujman, & De Mendoza, 2005; Doherty et al., 

2010; Schoenfelder et al., 2013). Considering that cysteine is the sulfur donor for 

all thiocofactors, several of which are essential for survival, it might be plausible 

to presume that forcing the cell to produce cysteine through a more enzymatically 

demanding pathway might impose somewhat of a growth delay. However, 

Figure 4.3 shows that there is no difference in growth for any conditions tested, 

and suggests that B. subtilis has evolved sophisticated metabolic strategies for 

cysteine biosynthesis in which there is no preferred route under conditions that 

the sulfur source is not limiting. 
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 Although no differences were detected in growth rate with varying sulfur 

sources, further investigations revealed that the growth rate of B. subtilis is 

indeed impacted by the concentration of sulfur source. Figure 4.5 demonstrates 

that there was a dose-dependent growth response in cultures grown with 

cysteine or methionine as the sulfur source, although cultures grown with sulfate 

did not exhibit much of the same effect. 
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s2U34 is the sole thionucleoside responsive to sulfur concentration in B. 

subtilis.  

 E. coli IscS and MnmA deficient strains in which the 2-thiouridine pathway 

is disrupted display slow growth phenotypes, resulting from absence of the s2U 

thio-modification (Lauhon, 2002; Schwartz et al., 2000; Takahashi & Nakamura, 

1999). Prior work from our lab corroborates this hypothesis, as co-expression of 

yrvO and mnmA in either strain is able to fully restore levels of s2U, 

corresponding with a growth recovery to wild-type levels in ∆mnmA, and a partial 

recovery in ∆iscS (Figure 2.5; Black and Dos Santos 2015). These results 

caused us to speculate whether the slower growth observed in B. subtilis PS832 

at lower concentrations of cysteine and methionine correlated to a depletion of 

s2U. We tested this by isolating and quantifying the abundance of s2U in cultures 

grown under these same conditions. Table IV.II shows that U34 thiolation is 

indeed more abundant in cultures grown with higher concentrations of sulfur 

source. For comparison, we also quantified the levels of s4U, another 
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thionucleoside whose synthesis is independent of Fe-S cluster biogenesis and 

found no change in any conditions tested. These results demonstrate that s2U is 

the sole thionucleoside whose formation is directly affected by the availability of 

sulfur equivalents in the cell and indicate that it may have an impact on growth 

rate in B. subtilis. 

Table IV.II: LCMS thionucleoside analysis- U34 modification differences in B. 
subtilis PS832 corresponding to various sulfur sources and concentrations 

Growth 

Conditions s
2
U/ψ* s

4
U/ψ*  mnm

5
U/ψ* mnm

5
s

2
U/ψ* 

mnm
5
s

2
U/

mnm
5
U** 

1 μM Sulfate 0.4 (±0.2) 2.9 (±1.8) 2.3 (±1.3) 23.4 (±3.3) 10.4 
1 mM Sulfate 0.8 (±0.4) 2.7 (±0.1) 1.1 (±0.6) 35.7 (±2.6) 33.8 
50 mM Sulfate 2.0 (±0.9) 2.6 (±0.3) 0.8 (±0.3) 93.4 (±8.5) 112.2 
1 μM Cysteine 0.08 (±0.01) 2.5 (±1.2) 0.6 (±0.5) 7.3 (±1.2) 12.5 
250 μM Cysteine 0.02 (±0.01) 1.7 (±0.3) 1.9 (±1.0) 27.4 (±19.1) 29.3 
1 mM Cysteine 0.4 (±0.4) 1.8 (±0.6) 1.2 (±0.1) 51.8 (±4.5) 31.0 
10 mM Cysteine 0.2 (±0.04) 2.9 (±0.3)  1.0 (±0.3) 95.1 (±17.8) 101.6 
2.5 μM Methionine 0.2 (±0.01) 2.5 (±1.2) 3.4 (±0.2) 8.7 (±7.2) 2.4 
250 μM Methionine 0.6 (±0.2) 3.2 (±0.2) 2.7 (±2.4) 28.6 (±5.1) 10.6 
2.5 mM Methionine 0.5 (±0.4) 2.5 (±0.4)  0.4 (±0.01) 45.8 (±3.4) 106.8 
1 mM Cystine 1.6 3.1 2.2 85.4 38.8 
1 mM Homocystine 2.7 3.5 2.3 59.0 25.7 
1 mM Thiosulfate 3.2 3.4 2.9 103.7 35.7 

*The levels of each nucleoside are normalized by showing the percentage of 
mass abundance relative to the mass abundance of pseudouridine. 
**The mass abundance ratio of mnm5s2U to its precursor nucleoside, mnm5U is 

shown. 

YrvO and MnmA expression pattern mimics that of CymR.  

 The genomic location of the s2U biosynthetic genes, yrvO and mnmA, in 

an operon directly downstream of cymR indicated that there might be an 

advantageous result of expressing yrvO and mnmA under growth conditions in 
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which cymR is expressed, presumably to upregulate s2U formation. We utilized 

Western blot analysis to monitor expression of YrvO and MnmA in cultures grown 

with various sulfur sources, and found that the expression patterns were 

consistent with those previously reported for CymR (Even et al., 2006; Hullo et al., 

2010), as evidenced in Figure 4.6.  

 

s2U34 abundance is dictated by concentration of YrvO’s cysteine substrate. 

 Western blots were also used to determine if the elevated levels of U34 

thiolation corresponding to higher concentrations of sulfate, cysteine and 

methionine were caused by an increased expression of YrvO and MnmA. 

Surprisingly, this analysis demonstrated that although differential expression was 

observed in some samples, the pattern of expression did not correlate with the 

levels of s2U as expected (Figure 4.7).  
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 Thus, we hypothesized that perhaps the increase in s2U was attributed to 

elevated levels of YrvO’s cysteine substrate. To test this hypothesis, a substrate 

saturation curve was generated to evaluate the activity of YrvO in various 

concentrations of cysteine. We have previously shown that YrvO exhibits a 

nearly 5-fold activity enhancement in the presence of its sulfur acceptor, ATP-

bound MnmA (Black and Dos Santos 2015). Prior studies have reported an 

intracellular ATP concentration range between 1-3 mM (Guffanti et al., 1987, 

Jolliffe et al., 1981, Hecker et al., 1988), Therefore, assay reactions were 

performed in the presence of 3 mM ATP to mimic physiological conditions and 

with 20 molar equivalents of MnmA to ensure that the enzyme did not run out of 
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its sulfur acceptor substrate. In accordance with our hypothesis, we found that 

YrvO activity was significantly higher in reactions with higher concentrations of 

cysteine (Figure 4.8). Taken together, these results suggest that it is in fact the 

concentration of YrvO’s cysteine substrate, and not the abundance of YrvO itself 

that dictates the levels of U34 thiolation.   

 

 The finding that U34 thiolation is responsive to availability of intracellular 

sulfur in B. subtilis prompted us to question whether this phenomenon is 

conserved in other bacteria as well, particularly in Gram-negative bacteria. In a 

bioinformatic investigation of 80 sequenced Gram-positive species, more than 80% 

were found to contain yrvO and mnmA within the same gene region, and many in 

that group had cymR nearby. To determine if this correlation between s2U 

formation and cysteine metabolism is specific to Gram-positive bacteria, we 

conducted a pilot investigation in E. coli. Table IV.III demonstrates that s2U is 

also responsive to the concentration of sulfur source in E. coli, albeit to a lesser 

extent than in B. subtilis. Intriguingly, there was a much greater extent of 
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thiolation of unmodified U34 than of the U34 modified at the C5 position, 

indicating that while the response to sulfur availability is conserved, there is a 

difference in the mechanism of U34 modification between these bacteria.  

Table IV.III: tRNA U34 modification levels in E. coli MG1655 wild-type strain 
corresponding to various sulfur sources and concentrations 

Growth 

Conditions s
2
U/ψ* s

4
U/ψ*  mnm

5
U/ψ* mnm

5
s

2
U/ψ* 

mnm
5
s

2
U/ 

mnm
5
U** 

0.1 mM Sulfate 1.6 (±1.2) 17.8 (±7.0) 2.7 (±0.9) 47.2 (±1.4) 18.8 
50 mM Sulfate 5.4 (±0.08) 15.9 (±1.5)  2.2 (±0.7) 52.0 (±0.7) 25.4 
0.1 mM Cysteine 0.2 (±0.01) 15.7 (±2.3)  2.3 (±0.3) 42.5 (±8.4) 18.5 
10 mM Cysteine 1.8 (±1.6) 15.5 (±4.9)  0.6 (±0.02) 38.7 (±6.0) 63.2 
0.1 mM Methionine 0.8 16.8 1.9 46.0 24.9 
3 mM Methionine 7.8 11.9 2.0 56.8 29.1 

*The levels of each nucleoside are normalized by showing the percentage of 
mass abundance relative to the mass abundance of pseudouridine. 
**The mass abundance ratio of mnm5s2U to its precursor nucleoside, mnm5U is 

shown. 
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DISCUSSION 

 In this work, we have demonstrated that s2U abundance is dictated by 

sulfur availability for all sulfur sources tested. Furthermore, we have observed 

that the levels of an additional thionucleoside, s4U, remain constant across all 

conditions; supporting the notion that only s2U is responsive to sulfur availability. 

Western blot analysis on protein crude extracts from cultures described above 

verifies that YrvO and MnmA expression patterns are consistent with those of 

CymR (Even et al., 2006; Hullo et al., 2010). Higher expression of YrvO and 

MnmA was observed in cultures using sulfate, cysteine or cystine as the sole 

sulfur source, where cymR is induced to regulate cysteine synthesis, compared 

to cultures grown with thiosulfate, methionine or homocystine (Figure 4.4). One 

potential mechanism for regulation of s2U abundance is through regulation of 

expression of its biosynthetic enzymes, MnmA and YrvO. In a previous work, we 

demonstrated that the levels of s2U correlate to levels of MnmA expression 

(Figure 2.2, Table II.II; Black and Dos Santos 2015). Surprisingly, expression 

patterns of YrvO and MnmA did not always show a correlation with the 

concentration of sulfur source (Figure 4.5), as was expected based on results 

from thionucleoside analysis (Table IV.II). However, kinetic analysis of YrvO 

activity in the presence of MnmA and ATP showed elevated cysteine desulfurase 

activity corresponding to higher concentrations of the cysteine substrate (Figure 

4.8). Thus, the levels of s2U are not always necessarily dictated by YrvO/ MnmA 

expression alone, but rather by the availability of cysteine substrate and sulfur 
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acceptor MnmA as well as the overall catalytic turnover rate of the cysteine 

desulfurase YrvO. 

 The results of growth experiments in this work are in accordance with 

reports that cell growth is inhibited in absence of s2U and suggest that upon 

recovery of this modification, efficient translation of genes coding for components 

of the translational machinery and growth-specific processes can occur 

(Schwartz et al., 2000; Lauhon, 2002). However, not all findings from this study 

are consistent with this hypothesis. Despite the drastic differences in expression 

of YrvO and MnmA in various sulfur sources, the levels of U34 thiolation were 

comparable between samples (Table IV.II). However, we have also shown here 

that s2U abundance is not necessarily dictated by expression of its biosynthetic 

proteins, but rather the intracellular level of cysteine. Thus, quantification of sulfur 

containing amino acids in these samples would be necessary to draw further 

conclusions regarding the specificity of s2U’s response to reduced sulfur 

equivalents in the cell. Furthermore, although cultures grown with higher 

concentrations of sulfate exhibited elevated levels of U34 thiolation, there was no 

significant differences in growth rate for B. subtilis grown in these wide ranges of 

sulfate (Figure 4.5), suggesting that only drastic changes in tRNA thiolation lead 

to a growth phenotype. Although the E. coli homologs of these genes are 

dispensable to cell growth (Ikeuchi et al., 2006; Kambampati & Lauhon, 2003), 

we and others have provided evidence for the essentiality of yrvO and mnmA in 

B. subtilis (Kobayashi et al., 2003, Black and Dos Santos 2015). Considering that 

a B. subtilis cymR deletion strain is viable (Hullo et al., 2010), we hypothesize 
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that s2U is required for cellular viability in B. subtilis presumably due to its role in 

sulfur metabolism and translational regulation, and that the essentiality of YrvO 

and MnmA in this bacterium is attributed to their role in s2U biogenesis. In fact, 

YrvO’s affinity for cysteine is an order of magnitude greater than that of any of 

the other three functional cysteine desulfurases in B. subtilis (Black and Dos 

Santos, 2015), suggesting a potential hierarchy of cysteine utilization might be 

provided by differential affinity of cysteine desulfurases for the substrate cysteine. 

While the proposed necessity of s2U, along with the affinity of YrvO for cysteine, 

provides rationale for a hierarchy of cysteine utilization, we propose that during 

sulfur starvation, the levels of s2U would not be as severely impacted as other 

thiocofactors. This can partially be explained by the turnover rate of YrvO, which 

is an order of magnitude lower than that of the other cysteine desulfurases. While 

YrvO might have the highest priority in the cysteine utilization hierarchy, its 

thiocofactor beneficiaries are needed in lower levels to maintain adequate growth. 

Prior work from our lab has provided evidence for the interaction of YrvO with the 

rhodanese containing protein, YrkF (Figure 3.2); strains deficient in yrkF and the 

complete set of rhodanese protein encoding genes remain viable. Thus, the 

pathway involving YrvO-YrkF interaction has yet to be identified; it does not seem 

to be one that is required for growth under standard growth conditions. An 

interesting parameter that might aid in the understanding of inconsistencies 

between YrvO’s affinity for cysteine and s2U levels, would be the affinity of YrvO 

for MnmA compared with YrkF.  
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 The significantly lower turnover rate of YrvO could allow one to argue that 

the growth defects observed in cultures grown with low concentrations of sulfur 

source are not completely caused by s2U depletion, but alternatively due to other 

or additive metabolic defects.  This hypothesis is supported by the fact that in a 

conditional mnmA deletion strain, mnmA, and consequently s2U, depletion has 

no significant effects on growth. The results obtained thus far are not extensive 

enough to draw complete conclusions on this hypothesis, which relies on the 

assumption that there is a threshold of s2U that is sufficient for maintaining 

adequate growth. However, it appears that the essentiality of yrvO and mnmA is 

indeed resulting from their necessity in s2U formation. 

Sequential order for U34 modification.  

 Earlier investigation of s2U biosynthesis provided us with evidence to 

suggest a model for sequential order of U34 modification. In vitro s2U synthesis 

demonstrated a substrate preference of B. subtilis MnmA for unmodified-U34 

tRNA over tRNA that was partially modified at the U34 C5 position (Table II.III). 

Further investigation of the MnmA-tRNA complex structure showed that the 

partially modified tRNA may be sterically hindered from entering MnmA’s active 

site (Figure 2.13), or may prevent MnmA’s conformational adjustments 

facilitating catalysis (Figure 2.10). Results from this study provide further 

evidence to support this hypothesis. The relatively unchanging levels of mnm5U 

suggests that there is always leakage at the beginning of the pathway towards 

the C5 modification, across all conditions tested, not merely when sulfur is 
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limiting, and suggests that perhaps s2U rather than unmodified-U34 tRNA serves 

as a better substrate for the MnmEG complex (Figure 4.9).  

 

 The results shown in Table IV.III highlighting s2U levels in E. coli grown 

with varying sulfur concentrations also support this hypothesis, considering that 

the naked U34 tRNA was a better substrate for thiolation. It is interesting that 

there was a difference in U34 tRNA substrate preference between E. coli and B. 
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subtilis. However, this could be explained by potential differences in affinity and 

activity of enzymes involved in modification at the C2 and C5 positions of U34 

between these organisms. Future work will be aimed towards further validating 

this hypothesis in vivo and in vitro and identifying additional differences in the 

tRNA U34 modification pathways between E. coli and B. subtilis. We will also 

make use of structural modeling of B. subtilis MnmA complexed with tRNA to 

confirm our hypothesis. Furthermore, although this project has thus far 

demonstrated a response of s2U to nutrient, specifically sulfur, availability in 

bacteria, we seek to identify the physiological functions of this tRNA thiolation in 

B. subtilis as the starting point to establish this function across a diverse group of 

species. Future work will be geared towards expanding these analyses to other 

species of bacteria such as Azotobacter vinelandii, Mycobacterium smegmatis, 

and Haemophilus influenza and validating the findings obtained in E. coli.  
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CHAPTER 5 

 

Characterization of Bacillus subtilis Thioredoxin and 

Thioredoxin Reductase  

Katherine A. Black, Pradyumna K. Pradhan, Will Tennant and Patricia C. Dos 
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INTRODUCTION 

 Maintenance of a proper intracellular redox state is pertinent for all living 

organisms, as it is a determinant factor for the function of various metabolites 

present within the cell. Particularly in aerobic organisms, molecular oxygen can 

impact the intracellular redox state by forming reactive oxygen species (ROS) 

that are harmful to numerous cellular processes, such as DNA replication and 

repair. 

 The intracellular redox potential can be buffered by low-molecular weight 

(LMW) thiols, which are critical for regulatory and redox-mediated processes. In 

eukaryotes and Gram-negative bacteria, glutathione (GSH) is found as an 

important LMW thiol with a multitude of biochemical functions. While GSH is 

absent in Gram-positive bacteria, many species contain alternate, yet functionally 

similar LMW thiols, for instance, mycothiol in Actinomycetes and bacillithiol (BSH) 

in Firmicutes, such as Bacillus subtilis (Poole, 2015). Whereas GSH is widely 

known to contribute to redox homeostasis, in B. subtilis, BSH is not essential for 

this organism’s survival and its function as a redox buffer is still poorly 

understood. Although B. subtilis lacks GSH, it does contain BSH and an essential 

thioredoxin system composed of thioredoxin and thioredoxin reductase. In 

Bacillus anthracis, the thioredoxin system was found to be the dominant disulfide 

reductase system, and was able to serve as the reductant for ribonucleotide 

reductase (RNR), whereas BSH could not (Gustafsson et al., 2012).  

 Thioredoxins are small, yet abundant, heat-stable thiol-disulfide 

oxidoreductases characterized by the presence of a highly conserved WCGPC 
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amino acid motif (Holmgren, 1979). The other component of the Trx system is 

the FAD-containing thioredoxin reductase (TrxR), responsible for reduction and 

reactivation of the TrxA disulfide- bridged active site (Holmgren, 1979; Poole, 

2015). Thioredoxin reductase is a member of the pyridine nucleotide-disulfide 

oxidoreductase family containing an NADPH binding domain and a redox active 

disulfide in addition to its FAD cofactor. The mechanism of TrxR reduction by 

NADPH and subsequent oxidation to yield the reduced and active form of Trx 

has been elucidated in Escherichia coli. Upon binding of NADPH, E. coli TrxR 

undergoes a rotated conformational change to position the NADPH nicotinamide 

ring adjacent to the flavin moiety for electron transfer. Subsequently, the enzyme 

returns to its unrotated form for electron transfer to the disulfide, and following 

two rounds of this reduction, the active site disulfide is regenerated to its dithiol 

form. Next, TrxR undergoes another rotation step, enabling binding of Trx and 

positioning the TrxR dithiol next to the Trx disulfide bond for efficient reduction of 

the small protein (Williams, 1995).  

 In E. coli and B. anthracis, the Trx system assists in protein folding and 

provides reducing equivalents to ribonucleotide reductase (RNR) during its 

conversion of nucleotides to deoxynucleotides, which is essential for maintaining 

appropriate levels of deoxynucleotides for DNA repair and cellular replication 

(Herrick & Sclavi, 2007; Nordlund & Eklund, 1993; Toledano et al., 2007). This 

oxidoreductase pair is composed of the thioredoxin (TrxA) protein, which reduces 

important effector proteins, for example, peroxiredoxins, GSH peroxidases, 

arsenate reductase, PAPS reductase, and ribonucleotide reductase to name a 
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few ((Holmgren, 1979; Poole, 2005; Gustafsson et al., 2012; Laurent et al., 1964; 

Li Y. et al., 2007). 

 Thiol groups in proteins and in small molecules exhibit chemical reactivity 

towards electrophiles, oxidants and metals. These properties, in addition to their 

turnover ability, lend thiols to be useful tools in redox sensing and regulation 

(Poole, 2015). This is particularly important when proteins become oxidized by 

means of their normal catalytic cycle or in the presence of harmful oxidants 

produced in cells exposed to oxidative stress conditions or toxins. The 

mechanism for protection from these damaging oxidants is through the use of 

antioxidant enzymes such as superoxide dismutase and catalase, which are in 

turn reduced and thus regenerated by reductase systems such as the thioredoxin 

(Trx) system (Fourquet et al., 2008). 

 Recent studies on B. subtilis TrxA found that it, along with its partner TrxR, 

are essential proteins indicating their dominant role in thiol-redox homeostasis in 

this organism. Furthermore, the trxA gene is induced by multiple stress 

conditions, including heat and salt stress, as well as treatment with ethanol, 

hydrogen peroxide, or puromycin. These observations regarding trxA stress-

induced expression suggested its role in maintaining the native and reduced 

state of cellular proteins (Scharf et al., 1998). Due to its essentiality, prior studies 

have had to make use of conditional trxA strains, in which minimal expression of 

TrxA was achieved by placing the gene under the control of an IPTG (isopropyl-

β-D-thiogalactopyranoside) inducible promoter and culturing cells with a 

minimum concentration of 25 μM IPTG. Under these conditions, the minimal level 
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of trxA expression allowed viable growth (Scharf et al., 1998). Proteomic and 

transcriptomic studies found that depletion of trxA resulted in upregulation of 

genes involved in sulfur utilization and antioxidant response, indicating its role in 

these processes. Interestingly, when the conditional mutant strain was cultured in 

minimal media with thiosulfate or methionine as the sulfur source instead of 

sulfate, growth inhibition, as well as the overexpression of sulfur utilization and 

antioxidant response genes was eradicated (Mostertz, Hochgräfe, Jürgen, 

Schweder, & Hecker, 2008). Additional processes affected by trxA depletion 

included upregulation of genes involved in sporulation, competence, phage-

related functions, endospore formation and cytochrome c synthesis (Möller & 

Hederstedt, 2008; Smits et al., 2005). 

 Although the function of B. subtilis TrxA/ TrxR in maintaining redox 

homeostasis has been investigated in vivo (Kouwen et al., 2008; Möller & 

Hederstedt, 2008; Mostertz et al., 2008; Scharf et al., 1998; Smits et al., 2005), 

these enzymes have not yet been fully characterized. In B. subtilis, the absence 

of a ubiquitous LMW thiol to act as an intracellular reducing buffer, combined with 

the essentiality of both TrxA/ TrxR in this organism, prompted our hypothesis that 

these two proteins are competent for sustaining optimal balance of the cellular 

redox state. 

 Interestingly, a recent study on thioredoxin from the human pathogen 

Echinococcus granulosus discovered a novel class of Trx-related protein that is 

able to bind a [2Fe-2S] cluster in a GSH-independent manner when in its dimeric 

form. The cluster is coordinated by two cysteine residues from each monomer 
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and located within the Trx folding unit, which renders it highly impervious to 

oxidation (Bisio et al., 2016.). This finding caused the authors to speculate as to 

whether the function of this protein might be the storage of [2Fe-2S] clusters. 

Although both apo- and holo- forms of IsTRP lack oxidoreductase activity, 

expression of the protein was sufficient for recovering the growth defects of a 

Saccharomyces cerevisiae Grx5 null strain, indicating that it is capable of 

replacing glutaredoxin in some capacity (Bisio et al., 2016).   

 In this study, we provide evidence that B. subtilis TrxA and TrxR are 

indeed canonical oxidoreductase enzymes capable of reducing protein and low 

molecular weight disulfides and persulfide bonds. We also demonstrate that TrxA 

is able to coordinate Fe-S species and that the presence of these clusters 

impacts the reactivity of this enzyme. This study is the first to report the kinetic 

characterization of a Fe-S cluster-containing thioredoxin in bacteria.  
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MATERIALS AND METHODS 

Plasmid construction.  

 Coding sequences of trxA and trxB were amplified through PCR using B. 

subtilis PS832 genomic DNA as the template. Primer sequences were 

engineered to contain restriction sites at the 5’ and 3’ end of each coding 

sequence for subcloning purposes. PCR fragment was generated with 

TrxA_NdeIF (5’-CAC ATA TGA TGG CTA TCG TAA AAG CAA CTG-3’) and 

TrxA_XhoIR (5’-GTT ACT CGA GAA GAT GTT TGT TTA CAA GCT CTT G-3’) 

primers and trxB fragment was generated with trxB_NdeIF (5’-GAC ATA TGT 

CAG AAG AAA AAA TTT ATG ACG TGA T-3’) and trxB_BamHIR (5’-CAG GAT 

CCT TAT TTT AAG GTT TTC AGC GTT TCT TGG-3’).  Each PCR product was 

first ligated into TOPO TA vector (Invitrogen) as listed in Table I.  The TrxA 

expression plasmid, pDS301, was constructed by ligating a NdeI and XhoI 

fragment containing trxA coding sequence into NdeI and XhoI sites of pET20B. 

Construction of the His-tagged TrxA plasmid for expression in B. subtilis first 

involved ligation of a NdeI-BamHI fragment from pDS303 containing the trxA 

coding sequence, into NdeI-BamHI sites of pET-16B to make pDS311. Next, the 

XbaI-BamHI fragment from pDS311 was ligated into NheI-BamHI sites of pDS 8, 

resulting in placement of a sequence encoding TrxA containing a His-tag placed 

under control of the xylose inducible promoter in pSWEET. The thioredoxin 

reductase (TrxR) expression plasmid, pSD283, was constructed by ligating an 

NdeI and BamHI fragment containing trxB sequence into NdeI and BamHI sites 
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of pET16B. The correct sequence of all plasmids used in this study (Table V.I) 

was confirmed by DNA sequencing at Genewiz. 

B. subtilis strains and growth conditions.  

 All strains of B. subtilis listed in Table V.I were derivatives of strain 168 

(PS832 strain). Transformation protocol was the same as previously described 

(Rajakovich, Tomlinson et al. 2012). Transformed cells were selected for 

chloramphenicol resistance. Successful occurrence of a double recombination 

event yielding insertion of the xylose-inducible promoter and the gene of interest 

into the B. subtilis amyE locus was confirmed by the absence of starch hydrolysis 

on an LB agar plate containing 2% starch and iodine.  For trxA-His expression, 

DD36 was grown in 3 L of LB media with chloramphenicol and 2% Xylose at 

37°C to an OD600nm of 2.0. Cells were harvested by centrifugation at 8,200 g for 

10 min and frozen at -20 °C until further use 

Table V.I: Strains and Plasmids used in this study 

Strain Relevant Genotype Vector-Insert Reference 

PS832 B. subtilis wild-type strain  Corfe et 
al., 1994 

DD36 B. subtilis amyE::PxylAtrxA-His  This work 

BL21 
(DE3) 

E. coli F- hsdS gal (λcIts857 indl 
Sam7 nin5 

 Lab stock 

Plasmid Relevant Genotype Vector-Insert Reference 

pDS 8 35 bp linker fragment containing 
NdeI and PciI sites inserted into 
PacI site of pSWEET-BgaB 

pSWEET-BgaB This Work 
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pDS 63 B. subtilis sufU with flanking NcoI-
XhoI sites ligated into the NcoI-
XhoI sites of PET-28A 

PET-28A-sufU 

(IscUHis6) 

Lab Stock 
(Selbach B 
et al. 2010) 

pDS 72 B. subtilis sufSU genes with 
flanking NcoI-KpnI sites ligated into 
the NcoI-XhoI sites of pBAD. SufU 
containing a Cys to Ala substitution 
at codon 128 

pBADsufSU128CA 
(SufS and 
SufU128CA) 

Lab Stock 
(Selbach B 
et al. 2010) 

pDS 283 B. subtilis trxB PCR product using 
trxR_NdeI5’ and trxR _BamHI3’ 
primers ligated into TOPO vector. 

PCR 2.1 TOPO-
trxR 

This Work 

pDS 293 B. subtilis trxB NdeI-BamHI 
fragment from pDS283 cloned into 
NdeI-BamHI sites of pET-16B 

PET-16B-trxB 
(His10TrxR) 

This Work 

pDS 303 B. subtilis trxA PCR product using 
trxA_NdeI5’ and trxA _XhoI3’ 
primers ligated into TOPO vector. 

PCR 2.1 TOPO-
trxA 

This Work 

pDS 306 B. subtilis trxA NdeI-XhoI fragment 
from pDS283 cloned into NdeI-XhoI 
sites of pET-20B 

pET20B-trxA 

(TrxAHis6) 

This Work 

pDS 311 B. subtilis trxA NdeI-BamHI 
fragment from pDS303 cloned into 
NdeI-BamHI sites of pET-16B 

 This Work 

pDS 312 B. subtilis trxA XbaI-BamHI 
fragment from pDS311 cloned into 
NheI-BamHI sites of pDS8 

 This Work 

pDS313 pDS312 isolated from E. coli 
GM2613 cells 

 This Work 

  

Expression and purification of proteins.   

 E. coli BL21 DE3 cells transformed with pDS306 (pET20A-trxA) or 

pDS293 (pET16B-trxB) were outgrown overnight in an LB agar plate with 100 
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μg/mL ampicillin. Single colonies from transformed cells were used to prepare 

the starting inoculum for large scale cell culture using six 2L- Erlenmeyer flasks 

each containing 500 mL of LB broth with the same concentration of antibiotic. 

Cultures were incubated at 37 ºC while shaking at 300 RPM until they reached 

an OD600 nm of 0.5. At this point, cells were induced with 0.2 mM IPTG for 3 hours 

at 30 ºC before being harvested by centrifugation at 5000 g for 10 min. Cell 

pellets were stored at -20 ºC until further use. 

 Recombinantly expressed TrxA contained a six-histidine tag at the C-

terminal end of the protein (TrxAHis6 or hereinafter TrxA) while TrxR contained a 

ten-histidine tag at its N-terminus end (His10TrxR, or hereinafter TrxR). Both 

proteins were purified through Ni2+ - IMAC chromatography using the procedure 

described below.  Cell pellets were resuspended in 1 to 5 weight: volume of 

degassed 25 mM Tris-HCl pH 8 + 0.15 M NaCl + 10 % Glycerol (Buffer A) and 

lysed by an Emulsi-Flex high pressure homogenizer at 10,000-15,000 psi. Lysed 

cell-debris was separated from the crude extract solution by centrifugation at 

10,000 g for 30 min. The clear supernatant was loaded into a pre-equilibrated 

Ni2+ - IMAC column with Buffer A. The column was washed with 5 to 7 column 

volume of buffer A and proteins were eluted in a stepwise gradient A step 

gradient of buffer A containing 25, 50 and 250 mM of imidazole. A SDS-PAGE 

analysis was performed to track the protein in all the eluted fractions and 

fractions containing the desired protein were combined, reduced with 2 mM DTT, 

dialyzed against buffer A, and stored at -80 ºC until further use. Fractions 

containing TrxR were eluted as a single yellow peak at 250 mM imidazole 
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corresponding to the presence of the expected oxidized FAD cofactor associated 

to the enzyme. Fractions containing TrxA were detected into distinct 

chromatography peaks at 50 mM and 250 mM imidazole. While the first and 

major peak displayed a colorless sample, the second minor peak displayed a 

red-brownish color. Both samples were stored and assayed as separate fractions. 

B. subtilis cysteine desulfurases (SufS, YrvO, and NifS) and sulfur acceptor 

proteins (SufU and MnmA) were expressed and purified as described previously 

(Selbach et al., 2010, Black and Dos Santos 2015). Purification of TrxA-His from 

B. subtilis strain DD36 was performed as described above, with a few 

modifications. Cell lysate was passed through a 20 mL Co2+-TALON column, 

washed with 10-15 column volumes of Buffer A followed by Buffer A containing 

10 mM imidazole. Fractions containing TrxA-His, along with several other 

proteins, were eluted with Buffer A containing 100 mM imidazole. Concentrations 

of TrxR were estimated using the extinction coefficient for FAD, of 11,300 M-1 cm-

1 at 456 nm. All other protein concentrations were quantified through the Bradford 

method using a Bio-Rad kit. UV/vis absorption spectra were determined in a Cary 

50 spectrophotometer from 250-600 nm range in a 1 nm increments using a 1-

cm Quartz cuvette. 

FAD reduction by NADPH.  

 The ability of TrxR to use NADPH as an electron source for reduction of 

the FAD cofactor was assessed by monitoring the decrease in absorbance of the 

characteristic 340 nm NADPH peak and the 456 nm peak associated with FAD. 

The reaction was performed in a Quartz cuvette containing 50 mM Phosphate 
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buffer pH 7 in a total 1-mL volume. UV/Visible absorption spectra were 

determined for each reaction containing 50 μM TrxR, 0.25 mM EDTA, and 250 

μM of NADPH using a Cary 50 spectrophotomer. 

 The TrxR substrate saturation curves were determined in an anaerobic 

Quartz cuvette by the decrease in Abs340 nm over time corresponding to the 

oxidation of NADPH using a Cary 50 spectrophotomer. Each assay (a total 

volume of 800 μL) containing a fixed concentration of 0.3 nM TrxR and various 

NADPH concentrations were performed in the presence of 0.25 mM EDTA, 1.3 

mM insulin and 15 μM apo-TrxA in 50 mM Phosphate buffer pH 7. The TrxR 

substrate saturation curve for apo-TrxA was determined as described above, but 

with a fixed concentration of 0.4 mM NADPH, 5.8 or 14.5 nM TrxR (for apo-TrxA 

concentrations 10-35 μM and 0.5-5 μM,  respectively) and varying concentrations 

of apo-TrxA. The slopes of each curve were converted into nmol of NADPH 

oxidized/min/mg of TrxR using NADPH extinction coefficient of 3,200 M-1 cm-1. 

Kinetic constants Km and Vmax were determined from the best fit of the data using 

the Michaelis-Menten equation. The specific activity of TrxR in the presence or 

absence of as-isolated apo-, holo-, or reconstituted TrxA (15 μM) was determined 

using the insulin assay as described above for the TrxA saturation curves. The 

reactions were performed in an anaerobic Quartz cuvette containing 800 μL of 

the reaction, comprised of 5.8 nM TrxR, 0.25 mM EDTA, 0.4 mM NADPH and 1.3 

mM insulin in the presence or absence of TrxA. NADPH oxidation was monitored 

and calculated as described above. 

 



154 
 

Sulfide assay.  

 All cysteine desulfurase reactions, unless otherwise specified, were 

performed with 0.22 μM SufS and 0.5 mM L-cysteine in 50 mM potassium 

phosphate buffer pH 7 containing 2 mM DTT, and sulfide production was 

quantified using the methylene blue assay  (Zheng et al., 1993). When indicated, 

reactions also contained 1.1 μM SufU, 5 μM TrxA, 14.5 nM TrxR, 2 mM DTT, 

and/or 0.4 mM NADPH and 0.25 mM EDTA. For all the cysteine desulfurase 

reactions, 1 mL of the reaction was prepared and the reaction was initiated by 

the addition of 0.5 mM cysteine. At each designated time point, 200 μL aliquots 

of the reaction mixtures were quenched and reacted to form methylene blue. 

Sulfide production was calculated using a Na2S standard curve and the specific 

activities of SufS calculated from the slopes of at least four time points. 

 Cluster reconstitution on Apo-TrxA.  

 Cluster reconstitution reactions (1.5 mL) were carried out in an anaerobic 

chamber (Coy) equilibrated with 2% H2 and balanced with N2 gas. Reactions 

containing 200 µM B. subtilis TrxA, 0.3 µM SufS, 3 µM SufU, 100 µM Fe, 1 mM 

L-cysteine and 1 mM DTT in 25 mM Tris-HCl pH 8 were incubated for 1 hour. 

Following incubation, reactions were loaded onto an IMAC-Ni2+ column (1 mL) 

previously equilibrated with 25 mM Tris-HCl pH 8, 0.15 M NaCl, washed with 25 

mM Tris-HCl pH 8, 0.15 M NaCl, 50 mM imidazole to remove apo-TrxA, and the 

Fe-S cluster loaded holo-TrxA was eluted with 25 mM Tris-HCl pH 8, 0.15 M 

NaCl, 250 mM imidazole.  
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Fe and S analysis.  

 Iron determination was performed through complex formation with 2’,2’ 

dipyridyl. Samples (400 μL) were mixed with 100 μL of 2 N HCl and heated at 80 

°C for 10 min. Next, 500 μL H2O, 50 μL 5 N NaOH, 100 μL 10% hydroxylamine, 

100 μL 20 mM  2’,2’ dipyridyl, and 50 μL 1 M Tris pH 8 were added. Samples 

were centrifuged for 10 min, and 200 μL aliquots of the supernatant were read at 

520 nm on a Biotek plate reader. Iron concentration in each sample was 

determined by the comparison to a standard curve using fixed concentrations of 

Fe (NH4)2(SO4)2.  Acid-labile sulfur was measured using the methylene blue 

method  (Zheng et al., 1993). 

Gel filtration.  

 The oligomeric states of apo- and reconstituted-TrxA were determined 

using a 24 mL Superose 10/300 gel filtration column (GE Healthcare) connected 

to an FPLC system and pre-equilibrated with 25 mM Tris-HCl, 0.15 M NaCl pH 8. 

When indicated samples were pre-treated with 2 mM DTT prior separation using 

a flow rate of 0.4 mL/min and detection at 280 nm. Molecular markers employed 

to calibrate the column were blue dextran (Mr = 2,000 kDa), conalbumin (Mr = 

75.0 kDa), ovabulmin (Mr = 43.0 kDa), carbonic anhydrase (Mr = 29.0 kDa), 

ribonuclease A (Mr = 13.0 kDa), and aprotinin (Mr = 6.5 kDa) (GE Healthcare). 

Blue Dextran was used to determine the void volume (V0) and Imidazole was 

used to identify the total column volume (Vt; monitored by conductivity). The 

value for Kavg corresponding to each protein was calculated using the equation 

(Ve-V0)/(Vt-V0), where Ve is the elution volume for the specific protein. The Kavg 
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value was then plotted against the logarithm of standard molecular weights to 

generate a standard curve. 

Circular Dichroism.  

 Secondary structure was determined by circular dichroism (CD) using an 

AVIV Circular Dichroism Spectrometer (Model 215; AVIV Biomedical) with a 

bandwidth of 1 nm. All protein samples were at 10 µM for the 190-250 nm scan 

range and 200 µM for the scan range from 250-600 nm with 1 nm increments in 5 

mM potassium phosphate buffer pH 7. All CD spectra are the average of 3 scans. 

The spectra containing proteins were normalized to scans containing buffer only 

and scans in the range of 250-600nm were smoothed using a moving average 

with 10 s intervals. 

In-gel trypsin digestion.  

 The protein bands of interest were isolated from SDS-PAGE gels and cut 

into many small pieces. The gel was destained by washing three times at 37 °C 

with 50% CH3CN, 50 mM NH4HCO3 for 15 mins. After complete drying using a 

speedvac, gel pieces were incubated in 200 μL of 50 mM NH4HCO3, 10 mM DTT 

at 65 °C for 1 hr, followed by incubation with an equal volume of 1 mg/ml 

iodoacetamide at room temperature in the dark. Wash steps were repeated three 

times as before, and gel pieces were dried on the speedvac, before addition of 

20 μL of 50 mM NH4HCO3, with 0.02 ng/μL trypsin dissolved in trypsin buffer 

(Promega). Samples were incubated at 37 °C overnight. The next day, the 

supernatant containing the digested peptides, was combined with three series of 
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supernatants mixed with the gel pieces and composed of 50% CH3CN, 5% 

Formic Acid, and 45% H2O. The collected supernatants were dried on a 

speedvac and peptides were resuspended in 50 μL 95% CH3OH, 5% H2O, with 

0.1% Formic acid. 

MS proteomic analysis.   

 Digested peptide samples were analyzed by HPLC using a C-18 column 

(Waters), coupled with a mass spectrometer (Orbitrap). Solvent A was Optima 

LC-MS grade water with 0.1% formic acid and solvent B was Optima LC-MS 

grade methanol with 0.1% formic acid. The HPLC conditions included a gradient 

of solvent B- 5% to 90% from 0-15 min, 95% at 15.1 min, and 95.1% at 25.1 min, 

at a flow rate of 0.25 mL/min with 10 μL injections. The mass spectrum was 

recorded in the positive mode under the following conditions: nebulizer pressure 

of 2 torr, drying gas flow of 71 (arb) L/min at 325°C and capillary voltage of 38.5 

V. Data was analyzed using Sequest proteomics software and compared to 

known protein sequences in the Bacillus subtilis str. 168 databank from the 

National Center for Biotechnology Information.  

  

RESULTS 

TrxR is a FAD-containing NADPH oxidoreductase.  

The purified fraction containing B. subtilis TrxR displayed a bright yellow 

color, indicating the presence of an FAD-containing protein. The UV-visible 

spectrum of TrxR confirmed the presence of the FAD cofactor, as it displayed 

major peaks at 383 and 456 nm (Figure 5.1) (Li et al., 2007; Prongay, Engelke, 
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& Williams, 1989).Upon the addition of five molar equivalents of NADPH, these 

peaks decreased dramatically, and the color of the protein in the solution 

changed from yellow to colorless, consistent with formation of FADH2 resulting 

from NADPH reduction (Figure 5.1, inset). 

 

 

 Kinetic characterization of TrxR was performed by using an anoxic 

variation of the widely used insulin assay, to identify the specific activity and 

Michaelis constant (KM) of TrxR for NADPH and apo-TrxA. The KM for NADPH 

was determined to be 140.9 μM with a Vmax = 10.8 μmol NADPH oxidized min-1 

mg-1 and the KM for apo-TrxA was 4.3 μM with a Vmax = 9.7 μmol NADPH 

oxidized min-1 mg-1 (Figure 5.2).  
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TrxA can coordinate Fe-S species.  

 In the initial affinity purification of B. subtilis TrxA recombinantly expressed 

in E. coli, the protein eluted at two different concentrations of elution buffer. The 

fraction eluted with a higher concentration of imidazole buffer displayed a 

brownish color, suggesting the presence of a Fe-S cluster. UV-visible spectra of 

the brownish fraction showed the presence of peaks at 320 and 420 nm, 

consistent with the absorbance maxima of a [2Fe-2S] cluster (Yuvaniyama et al., 
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1999, Duin et al., 1997, Dailey et al., 1994), and the absence of these same 

peaks in the first, colorless fraction (Figure 5.3). Differences in the elution 

patterns of the apo- and holo- forms of TrxA led us to speculate that the cluster-

bound form of the protein may be in a dimeric state. Additionally, B. subtilis TrxA 

contains two cysteine residues, potentially serving as ligands for a cluster 

bridged between two monomers as shown for other Trx and Glutaredoxins (Bisio 

et al., 2016; Toledano et al., 2007). 

 

  Analysis of the iron and sulfide content associated with holo-TrxA was 

performed to investigate the stoichiometry of the Fe and S species bound to the 

protein after purification. The results demonstrated that approximately 0.2 nmol 

of iron and sulfide were associated with each nmol of as isolated holo-TrxA, 

however, upon cluster reconstitution of the protein, the ratio increased to 

approximately 0.5 nmol of iron and sulfide for each nmol of TrxA (Table V.II). 
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These results suggest that the as-isolated holo-TrxA fraction may have still 

contained some of the apo-protein not fully eluted in the first purification fraction.  

Table V.II: Concentration ratio of Iron and Sulfur to Holo-TrxA. 

  nmol Fe/nmol TrxA1 nmol S2-/nmol TrxA1 

Isolated Apo-TrxA 0.15 (±0.03) 0.13 (±0.03) 

Isolated Holo-TrxA 0.26 (±0.06) 0.17 (±0.07) 

Reconstituted TrxA 0.50 (±0.01) 0.52 (±0.01) 

1Iron was measured using 2’, 2’ dipyridyl and acid-labile sulfur was measured using the 

methylene blue method. The concentration of TrxA fractions was determined using the 

Bradford method. 

 To investigate the oligomeric state of the apo- and holo- forms of TrxA, an 

analytical gel filtration method was employed. The chromatogram for Apo-TrxA 

demonstrated that it eluted in a single peak with a corresponding molecular mass 

of 10.4 kDa (data not shown), comparable to the expected size of a TrxA 

monomer (12.2 kDa). Interestingly, in the reconstituted-TrxA sample, two peaks 

were observed with apparent molecular masses of 13.2 and 57.6 kDa. Taken 

together, these results suggest that apo-TrxA is in a monomeric state, whereas, 

in the presence of a Fe-S cluster, holo-TrxA exists as a tetramer (Figure 5.4). 

These findings are consistent with the concentration ratios obtained in Fe and S 

quantification (Table V.II), and suggest that one cysteine residue from each TrxA 

monomer is used for coordination of the cluster.  
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Apo-TrxA is the active substrate for TrxR.  

 In a vast majority of organisms, thioredoxin has been shown to act as the 

substrate of its partner protein, thioredoxin reductase, for their functions as 

oxidoreductases (Holmgren, 1979; Poole, 2015). Many prior studies have 

demonstrated that thioredoxins are capable of reducing the disulfide bonds within 

bovine insulin, following thioredoxin reductase mediated reduction of the disulfide 

bond within thioredoxin itself (Holmgren, 1979). Considering that the catalytic 

cysteine residues in holo-TrxA would be involved in coordinating the [Fe-S] 

cluster, this indicates that it would be unable to participate in disulfide reduction 
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reactions. To test this idea, we used an anoxic variation of the well-established 

insulin assay. The results demonstrated that the apo-form of TrxA is capable of 

insulin reduction in the presence of TrxR and NADPH. However, when holo-TrxA 

was present in the reaction, the activity of TrxR was severely depleted and 

insulin reduction was minimal (Figure 5.5). These results are consistent with the 

model that apo-TrxA is active substrate for TrxR. Furthermore, these findings 

coincide with those from a recent study, in which Bisio et al. demonstrated that 

the E. granulosus [2Fe-2S] cluster containing IsTRP (Iron-sulfur Trx related 

protein) lacked any oxidoreductase activity (Bisio et al., 2016).   

 

 The circular dichroism spectra of each TrxA form was taken to ensure that 

the inability of holo-TrxA to reduce disulfide bonds within insulin was due to the 

presence of the cluster and not a change in conformation rendering the protein 

inactive. The Far UV CD spectra in Figure 5.6A shows that the apo- and holo- 

forms both display very similar CD spectra, demonstrating that both purified 
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forms are well folded in the active conformation. The Far UV scan of 

reconstituted-TrxA is not included in panel A, due to the higher noise in the 

sample resulting from a higher concentration of chloride ions and imidazole (250 

mM) in the 25 mM Tris-HCl buffer used for elution (all three display CD active 

intensity in the Far UV region and imidazole concentrations as low as 1 mM give 

rise to interference; Kelly et al., 2005). Nevertheless, the proper folding of the as-

isolated holo-protein suggests that cluster coordination has no negative impact 

on TrxA folding.  

 The visible CD spectra in the 250-600 nm range explicitly demonstrate the 

different electronic environment in the reconstituted protein, indeed indicating 

presence of a Fe-S cluster (Figure 5B). Both the UV-vis and the reconstituted-

TrxA CD spectra resemble those of the [2Fe-2S] cluster bound NfU enzymes 

from both Synechocystis and humans (Wachnowsky et al., 2016).  The Fe-S 

species associated with TrxA exhibit a similar spectrum to that for other proteins 

containing [2Fe-2S] clusters. Most commonly, protein [4Fe-4S] clusters are CD 

silent, requiring much higher concentrations of protein to elicit a signal, which 

typically includes a negative feature around 400 nm (Gae et al., 2013). Given that 

there were no structural differences in the apo- and holo- forms, it seems 

apparent that coordination of the [Fe-S] cluster prevents the oxidoreductase 

activity of TrxA. Thus, the loss of function in the holo-TrxA form could point to a 

method of regulation employed under physiological conditions when the cellular 

redox state is sufficient, however further investigation will need to be done to test 

this hypothesis. 
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 Because of the finding that B. subtilis TrxA was able to bind a Fe-S cluster, 

we initiated investigation into the functional relevance of cluster bound TrxA in 

vivo. To do this, we constructed a strain in which the gene encoding His-tagged 

TrxA was placed in the amyE locus under the control of a xylose-inducible 

promoter (Bhavsar et al., 2001). Although growth in the presence of xylose 

indeed allowed for expression of the tagged construct (Table V.III), the 

expression levels were not high enough to enable biophysical characterization of 

this protein. Following expression of His-TrxA, the cell lysate was passed through 

a Co2+-TALON column, which selectively binds His-tagged proteins stronger than 

the commonly used Ni2+-IMAC affinity method. A wash to release non-specific 

proteins bound to the column was conducted, and subsequently, the protein of 

interest was eluted from the column and analyzed via SDS-PAGE. In order to 

identify potential proteins interacting with TrxA, Coomassie stained bands were 

isolated from the gel, digested with trypsin, and identified with an LC-MS/MS 



166 
 

method, analyzed with the SEQUEST proteomics program. The proteins 

identified by this method were also compared to those identified through the 

same method when a cell lysate not expressing TrxA was passed through the 

column, to ensure that detection was possible due to interaction with TrxA and 

not intrinsic ability to bind to the column. A 5% protein coverage cutoff was 

applied, and interestingly, out of 72 identified proteins, 19 were found to have 

some sort of regulatory function. Of particular interest was the presence of the 

CysL transcriptional repressor, given the reported association between TrxA and 

sulfate assimilation in B. subtilis (Mostertz et al., 2008; Smits et al., 2005). CysL 

activates the cysJI operon, encoding the proteins responsible for sulfite reduction 

to sulfide (Even et al., 2006).  In addition, 6 oxidoreductases (including TrxA 

itself), were co-purified, as would be expected considering their similar functions. 

 Intriguingly, 7 ribosome associated proteins, as well as the PrsA foldase 

and the iron-sulfur containing subunit of succinate dehydrogenase, SdhB, were 

discovered. This was unexpected, but it seems likely that TrxA could assist in 

proper folding of proteins as they are being translated, and perhaps that it can 

function to deliver a [2Fe-2S] cluster to SdhB, either during folding or 

independently. This analysis also identified 3 kinases or phosphatases and 11 

uncharacterized proteins with no putative function. It would be interesting to 

investigate the occurrence of cysteine residues within these proteins to identify 

potential disulfide targets for TrxA to act on. Although TrxR was not present in 

the findings, this work demonstrates that TrxR is a highly competent enzyme with 
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a high turnover rate, and thus, expression levels of TrxR, particularly in a strain 

producing an excess of TrxA, might be below the detection limit of this method.  

Table V.III: MS proteomic analysis of other bands isolated from Bsu purification. 

Gene Description Score Coverage 

rpsJ 30S ribosomal protein S10  13.25 51.96 
mhqR HTH-type transcriptional regulator MhqR  31.11 47.59 
yqiZ Uncharacterized protein YqjZ  24.06 47.37 
mtrB Transcription attenuation protein MtrB  7.66 46.67 

ykoM 
Uncharacterized HTH-type transcriptional regulator 
YkoM  

19.63 43.51 

yczG 
Uncharacterized HTH-type transcriptional regulator 
YczG  

7.90 41.35 

yojF Uncharacterized protein YojF  8.53 40.52 

phoP 
Alkaline phosphatase synthesis transcriptional regulator 
PhoP  

24.39 39.17 

yhjH Uncharacterized HTH-type transcriptional regulator YhjH  19.48 36.00 
kapB Kinase-associated lipoprotein B  16.50 35.16 
sirB Sirohydrochlorin ferrochelatase  39.97 34.87 

nrgB Nitrogen regulatory PII-like protein  7.53 34.48 
yueH Uncharacterized protein YueH  34.61 34.15 
csoR Copper-sensing transcriptional repressor CsoR  37.63 33.66 

xylA Xylose isomerase  42.07 31.24 

yxlJ Putative 3-methyladenine DNA glycosylase  13.96 31.12 
ymdB Uncharacterized protein ymdB  17.41 29.92 
yyaQ Uncharacterized protein YyaQ  7.39 29.66 
yhaM 3'-5' exoribonuclease YhaM  22.46 29.30 
rplQ 50S ribosomal protein L17  6.07 28.33 
yhfO Uncharacterized N-acetyltransferase YhfO 14.37 28.19 
yycF Transcriptional regulatory protein YycF  18.42 26.81 
yvbH Uncharacterized protein YvbH 17.63 25.98 
azr FMN-dependent NADPH-azoreductase  9.63 25.86 
ypiB UPF0302 protein YpiB  12.27 25.14 
trxA Thioredoxin  1.66 25.00 

ytlP UPF0097 protein YtlP  13.74 23.50 
ywqE Tyrosine-protein phosphatase YwqE  17.07 22.83 
phoH PhoH-like protein 15.86 20.38 
ydeI Uncharacterized protein YdeI  5.88 18.27 
yraN Uncharacterized HTH-type transcriptional regulator YraN  7.50 17.99 
besA Ferri-bacillibactin esterase BesA  13.85 17.65 
era GTPase Era  9.00 16.94 
yycE Uncharacterized protein YycE 9.40 16.55 
ycgT Ferredoxin--NADP reductase 1  11.93 16.37 

fni Isopentenyl-diphosphate delta-isomerase  14.49 15.76 

ywhA 
Uncharacterized HTH-type transcriptional regulator 
YwhA  

4.52 15.11 

ribD Riboflavin biosynthesis protein RibD  13.36 14.96 
thrZ Threonine--tRNA ligase 2  25.38 14.73 
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ylyB Uncharacterized RNA pseudouridine synthase YlyB  10.43 14.52 
yweQ Uncharacterized protein YxeQ 13.34 14.38 
glpQ Glycerophosphoryl diester phosphodiesterase  14.85 14.33 
rsmH Ribosomal RNA small subunit methyltransferase H  7.56 12.86 
cysL HTH-type transcriptional regulator CysL  8.29 12.71 

rpsB 30S ribosomal protein S2  1.74 12.60 
araR Arabinose metabolism transcriptional repressor  9.12 10.77 
prsA Foldase protein PrsA  8.82 10.62 

ppnKA NAD kinase 1  5.54 10.53 
hflX GTPase HflX  9.76 10.48 
atpD ATP synthase subunit beta  10.79 10.15 
yutJ NADH dehydrogenase-like protein YutJ  6.76 9.86 
sirA Sporulation inhibitor of replication protein SirA  2.06 9.46 

nasF Uroporphyrinogen-III C-methyltransferase 10.32 9.11 
yfiR Uncharacterized HTH-type transcriptional regulator YfiR 4.75 8.78 
hemY Protoporphyrinogen oxidase  18.19 8.72 
glvR HTH-type transcriptional regulator GlvR  3.40 8.66 
yerAa Putative adenine deaminase YerA  8.98 7.76 
mfd Transcription-repair-coupling factor 18.89 7.73 
yetL Uncharacterized HTH-type transcriptional regulator YetL  1.83 7.19 
rimM Ribosome maturation factor RimM  2.48 6.90 
fabL Enoyl-[acyl-carrier-protein] reductase [NADPH] FabL  3.73 6.80 
treR Trehalose operon transcriptional repressor  1.87 6.72 
gbsR HTH-type transcriptional repressor GbsR  1.67 6.67 
fosB Metallothiol transferase FosB 2.32 6.25 

licT Transcription antiterminator LicT 4.33 6.14 
rplR 50S ribosomal protein L18  1.92 5.83 
xylR Xylose repressor  3.58 5.73 

ytzG Uncharacterized RNA pseudouridine synthase YtzG  2.22 5.44 
yfjR Uncharacterized oxidoreductase YfjR  0.00 5.24 
tal Transaldolase  3.25 5.19 
sdhB Succinate dehydrogenase iron-sulfur subunit  2.21 5.14 

rimP Ribosome maturation factor RimP 1.67 5.13 

 

TrxA can reduce persulfides.  

 It is widely known that thioredoxin can reduce protein disulfides, however 

there has been less evidence showing its ability to reduce persulfide bonds. 

Considering the lack of a cellular reductant, such as GSH, in B. subtilis and other 

Gram-positive bacteria, in addition to the inability of BSH to reduce B. anthracis 

RNR (Gustafsson et al., 2012), we chose to investigate whether the Trx system 

could serve as the physiological reductant for cysteine desulfurase reactions in 
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this organism. When determining the activity of cysteine desulfurase enzymes in 

in vitro assays, a fixed concentration of reducer, typically 2 mM DTT, is used to 

promote the formation of sulfide which can be quantified through formation of 

methylene blue. Thus, we aimed to compare the efficiency of Trx-mediated 

persulfide reduction to that of DTT. We hypothesized that the Trx system would 

be capable of replacing DTT in these reactions, to produce sulfide by reducing 

the persulfide bond on the cysteine desulfurase. Interestingly, we found that the 

Trx system was capable of persulfide bond reduction, but only on that of the 

sulfur acceptor protein (Figure 5.7). Prior work from our lab has demonstrated 

that certain cysteine desulfurase activity is markedly enhanced in the presence of 

sulfur acceptor proteins, due to persulfide sulfur transfer to the sulfur acceptor, 

thereby regenerating the active site of the cysteine desulfurase for subsequent 

turnover (Rajakovich, Tomlinson, & Dos Santos, 2012; Selbach, Earles, & Dos 

Santos, 2010; Black & Dos Santos 2015). Furthermore, we have previously 

shown that this activity enhancement is the result of a dedicated partnership 

between a cysteine desulfurase and its specific sulfur acceptor, particularly in 

reactions catalyzed by B. subtilis proteins, and attributed to intricate, well-

designed interactions between partner proteins (Black & Dos Santos 2015). 

However, the versatility of thioredoxin proteins in reduction reactions, combined 

with their compact size (~ 12 kDa) suggests that this family of proteins is capable 

of interacting with many enzymatic active sites. These observations led us to 

propose that they would easily be able to directly react with cysteine 

desulfurases. Contrary to our hypothesis, kinetic analysis of reactions performed 



170 
 

in the absence of sulfur acceptors showed that thioredoxin is not capable of 

reducing the persulfide enzyme intermediate. On the other hand, when cysteine 

desulfurase reactions were performed in the presence of sulfur acceptor proteins, 

the rate of sulfide production was comparable to that of reactions performed in 

the presence of DTT (Figure 5.7). These results suggest that thioredoxin is 

capable of reducing persulfide bonds on sulfur acceptor proteins but not the 

persulfide bonds located on the cysteine desulfurases.  Nevertheless, the limited 

reactivity of thioredoxin restricted to sulfur acceptors is in accordance with prior 

studies highlighting the specificity of sulfur transfer from cysteine desulfurase to 

sulfur acceptor (Rajakovich, Tomlinson, & Dos Santos, 2012; Selbach, Earles, & 

Dos Santos, 2010; Black & Dos Santos 2015; Black and Dos Santos 2014), and 

suggest that B. subtilis cysteine desulfurases are able to selectively direct sulfur 

transfer to thiocofactor pathways via protection of the enzyme-persulfide bond. 
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DISCUSSION 

 Kinetic characterization of B. subtilis TrxA and TrxR in this study 

demonstrates that these enzymes are functional oxidoreductases. The activity 

profile reported here for TrxR specific activity is comparable to that of B. 

anthracis thioredoxin reductases (~60%). Furthermore, the TrxR KM for TrxA is 

also similar to those previously reported (KM = 4.3 μM) in other organisms (E. coli 

and B. anthracis KM = 2.9 μM and 8.4 μM respectively) (Gustafsson et al., 2012; 

Holmgren, 1979). 

 In this work, we provide the first report of a thioredoxin protein able to bind 

Fe-S species in bacteria. UV-vis absorption and CD analyses combined with 

elemental analysis of Fe and S and gel filtration suggest the presence of a [2Fe-

2S] cluster coordinated to a TrxA tetramer. However, future investigation will 

focus on the identity and characterization of this Fe-S species as well as isolation 

and characterization of TrxA isolated from its native organism. We are currently 

working on optimizing our xylose-induced expression platform to utilize this 

technique for purification of TrxA from B. subtilis in future studies. The relevance 

of this experiment stems from the ability of some proteins to coordinate a Fe-S 

cluster through GSH ligands (Wachnowsky et al., 2016). Considering that the 

holo-TrxA form was purified from E. coli, which contains GSH, and that B. subtilis 

lacks this versatile LMW thiol, future work will be geared towards clarifying the 

physiological relevance of cluster-bound TrxA and determining whether there is 

any involvement of BSH in its cluster biogenesis. It is surprising that there was no 

mention of the cluster bound form of B. subtilis TrxA in prior studies (Kouwen et 
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al., 2008; Li et al., 2007; Smits et al., 2005). However, the inherent instability of 

Fe-S clusters in the presence of oxygen could be attributed to this oversight.  

 Cysteine desulfurase assays utilizing the Trx system for persulfide 

reduction demonstrated turnover only in the presence of the sulfur acceptor 

protein, suggesting that the Trx system is a competent physiological reductant in 

thiocofactor biosynthetic pathways, yet it is only capable of persulfide reduction 

of the sulfur acceptor proteins and not cysteine desulfurases. Gram-positive 

bacteria, such as B. subtilis, contain multiple cysteine desulfurases that 

demonstrate high selectivity for sulfur transfer to particular sulfur acceptor 

proteins, enabling their functional assignment to biosynthesis of specific 

thiocofactors (Black and Dos Santos 2015, Rajakovich, Tomlinson et al. 2012, 

Selbach, Earles et al. 2010).  In contrast, Gram-negative bacteria, like E. coli, 

contain a housekeeping cysteine desulfurase IscS, which delivers sulfur to all 

thiocofactors through interaction with several sulfur acceptor proteins. 

Considering the discrepancy in reactivity of cysteine desulfurases between these 

organisms, we are interested in determining whether the Trx system is capable of 

persulfide reduction of IscS. This would provide insight into understanding 

whether the lack of cross reactivity of B. subtilis cysteine desulfurases with the 

Trx system results from the demonstrated selectivity for their sulfur acceptors or 

if this is a feature common to all cysteine desulfurase enzymes.  

 In addition to evidence shown here for involvement of TrxA in thiocofactor 

biosynthesis, this protein has previously been implicated in sulfur utilization in B. 

subtilis. A B. subtilis strain in which TrxA was depleted demonstrated growth 
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inhibition and upregulation of sulfur utilization and antioxidant response genes 

when grown with sulfate, but not methionine or thiosulfate as the sulfur source 

(Smits et al., 2005). In B. subtilis, cysteine biosynthesis can be achieved in two 

ways, through the thiolation pathway, using sulfate or via the transulfuration 

pathway involving methionine (Figure 4.8).  In the transulfuration pathway, 

conversion of methionine to cysteine involves sulfur transfer by means of S-

adenosylmethionine (SAM) (Even et al., 2006), whereas the thiolation pathway 

involves several reduction events, which would result in a requirement for TrxA or 

an equivalent reducing agent to regenerate these enzymes. Considering both of 

these proposed functions of TrxA, combined with the substantially lower activity 

of [Fe-S] cluster bound TrxA, it is tempting to suggest a potential cross-regulatory 

mechanism evoking the role of this cluster in regulating TrxA activity and 

consequently sulfur metabolism. Future work will be necessary to shed light on 

the physiological role of holo-TrxA as well as the specific function of this protein 

in various pathways involved in sulfur metabolism. 
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CONCLUDING REMARKS 

 

 The chemical elasticity of sulfur provides the rationale for its incorporation 

into a multitude of biomolecules, including [Fe-S] cluster cofactors, vitamins, and 

tRNA thionucleosides, facilitating their involvement in a wide variety of essential 

biochemical processes. Sulfur assimilation into tRNA nucleosides is of 

particularly importance, as it lends structural stability to tRNA molecules and 

enables their proper functionality in translation. The majority of organisms utilize 

cysteine desulfurase enzymes for sulfur activation and delivery to thiocofactors to 

maintain specificity in its incorporation while simultaneously avoiding 

accumulation of free, toxic sulfur species. Although it is commonly understood 

that these enzymes mobilize sulfur for thiocofactors, the mechanism by which 

sulfur is delivered from the cysteine desulfurase to target molecules varies 

depending on the organism and the cofactor being synthesized. Furthermore, the 

method of regulation dictating sulfur trafficking to various thiocofactor 

biosynthetic pathways is not fully understood. Thiocofactor formation has been 

well-studied in eukaryotes and Gram-negative bacteria, however, these 

equivalent biosynthetic pathways in Gram-positive bacteria remain 

uncharacterized.  

 The major focus of the work described here was to characterize the steps 

involved in sulfur trafficking for synthesis of the 2-thiouridine tRNA modification in 

B. subtilis, as well as to discern its functional role in cellular metabolism apart 

from translation.  
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 Organisms in which s2U biosynthesis has been established utilize a 

housekeeping cysteine desulfurase IscS as the initial sulfur donor. Thus, in order 

to maintain specificity for s2U biosynthesis, these organisms employ several 

sulfur relay proteins. Although in B. subtilis, the general mechanism for s2U 

biosynthesis is similar, we have demonstrated that this Gram-positive organism 

bypasses the need for a complex sulfur transfer pathway, resulting from the 

partnership of a dedicated cysteine desulfurase YrvO, with its specific sulfur 

acceptor protein, ATP-bound MnmA.  

 Together, YrvO and MnmA constitute the biosynthetic pathway for s2U. In 

chapter 4, we showed that it is the sole thionucleoside responsive to the 

availability of reduced sulfur equivalents in the cell. Additionally, we have 

provided evidence for a sequential order in U34 modification, beginning with 

thiolation. 

 Further investigation of YrvO’s reactivity revealed that it is also the 

preferred sulfur donor for the rhodanese containing protein, YrkF. Subsequent 

mutational analysis of YrvO led to the discovery of amino acid residues 

governing the specificity of sulfur transfer to its sulfur acceptor proteins MnmA 

and YrkF, and preventing it from interacting with E. coli sulfur acceptor proteins. 

In chapter 5, we demonstrated that the specificity of interaction with B. subtilis 

cysteine desulfurases is not limited to sulfur acceptor proteins, as TrxA was able 

to reduce persulfide bonds on sulfur acceptor proteins but not the cysteine 

desulfurases themselves.  
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 The work described in this dissertation has expanded our knowledge of 

reactions between cysteine desulfurases and their sulfur acceptors and provides 

insights into regulation of sulfur trafficking and metabolism in B. subtilis. The 

occurrence of a [Fe-S] cluster bound TrxA, combined with its loss of reductase 

activity compared to the apo- form, which is capable of persulfide reduction, 

prompts us to speculate as to whether this labile cluster could serve a 

physiological regulatory role. When the intracellular redox state is properly 

balanced, there would be a decreased need for TrxA mediated reduction, and we 

suggest there would be a higher level of intact [Fe-S] clusters. Furthermore, 

cysteine desulfurases would have better reactivity, enabling continual production 

and accumulation of [Fe-S] clusters. Without the availability of oxidized 

substrates, freely reduced TrxA would form a complex to coordinate these 

clusters, thus inactivating it and simultaneously preventing constitutive [Fe-S] 

cluster production by proteins involved in its biogenesis. Further investigation of 

this proposal will need to be conducted in vivo to identify physiological relevance 

of holo-TrxA, whether it be solely utilized for regulatory purposes, cluster storage, 

delivery, etc. Furthermore, lack of persulfide reduction on cysteine desulfurases 

by apo-TrxA begs the question of whether this results from the high selectivity for 

their partner proteins or if this is a conserved feature in organisms containing a 

“promiscuous” housekeeping enzyme. 
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