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ABSTRACT 
 

 
Bacteria have developed systems to safely traffic intracellular iron and 

sulfur for the biosynthesis of Fe-S clusters. These dedicated pathways guarantee 

the recruitment of individual components, their assembly into clusters and 

delivery to final targets. Despite variations on pathway composition, all systems 

identified to date include the participation of at least a cysteine desulfurase and 

an Fe-S cluster scaffold. The first step in sulfur mobilization for the assembly of 

Fe-S clusters as well as other thiocofactors within the cell involves a PLP-

dependent enzymatic mechanism, catalyzed by cysteine desulfurases. There 

have been identified two groups of cysteine desulfurases: group I – NifS and IscS 

and group II – SufS and CsdA. Tertiary structural signature motifs within these 

groups provide a rationale for their catalytic differences and specific interactions 

that occurs between the cysteine desulfurases and sulfur acceptors.  

This dissertation focuses on understanding the kinetic mechanism of three 

class II cysteine desulfurases; B. subtilis SufS, E. coli SufS and E. coli CsdA. In 

most members of the group II cysteine desulfurases, the activity is enhanced in 

the presence of a specific sulfur acceptor protein, for B. subtilis SufS is SufU, and 

for E. coli SufS is SufE and CsdA is CsdE. In B. subtilis, the sulfur mobilization 

catalyzed by SufS follows a double displacement mechanism. The second half of 

the reaction is dictated by the reactivity of the second substrate SufU which acts 

as a zinc dependent sulfur transfer protein. Similarly, the E. coli SufS also 

displays a ping-pong mechanism, although slightly distinct since the persulfide 

sulfur transfer from the enzyme SufS to the acceptor SufE is shielded from the 
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cellular environment. Lastly, the investigation of the third class II cysteine 

desulfurase CsdA shows that, although this enzyme follows similar kinetic 

scheme, sulfur transfer steps are not protected, resulting in a distinct reaction 

profile. This work is the first to uncover the kinetic scheme for this class of 

enzymes and has furthered our understanding regarding the partnership between 

the cysteine desulfurases and sulfur acceptors, providing further insight into the 

functionality of these individual proteins along with their physiological roles.
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CHAPTER 1 

INTRODUCTION 

1.1  Fe-S Clusters 

 Iron-sulfur (Fe-S) clusters are ancient prosthetic groups that participate in 

cellular processes essential to maintain life. Due to their versatility, Fe-S centers 

are involved in diverse cellular functions, acting as redox sensors in a variety of 

processes such as respiration, central metabolism, DNA repair, or gene 

regulation (Kiley and Beinert 2003; Fontecave 2006; Lill 2009; Py and Barras 

2010). The most common types of cluster are the rhombic 2Fe-2S and cubic 

4Fe-4S, which possess either ferrous (Fe2+) or ferric (Fe3+) iron and sulfide (S2-) 

(Beinert 2000). These clusters are most often observed within proteins 

coordinated by cysteine residues at the iron ion, but other ligands like histidine, 

aspartate, and serine can also be encountered coordinating clusters that 

participate in electron transport (Beinert 2000). In general, clusters are known to 

be one-electron carriers, with the exception of the nitrogenase double cubane 

8Fe-7S that can participate in a two-electron transfer reaction (Dos Santos, 

Igarashi et al. 2005). Even though Fe-S clusters can be assembled anaerobically 

in vitro in the presence of iron and sulfur sources (Malkin and Rabinowitz 1966), 

the in vivo conditions are not as simple.  

In the cell, due to their toxicity, iron and sulfur species are mobilized by 

special machineries known as Fe-S biogenesis systems. Being encountered in 

both prokaryotes and eukaryotes, these systems are composed of individual 

proteins responsible for the shuttling of both iron and sulfur. Despite variations on 
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pathway composition, all systems contain an enzyme catalyzing the sulfur 

mobilization and cluster assembly steps. A cysteine desulfurase is responsible 

for the mobilization of sulfur from the amino acid cysteine to the sulfur 

acceptor/scaffold protein where the cluster is assembled upon iron acquisition. 

The cluster is then delivered to its final target apo-protein directly or through a 

carrier protein. Thus far, the source of iron is still a great debate within the field. 

 Interestingly the number of Fe-S systems varies according to the 

organism. In bacteria, three types of machineries have been identified, namely 

NIF, ISC and SUF (Figure 1.1) (Zheng, White et al. 1994; Zheng, Cash et al. 

1998; Johnson, Dean et al. 2005; Ayala-Castro, Saini et al. 2008; Fontecave and 

Ollagnier-de-Choudens 2008). NIF was the first to be discovered in the nitrogen 

fixing organism Azotobacter vinelandii, it is especially involved in the assembly of 
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Fe-S clusters for the maturation of nitrogenase (Jacobson, Cash et al. 1989). On 

the other hand, the ISC and SUF systems are involved in the biosynthesis of Fe-

S clusters for the general cellular environment (Lill and Muhlenhoff 2006; Balk 

and Pilon ; Lill, Hoffmann et al. 2012). The latter two have also been identified in 

eukaryotes, where proteins similar to the ISC are located in the mitochondria and 

those homologous to the SUF in the chloroplasts (Lill and Muhlenhoff 2006).  

Differently from all of the above mentioned systems is the Fe-S cluster 

biosynthetic pathway present in Gram-positive bacteria Bacillus subtilis (Figure 

1.1). Up to date not much is known about the Fe-S cluster assembly mechanisms 

in this group of microbes and the purpose of this work is to explore the 

particularities amongst all of these pathways. This research is primarily focused 

on understanding how Gram-positive bacteria mobilize sulfur for the biosynthesis 

of Fe-S clusters, using B.subtilis as a model organism.  

1.2  Mechanism of Fe-S cluster assembly 

1.2.1 The Azotobacter vinelandii NIF system 

 One of the first organisms utilized for the study of Fe-S cluster 

biosynthesis was Azotobacter vinelandii. In this species and other similar 

bacteria, nitrogenase was identified as an Fe-S enzyme which is crucially 

responsible for the reduction of dinitrogen in the process of nitrogen fixation 

(Zheng and Dean 1994). This enzyme was studied in particular for the reason 

that it is catalytically inefficient and therefore must be expressed at high 

concentrations under nitrogen-fixing conditions, which increases the demand for 

Fe-S cluster formation (Johnson, Dean et al. 2005). Nitrogenase expression is 
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coupled with the expression of other NIF genes involved in the synthesis of its 

metal cofactors and maturation of their components (Jacobson, Brigle et al. 

1989; Jacobson, Cash et al. 1989). Investigation of genes essential to nitrogen 

fixation allowed for the discovery of the two essential gene products NifS – a 

cysteine desulfurase – and NifU – an Fe-S cluster scaffold. NifS is a pyridoxal-5’-

phosphate (PLP) dependent enzyme that catalyzes the desulfurization of L-

cysteine into L-alanine and the formation of a persulfide-bound in the protein’s 

active site cysteine residue (Zheng, White et al. 1994). The discovery of NifU as 

a scaffold for the assembly of Fe-S clusters was based on its ability to hold a 

2Fe-2S and a 4Fe-4S cluster and to transfer it to apo-nitrogenase under in vitro 

Fe-S cluster assembly conditions (Dos Santos, Smith et al. 2004). The 

functionality of these two proteins helped to establish a paradigm within the field, 

suggesting that a cysteine desulfurase and a scaffold protein are strictly required 

for the biosynthesis of Fe-S clusters.  

1.2.2 The Escherichia coli ISC system  

 While the NIF system only participates in the assembly of Fe-S clusters for 

the maturation of nitrogenase, the ISC system maintains the general 

homeostasis of Fe-S clusters within different Gram-negative bacteria. The 

assembly of Fe-S clusters by the ISC system is conducted by five different 

proteins with specialized functions (Zheng, Cash et al. 1998). The cysteine 

desulfurase IscS was first discovered due to the ability of E. coli crude extracts to 

reconstitute a 4Fe-4S cluster onto E. coli apodihydroxy-acid dehydratase in vitro 

(Flint 1996). While this gene is essential in A. vinelandii, E. coli strains carrying a 
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deletion on the iscS coding sequence shows severe growth defects in addition to 

decreased specific activities for other proteins containing 4Fe-4S clusters (Flint 

1996; Zheng, Cash et al. 1998; Schwartz, Djaman et al. 2000). The specific 

involvement of IscS on the biosynthesis of Fe-S clusters was further supported 

when an Fe-S cluster-independent mutant of FNR was unaffected by the lack of 

IscS (Schwartz, Djaman et al. 2000). These phenotypes led to the proposal that 

IscS would be the main cysteine desulfurase involved in the biosynthesis of Fe-S 

clusters in E. coli.  

In addition to interacting with IscU, IscS has demonstrated the ability to 

interact with many other acceptor molecules for biosynthesis of most, if not all, 

thiocofactors (Lauhon and Kambampati 2000; Schwartz, Djaman et al. 2000; 

Lundgren and Bjork 2006; Zhang, Urban et al. 2010). In fact, it is widely accepted 

that IscS is required for the biosynthesis of certain tRNA modifications, 

specifically 2-thiocytosine, 4-thiouridine (s4U) and 5-methylaminomethyl-2-

thiouridine (Kambampati and Lauhon 1999; Mihara, Kato et al. 2002; 

Kambampati and Lauhon 2003). Moreover under aerobic conditions the lack of 

IscS showed auxotrophic growth phenotype for thiamine, nicotinic acid, and 

branched-chain amino acids, indicating the participation of IscS and/or IscS-

dependent cofactor(s) in the biosynthesis of these metabolites (Kiley and Beinert 

2003). In conclusion, these experiments demonstrated that via its cysteine 

desulfurase activity, IscS provides the sulfur that is subsequently incorporated 

into Fe-S clusters as well as other thiocofactors.  
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Similar to NifS, IscS is also a pyridoxal-5’-phosphate (PLP) – dependent 

enzyme that catalyzes the mobilization of sulfur from the amino acid L-cysteine. 

The sulfur transiently binds to an active site cysteine (C328) on the enzyme as a 

persulfide, and then it is subsequently transferred to its sulfur acceptor IscU 

(Schwartz, Djaman et al. 2000; Smith, Frazzon et al. 2005). Primary sequence 

similarities are noteworthy between IscU and NifU, which share three conserved 

cysteine residues. Experimental evidence from resonance Raman, absorption, 

and analytical studies showed the formation of 2Fe-2S2+ clusters on the IscU 

scaffold protein (Agar, Krebs et al. 2000). Studies have shown that IscU can act 

both as a sulfur acceptor and as an iron acceptor, generating the formation of Fe-

S clusters and transferring to apo-targets (Chandramouli, Unciuleac et al. 2007). 

In the crystal structure of the E. coli IscS-IscU complex was observed that the 

active site cysteine on IscS was located in a disordered region, far from the three 

active site cysteines on IscU (Figure 1.2B) (Marinoni, de Oliveira et al. 2012). In 

contrast, the crystal structure of the complex IscS and the variant IscUD35A from 
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A. fulgidus showed distinct conformation (Figure 1.2A). In this complex the active 

site loop of IscS is in an ordered conformation interacting with IscU[WFU1] 

(Yamanaka, Zeppieri et al. 2013).  

Structural analysis of IscU by NMR in its clusterless form showed that the 

residues coordinating the cluster on IscU also coordinates a Zn atom (Figure 

1.3B) (Ramelot, Cort et al. 2004). A recent study has shown that IscU is 

encountered in two forms: a structured (S) and a disordered (D), the inter-

conversion of these two forms happens either in the presence of Zn in the 

medium, which favored the S state, or the presence of the D39A mutation that 

favors the cluster binding (Kim, Tonelli et al. 2012). It is proposed that the D form 

of IscU is the substrate for IscS and upon the acquisition of the Fe2+/3+ it 

promotes assembly of a 2Fe-2S [WFU2]with the concomitant conversion from 
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the D to the S state. Interestingly enough the Zn atom is located in the exact 

same place that the Fe-S cluster would be assembled. Although structural 

analysis of different IscU proteins shows the presence of the Zn, the relevance of 

this metal coordination to the structure to whether it is physiological or artifactual 

remains a debate. While the zinc maintains the overall stability of the protein, it is 

not tightly bound to IscU, and it does not interfere in the assembly of the Fe-S 

cluster.   

 Following the cluster assembly step, the transfer of the cluster to a final 

target acceptor constitutes the final step on this pathway. It has been shown that 

IscU interacts with two chaperones, HscA and HscB, both present in the same 

operon as the other proteins from this machinery (Hoff, Silberg et al. 2000). In an 

ATP-dependent reaction, these chaperones increase the efficiency of cluster 

transfer by increasing the rate of cluster transfer by 20-fold (Agar, Zheng et al. 

2000; Bonomi, Iametti et al. 2008). HscA recognizes a specific site on IscU, the 

sequence motif LPPVK, and its interaction with the scaffold protein is mediated 

by the co-chaperone HscB through hydrophobic interactions (Chandramouli and 

Johnson 2006). The model by which chaperones influence the transfer of the 

cluster to apo-targets has been recently proposed based on kinetic and 

spectroscopic evidence on cluster assembly and transfer using variants of IscU 

containing amino acid substitutions within the LPPVK binding motif (Hoff, Silberg 

et al. 2000; Hoff, Cupp-Vickery et al. 2003). This work also showed that these 

chaperones interact with the isomers of IscU, lowering the binding affinity to the 

Fe-S cluster and favoring its transfer (Silberg, Hoff et al. 2001). Together, these 
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studies show that the assembly and transfer of Fe-S clusters happen in a 

concerted fashion between scaffold conformational states and chaperones 

interaction. 

  In the cellular environment, cluster delivery may require additional proteins 

that work as cluster carriers guaranteeing cluster transfer to its final destination. 

A-type carrier proteins were initially considered an alternate scaffold protein. 

Indeed Fe-S clusters could be reconstituted on A-type carriers in the presence of 

IscS, L-cysteine and ferric salt (Ollagnier-de-Choudens, Mattioli et al. 

2001).[WFU3] Moreover, the Fe-S clusters bound to A-type carriers could be 

transferred to different apoproteins, such as ferredoxin, a 2Fe-2S cluster protein, 

under reducing conditions (Ollagnier-De-Choudens, Sanakis et al.  2004). 

Similarly to IscU, IscA holds a cluster via three conserved cysteine residues 

(Krebs, Agar et al. 2001; Ollagnier-De Choudens, Nachin et al. 2003; Ollagnier-

De-Choudens, Sanakis et al. 2004). However its role as an Fe-S scaffold protein 

remains highly questionable due to three main reasons: 1) different from IscU the 

IscA protein could not interact with the cysteine desulfurase IscS (Shi, Proteau et 

al. 2010); 2) mutations on IscA failed to produce a phenotype and its 

overexpression did not overcome an IscU mutation (Tokumoto and Takahashi 

2001); and 3) in vitro studies showed that the cluster transferred occurred from 

IscU to IscA but not in the reverse order (Ollagnier-De-Choudens, Sanakis et al. 

2004; Chahal, Dai et al. 2009). Based on these observations the role of IscA was 

proposed to be iron donor (Ding, Clark et al. 2004; Ding, Smith et al. 2005). The 

new assumption did not seem vague due to the lack of identifiable iron donors, 
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but appeared inconsistent with the idea that IscA from different organisms could 

not hold an Fe-S cluster in vivo. In addition, a third hypothesis was put forward; it 

postulated that A-type proteins are Fe-S carriers, meaning that they are proteins 

that can capture pre-formed clusters and deliver them to apo-targets (Loiseau, 

Gerez et al. 2007; Gupta, Sendra et al. 2009). Supporting this last proposal are 

the lethal phenotypes associated with double deletions of IscA and SufA, along 

with essential growth phenotype under aerobic conditions of ErpA, the third A-

type carrier in E. coli (Loiseau, Gerez et al. 2007).  

The[WFU4] seventh participant of the isc operon within bacterial systems 

is IscR, an Fe-S cluster-containing transcription factor (Schwartz, Giel et al. 

2001). The iscR gene is the first gene of the isc operon coding for the 

biosynthesis of Fe-S clusters (Figure 1.1). IscR regulates the expression of the 

components involved in this pathway through a feedback mechanism. The Fe-S 

holo form of IscR is a repressor of the isc operon, while E. coli strains that lack 

iscR have increased expression of the operon as a whole (Schwartz, Giel et al. 

2001). Additionally, strains containing mutations of the Fe-S cluster assembly 

genes iscS or hscA also show a decreased repressor activity of IscR, supporting 

the proposed its auto regulatory mechanism as a strategy for controlling the 

intracellular levels of Fe-S clusters (Kiley and Beinert 2003).  

1.2.3 The Escherichia coli SUF system 

The unearthing of the E. coli SUF system transpired when Takahashi and 

co-workers observed residual activity of Fe-S enzymes in the absence of the 

entire ISC operon when compared to wild type (Takahashi and Tokumoto 2002). 
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The modest activity levels of Fe-S enzymes raised a question of the existence of 

an alternate assembly machinery. The discovery of the SUF system occurred 

upon isolation of pseudorevertants from a mutant strain lacking the components 

of the ISC machinery (Takahashi and Tokumoto 2002). Further, overexpression 

of this system fully recovered slow growth phenotype of the isc deletion strains. 

In addition this same group also observed that while deletion of the suf operon 

alone did not cause major cellular defects a double isc/suf knockout was lethal. 

Moreover, in subsequent studies, the SUF system for [Fe-S] cluster formation 

was revealed to serve as a backup mechanism to the ISC pathway in the 

presence of low iron concentrations and/or oxidative stress (Djaman, Outten et 

al. 2004; Outten, Djaman et al. 2004).  

The general path by which the SUF system mediates the assembly of Fe-

S clusters is fairly similar to that of the ISC system but it is conducted by 

phylogeneticly distinct proteins. The SUF system is divided into two sub-

complexes: the SE and the BCD (Figure 1.1). SufB on the BCD complex is 

thought to be the scaffold protein, since it binds a [4Fe-4S] cluster, and interacts 

with its paralog SufD of yet unknown function and the SufC protein, which has an 

essential ATPase activity (Saini, Mapolelo et al. 2010). The SE complex is 

responsible for providing the sulfur for the synthesis of Fe-S clusters. The 

cysteine desulfurase SufS, homologous to IscS, is responsible for mobilizing the 

sulfur from L-cysteine (Outten, Wood et al. 2003). The SufE protein mediates the 

sulfur transfer path from SufS to SufB (Chahal, Dai et al. 2009). It directly 

interacts with SufS to acquire the sulfur thus enhancing the cysteine desulfurase 
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activity of SufS up to 50 fold (Layer, Gaddam et al. 2007; Selbach, Pradhan et al. 

2013). Kinetic analysis conducted by our group has revealed that the persulfide 

sulfur transfer reaction between SufS and SufE is partially shielded from the 

environment (Selbach, Pradhan et al. 2013). The proposed protected mechanism 

for this reaction is adequately acceptable considering the fact that the SUF 

system is an alternate arrangement for the biosynthesis of Fe-S clusters upon 

cellular stress. Chapter 4 of this work provides a detailed description of the 

mechanism by which E. coli SufS catalyzes the transfer of sulfur from L-cysteine 

to SufE through a protected persulfide sulfur transfer.  

Site-directed mutagenesis and X-ray studies have shown that the 

persulfide is formed on Cys364 of SufS and transferred to Cys51 of SufE 

(Ollagnier-de-Choudens, Lascoux et al. 2003). SufE exhibits a structure similar of 

that of IscU, but lacks sequence features needed to bind a cluster or interact with 

HsbA/B (Goldsmith-Fischman, Kuzin et al. 2004). Despite that in vitro isolation 

and purification of two distinct protein complexes SE and BCD, they must interact 

in vivo, since BCD can further enhance the cysteine desulfurase activity of SE by 

30-fold (Selbach, Pradhan et al. 2013). Further work has shown that SufC is 

needed for the interaction between SufB and SE to occur; it has been suggested 

that the binding of SufC to SufB induces a conformational change that enables its 

interaction with the SE complex (Outten, Wood et al. 2003). Mass spectrometry 

analysis of SufB after incubation with SufS, SufE and L-cysteine showed the 

accumulation of up to seven sulfurs on SufB suggesting that the order of events 
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for the transfer of the sulfur occurs from free L-cysteine to SufS  SufE  SufB 

(Layer, Gaddam et al. 2007).  

The SufBCD complex is known to exist in the form of SufBC2D but other 

sub-complex arrangements can be formed with SufB, SufC and SufD (Wada, 

Sumi et al. 2009). These may represent different snapshots of the dynamic Fe-S 

cluster assembly process. For example, the SufB2C2 is further capable to 

assemble de novo Fe-S clusters on ferredoxin. This suggests that, among the 

different types of SufBCD complexes that can be formed, SufB2C2 is likely the 

final form of the Fe-S scaffold (Wada, Sumi et al. 2009). 

The SUF system also has a SufA protein, functionally redundant to IscA. 

Individual deletions show no phenotypes while a double sufA/iscA mutant was 

not viable under aerobiosis (Vinella, Brochier-Armanet et al. 2009). Moreover, the 

presence of a functional scaffold, SufB or IscU was found to be required for the 

function of these proteins, therefore demonstrating that scaffolds and A-type 

proteins and Fe-S cluster scaffolds do not fulfill the same function on the Fe-S 

biogenesis process. Taken together these results reinforce the proposal that A-

type proteins function as carriers in the Fe-S transfer relay in both ISC and SUF 

systems. 

1.2.4 The Escherichia coli CSD system 

In E. coli a third system has been identified, the CSD, originally identified 

as a potential Fe-S assembly pathway. The CSD system and the components of 

the SUF system share a high degree of homology. CsdA is a class II cysteine 

desulfurase, and possesses 45% identity with SufS. The csdA gene is located 



 

14 

upstream of the csdE gene, which shares 35% similarity with SufE. CsdA-CsdE 

and SufS-SufE both have very similar mechanisms. However, the biological role 

of the CsdE protein is yet to be determined. Deletion of both the CsdE and CsdA 

genes is not lethal, however it compromises growth fitness (Loiseau, Ollagnier-de 

Choudens et al. 2005). Increased concentrations of CsdE impact the sulfur 

transfer between CsdA and the SufBCDE in SufS deletion strains (Trotter, Vinella 

et al. 2009). Additional experiments with CsdE have also demonstrated that its 

presence is not mandatory for the transfer of sulfur from CsdA to CsdL, raising 

the question of its role in the pathway.  

Proteomic analysis has evidenced that CsdA not only interacts with its 

natural sulfur acceptors, CsdL and CsdE, but it can also work together with the 

SufE-SufBCD to assemble Fe-S clusters (Bolstad, Botelho et al. 2010). CsdA 

interacts with CsdE through an unknown sulfur transfer mechanism (Kim and 

Park 2013). Preliminary kinetic data described in chapter 5 have demonstrated 

that CsdE can enhance the cysteine desufurase activity of CsdA in the same 

manner as SufE further activates SufS.  

Located downstream of the csdAE operon is the csdL gene. The CsdL 

protein resembles E1-like proteins, found in ubiquitin-like modification systems. 

In E. coli, E1-like proteins are known to be sulfur acceptors for the formation of 

thiocarboxilates in addition to their ability to activate target proteins through C-

terminal adenylation. This evidence led scientists to believe that CsdL can serve 

for both functions, capable of activating its target protein through adenylation as 

well as acquiring sulfur. Ever since the identification of these three proteins, 
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studies have sought to characterize the CsdAEL sulfur trafficking pathway. The 

CSD proteins share a high degree of structural homology and are capable of 

performing functions analogous to the proteins in the E. coli SUF iron-sulfur 

biogenesis system, but this system lacks the proteins responsible for the 

assembly and trafficking of metal clusters. Because of that, it was hypothesized 

that the mechanism of sulfur transfer in the CSD system would be similar to the 

mechanism of sulfur transfer observed for the SUF system for the synthesis of a 

yet to be discovered compound.  

1.2.5 The Bacillus subtilis SUF system 

 While three Fe-S cluster assembly machineries have been encountered in 

Gram-negative bacteria, in Gram-positive organisms only one has been identified 

(Figure 1.1). The known system responsible for the biosynthesis of Fe-S clusters 

in Gram-positive bacteria lacks the canonical ISC orthologs but instead retains a 

SUF system. A high-throughput gene inactivation analysis established that suf 

genes are essential in B. subtilis (Kobayashi, Ehrlich et al. 2003), likewise the 

Mycobacterium tuberculosis sufB gene that could not be inactivated (Huet, Daffe 

et al. 2005). Additionally, halting of the Streptococcus thermophilus sufD gene 

resulted in a slow-growth phenotype under iron-limiting conditions (Thibessard, 

Borges et al. 2004). Several Gram-positive bacteria are the causative agent of 

numerous pathogenic diseases; for example the Methicillin-resistant 

Staphylococcus aureus (MRSA) is the major agent of nosocomial infection cases 

(Fischbach and Walsh 2009). Mycobaterium tuberculosis, the causative agent of 

tuberculosis is also considered a global health concern, due to the severity of its 
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infection it kills approximately 1.5 million people per year[WFU5]. Analysis of the 

genomic regions of the SUF system within various Gram-positive organisms 

shows high levels of identity (45-90%) amongst each other, indicating that they 

most likely use the same overall housekeeping mechanism for the assembly of 

Fe-S clusters (Figure 1.4).  

Recent, antibiotic interruption of the B. subtilis sufU gene led to the 

observation of diminished activities of different Fe-S enzymes, like succinate 

dehydrogenase and aconitase. The combination of these results to SufU’s 

capabilities to transiently accumulate iron and sulfide species and its ability to 

activate the eukaryotic Fe-S enzyme Leu1, the role of SufU as and Fe-S scaffold 

protein has been proposed (Albrecht, Netz et al. 2010).  

 Despite the name similarity to the E. coli SUF system involved in the Fe-S 

cluster assembly mechanism under oxidative stress and/or iron starvation, the B. 
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subtilis SUF possesses quite a few differences. Close inspection of the B. subtilis 

suf gene region reveals a different genomic organization (Figure 1.4). First, the 

Bs-sufBDC genes, whose products are similar to the E. coli SufBCD, are not 

transcribed in a continuous sequence within the operon, suggesting that these 

differences to the complex formation might occur during Fe-S cluster formation. 

Second, Fe-S clusters assembly may involve the Bs-SufU-type protein and not a 

SufA-type carrier responsible for the cluster transfer to its target apo-protein. 

Third, the sulfur mobilization catalyzed by Bs-SufS does not involve a SufE sulfur 

acceptor, which is crucial for sulfur transfer reactions in other systems. B. subtilis 

and other Gram-positive species do not carry a sufE ortholog gene in its operon 

nor anywhere else in its genome; instead they display a pattern of co-evolution of 

sufS and sufU.  

 SufS is a PLP-dependent cysteine desulfurase, like the previously 

described IscS and NifS (Zheng, White et al. 1993; Zheng, Cash et al. 1998). It 

catalyzes the sulfur transfer from L-cysteine through the formation of a Schiff 

base forming L-alanine and a covalently bound persulfurated SufS. Unlike E. coli 

IscS, SufS is exclusively devoted to the mobilization of sulfur for the biosynthesis 

of Fe-S clusters. Our group has characterized the kinetic mechanism by which 

SufS transfers the sulfur to its sulfur acceptor molecule SufU as a tetra-uni-

double displacement mechanism, discussed in detail in chapter 2. Further 

experiments were carried out to characterize the zinc-dependent 

sulfurtransferase SufU, the u-type scaffold protein that is mainly involved in sulfur 

mobilization and not assembly of Fe-S clusters as previously reported. Similarly 
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to IscU, SufU contains a zinc ion, which is also coordinated by the protein’s 

active site residues (Figure 1.3A). However in the B. subtilis SufU this zinc is 

tightly bound to the active site and does not seem to be removed, not even under 

Fe-S cluster assembly conditions. On the contrary, the B. subtilis SUF system 

also comprises the SufBCD complex, which may function equally to the same 

found in E. coli, where the protein responsible for the assembly of Fe-S clusters 

is SufB. Despite the high amino acid sequence similarity it possess towards the 

E. coli IscU and structural homology identity when compared to the E. coli SufE 

(Figure 1.3C), we hypothesize that SufU is an example of the participation of 

metals in biology promoting convergent evolution. The evidence to support this 

hypothesis is presented in chapter 3 of this thesis.  

1.3 Cysteine Desulfurases 

How Gram-positive bacteria mobilizes sulfur from L-cysteine not only for 

the synthesis of Fe-S clusters but for the formation of the different thio-cofactors 

starts with the understanding of how cysteine desulfurases catalyze these 

reactions. Kinetic analysis of class II B. subtilis SufS (Chapter 2) and its sulfur 

acceptor SufU prompted us to investigate the mechanism of the other two 

identified class II cysteine desulfurases in E. coli, SufE (Chapter 4) and CsdE 

(Chapter 5). Despite their similar functionality, the mechanism by which each one 

of them shuttles the sulfur within the cell varies. Chapters 4 and 5 will discuss in 

detail how E. coli SufS and CsdE, respectively, catalyzes sulfur mobilization 

reactions. Cysteine desulfurases are the primary sources of sulfur that can 

eventually be used for Fe-S biogenesis or thiolation of various cofactors and 



 

19 

tRNA (Kessler 2006). All cysteine desulfurases described to date activate sulfur 

through a pyridoxal-5-phosphate (PLP) enzymatic mechanism. This reaction 

occurs by two committed steps. First the substrate cysteine is activated through 

the formation of a Schiff base with the PLP cofactor, which allows the 

nucleophilic attack of the protein’s conserved cysteine residue onto the cysteine 

thiol, followed by the cleavage of the C-S bond (Figure 1.5) (Behshad and 

Bollinger 2009). The second step is commanded by the nature of the sulfur 

accepting molecule, which, in some cases dictates the rate limiting step of the 

catalyzed reaction. This process activates the sulfur through formation of a 

persulfide bond in the enzyme’s active site cysteine (R-S-SH) and the release of 

alanine (Tirupati, Vey et al. 2004). Cysteine desulfurases in their persulfurated 

forms serve as a sulfur carrier and donor to various cellular targets. The 

subsequent release, as SH- or So, is at the interface of several metabolic 

pathways that include the synthesis of several thio-cofactors such as Fe-S 

clusters, molybdenum cofactor, thiamin, biotin, lipoic acid, and thionucleosides 
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(Mueller, Palenchar et al. 2001; Kessler 2006). This sulfur activation process is 

an elegant metabolic strategy for trafficking sulfur in non-toxic forms. Although 

the identity of thio-molecules that receive the sulfur from cysteine desulfurases is 

known, the biochemical step for the sulfur incorporation into these different 

molecules is not well understood.  

Dean and co-workers have made substantial contributions to advance the 

field of sulfur trafficking. The discovery of the nifS gene, which is part of the 

nitrogen fixation (nif) gene cluster in Azotobacter vinelandii was the first cysteine 

desulfurase gene to be revealed (Zheng, White et al. 1994). Biochemical analysis 

showed that NifS is a homodimeric, PLP-dependent enzyme that provides the 

inorganic sulfide required for the nitrogenase metallocluster assembly. IscS, a 

homolog of NifS was also identified in A. vinelandii and named for its proposed 

role in general iron sulfur cluster biosynthesis. Unsuccessful attempts to delete 

the iscS gene in A. vinelandii suggest that it is required for viability of the 

bacterium. Therefore, IscS is known to play a pivotal role in Fe-S cluster 

assembly, whereas NifS specializes in the maturation of nitrogenase.  

Amino acid sequence alignments of different cysteine desulfurases 

allowed for the identification of signature motifs and for the assignment of 

conserved residues involved in catalysis. The presence of a lysine that forms a 

Schiff base with the PLP cofactor during resting state and a conserved catalytic 

cysteine involved in the transient persulfide formation are all characteristics that 

are common to all cysteine desulfurases identified to date. Based on these 

primary sequence alignments, Mihara and Esaki were able to classify them into 
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discrete groups of cysteine desulfurases: I - including NifS and IscS and II - 

including SufS and CsdA (Table I.I) (Mihara and Esaki 2002; Hidese, Mihara et 

al. 2011). Signature motifs, particular to each group, in their tertiary structural 

context have provided insight for their catalytic differences and specific 

interactions to various sulfur acceptors. IscS amino acid [WFU6] sequence 

includes a motif unique to only group I cysteine desulfurases, which forms a 

structural flexible loop containing the active site catalytic cysteine (Figure 1.6A) 

(Mihara and Esaki 2002). This feature allows the movement of the persulfide 

sulfur away from the PLP active site to favor interactions with a variety of sulfur 

partners. In contrast, a shorter and structurally defined loop has been observed 

for the E. coli and Synechocystis SufS enzymes, characterized as class II 

cysteine desulfurases (Figure 1.6B). A shorter, rigid loop can potentially impede 

the nucleophilic attack of the catalytic cysteine residue onto the substrate 

cysteine thiol. The lack of the loop flexibility could also perturb the subsequent 

delivery of the sulfur to acceptor molecules. The low catalytic rates observed for 

group II cysteine desulfurases is explained by the structural loop stiffness during 

the sulfur transfer to its specific acceptor molecule.  
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Fascinatingly, in most members of the group II cysteine desulfurases, the 

activity levels are dramatically enhanced in the presence of a specific E-type 

sulfur acceptor (either SufE or CsdE). The mechanism by which E-type acceptors 

enhance the activity of group II enzymes was not fully understood until now. This 

feature appears to be enzyme/protein specific - cross reactivity amongst sulfur 

donors and acceptors has not been observed, e.g. SufE is unable to stimulate 

activity of IscS or NifS, neither is CsdE able to stimulate SufS or IscS.  

Our mechanistic studies with B. subtilis SufS raised the question of 

whether the sulfurtransferase mechanism is universal to all cysteine 

desulfurases. Apart from SufS, the genomic location of the other cysteine 

desulfurases suggest the identity of their specific sulfur acceptor molecules 

(Figure 1.7). For example, nifZ is located adjacent to thiI. In Gram-negative 

organisms, ThiI is involved in the biosynthesis of two sulfur-containing 

biomolecules, thiamin and 4-thiouridine on U8 of tRNAs (Palenchar, Buck et al. 
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2000). In B. subtilis NifZ is the cysteine desulfurase responsible for the 

mobilization of sulfur from cysteine to ThiI, which is involved in the formation of 

s4U but not required for thiamine synthesis (Rajakovich, Tomlinson et al. 2012). 

Similarly to NifZ, Yrvo is proposed to catalyze the sulfur mobilization to MnmA for 

the incorporation into thio-nucleosides, like s2U (Kambampati and Lauhon 2003). 

On the other hand, NifS, known to be required for growth in the absence of 

nicotinic acid is located downstream of its partner proteins, NadACB (Sun and 

Setlow 1993). Neither precursor nicotinic acid nor the final cofactor NAD are 

sulfur containing biomolecules, but the biosynthetic enzyme quinolinate synthase 

(NadA) is a 4Fe-4S cluster-containing enzyme. The general or specific 

involvement of other cysteine desulfurases in the biosynthesis of S-containing 

cofactors remains unexplored. Due to the fact that Gram-positive bacteria lack a 

promiscuous type of cysteine desulfurase like IscS led to the hypothesis that in 

these organism there must be specialized cysteine desulfurases responsible for 

the mobilization of the intracellular sulfur. Using B. subtilis as a model, permitted 
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us to explore the mechanism by which these different specialized cysteine 

desulfurases catalyze the sulfur transfer to its sulfur acceptor protein.  

This thesis addresses many of the unanswered questions within the field 

regarding cysteine desulfurase mechanism and the functionality of the different 

sulfur acceptor molecules. Chapters two and three will discuss in details the 

kinetic mechanism of the B. subtilis cysteine desulfurase SufS and its Zn-

dependent sulfur transfer SufU. The methodologies developed during my Ph.D. 

studies has enabled us to advance our knowledge on the mechanisms of 

cysteine desulfurases not limited to the B. subtilis enzymes, but also to enzymes 

present in other systems. Chapters four and five expand this kinetic and 

mechanistic approach on the characterization of two other bacterial class II 

cysteine desulfurases involved in the biosynthesis of Fe-S clusters, the E. coli 

SufS and CsdA.  
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Abstract 

Cysteine is the major sulfur donor for thio-cofactors in bacterial and 

eukaryotic systems. The first step in sulfur mobilization involves a PLP-

dependent enzymatic mechanism. During catalysis, free cysteine is converted 

into alanine with the concomitant formation of a persulfide bond with the catalytic 

cysteine residue, thus forming a covalent enzyme intermediate. Cysteine 

desulfurases in their persulfurated forms serve as donors at the intersection of 

various cellular sulfur-requiring pathways. Most Gram-positive bacteria including 

Bacillus subtilis contain a cysteine desulfurase gene sufS located adjacent to the 

gene encoding the proposed Fe-S cluster scaffold SufU. In this work, we 

identified the participation of SufU as a substrate in the SufS catalytic 

mechanism. Development of a sensitive method for detection of alanine formed 

in the SufS reaction enabled the identification of its associated mechanistic 

features. Steady-state kinetic analysis of alanine formation provided evidence for 

a double displacement mechanism (Ping-Pong) of the cysteine:SufU 

sulfurtransferase reaction catalyzed by SufS. Results from site-directed 

mutagenesis of the catalytic cysteine (SufSC361A) and iodoacetamide alkylation of 

SufU support the occurrence of persulfide sulfur transfer steps in the mechanism 

of SufS.  
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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 far from understood. However, cysteine is well established as the 

major source of sulfur for thio-cofactors (Mueller 2006) and the initial step in 

sulfur mobilization uses a pyridoxal-5-phosphate (PLP) enzymatic mechanism. 

Free cysteine binds to the cysteine desulfurase PLP cofactor, to form a PLP-

cysteine adduct. The sulfur atom of the substrate cysteine is attacked by the 

deprotonated thiol group of a cysteine residue at the enzyme’s active site. This 

event results in the activation of the sulfur through formation of a persulfide bond 

(R-S-SH) and the release of alanine. Cysteine desulfurases in their persulfurated 

forms serve as sulfur carriers and donors to various cellular targets This sulfur 

activation process is an elegant metabolic strategy for trafficking sulfur in non-

toxic forms and for the provision of SH- or So at the interface of several metabolic 

pathways including the synthesis of several thio-cofactors such as [Fe-S] 

clusters, molybdenum cofactor, thiamin, biotin, lipoic acid, and thionucleosides 

(Mueller 2006; Ayala-Castro, Saini et al. 2008).  

Sequence analysis of cysteine desulfurases has identified signature motifs 

and conserved residues involved in catalysis. To date, all cysteine desulfurases 

contain a conserved lysine that forms a Schiff base with the PLP cofactor in the 

resting state and a conserved catalytic cysteine involved in transient persulfide 
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formation. Based on sequence alignments, Mihara and Esaki identified two 

distinct groups of cysteine desulfurases: group I - NifS and IscS and group II - 

SufS and CsdA (Mihara and Esaki 2002). Group-specific signature motifs in their 

tertiary structural contexts provide a rationale for their catalytic differences and 

for their specific interactions between cysteine desulfurases and sulfur acceptors. 

For example, IscS includes a conserved sequence motif that forms a flexible loop 

containing the catalytic cysteine unique to only group I (Cupp-Vickery, Urbina et 

al. 2003). This structural feature allows for the molecular movement of the 

persulfide sulfur away from the PLP active site in order to favor interactions with 

various sulfur partners. Alternatively, group II cysteine desulfurases have been 

shown to contain a shorter, more structurally defined loop as found in the E. coli 

and Synechocystis SufS enzymes (Fujii, Maeda et al. 2000; Tirupati, Vey et al. 

2004).  

The rate-limiting step in the group II cysteine desulfurase reaction has 

been proposed to be the cleavage of the C-S bond of the cysteine substrate 

(Tirupati, Vey et al. 2004). This step involves concomitant formation of the 

persufide bond with the catalytic cysteine thiol group (Zheng, White et al. 1994). 

The shorter and structured loop present in group II cysteine desulfurases may 

potentially hinder the nucleophilic attack of the catalytic cysteine onto the 

cysteine substrate thiol. Additionally, the lack of loop flexibility is hypothesized to 

perturb the subsequent delivery of the sulfur to acceptor molecules. The low 

specific activity of E. coli SufS (15-25 nmol of S2-.min-1.mg-1) (Mihara, Kurihara et 

al. 2000; Outten, Wood et al. 2003) may be explained by the stiffness of this 
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structural loop during cleavage of the C-S bond and/or sulfur transfer to acceptor 

molecules.  

Interestingly, in most members of the group II cysteine desulfurases, the 

activity is enhanced in the presence of a specific E-type sulfur acceptor (eg. SufE 

(Outten, Wood et al. 2003) and CsdE (Loiseau, Ollagnier-de Choudens et al. 

2005) enhanced 8 and 2.5 fold the activity of SufS and CsdA respectively). The 

mechanism by which E-type acceptors enhance the activity of group II enzymes 

is not fully understood. This feature appears to be enzyme-specific as cross-

reactivity among sulfur donors and acceptors has not been observed. That is, 

SufE was unable to stimulate the activity of IscS or NifS (Outten, Wood et al. 

2003), nor CsdE to stimulate SufS or IscS (Loiseau, Ollagnier-de Choudens et al. 

2005). Nevertheless, sulfur-acceptor activity enhancement does not appear to be 

limited to group II cysteine desulfurases, since it has been shown that one 

equivalent of IscU can stimulate the activity of the group I IscS six-fold (~100 to 

600 nmol of S2-.min-1.mg-1) (Kato, Mihara et al. 2002). 

Despite the similarities in structure and in the general chemistry involving 

the cysteine-PLP dependent formation of a persulfide bond, cysteine 

desulfurases are markedly distinct in their subsequent sulfur-transfer reactions. 

Substantial progress has been made in the identification of immediate sulfur 

acceptors and other pathway components involved in the synthesis of sulfur-

containing cofactors. However, the unique features of cysteine desulfurases that 

dictate acceptor specificity and their distinct sulfurtransferase mechanisms have 

not been fully explored.  
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Structural and functional studies of group I and group II enzymes have 

identified key residues that participate in sulfur transfer. Insights into specific 

sites of interaction between cysteine desulfurases and sulfur acceptors have 

been identified through an amino acid substitution approach with IscS (Nilsson, 

Lundgren et al. 2002; Lauhon, Skovran et al. 2004; Shi, Proteau et al. 2010). 

These studies targeted the identification of specific residues that interact with 

sulfur acceptors as well as the effects of substitutions on tRNA thiolation and Fe-

S cluster formation. Due to the involvement of IscS in many sulfur-transfer 

reactions, its inactivation causes pleiotropic metabolic defects which pose a 

technical challenge for the study of intracellular IscS:protein interactions 

(Schwartz, Djaman et al. 2000; Tokumoto and Takahashi 2001; Lauhon 2002). 

The Gram-positive model organism B. subtilis does not contain the 

canonical ISC system, composed of IscS and other Isc partners (IscU, IscA, 

HscBA, and Fdx). Instead, its genome encodes for four group I (YrvO, NifS, NifZ, 

YcbU) and one group II (SufS) cysteine desulfurases. Their genomic locations 

suggest their functional participation in specific sulfur-dependent biochemical 

pathways. For example, the only group II cysteine desulfurase gene is located in 

the essential sufCDSUB transcriptional unit. Antibiotic insertional disruption of B. 

subtilis sufU dramatically affects the activity of the Fe-S enzymes aconitase and 

succinate dehydrogenase (Albrecht, Netz et al. 2010). Due to its ability to 

accumulate transient labile Fe-S species and to activate a eukaryotic Fe-S 

enzyme (Leu1), SufU has been proposed to be an Fe-S cluster scaffold. The 

involvement of SufU in Fe-S metabolism and the apparent absence of genes 
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encoding an additional Fe-S biosynthetic system led to the proposal that SufU is 

involved, along with SufC, SufD, SufS, and SufB, in the housekeeping formation 

of Fe-S clusters. In this system, SufC, SufD, and SufB show high levels of 

sequence identity to the SufBCD complex of E. coli, the function of which has 

been implicated in sulfur mobilization via interaction with SufE (Layer, Gaddam et 

al. 2007), and in [Fe-S] cluster assembly (Chahal, Dai et al. 2009). Lastly, it has 

been shown that SufS is a cysteine desulfurase and that its activity is enhanced 

in the presence of SufU (Albrecht, Netz et al. 2010). 

Genome scanning of 100 Gram-positive bacterial species has revealed 

that 81 species contain gene products with sequence similarity to sufU (PDS 

unpublished results). In all these cases, sufS was the preceding gene. For Bacilli 

(sufCDSUB), Actinobacteria (sufRBD(fdx)CSU) and Clostridia species (sufRSU-

mnmA), the sufSU gene pair is located adjacent to other Fe-S or sulfur-cofactor 

biosynthetic genes. Although several members of the group II cysteine 

desulfurases work in a specific and concerted manner with E-type proteins, none 

of these Gram-positive species contain a locus encoding either SufE or CsdE. 

Conversely, the genes encoding this sub-type of group II cysteine desulfurases 

found in Gram-positive organisms show a pattern of co-evolution with sufU. This 

observation led to the hypothesis that SufU is the specific sulfur acceptor of SufS 

in Gram-positive bacteria. In this study we investigated the interactions and 

reactivity of B. subtilis SufS and the participation of SufU as a substrate in the 

catalytic Ping-Pong mechanism of SufU:cysteine sulfurtransferase reaction of 
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SufS. Additionally, a sensitive and affordable method for detection of 

enzymatically-produced alanine was developed. 

 

Experimental Procedures 

Materials  

Restriction enzymes were purchased from New England Biolabs. 

Reagents were purchased from Fisher, unless specified. Bacillus subtilis 

PS832(Corfe, Moir et al. 1994) was a gift from Dr. D. Popham and Escherichia 

coli CL100 (Lauhon and Kambampati 2000) was a gift from Dr. T.J. Larson.  

Plasmid construction and site-directed mutagenesis  

All genes were amplified from B. subtilis PS832 chromosomal DNA. 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 

were confirmed by DNA sequence (Wake Forest DNA Sequencing Laboratory). 

The 1690 bp sufSU fragment engineered with 5′ NdeI – 3′ BamHI was cloned into 

the 5′ NdeI – 3′ BglII sites of pDB1588 (Dos Santos, Johnson et al. 2007), 

previously digested with the same enzymes, to obtain pDS2. Plasmid pDS2 was 

digested with 5′NcoI – 3′KpnI and the isolated fragment was cloned into the NcoI-

KpnI sites of pBad, placing sufSU under arabinose control, and obtaining pDS34. 

Plasmid pDS63 is the 5′NcoI – 3′XhoI engineered 444 bp fragment of sufU 

ligated into pET28A(+)(Novagen®) in frame for histidine tag expression at the 3′ 

end, and puts sufU under lactose control. Plasmid pDS69 contains a codon 
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substitution on pDS34 at position 361 of the sufS gene, Cys (TGT)  Ala (GTC). 

Plasmid pDS72 was obtained by a codon substitution on pDS34 at position 128 

of the sufU gene, Cys (TGT)Ala (GTC). The amino acid substitutions were 

performed by QuickChange Site-Directed Mutagenesis Kit (Stratagene) as 

specified by the manufacturer. 

Protein expression and purification  

The expression of the constructs pDS34 (SufSU), pDS69 (SufSC361AU) 

and pDS72 (SufSUC128A) was accomplished by transforming each plasmid into E. 

coli CL100 competent cells and selecting on LB agar plates containing ampicillin 

50 µg.µL-1. Single colonies were used to inoculate 500 mL of LB medium with the 

same antibiotic concentration as the solid medium and outgrown overnight (16 h) 

at 30˚C in the presence of L-arabinose (0.2%). The cells were then harvested by 

centrifugation at 6000 g for 10 min and stored at -20˚C.  

Cells were resuspended (3 mL per gram of cell – wet weight) in 25 mM 

Tris-HCl pH 8 (buffer A), then lysed by a single passage through a high pressure 

cell disrupter (French Press) at 12 kpsi and centrifuged at 12,800 g for 20 min to 

remove cell debris. The supernatant containing soluble protein was incubated 

with 1% (w/v) of streptomycin sulfate for 30 min and centrifuged at 12,800 g for 

20 min. The treated supernatant was then loaded onto a fast protein liquid 

chromatography system (FPLC) (GE Healthcare) equipped with a Q-Sepharose 

fast flow column (GE Healthcare) pre-equilibrated with buffer A. The column was 

washed with 5 column volumes of buffer A and the bound material was eluted 

with a linear gradient (0-70%) of 20 column volumes of 25 mM Tris-HCl pH 8, 1 
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M NaCl (buffer B). The required amount of buffer B to displace the protein from 

the column was 30% for SufSU and SufSC361A-SufU and 45% for SufS. The 

fractions containing the desired protein(s) were pooled and concentrated prior to 

gel filtration using Sephacryl S-200 (GE Healthcare). For concentration purposes, 

the sample was diluted 5-fold with buffer A and then passed through a Q-

sepharose fast flow column pre equilibrated with the same buffer and quickly 

eluted from the column with 50% buffer B, which removed all bound sample at 

once. The sample was instantly loaded onto a gel filtration, pre-equilibrated with 

buffer A. Pure sample fractions were pooled, frozen in liquid nitrogen and stored 

at -80˚C. SufSU (pDS34) and SufSC361AU (pDS69) were both isolated as a 

complex. SufS was isolated and purified from SufU when expressed by the 

modified plasmid pDS72 (SufSUC128A).  

The pDS63 (SufUHis6) plasmid was transformed into E. coli BL21(DE3) 

cells and selected on LB agar plates containing kanamycin at 40 µg.µL-1. Single 

colonies were used to inoculate 500 mL of LB medium with the same antibiotic 

concentration as the solid medium, and grown at 37˚C until it reached OD600 = 

0.7. Lactose (0.2%) was added for further growth at 30˚C for 4 h. Cells were 

harvested by centrifugation at 6000 g for 10 min and stored at -20˚C. The cell 

pellets were resuspended in 25 mM Tris-HCl pH 8, 0.2 M NaCl (buffer C) and 

disrupted as described above, followed by centrifugation at 12800 g for 20 min to 

remove the cell debris. The supernatant was loaded onto a FPLC IMAC-Ni2+ (GE 

Healthcare) column and washed with 5 column volumes of buffer C. The bound 

proteins were eluted through a step gradient (5% and 15%) of 25 mM Tris-HCl 
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pH 8, 0.2 M NaCl , 500 mM imidazole (buffer D). SufU was displaced from the 

column at 15% buffer D. Fractions containing SufU were pooled, diluted 5-fold, 

and then loaded onto a FPLC Q-Sepharose fast flow column, which was pre 

equilibrated with buffer A. The column was washed with 5 column volumes of 

buffer A and the bound sample was eluted through a linear gradient (0-70%) of 

20 column volumes of buffer B. SufU was displaced from the column when the 

concentration of B reached 45%. The pure sample fractions were pooled, frozen 

in liquid nitrogen and stored at -80 ˚C. Elution profiles were followed at 280 nm. 

All of the protein purifications were monitored by SDS-PAGE (Laemmli 1970), 

and the protein concentrations were determined by the method of Bradford et al 

(Bradford 1976), using BioRad protein assay kit and bovine serum albumin as 

standard. Pyridoxal-5’-phosphate bound to SufS was quantified as described 

previously (Wada and Snell 1962). 

Determination of native molecular mass 

The molecular mass of the native homogenous proteins were estimated 

by gel-filtration chromatography on a Superose 12 10/300 GL column (GE 

Healthcare). Samples were eluted from the column with 25 mM Tris–HCl 

containing 0.2 M NaCl, pH 7.4, at a flow rate of 0.4 mL.min-1. The eluted samples 

were monitored at 280 nm and the column was calibrated with the following 

protein standards (GE Healthcare): aprotinin (6500 Da), ribonuclease A (13,700 

Da), carbonic anhydrase (29,000 Da), ovalbumin (43,000 Da) and conalbumin 

(75,000 Da). Blue Dextran 2000 was used to determine the void volume (V0). 

The Kav value was calculated for each protein using the equation (Ve - V0)/(Vt - 
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V0), where Ve is the elution volume for the protein and Vt is the total bed volume, 

and Kav was plotted against the logarithm of standard molecular weights.  

Cysteine desulfurase assay  

Cysteine desulfurase activity was determined by quantifying the amount of 

sulfide and alanine produced in the assay. Sulfide production was determined by 

N,N-dimethyl-p-phenylenediamine sulfate (DMPD) and FeCl3 as previously 

described (Siegel 1965; Chen and Mortenson 1977). Assays (800 μL) were 

carried out in presence of 0.01 mg of SufS (0.27 µM final concentration) in 50 

mM MOPS pH 7.4. Substrate saturation curves were determined by varying 

concentrations of cysteine (0.0125 – 0.5 mM) against a fixed concentration of 

SufU (1.3 μM) and varying concentrations of SufU (0.0013 – 0.020 mM) against 

fixed concentration of cysteine (0.05 mM). Initial velocity was derived from the 

slope of a plot of [product] versus time using 4 time points (0, 3, 6, and 9 min). 

Alanine production was measured through High Performance Liquid 

Chromatography (HPLC) (Waters) coupled with a fluorescence detector, using 

the assay mixture described above. For every time point, 100 μL aliquots from 

the assay were mixed with 20 μL of 10% trichloroacetic acid (TCA), then a 1 mL 

of a fresh mix that contained 0.1 mM naphthalene-2,3-dicarboxaldehyde (NDA) 

(AnaSpec Inc.) and 1mM KCN in 100 mM borate buffer pH 9 was added. After 1 

hr incubation the samples were analyzed by HPLC and the alanine detected by 

fluorescence. Ten microliters of sample were injected onto a Zorbax SB C18 

column (Agilent) at a flow of 0.5 mL.min-1 with a isocratic solvent system of 55% 

methanol with 45% 10 mM ammonium acetate (pH 6) for 8 min, with the alanine-
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NDA peak eluting at 6 min. The fluorescence peak corresponding to the Ala-NDA 

was integrated and a standard curve was used to convert the area under the 

peak to the concentration of alanine produced. In these assays at least 3 time 

points (1, 2 and 4 min) were used to calculate the cysteine desulfurase activity 

given by slopes of nmol of alanine produced overtime. The steady-state kinetic 

parameters were determined by varying concentrations of cysteine (0.0125 – 0.5 

mM) against several fixed concentrations of SufU (0.0013 – 0.020 mM).  

Assays in the absence of the second substrate (SufU) were also 

performed. The experiment consisted of individual reaction mixes that contained 

2.7 µM of SufS and 0.5 mM L-cysteine, carried out in the presence and absence 

of 5 mM DTT. Time points were measured throughout the experiment (10-1500 

sec) and time zero was determined by adding 20 μL of 10% TCA prior to 0.5 mM 

cysteine.  

Pyruvate formation was quantified through a reaction catalyzed by lactate 

dehydrogenase in the presence of NADH (Zheng, White et al. 1993). The 

reaction was monitored at 340 nm (340= 6220 M-1.cm-1) and the amount of 

pyruvate present was determined by the amount of consumed NADH.  

Alkylated SufU assays 

SufU or BSA was incubated with 5 mM iodoacetamide for 1hr in the dark. 

Five hundred microliters of the reaction was then dialyzed for 2 hrs against 1.5 L 

of 25 mM Tris-HCl pH 8 to stop the reaction and to remove excess reagent. 

Alkylated SufU or alkylated BSA were added to the standard assay (800 μL) in 

different concentrations (0 μM – 5.5 μM), in the presence of 0.27 µM SufS, 0.5 
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mM cysteine and 13.75 μM of SufU. The activity was calculated and plotted 

against the concentration of alkylated SufU.  

 

Results 

Interactions between SufS and SufU  

One step co-purification of SufS and SufU was accomplished when pBAD-

sufCDSUB (pDS40) or pBAD-sufSU (pDS34) expression was carried out in E. 

coli CL100 cells (Figure 2.1A). Considerably higher levels of expression were 

observed using the CL100 host strain compared to E. coli TBI, BL21(DE3)-C41, 

or JM109 strains. Although the basis for higher expression levels was not 

determined, it is worth noting that CL100 has a iscS, Ara- genotype. Soluble 

extracts containing SufS-SufU or SufCDSUB from expressing cultures were 
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subject to anion-exchange chromatography resulting in co-elution of SufS and 

SufU. Due to the sequence similarities between B. subtilis SufS and E. coli SufS, 

control experiments included parallel purification from crude extracts of E. coli 

CL100 cells containing pBad (empty vector) or the inactive SufSC361A-SufU 

(pDS69). Using the same purification protocol as described for isolation of SufS-

SufU, the corresponding fractions showed no cysteine desulfurase activity, 

indicating the absence of significant amounts of E. coli SufS contaminating the 

purified sample (data not shown).  

Subsequent gel filtration chromatography resulted in a single broad peak 

of corresponding molecular mass of 108 kDa (Figure 2.1A, lane 2 and Figure 

2.1B). Due to the very similar elution volumes of the SufS and the SufS-SufU 

fractions, it is possible that the SufS-SufU contains excess free SufS. No peak 

associated with free SufU was observed, indicating that in the SufS-SufU 

fraction, all SufU was associated with SufS. SDS-PAGE analysis using purified 

SufS, SufU and SufS-SufU fraction suggested that an apparent stoichiometry 

ratio of 2:1 for the SufS:SufU fraction.  

The interaction between SufS and SufU was not disturbed by various 

treatments of crude extracts prior to purification. Anaerobic pre-incubation of 

SufS-SufU crude extracts with 1 mM DTT, 5 mM cysteine and 5 mM ferrous 

ammonium sulfate in various combinations affected the overall Q-Sepharose 

chromatography profile, but it did not change the elution or purity of the SufS-

SufU containing fractions after purification (Figure 2.2). Under anoxic condition, 

incubation with all three ingredients yielded dark blackish extracts prior to anion-
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exchange chromatography, with no Fe-S cluster species being trapped in the 

purified samples (data not shown). Albrecht and collaborators showed the 

isolation of Fe-S cluster-loaded SufU upon incubation with iron, cysteine and 

catalytic amounts of SufS, followed by 

isolation through a desalting column 

(Albrecht, Netz et al. 2010). In our 

experiments, it is possible that the 

presence crude extract components or the 

excess SufS in the reaction mixture 

causes dissociation of Fe-S species from 

SufU during purification through a 

positively charged resin. 

Although we observed co-elution of 

SufS-SufU in several independent 

purifications, the stoichiomety of this 

apparent complex seemed to vary slightly 

among preparations, indicating the dynamic nature of SufS-SufU interactions. 

When SufS and SufUhis6 were expressed individually, they eluted as two distinct 

peaks in the gel filtration chromatogram corresponding to mass values of 88 and 

24 kDa, respectively. While SufS calculated mass corresponded to a dimer (90 

kDa), SufU estimated mass was between the expected size of a dimer (32 kDa) 

and a monomer (16 kDa). The gel filtration profile did not change when the 

proteins were mixed prior to gel filtration (Figure 2.1B). Whether the co-
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expression and co-purification of SufS-SufU was necessary for trapping the 

SufS-SufU complex or if the his-tag on SufU disturbed these interactions has not 

been determined. Nevertheless, cysteine desulfurase assays of the SufS-SufU 

fraction and SufS incubated with similar amounts of SufUhis6 showed comparable 

activity (described below), indicating that SufU and SufUhis6 are both equally 

competent for participation in the cysteine desulfurase reaction (Figure 2.3). 

While co-expression of the wild-type SufS-SufU proteins resulted in their 

co-purification, co-expression of SufS with the variant SufUC128A (E. coli CL100 

transformed with pDS72) resulted in two distinct fractions for SufUC128A and SufS 

(Figure 2.1A, lane 1 shows the SufS fraction). The complex dissociation caused 
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by the substitution at the conserved Cys 128 led to the hypothesis that the 

complex may be held together through a reductively protected disulfide bond 

between SufUC128 and SufSC361. However, this proposal was ruled out by an 

experiment that involved the co-expression and co-purification of the SufSC361A-

SufU “complex”, indicating that the dominant complex interaction does not 

involve the SufS active site C361 residue. 

SufU as a substrate of SufS 

The catalytic rate of cysteine desulfurization by the SufS-SufU complex in 

the presence of cysteine and DTT was determined to be 18 nmol of S2-.min-1.mg-

1. The addition of 5 equivalents of SufU to the assay containing the SufS-SufU 

complex showed more than ten-fold increase in activity (from 18 to 240 

nmols.min-1.mg-1) (Figure 2.3). This initial observation prompted us to determine 

the activity levels of SufS in the absence of SufU. In agreement with previous 

report (Albrecht, Netz et al. 2010), SufS showed very modest activity (7 

nmols.min-1.mg-1) when incubated in the presence of cysteine and DTT. Addition 

of 0.5 equivalent of SufU (approximately equivalent to the amount of SufU in the 

SufS-SufU fraction) increased SufS activity to 25 nmol of S2-.min-1.mg-1, 

indicating comparable activation of SufS by SufU isolated with SufS (SufU-SufS 

fraction) or purified separately (SufUhis6). The stimulation of SufS activity by SufU 

suggests that SufU is an active participant in the catalytic mechanism of SufS.  
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The increase in cysteine desulfurase activity upon incubation with SufU 

may be explained by at least three mechanisms: 1) the formation of a 

heteromeric catalytic complex, 2) the involvement of SufU as an allosteric 

regulator of SufS, and 3) the involvement of SufU as a substrate of SufS in a 

bisubstrate reaction. If SufS-SufU forms a catalytic two-component system (first 

model), titration of SufU would display first-order kinetic behavior up to the 

optimum complex stoichiometry, followed by a zero-order kinetic profile. 

Alternatively, if SufU acts as an allosteric regulator (second model), titration of 

SufU would display a sigmoidal behavior. In the third model, if SufU is a 

substrate of SufS, increasing 

concentrations of SufU could 

yield a hyperbolic curve 

following the Michaelis-

Menten steady-state kinetic 

behavior. SufU substrate 

saturation curve displayed a 

hyperbolic response (Figure 

2.4) and a straight line in the 

double reciprocal 

Lineweaver-Burk plot (Figure 

2.5). The apparent Vmax of 

sulfide release is comparable 

to maximum activity levels for 
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group II cysteine desulfurases (Outten, Wood et al. 2003; Ye, Abdel-Ghany et al. 

2006) when assayed in the presence of their respective sulfur acceptor E-type 

proteins. As previously described for IscS, apparent substrate inhibition kinetics 

are observed with SufS when cysteine concentration is held above 1 mM (data 

not shown). 

Kinetics of alanine formation by SufS.  
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The cysteine desulfurase mobilizes sulfur from cysteine, forming alanine 

and a persulfide sulfur. The reduction of the persulfide bond results in the release 

of sulfide and regeneration of the catalytic cysteine. Traditional cysteine 

desulfurase assays in the presence of DTT yield sulfide products which are 

subsequently measured through formation of methylene blue. Although this 

assay has been used to study cysteine desulfurases for the last two decades, it 

has two major limitations: low sensitivity (1 nmol of sulfide) and the need to use 

sealed vials due to the transient formation of gaseous hydrogen sulfide (H2S). 

We therefore developed a more sensitive and safer assay for cysteine 

desulfurase activity.  

Alternate methods to detect alanine involving common techniques for 

detecting amino acids would not be suitable for quantification of the SufS 

reaction product due to cross reactivity of both substrate (Cys) and product (Ala). 

Serendipitously, we discovered that one of the limitations of an established 

technique for amino acids detection involving derivatization with naphthalene 

dialdehyde (NDA) was a fluorescence quenching phenomenon observed in the 

detection of cysteine (Zhang and Sun 2005). Thus, the lack of fluorescence in the 

cysteine-NDA adduct and the high fluorescence intensity associated with 

alanine-NDA adduct appeared to offer an ideal strategy for measuring the 

alanine generated in the cysteine desulfurase assay. For this reason, we have 

adapted and optimized the NDA-derivatization method as an end-point assay to 

quantify alanine formed in the cysteine desulfurase reaction (described in detail 

in the Materials and Methods). 
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This assay allows for the direct measurement of fluorescence intensity 

upon incubation of the SufS assay mixture with NDA, cyanide and borate buffer. 

Although high concentrations of cysteine have an effect on the fluorescence 

background, cysteine does not affect the rate of alanine formation over time. 

Fluorescence detection adds both convenience and sensitivity in detecting the 

activity of enzymatic reactions for a broader spectrum of enzymes forming 

primary amine products not just limited to cysteine desulfurases. It is important to 

note that kinetic assays with varying substrate concentrations propagate small 

differences in baseline. Thus, in order to correct for the variation in background, 

an alanine standard curve should be generated in the presence of the same 

concentration of cysteine used in the assay. Ultimately, the small variations in 

background associated with different cysteine concentrations in the kinetic 

assays led us to separate the Cys-NDA background from the Ala-NDA product 

prior to fluorescence detection. For detection of the activities shown in this study, 

the assay reaction was mixed with the NDA cocktail and then applied to a C18 

HPLC column coupled with a fluorescence detector. The fluorescence detection 

of this method is extremely sensitive, allowing the detection of as little as 0.1 

pmol of Ala-NDA during each run. This sensitivity is approximately 10,000 fold 

higher than that of the methylene blue assay. 

As a validation of this newly developed method, we conducted kinetic 

measurements for alanine production by SufS and compared them to those 

obtained with the sulfide assay (Figure 2.4). The rate of alanine formation was 

very similar to those of sulfide, suggesting that no other product is formed in this 
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reaction; some cysteine desulfurases have been known to form pyruvate as a 

result of alanine deamination at the PLP site. Using a lactate dehydrogenase 

coupled assay, we further confirmed that no pyruvate was detected in the 

absence or in the presence of SufU (data not shown). 

Mechanism of cysteine:SufU sulfurtransferase activity of SufS 

The characterization of sulfur transfer from cysteine to SufU was 

determined through two-substrate kinetic analysis in which the concentration of 

one substrate was kept constant while the second one varied (Figure 2.5). 

Double reciprocal plots generated with different SufU or Cys concentrations 

resulted in parallel lines, which are typical of a double displacement mechanism 

(Ping-Pong). A replot of the double reciprocal plots of apparent Vmax values 

versus SufU (1/Vmax app x 1/[SufU]) and versus Cys concentrations (1/Vmax app x 

1/[Cys]) (Figure 2.5, inset) gave the SufS kinetic parameters Km and Vmax at the x 

and y intersections (Table II.I).  



 

48 

A double displacement mechanism is also supported by kinetic 

experiments in the absence of SufU (Figure 2.6). It has been shown that the 

persulfide sulfur on the SufS catalytic cysteine can be reductively cleaved in the 

presence of DTT (Zheng, White et al. 1994); furthermore, free cysteine can 

promote the removal of the sulfur from the cysteine-PLP intermediate in the 

absence of DTT (Tirupati, Vey et al. 2004). Although DTT and free cysteine can 

act as ‘alternative substrates’, their reactivities are poor compared to SufU 

(Figure 2.6A). Rates of alanine formation in the presence of cysteine are more 

than 200-fold lower (4 nmol.min-1. mg-1) than SufU-stimulated activity and are 

100 times lower in the presence of cysteine and DTT (7 nmol.min-1. mg-1) (Figure 

2.6B).  
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Additional kinetic experiments to monitor alanine formation over time were 

carried out in the absence of SufU, but in the presence of large amounts of SufS 

(2.7 µM, 10-fold higher than in the standard assay). As shown in Figure 2.6, the 

steady-state formation of alanine is preceded by an apparent exponential burst 

phase. In the first turn over, the total amount of SufS is in its free enzyme state, 

therefore resulting in a rapid formation of alanine as seen in the pre-steady state 

burst. During steady state, the concentration of enzyme is partitioned into free 

enzyme and modified enzyme (SufS.S) and the rate of alanine formation is 

slower. In these experiments, the use of poor substrates results in the rapid 

formation of alanine followed by the slow cleavage of the persulfide. Under these 

conditions, the persulfide cleavage provides the rate-limiting step denoted by the 

slow linear steady-state formation of alanine. Further characterization of the 

apparent burst would require rapid chemical quench techniques, as the burst 

occurs prior to the first time-point of the assay (10 seconds).  

Persulfide sulfur transfer between SufS and SufU 

Previous studies of cysteine desulfurases described two possible routes 

for sulfur transfer: 1) the strict requirement of catalytic cysteine in the nucleophilic 

attack of substrate-cysteine thiol (Zheng, White et al. 1994), or 2) the direct 

formation of a persulfide bond on the acceptor molecule bypassing the formation 

of the persulfide at the catalytic cysteine residue (Tirupati, Vey et al. 2004). In 

order to access the participation of the catalytic cysteine in sulfur transfer, a 

variant form of the SufS containing a Cys-361→Ala (C361A) substitution was 

analyzed for its cysteine desulfurase activity in the absence and in the presence 



 

50 

of SufU (Figure 2.3). While the SufSC361A is able to interact with SufU (as 

described above) and to equally bind cysteine (data not shown), it does not 

generate alanine or sulfide in the presence of SufU, cysteine, and DTT.  

In our proposed mechanism, the subsequent step in the route of sulfur 

mobilization involves the transfer of the persulfide sulfur to the acceptor 

molecule. It has been shown that cysteine residues in IscU (Smith, Frazzon et al. 

2005), SufE (Ollagnier-de-Choudens, Lascoux et al. 2003; Outten, Wood et al. 

2003), and CsdE (Loiseau, Ollagnier-de Choudens et al. 2005) can receive one 

or more sulfur atoms from cysteine desulfurases via persulfide sulfur transfer. We 

thus hypothesize that SufU can also accept one or more sulfurs via persulfide 

sulfur transfer from the SufS.S intermediate (Scheme 2.1). To test this 

hypothesis, we performed iodoacetamide alkylation of SufU (SufUalk) to eliminate 

its ability to perform thiol chemistry. SufS incubated with SufUalk is inactive even 

in the presence of non-alkylated SufU (Figure 2.3). The inhibitory effect of SufUalk 

on SufS activity in presence of the substrate SufU was quantified by increasing 

concentrations of SufUalk in the assay mixture (Figure 2.7). Six equivalents of 

SufUalk was sufficient to inhibit SufS activity by 95%. No inhibition was observed 

upon addition of alkylated or untreated bovine serum albumin, indicating the 

specific inhibitory effect of SufUalk. The concentration-response relationship of  
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SufUalk on the activity of SufS when fitted into the Hill equation resulted in an IC50 

of 0.37  0.01 µM with an associated Hill coefficient of 1.9  0.1. The inhibition 

pattern of SufUalk in saturation plots does not show a competitive behavior as 

expected (Figure 2.7, inset). Because of the high affinity of the inhibitor SufUalk 

for SufS, we tested whether the mechanism of inhibition was reversible or dead-

end. Time of incubation and dilution experiments eliminated the possibility of a 

dead-end complex formation between SufS-SufUalk. Collectively, these results 

are supportive of the first proposed route of sulfur transfer, where the formation 

of a modified enzyme (SufS.S) is required for subsequent persulfide sulfur 

transfer to a cysteine residue at the substrate acceptor molecule SufU. 
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Discussion 

 Sulfur activation is the first step in Fe-S cluster biogenesis, and involves 

an enzymatic PLP-dependent desulfurization of cysteine with concomitant 

release of alanine and persulfuration of a cysteine residue at the enzyme’s active 

site (Mueller 2006). In vivo, the persulfide sulfur is thought to be directly 

transferred to acceptor molecules, thus regenerating the enzyme. In vitro, the 

persulfide bond is cleaved by reducing agents, which may also be considered 

alternative substrates in the reaction. In some cases, anomalous kinetic 

behaviors of cysteine desulfurases have been observed in substrate saturation 

experiments (Zheng, Cash et al. 1998; Mihara, Kurihara et al. 2000; Cartini, 

Remelli et al. 2010). In these cases, it is possible that the absence of 

physiological substrates in the reaction mixture resulted in accumulation of 

enzyme intermediates thus skewing steady state kinetic measurements.  

Previous studies have showed that the presence of sulfur acceptor 

substrates can stimulate the rates of desulfurization in vitro. One equivalent of 

IscU was enough to enhance activity of IscS six-fold (Kato, Mihara et al. 2002). 

Likewise, SufS activity was stimulated by its partner SufE and the effect of this 

stimulation was amplified in the presence of the SufBCD proteins (Outten, Wood 

et al. 2003). In addition, stoichiometric amounts of CsdE resulted in a two-fold 

increase of CsdA activity which lead to the proposal that CsdA-CsdE form a 

catalytically competent heteromeric pair (Loiseau, Ollagnier-de Choudens et al. 

2005). On the other hand, mechanistic studies on the chloroplastic CpNifS 

showed concentration-dependent CpSufE stimulation on the rates of 
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desulfurization (Ye, Abdel-Ghany et al. 2006). While CsdE, SufE, and CpSufE 

are specific sulfur acceptors that mediate sulfur trafficking reactions, IscU has 

been shown to accept the persulfide sulfur from IscS (Smith, Frazzon et al. 2005) 

and to assemble transient reductively labile Fe-S clusters in the presence of Fe2+ 

(Raulfs, O'Carroll et al. 2008). More recently, it was shown that B. subtilis SufS 

activity is increased 40-fold in the presence of SufU (Albrecht, Netz et al. 2010). 

Despite compelling evidence for the activation of cysteine desulfurases by sulfur 

acceptors, the mechanism of such stimulation has not been characterized. In this 

report, we described the participation of SufU as a sulfur acceptor molecule and 

defined its role as a substrate in the catalytic mechanism of SufS.  

In the absence of SufU and in the presence of DTT, rates of sulfide 

formation by SufS were very modest (7 nmol.min-1.mg-1). This result is consistent 

with the activity of other cysteine desulfurases (13 and 19 nmol.min-1.mg-1 for 

CpNifS (Ye, Abdel-Ghany et al. 2006) and E. coli SufS (Ollagnier-de-Choudens, 

Lascoux et al. 2003), respectively). During catalysis, the E. coli SufS persulfide 

bond is protected from reducing agents; persulfide sulfur transfer to SufE 

occurred despite the presence of 10 mM DTT (Outten, Wood et al. 2003). The 

structural location of the active site cysteine in a rigid loop located away from the 

solvent exposed surface may account for this lack of efficiency in reductively 

cleaving the persulfide bond. This structural feature is a signature of group II 

cysteine desulfurases and implies the critical participation of specific sulfur 

acceptors. In the case of B. subtilis SufS, our analysis showed saturating 

concentrations of SufU resulted in over a 100-fold increase of rates of sulfide and 
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alanine formation. To our knowledge, SufU stimulation of SufS is the highest 

stimulation effect described for a cysteine desulfurase to date. This observation 

perhaps denotes a sophisticated control mechanism of sulfur transfer by this 

group of enzymes that may protect against futile catalytic cycles and/or 

adventitious reactions with non-physiological targets. It is possible that protected 

sulfur trafficking routes are crucial during challenging environmental conditions. 

In biological systems facing oxidative challenges, such as plant chloroplasts or 

infectious Gram-positive bacteria, group II cysteine desulfurases, along with their 

specific sulfur acceptors, play essential metabolic roles in these life settings. In 

the case of B. subtilis, SufS and SufU are essential for cell survival.  

The interactions between the sulfur donor SufS and its acceptor SufU are 

not only supported by stimulation of SufS catalytic properties, but also by 

isolation of purified fractions containing both proteins. Transient interactions 

between SufS and SufU during the in vivo direct sulfur transfer process are 

assisted by protein-protein interactions and are not limited to disulfide or 

polysulfide linkages. The variation in the ratio of SufS and SufU in the purification 

preparations, along with the apparently substoichiometric amounts of SufU, 

supports the hypothesis of their transient interactions in physiological 

environments. In spite of that, gel filtration experiments do not rule out the 

presence of mixed SufS species, including free SufS and SufU-bound SufS. 

Transient interactions between sulfur donor and acceptors have also been 

observed from co-expression and co-purification of E. coli SufS (Layer, Gaddam 

et al. 2007) and E. coli and A.vinelandii IscU (Raulfs, O'Carroll et al. 2008), 
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indicating the formation of transient complexes in vivo. In the latter case, proteins 

expressed separately did not result in co-purification of IscS and IscU (Unciuleac, 

Chandramouli et al. 2007). Nevertheless, the fact that the activity of protein 

mixtures containing similar ratios of SufS and SufU display comparable activities 

indicates that in vivo preformation of the SufS-SufU protein complex is not 

required for the catalytic competence of the enzyme. 

Initial velocity studies of SufS showed a profile consistent with a Ping-

Pong kinetic mechanism, supporting a model for the cysteine:SufU 

sulfurtransferase reaction in which the formation of a modified enzyme and 

release of alanine precedes the binding of the substrate SufU. Rhodaneses, 

sulfurtransferases that do not require PLP, also use a Ping-Pong mechanism 

through formation of a persulfide-enzyme intermediate (Bordo, Deriu et al. 2000; 

Cheng, Donahue et al. 2008). In the case of SufS, it is possible that the catalytic 

cysteine dictates the Ping-Pong mechanism in the same fashion as rhodaneses 

and that the PLP cofactor plays a role in the activation of the substrate for 

nucleophilic attack of the catalytic cysteine. The measured Km of 3.1 µM for SufU 

was more than 20 times lower than the Km for cysteine (Km= 83 µM) emphasizing 

the high specificity of SufS for its acceptor SufU and it is consistent with the 

hypothesis of protected sulfur transfer reactions. Nevertheless, the assays 

described in this study were carried out in presence of DTT, which regenerates 

the second reaction product, SufU.S (Scheme 2.1), eliminating any product 

inhibition effects.  
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The rates of alanine formation were also determined in the absence of 

SufU and DTT. Under these conditions, the enzyme turned over at a very modest 

rate (4 alanine nmol.min-1.mg-1). The low specific activity may likely be due to 

either the limited reactivity of persulfurated enzyme and/or because of the 

participation of free cysteine substrate in receiving a persulfide. In the absence of 

the substrate SufU, the slow cleavage of the persulfide bond dictates the overall 

reaction rate. Under these conditions, the number of active sites can be 

estimated from extrapolation of the steady state formation of alanine overtime. 

The amplitude of the y-intercept (0.44 nmol of alanine/nmol of SufS) indicates the 

number of active sites. Unexpectedly, our results suggest that, in the first turn 

over, only half of the enzyme is active (44%). PLP analysis of purified enzyme 

determined the presence of 0.93+0.6 PLP/SufS, indicating that the 

substoichiometry of active sites on SufS is not explained by low cofactor 

occupancy. In addition, 100 mM DTT enzyme treatment did not increase the 

amplitude of the y-intercept and suggests that the purified enzymes is likely 

homogenous free SufS and does not include any mixed species containing 

persulfurated forms (SufS.S). It is possible that the activation of one active site 

elicits structural changes on the other subunit, thus providing a rationale of 

negative cooperative regulation between subunits of each dimer. Based on this 

proposed model, only one subunit of the enzyme would be active at a time. The 

occurrence of a negative cooperative behavior (flip-flop mechanism) of dimers or 

tetramers of other PLP enzymes has been proposed based on either their 

patterns of inhibitions in the presence of suicide inhibitors (Burnett, Yonaha et al. 
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1980) or activity levels upon PLP-titration of reconstituted enzymes (Churchich 

and Moses 1981). Negative cooperative behavior of PLP enzymes provides a 

mechanistic reason for the conservation of dimeric and tetrameric organization 

among enzymes of this family . This proposed enzyme behavior might result in 

another level of control of the sulfur-protected transferase reaction of SufS. 

The essential participation of the SufS catalytic cysteine and SufU 

cysteine(s) in the mechanism, as evidenced by lack of activity of SufSC361A or 

SufUalk, is consistent with the proposed catalytic scheme that involves the 

persulfide sulfur transfer reaction. Interestingly, SufUalk had an inhibitory effect on 

SufS activity in the absence and the presence of non-alkylated SufU. The 

mechanism of inhibition, although not fully characterized, did not show 

competitive behavior. The presence of several enzyme intermediate states in the 

reaction scheme (Scheme 2.1), and the possible interaction of SufUalk with more 

than one intermediate may contribute to a non-competitive inhibitory profile. The 

inhibition of SufUalk showed a positive cooperative behavior with a Hill coefficient 

of 2, which suggest that the binding of one molecule of SufUalk to one subunit of 

the SufS dimer also affects the activity of the other subunit. This observation is 

also consistent with the hypothesis of one functional active site at the time, at 

which the binding of SufUalk to the “open” active site would lock the dimer 

preventing the other subunit of be functional. 

Finally, we developed a sensitive fluorescence-based assay to quantify 

alanine by derivatization with NDA. Detection of alanine has an additional 

advantage; its formation in this reaction is independent of the nature of the sulfur 
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acceptor. That is, in detecting sulfide, DTT reductant might compete with the 

sulfur acceptor for cleavage/transfer of the persulfide sulfur, which could perturb 

kinetic assessment of these enzymes’ reactivities.  

In this work we have identified unique mechanistic features of SufS and 

the reaction’s dependence on SufU. The development of a sensitive method for 

alanine detection and specific involvement of the sulfur acceptor molecule in the 

catalytic scheme of SufS sets the stage for future exploration of the specific 

mechanisms of other known cysteine desulfurases. To date, studies have 

concentrated on the first half of the catalytic scheme: the binding of cysteine 

followed by persulfide formation and alanine release. The second half of the 

reaction, transfer of the persulfide sulfur to acceptor molecules, has not been 

explored in detail. Our mechanistic studies with B. subtilis SufS raise the 

question of whether the sulfurtransferase mechanism is universal to all cysteine 

desulfurases or specific to this subgroup. Mechanistic studies of other known 

cysteine desulfurases are currently being pursued by our group. 
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Abstract 

The biosynthesis of Fe-S clusters in Bacillus subtilis and other Gram-

positive bacteria is catalyzed by the SufCDSUB system. The first step in this 

pathway involves the sulfur mobilization from the free amino acid cysteine to a 

sulfur acceptor protein SufU via a PLP-dependent cysteine desulfurase SufS. In 

this reaction scheme, the formation of an enzyme S-covalent intermediate is 

followed by the binding of SufU. This event leads to the second half of the 

reaction where the deprotonated form of SufU promotes the nucleophilic attack 

onto the persulfide intermediate of SufS. Kinetic analysis combined with 

spectroscopic methods identified that the presence of a zinc atom tightly bound 

to the protein (Ka=1017 M-1) is crucial for the structural and catalytic competency 

of SufU. Fe-S cluster assembly experiments showed that despite the high degree 

of sequence and structural similarity to the ortholog enzyme IscU, the B. subtilis 

SufU does not act as a standard Fe-S cluster scaffold protein. The 

unprecedented role of SufU as a dedicated sulfur intermediate in the biogenesis 

of Fe-S clusters in Gram-positive microbes indicates distinct strategies used by 

bacterial systems to assemble Fe-S clusters. 
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Introduction 

The study of iron-sulfur (Fe-S) clusters in both prokaryotic and eukaryotic 

organisms has revealed an expansive catalogue of Fe-S proteins, a wide range 

of the physiological functions employed by these cofactors, and the complex yet 

universal machineries required for their biosynthesis. Fe-S proteins participate in 

several metabolic processes, including enzyme regulation, substrate binding and 

activation, electron transfer, and regulation of gene expression (Py and Barras 

2010). Their associated cofactors can be readily synthesized from sulfide and 

ferrous/ferric iron under anaerobic conditions in vitro (Beinert, Holm et al. 1997). 

However, due to inherent toxicity of free iron and sulfide, in the cellular 

environment conditions for the assembly of Fe-S clusters are not as simple and 

require a group of enzymes dedicated for their assembly and trafficking (Roche, 

Aussel et al. 2013). Three unique systems have been identified in bacteria to 

serve in this capacity: NIF, ISC, and SUF. Their components are found in various 

combinations within both Gram-negative and Gram-positive bacteria. 

One of the first organisms used to study Fe-S cluster biogenesis was the 

nitrogen-fixing bacteria Azotobacter vinelandii. The initial synthesis of Fe-S units 

for nitrogenase metalloclusters involves two proteins: NifS – a cysteine 

desulfurase (Zheng, White et al. 1993) – and NifU – an Fe-S cluster scaffold 

(Yuvaniyama, Agar et al. 2000). The discovery of the function of NifU as a 

scaffold for Fe-S cluster synthesis was based on its ability to produce transiently-

bound [2Fe-2S] and [4Fe-4S] clusters in vitro which, could then be directly 

transferred to the apo-nitrogenase reductase (Dos Santos, Smith et al. 2004). 
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The proposed functions of these two enzymes, NifS and NifU, established a 

paradigm that the formation of Fe-S clusters requires a cysteine desulfurase 

enzyme and a scaffold protein. 

Subsequent studies identified the ISC system involved in the 

housekeeping synthesis of Fe-S clusters which is not restricted to nitrogen 

fixation. This system also utilizes a cysteine desulfurase and an Fe-S cluster 

scaffold – IscS and IscU – that are structurally and functionally similar to NifS and 

to the N-terminal domain of NifU respectively (Zheng, Cash et al. 1998). 

Experimental evidence from resonance Raman, UV/Vis absorption, Mössbauer 

and analytical studies showed the formation of [2Fe-2S]2+ clusters on IscU (Agar, 

Krebs et al. 2000; Urbina, Silberg et al. 2001; Chandramouli, Unciuleac et al. 

2007; Raulfs, O'Carroll et al. 2008). Primary sequence similarities are noteworthy 

between IscU and NifU; both contain three conserved cysteine residues and an 

invariable aspartate residue located two residues away from the first Cys. Ala-

substitution of the Asp37 residue of IscU, known to be conserved among U-type 

scaffold proteins, resulted in stabilization of Fe-S clusters associated to IscU 

(Marinoni, de Oliveira et al.; Raulfs, O'Carroll et al. 2008). The crystal structure of 

IscS-IscUD35A complex from Archeoglobus fulgidus revealed the presence of a 

2Fe-2S cluster ligated to three cysteine residues of IscU and the active site 

cysteine of IscS (Marinoni, de Oliveira et al.). Based on NifS/IscS and NifU/IscU 

similarities, the apparent requirement for a cysteine desulfurase and a scaffold 

protein was suggested to be a universal feature of biological Fe-S cluster 

formation.  
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In E. coli, a secondary system for Fe-S cluster formation was identified 

(Takahashi and Tokumoto 2002); the SUF system was discovered as a backup 

mechanism to the ISC pathway functional under low iron concentrations and/or 

oxidative stress (Outten, Djaman et al. 2004). In this system, the sulfur 

mobilization reaction involves the cysteine desulfurase SufS proposed to function 

in a similar capacity as IscS. In vivo and in vitro studies demonstrated that the 

activity of this enzyme is dependent on the participation of an intermediate sulfur 

transfer protein SufE (Outten, Wood et al. 2003). The latter mediates the 

protected persulfide sulfur transfer reaction from SufS to the proposed scaffold 

protein SufB when in a complex with SufD and/or SufC (Layer, Gaddam et al. 

2007; Selbach, Pradhan et al. 2013).  

In Gram-positive bacteria, the SUF system is thought to be the sole 

pathway for the biosynthesis of Fe-S clusters. Gene inactivation studies in 

Bacillus subtilis (Kobayashi, Ehrlich et al. 2003) and Mycobacterium tuberculosis 

(Huet, Daffe et al. 2005) suggested that the suf genes are essential. Interestingly, 

the suf operon identified in Gram-positive bacteria does not match those 

previously studied. While for sulfur mobilization also it includes the cysteine 

desulfurase SufS, the subsequent sulfur transfer reaction does not involve a 

SufE protein, as its coding sequence is absent in B. subtilis and other Gram-

positive genomes. On the other hand, the Suf system includes SufB, SufC, and 

SufD ortholog proteins in addition to SufU, a sulfur acceptor substrate of SufS 

(Albrecht, Netz et al. 2010; Selbach, Earles et al. 2010). Because of the 

sequence similarity to IscU and its ability to enhance the reconstitution of the 
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eukaryotic Fe-S enzyme (Leu1), SufU has been proposed to be an Fe-S cluster 

scaffold (Albrecht, Netz et al. 2010).  

Nevertheless, genomic analysis of U-type proteins revealed at least three 

notable distinctions between IscU/NifU- and SufU- type proteins: 1) the 

occurrence of an adjacent gene coding for class II cysteine desulfurase SufS, 2) 

the presence of an 18-21 amino acid sequence inserted between the second and 

the third cysteine residues in SufU, and 3) a conserved lysine residue occupying 

the position of the essential histidine preceding the third conserved cysteine. 

Noticeable differences between the Gram-positive SUF system and other studied 

systems for Fe-S cluster biosynthesis as well as the lack of detailed experiments 

explicating the physiological significance of these dissimilarities warrant thorough 

and novel research efforts.  

Herein, we demonstrate the involvement of SufU as a zinc-dependent 

sulfurtransferase. Although an initial proposal suggested its participation as an 

Fe-S cluster scaffold protein in Gram-positive bacteria (Albrecht, Netz et al. 

2010) – SufU is not capable of constructing Fe-S clusters as previously 

demonstrated in other U-type proteins from Gram-negative bacteria. 

 

Experimental Procedures 

Chemicals 

Reagents and chemicals were purchased from Fisher Scientific and 

Sigma-Aldrich Inc. unless specified. Tetrakis-(2-pyridylmethyl)ethylenediamine 

(TPEN) was purchased from Calbiochem, diethylenetriamine pentetic acid 
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(DTPA) was purchased from MP Biomedicals and Naphthalene-2, 3-

dicarboxaldehyde (NDA) was purchased from AnaSpec.  

Site directed mutagenesis, expression and purification 

The cysteine desulfurase SufS, SufU (pDS63) and the A. vinelandii IscU 

were purified as described previously (Raulfs, O'Carroll et al. 2008; Selbach, 

Earles et al. 2010). The amino acid substitutions were performed by 

QuickChange Site-Directed Mutagenesis Kit (Stratagene) as specified by the 

manufacturer. All constructs were made from pDS63, which is the 5′NcoI – 

3′XhoI engineered 444 bp fragment of sufU ligated into pET28A(+)(Novagen®) in 

frame for histidine tag expression at the 3′ end, and SufU expression under 

lactose control. The variants constructs used in this work were: pDS76 

expressing SufUC41A (TGC  GCC), pDS84 expressing SufUC66A (TGT)  

GCT), pDS77 expressing SufUC128A (TGT)  GCT), pDS85 expressing SufUD43A 

(GAC)  GCC). The correct codon substitution was determined by DNA 

sequencing (Genewiz®). The expression of SufU variants was accomplished by 

transforming each plasmid into CaCl2 chemically competent E. coli cells; pDS76 

and pDS77 were transformed into E. coli C41 (DE3), while pDS84 and pDS85 

were transformed into E. coli Rosetta (DE3). Transformed cells were selected on 

LB agar plates containing kanamycin 40 µg.µL-1. Single colonies were used to 

inoculate 500 mL of LB medium with the same antibiotic concentration as the 

solid medium and outgrown at 300 RPM/37 ˚C until OD600 of 0.5 was reached, at 

this point cells were induced with L-lactose (0.2%) and further grown at 25˚C 
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overnight (16 h). The cells were then harvested by centrifugation at 6000 g for 10 

min and stored at -20˚C. 

The cell pellets were re-suspended in 25 mM Tris-HCl pH 8, 0.3 M NaCl, 

10% glycerol (buffer A) and disrupted by EmulsiFlex-C5 high pressure 

homogenizer (Avestin), followed by centrifugation at 12,800 g for 20 min to 

remove the cell debris. The supernatant was loaded onto a FPLC IMAC-Ni2+ (GE 

Healthcare) column and washed with 5 column volumes of buffer A. The bound 

proteins were eluted through a step gradient (4% and 30%) of 25 mM Tris-HCl 

pH 8, 0.3 M NaCl, 10% glycerol, 500 mM imidazole (buffer B). SufU variants 

were displaced from the column at 30% buffer B. Fractions containing each SufU 

were pooled, diluted 5-fold, and then loaded onto a FPLC Q-sepharose fast flow 

column (GE Healthcare) pre equilibrated with 25 mM Tris-HCl pH 8, 10% glycerol 

(buffer C). The column was washed with 5 column volumes of buffer C and the 

bound sample was eluted through a linear gradient (0-70%) of 20 column 

volumes of 25 mM Tris-HCl pH 8, 1 M NaCl, 10% glycerol (buffer D). SufU 

variants were displaced from the column when the concentration of buffer D 

reached 45%. Fractions containing purified SufU were pooled, frozen in liquid 

nitrogen and stored at -80 ˚C. Elution profiles were followed at 280 nm. All of the 

protein purifications were monitored by SDS-PAGE, and the protein 

concentrations were determined by the method of Bradford et al (Bradford 1976), 

using BioRad protein assay kit and bovine serum albumin as a standard.  

Cysteine desulfurase activity 
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Cysteine desulfurase activity was determined by quantifying the amount of 

both products, alanine by derivatization with NDA (Selbach, Earles et al. 2010) 

and sulfide by the formation of methylene blue (Chen and Mortenson 1977). 

Unless indicated, the reactions (800 µl) contained 1.38 µM SufS, 6.9 µM SufU, 

0.5 mM cysteine in 50 mM MOPS (pH 8) buffer containing 2 mM dithiothreitol 

(DTT). 

Apo-SufU and reconstitution 

 Purified SufUWT was incubated with 100 mM diethylenetriamine pentetic 

acid for 2 h at room temperature, followed by 3 dialysis cycles, each against 2 L 

of 25 mM Tris-HCl pH 8, 10% glycerol for 2 hrs. After dialysis, the sample was 

loaded onto a Q-Sepharose column. Sample was washed with 5 column volumes 

of 25 mM Tris-HCl pH 8, 10% glycerol and eluted with 0.6 M NaCl in the same 

buffer. Combined fractions were frozen in liquid nitrogen and stored at -80°C. On-

column SufU-Zn reconstitution was conducted by charging an IMAC column with 

a 150 mM ZnCl2 solution and equilibrating it with 25 mM Tris-HCl pH 8. His-

tagged Apo-SufU was loaded onto the column and washed with equilibration 

buffer. The protein was eluted with 25 mM Tris-HCl pH 8, 0.6 M imidazole. 

Combined fractions containing reconstituted SufU were dialyzed against 2 L of 

25 mM Tris-HCl pH 8 (2X). Both ICP-OES and cysteine desulfurase activity 

assays were carried out.  

The divalent metal reconstitutions were conducted as follows: a stock 

solution in the presence of 5 mM EDTA in a 1:1 ratio to each metal was used. 

Apo-SufU (0.1 mM) was incubated with a solution of 0.5 mM of each respective 
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metal containing 0.5 mM EDTA for 2 hrs. The activity of the reconstituted SufU 

was determined by cysteine desulfurase assays containing 0.5 mM cysteine, 

0.01 mg of SufS, 2 mM DTT, and sub-saturating concentrations of reconstituted 

SufU (1:5 molar ratio of SufS:SufU). The percent relative activity was normalized 

to the rate of sulfide formation when as-isolated SufU was assayed under the 

same conditions (180 ± 15 nmol sulfide.min-1.mg-1). All reactions were carried out 

in the presence of 50 mM Mops pH 8 at room temperature.  

Inductively coupled plasma optical emission spectrometry (ICP-OES) 

Analysis of the zinc content within the protein was performed by ICP-OES. 

A standard curve for zinc was constructed using varying concentrations of ZnCl2 

(0, 0.5, 1, 2.5 and 5 ppm) in the presence of 25 mM Tris-HCl pH 8, 0.5 M NaCl, 

10% glycerol in a final volume of 10 mL. Each respective sample submitted for 

analysis was diluted in the same buffer to a concentration within the range of the 

standard curve. The amount of zinc in each sample was calculated through a 

linear regression.  

Iron-Sulfur Cluster assembly 

A. vinelandii IscU, B. subtilis SufU, and B. subtilis apo-SufU cluster 

assembly reactions were carried out in an anaerobic chamber (Coy) equilibrated 

with 5% H2 balanced with N2 gas. Each reaction contained 0.4 µM IscS or SufS; 

14 µM IscU, SufU or apo-SufU; 42 µM Fe, 42 µM Cys and 42 µM DTT. Samples 

that required further purification for isolation of an Fe-S cluster loaded protein 

were passed onto an IMAC-Ni2+ column previously equilibrated with 25 mM Tris-
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HCl pH 8, 0.3 M NaCl and eluted with 25 mM Tris-HCl pH 8, 0.3 M NaCl, 150 

mM imidazole.  

Circular Dichroism and UV-Vis scans 

Secondary structure was determined by circular dichroism (CD) using an 

AVIV Circular Dichroism Spectrometer. All protein samples were at 10 µM in 10 

mM sodium phosphate Buffer pH 7. Scans were performed at the range of 200-

250 nm. Cluster assembly reactions were scanned 30 min after cluster formation 

reaction was started and scanned from 300-700 nm. UV-Vis samples scans were 

conducted in the same samples, scan range was from 200-800 nm in a Cary 50 

spectrophotometer. 

TPEN titration 

A 50 mM TPEN solution was prepared in ethanol and subsequently diluted 

in 50 mM Mops pH 8. SufUWT (135 µM) was incubated for 2 hrs with different 

concentrations of TPEN (0.5, 1, 2.5, 5 mM). After incubation samples were 

dialyzed twice, each dialysis against 2 L Tris-HCl pH 8. ICP-OES and SufS 

cysteine desulfurase assays, as described above, were carried out to determine 

the amount of zinc bound to the protein. The reaction with TPEN is assumed to 

reach equilibrium (equation 1), where the concentration of free zinc was 

considered to be negligible. Using the reported affinity constant of TPEN for zinc 

(Ka TPEN of 1016 M-1), the equation 2 was used to calculate the binding affinity of 

SufU for zinc.    

 (1) 

    (2) 
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 The concentration of SufUZn was calculated from the Cys:SufU 

sulfurtransferase assay, when using sub-saturating concentrations of SufU. At 

equilibrium, the concentration of apo-SufU (SufUapo) was equal to the 

concentration of SufU added to the reaction minus SufUZn, and the concentration 

of TPENZn was presumed to be the same as SufUapo.  

Zinc-EXAFS  

Reactions were carried out anaerobically in the presence of 28 M SufS, 

0.84 mM SufU, 4.2 mM L-cysteine and 4.2 mM ferrous ammonium sulfate, and 

4.2 mM DTT. Zn X-ray absorption spectra were measured at Stanford 

Synchrotron Radiation Lightsource (SSRL) beamline 7-3 using their in-house 

EXAFS equipment. Samples were frozen in custom-made Lucite cuvettes (20  3 

 2 mm) and mounted inside an Oxford instruments CF1208 liquid helium 

cryostat cooled to 10K. Fluorescent X-rays were measured using a 27-element 

Ge detector from Canberra Industries, equipped with Cu filters and Soller slits to 

minimize scattered radiation. Samples were prepared with 20% glycerol to 

minimize ice crystal formation. Data analysis and curve fitting were performed 

using the EXAFSPAK suite of programs (George, George et al. 1998) with 

EXAFS phase and amplitude functions calculated using the FEFF 7.0 single 

scattering interface.(Rehr and Albers 2000)  
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Results 

pH-activity profile of SufS reaction 

[PDS7][PDS8]In B. subtilis, the essential cysteine desulfurase SufS catalyzes 

the Cys:SufU sulfurtransferase reaction. Our previous studies showed that the 

first half of this reaction includes the formation of an enzyme S-covalent 

intermediate at Cys364 residue of SufS followed by the release of the first 

product alanine. The second half of the reaction involves a persulfide sulfur 

transfer step to a thiol on the sulfur acceptor SufU protein (Selbach, Earles et al. 

2010). In order to gain insight into the chemical steps dictating the second half of 

this reaction, we inspected the pH-activity profile of the SufS reaction in the 

presence and in the absence of SufU (Figure 3.1A). The reaction rate in the 
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presence of the sulfur acceptor protein showed the occurrence of one ionization 

event with an associated pKa of 7.34, similar to the profile reported for the E. coli 

SufS in the presence of the sulfur acceptor SufE (Selbach, Pradhan et al. 2013). 

The pH-dependency of the SufS reaction in the presence of SufU suggested that 

the deprotoated form of SufU could be the active form of the substrate dictating 

the second half of the reaction. Therefore, we hypothesized that, at pH values 

lower than the calculated pKa, the rate of the reaction would be limited by the 

concentration of the catalytic competent form of SufU (i.e. deprotonated SufU). 

Based on this mechanism, the pH of the reaction would affect the apparent 

affinity of the enzyme for SufU, but not its turnover rate (kcat). Supporting this 

model, SufU saturation curves showed that the KM app varied with pH but not the 

Vmax app (Figure 3.1C). Moreover, under SufU-saturating concentrations, the pH of 

the reaction had no effect on the Cys saturation curves (Figure 3.1B), suggesting 

that the first half of the reaction was not affected by this ionization event and that 

the protonated form of the substrate was not an inhibitor of the reaction. These 

results support a reaction mechanism in which the second half of the reaction is 

dependent on the nucleophilic attack of a deprotonated group of SufU onto SufS’ 

persulfide thiol intermediate.  

Involvement of the conserved Cys and Asp residues in SufU’s structure 

and function.  

The involvement of a thiol group controlling the rate of the reaction as 

evidenced by alkylation experiments (Selbach, Earles et al. 2010) and pH-activity 

profile of SufS reaction (Figure 3.1) led us to explore the identity of the residue(s) 
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within SufU involved in this sulfur transfer step. Kinetic analysis of SufS using 

SufU variants showed that each individual CysAla substitutions of SufU 

completely eliminated the ability of this protein to participate in the 

sulfurtransferase reaction of SufS (Figure 3.2,(Albrecht, Peuckert et al. 2011)). 

Likewise, a variant SufUD43A was not able to serve as a substrate of SufS. 
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Interestingly, SufU containing a substitution at the first Cys residue (SufUC41A) 

was still able to interact with SufS acting as a non-competitive inhibitor of SufU 

wild-type and uncompetitive inhibitor of cysteine (Figure 3.3). This inhibition 

profile indicated that SufUC41A is able to interfere with SufS’ catalytic cycle at two 

distinct intermediate steps but not capable of interfering with the binding of 

cysteine to the free form of the enzyme. Using similar competition assays, the 

[PDS9] presence of the other SufU variants did not inhibit the Cys:SufU 

sulfurtransferase activity of SufS (data not shown). 

SufU is a zinc-dependent sulfurtransferase  
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Although the lack of activity of these variants could be explained by the 

elimination of functional thiol groups participating in sulfurtransfer reactions, the 

fact that every substitution completely eliminated SufU’s function prompted the 

investigation of the structural integrity of these variant proteins. Far-UV circular 

dichroism spectra of Cys to Ala SufU variants along with Asp43 to Ala 

substitution showed distinct spectral features associated with alpha-helical and 

beta-sheet content when compared to the wild-type protein (Figure 3.4A). 
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Structural analysis of the B. subtilis and Streptococcus pyogenes SufU (Liu, 

Oganesyan et al. 2005; Kornhaber, Snyder et al. 2006) showed the presence of 

a zinc atom coordinated by these four conserved residues (Cys41, Cys66, 

Cys128, and Asp43) (Figure 3.5). Based on these observations, we hypothesized 

that the zinc atom could be an important element for the structural integrity of the 

SufU protein, while keeping the Cys residues in the proper conformation and in 

its reduced state. Thus elimination of functional groups involved in metal 

coordination could impact the active conformation of SufU. Using ICP-OES, the 

zinc content associated with SufU was determined to be 1.1±0.2 zinc/monomer, 

whereas SufU variants displayed 60-85% reduction in the zinc content (Figure 

3.6 and 3.2).  

Because of the lack of activity and decreased zinc content in SufU 

variants we sought to determine if the apo-form of SufU could be a catalytic 
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competent substrate. Unlike A. vinelandii IscU (data not shown), the zinc atom 

associated with SufU could not be removed upon 300 mM EDTA treatment. 

Incubation with the stronger chelator DTPA, however, efficiently removed the 

metal ion. The apo-SufU showed a distinct Far-UV CD spectrum (Figure 3.4B) 

and was not active in the sulfurtransferase assay (Figure 3.6). The zinc-

dependent activity of SufU was, then, determined by the ability of this protein to 

fully regain activity upon reconstitution. Direct incubation of SufU with a ZnCl2 

solution resulted in protein precipitation. Nevertheless, effective activation was 

accomplished by two different approaches. First, complete recovery of SufU 

activity was achieved by passing the apo-protein through a zinc-charged IMAC 

column (Figure 3.6). Alternatively, reactivation was also achieved by incubating 
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apo-SufU with 10 mM Zn-EDTA solution, where the reconstituted protein 

recovered 70% of the activity observed for the as-isolated protein (Figure 3.7). 

 

SufU binds zinc with high affinity  

Metal reconstitution experiments showed the zinc-dependent SufU activity. 

However, the presence of this metal in LB medium is estimated to be 

approximately 10 M (Outten and O'Halloran 2001), which could lead to 

adventitious metal misincorporation. To address this concern, the binding affinity 

of SufU for zinc was determined using a titration curve with the zinc chelator 

TPEN as described by Collet and Jakob (Jakob, Eser et al. 2000; Collet, D'Souza 

et al. 2003) (Figure 3.8). As-isolated SufU was incubated with various 

concentrations of TPEN. The residual sulfurtransferase activity was used as 
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readout of zinc-bound SufU. Prolonged incubation times or dialysis of the protein 

did not change the inhibition pattern (data not shown). Using the known binding  

affinity of TPEN for zinc (1016 M-1) and the zinc-dependent activity profile of SufU, 

the Ka of SufU for zinc was calculated to be 1017 M-1. This value is among the 

highest affinity constants ever reported for zinc-dependent enzymes. Moreover, 

metal reconstitution with other divalent metals did not show recovery of SufU 

activity (Figure 3.7), indicating that the binding of SufU to other metals is either 

not tight and/or does not recover its active role in participating in the second half 

of the SufS sulfurtransferase reaction.  

 

 

 

 

 
Figure 3.8. Zinc binding affinity to 

SufU. SufU (135 M) was incubated 
with increasing concentrations of TPEN 
for 3 hours followed by dialysis. The 
amount of zinc-bound SufU was 
determined by ICP-OES () and by the 
SufS sulfurtransferase assay using 

0.22 M SufS and 0.5 mM cysteine 
().  
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SufU does not act as a standard Fe-S cluster scaffold  

Based on the amino acid sequence similarity to IscU, an initial proposal 

suggested the participation of SufU as a platform for the assembly and delivery 

of Fe-S clusters. However characterization of transient Fe-S species potentially 

associated to the wild-type protein has not been reported to date. On the other 

hand, experimental conditions to promote Fe-S cluster assembly and detection 
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on IscU have been well-characterized (Urbina, Silberg et al. 2001; Chandramouli, 

Unciuleac et al. 2007). Using similar conditions previously described to trap Fe-S 

species on IscU, we were able to reproduce nearly identical UV/Vis absorption 

and Vis CD spectra for the formation of [2Fe-2S] clusters on IscU (Figure 3.9A 

and B). Conversely, when using the same conditions, SufU protein did not 

generate comparable spectra (Figure 3.9C and D). First, the UV/Vis absorption 

spectra after 30 min incubation with Fe, Cys, DTT and SufS showed features that 

resembled the accumulation of Fe-sulfide species with characteristic blackish 

color (Figure 3.9D, inset). Second, the CD spectrum in the visible range 

remained silent throughout the course of cluster assembly experiment (Figure 

3.9C). Third, purification of SufU after two-hour incubation resulted in a colorless 

solution without any Fe-S 

species as evidenced by 

UV/Vis absorption or Vis-

CD spectra (Figure 3.10). 

Interestingly, after 

purification this protein still 

retained its sulfur-

transferase activity to 

levels relative to its zinc 

content (Figure 3.10, 

inset). In addition, we have 

inspected the zinc 
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coordination of SufU samples as-isolated and when subjected to Fe-S cluster 

assembly conditions (i.e. in the presence of SufS, cysteine, Fe2+, and DTT under 

anaerobic conditions). These samples were analyzed by Extended X-Ray 

Absorption Fine Structure (EXAFS).  
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Discussion 

The first step of Fe-S cluster biogenesis in B. subtilis involves the 

mobilization of sulfur from cysteine by the cysteine desulfurase SufS. In a 

previous report (Selbach, Earles et al. 2010), we have characterized the double 

displacement mechanism of the Cys:SufU sulfurtransferase reaction where the 

enzyme shows high affinity for the second substrate SufU (KM SufU = 3 M). Here 

we show that SufU is an active participant in the second half of this reaction. 

Results from pH-activity profile suggest that the deprotonated form of SufU 

promotes the nucleophilic attack onto the terminal persulfide thiol enzyme 

intermediate, thus controlling the overall reaction rate. Therefore, it is likely that 

under physiological conditions, the sulfur transfer reaction from the SufS 

intermediate to the acceptor SufU is the rate limiting step.  

The involvement of a thiol residue participating in persulfide sulfur transfer 

led to the investigation of the identity of the cysteine residue(s) participating in 

this reaction step. However, the interdependency of cysteine residues involved in 

the structure and function of this protein did not allow a straight forward 

investigation using site-directed mutagenesis. The structure of the B. subtilis 

SufU showed the presence of a zinc atom displaying a tetra-coordination by four 

conserved residues (Cys41, Cys66, Cys128, and Asp43) (Figure 3.5). EXAFS 

data reported here is compatible with this model. Individual Ala-substitutions of 

these residues affected three mutually dependent aspects of SufU structure and 

function: (i) disrupted zinc binding, (ii) impacted secondary structure, and (iii) 

eliminated sulfurtransferase activity. Moreover, the zinc dependent activity profile 
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was also observed in wild-type SufU. The apo-form of SufU also displayed 

altered secondary structure and loss of its capacity to serve as a substrate of 

SufS. Most importantly, the zinc-dependent sulfurtransferase profile of SufU was 

further supported by complete recovery of SufU’s activity upon zinc 

reconstitution.  

Nonetheless, since we have not been able to identify an experimental 

condition that impaired SufU’s function without disturbing zinc binding and/or 

protein structure, the precise role of zinc as structural and/or catalytic remains to 

be uncovered. The zinc may stabilize the protein structure in the active 

conformation while preventing intramolecular disulfide formation. Alternatively, 

the zinc may act as a Lewis acid by lowering the pKa of the thiol making it a 

better nucleophile during the sulfur transfer step or directly accepting a partial 

coordination for the incoming sulfur before subsequent transfer to a final acceptor 

protein. Nevertheless the involvement of zinc in Fe-S cluster biogenesis was 

unprecedented and the zinc-dependent sulfurtransferase activity of SufU may 

provide a new role for this metal in biology.  

Strikingly, the binding affinity of SufU for zinc was high (Ka= 1017 M-1) 

amongst the  highest constant reported for zinc-dependent enzymes (Jakob, 

Eser et al. 2000; Collet, D'Souza et al. 2003; Luttringer, Mulliez et al. 2009). 

Based on spectroscopic and structural characterization of Fe-S clusters bound to 

IscU, the candidate ligands for SufU would be the same residues coordinating 

the zinc (Cys41, Cys66, Cys128, and Asp43). However the calculated Kd of SufU 

for zinc of a femtomolar scale indicates a very tight binding of the metal to the 
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protein making it unlikely that the zinc dissociates under conditions of Fe-S 

cluster assembly.  

The same approach taken to establish the role of IscU as an Fe-S cluster 

scaffold was employed here to challenge initial proposals suggesting SufU 

involvement as an Fe-S cluster scaffold protein (Johnson, Dean et al. 2005; 

Albrecht, Netz et al. 2010; Roche, Aussel et al. 2013). However under tested 

conditions, SufU failed to coordinate transient Fe-S cluster species and retained 

its zinc ligand. Likewise Fe-S cluster assembly experiments performed with the 

apo-form of SufU also resulted in no detection of trapped Fe-S cluster species 

(data not shown). These results confront initial proposals for the role of this 

protein as a standard Fe-S cluster scaffold, but support the model that SufU is an 

intermediate in sulfur mobilization.  

The B. subtilis Suf system includes the cysteine desufurase SufS and the 

sulfur acceptor zinc-dependent sulfurtransferase SufU. Both are involved in the 

sulfur mobilization reaction for the biosynthesis of Fe-S clusters. In the studied E. 

coli Suf system, sulfur mobilization involves the SufS cysteine desulfurase and 

the sulfur acceptor SufE. Together SufS and SufE mediate protected sulfur 

transfer reactions from cysteine to the proposed Fe-S cluster scaffold SufB 

(Selbach, Pradhan et al. 2013). While the identity of physiological sulfur 

acceptor(s) of B. subtilis SufU have not yet been characterized, it is important to 

note that the suf operon also encodes SufB, SufC, and SufD proteins. In this 

system, SufB is a potential site for the assembly of Fe-S clusters; a proposal of 

which awaits experimental validation. Although the amino acid sequence of IscU 
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and SufU proteins are less than 20% identical to that of SufE, their structures 

display similar folding (Goldsmith-Fischman, Kuzin et al. 2004). Based on these 

observations, it is tempting to suggest that SufU represents an evolutionary 

intermediate of two distinct types of cysteine desulfurases partners. It retains 

phylogenetic proximity to standard Fe-S cluster scaffold IscU proteins while 

displaying function analogous to exclusive sulfurtransferases such as SufE. In 

this case the zinc-binding to SufU may have assisted this transition.  
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Abstract 

The first step in sulfur mobilization for the biosynthesis of Fe-S clusters 

under oxidative stress and iron starvation in Escherichia coli involves a cysteine 

desulfurase SufS. Its catalytic reactivity is dependent on the presence of a sulfur 

acceptor protein, SufE, which acts as the preferred substrate for this enzyme. 

Kinetic analysis of the cysteine:SufE sulfurtransferase reaction of the E. coli SufS 

that is partially protected from reducing agents, such as DTT and glutathione, is 

shown herein. Under these conditions, the reaction displays a biphasic profile in 

which the first phase involves a fast sulfur transfer reaction from SufS to SufE. 

The accumulation of persulfurated/polysulfurated forms of SufE accounts for a 

second phase of slow catalytic turnover rate. The presence of the SufBCD 

complex enhances the activity associated with the second phase, while modestly 

inhibiting the activity associated with the initial sulfur transfer from SufS to SufE. 

Thus, the rate of sulfur transfer from SufS to the final proposed SufBCD Fe-S 

cluster scaffold appears to be dependent on the availability of the final sulfur 

acceptor. The use of a stronger reducing agent (TCEP) elicited maximum activity 

of the SufS-SufE reaction and surpassed the stimulatory effect of SufBCD. This 

concerted sulfur trafficking path involving sequential transfer from 

SufSSufESufBCD guarantees the protection of intermediates at a controlled 

flux to meet cellular demands encountered under conditions detrimental to thiol 

chemistry and Fe-S metabolism. 
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Introduction 

In bacterial and eukaryotic systems, the first step of sulfur incorporation in 

the biosynthesis of thio-cofactors involves a pyridoxal 5’-phosphate (PLP) 

enzymatic mechanism. Cysteine desulfurases constitute a family of enzymes 

responsible for the sulfur transfer from cysteine to acceptor molecules (Mueller 

2006; Py and Barras 2010). The overall reaction can be divided into two discrete 

steps: 1) cleavage of the C-S bond and S-activation through formation of a 

persulfide bond and 2) subsequent persulfide sulfur transfer to an acceptor 

molecule. In the first step, the cysteine substrate binds to the PLP cofactor at the 

enzyme’s active site, forming a PLP-Cys external aldimine intermediate. This 

event is followed by activation of the amino acid substrate for the nucleophilic 

attack by an active site cysteine deprotonated thiol group. The cleavage of the C-

S bond of the amino acid substrate leads to the formation of a persulfide enzyme 

intermediate and release of alanine as the first product (Behshad and Bollinger 

2009).  

While it is assumed that all cysteine desulfurases follow similar chemical 

steps in the first half of this catalytic cycle, the second half of the reaction – sulfur 

transfer to a specific acceptor molecule - is the committed step that dictates its 

biochemical function. Genetic and biochemical studies have identified dedicated 

sulfur acceptor proteins that are the physiological substrates of cysteine 

desulfurases (Shi, Proteau et al. 2010; Hidese, Mihara et al. 2011). These 

molecules, in their sulfurated forms, serve specific S-entry points to pathways 
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involving the synthesis of thio-cofactors such as Fe-S clusters, thiamin, 

molybdenum cofactor, 4-thiouridine, and 2-thiouridine tRNA (Hidese, Mihara et 

al. 2011). Although detailed spectroscopic studies have been performed for the 

first half of the reaction, most reports disregard the involvement of physiological 

sulfur acceptors and include reducing agents that act as artificial/competitor 

sulfur acceptors.  

In Escherichia coli, three cysteine desulfurases have been identified: IscS, 

SufS, and CsdA. Functional and structural peculiarities among these enzymes 

allowed their classification into two mechanistically distinct groups (Mihara and 

Esaki 2002). IscS, a member of class I cysteine desulfurases, performs a leading 

role in sulfur mobilization. In the biosynthesis of Fe-S clusters, IscS interacts with 

IscU which serves as the platform for the assembly and delivery of inorganic Fe-

S cofactors. In addition, IscS interacts with a suite of sulfur acceptor molecules 

for biosynthesis of most, if not all, thio-cofactors (Py and Barras 2010). In vitro 

biochemical experiments showed that under reducing conditions, the presence of 

physiological acceptor proteins elicits little to no effect on IscS activity (Kato, 

Mihara et al. 2002; Dai and Outten 2012). The promiscuous behaviour of IscS 

with a variety of sulfur acceptor molecules is partially explained by the structural 

location of the active site cysteine. The residue carrying the persulfide sulfur is 

located in a long structurally-disordered loop, which is thought to facilitate 

interactions with a variety of sulfur acceptor molecules.  

Despite general similarities in their overall fold, quaternary structure, and 

reactivity towards cysteine, discrete differences among cysteine desulfurase 
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sequences and structures allow classification of SufS and CsdA in a separate 

sub-group apart from IscS. As members of class II cysteine desulfurases, the 

active site cysteine residue of these enzymes is located a short structurally 

defined loop (Mihara, Fujii et al. 2002; Tirupati, Vey et al. 2004). Their reactivity is 

dependent on the participation of a second protein that is proposed to act as their 

sole sulfur acceptor. In the case of SufS and CsdA, genes coding for the 

physiological S-acceptors (sufE and csdE) are located immediately downstream 

of the cysteine desulfurase coding sequences. The co-requirement of cysteine 

desulfurases and sulfur acceptors has been shown to be crucial for their cellular 

functions (Outten, Wood et al. 2003; Trotter, Vinella et al. 2009). Although it 

appears that CsdA and CsdE have a supporting role in Fe-S metabolism, SufS 

and SufE are major players in Fe-S cluster biogenesis under conditions of 

oxidative stress and iron starvation. Interestingly, the over expression of CsdA, 

but not CsdA-CsdE pair can partially replace the function of SufS (Trotter, Vinella 

et al. 2009), suggesting that CsdA is able to positively interact with the Suf 

system, possibly through direct interaction with SufE. In this system, SufE and 

SufBCD, the proposed Fe-S scaffold complex of the Suf system, cannot be 

substituted by any other sulfur acceptor or Fe-S cluster scaffold, thus revealing 

their unprecedented functions in Fe-S metabolism.  

Preliminary kinetic analysis indicates that the catalytic turnover rate of the 

SufS cysteine desulfurase reaction is enhanced up to 50-fold in the presence of 

SufE (Loiseau, Ollagnier-de-Choudens et al. 2003; Dai and Outten 2012). 

Labelling experiments showed that residue Cys 51 of SufE can be modified by 
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one to four covalently-bound sulfur atoms (Ollagnier-de-Choudens, Lascoux et 

al. 2003). In addition, the presence of the SufBCD complex further enhances the 

rate of sulfide production up to 30-fold in reactions containing SufS and SufE 

(Outten, Wood et al. 2003), where SufB can accumulate up to seven sulfur atoms 

(Layer, Gaddam et al. 2007). A directed-sulfur transfer model involving the 

sequential transfer of sulfur from SufS SufESufB is further supported by 

affinity chromatography experiments that showed the direct interaction between 

SufE and SufS, and between SufE and SufBCD. Although there is compelling 

evidence for the general route of sulfur transfer used by the E. coli Suf system, 

neither the kinetic schemes of these reactions or the mechanism of SufS 

enhancement has been resolved.  

Our group has recently characterized the sulfurtransferase reaction 

catalysed by the B. subtilis class II cysteine desulfurase SufS and its sulfur 

acceptor substrate SufU (Selbach, Earles et al. 2010). Initial velocity studies 

indicated a double-displacement mechanism for the cysteine:SufU 

sulfurtransferase reaction. The proposed scheme involved the formation of a 

covalently-modified SufS and release of alanine preceding the binding of SufU 

and subsequent sulfur transfer reaction. The structural similarities between E. 

coli and B. subtilis SufS proteins and their dependencies on mutually-devoted 

sulfur trafficking reactions prompted our investigation of the kinetic mechanism of 

sulfur transfer between E. coli SufS and SufE.  

Here we describe the kinetic investigation of the cysteine:SufE 

sulfurtransferase reaction that is partially protected from the action of reducing 
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agents such as DTT and glutathione. The rate of sulfur trafficking from SufS to 

the final proposed SufBCD Fe-S cluster scaffold appears to be dependent on 

availability of the final sulfur acceptor. Moreover, the use of a strong reducing 

agent (TCEP), optimized the participation of SufE sulfurtransferase substrate, 

enhancing up to 100-fold the rate of alanine formation. Kinetic evidence for the 

involvement of the SufS system in trafficking sulfur in a sequential protected 

route provides further support for its recruitment under conditions detrimental to 

thiol chemistry and Fe-S cluster assembly. 

 

Experimental Procedures 

Media and chemicals  

Reagents and chemicals were purchased from Fisher Scientific and 

Sigma-Aldrich Inc. unless specified. Cells were grown on commercially available 

Lennox Broth (LB) medium with the desired antibiotics: ampicillin (100 µg/ml), 

kanamycin (40 µg/ml) and inducers: L-arabinose (2 mg/ml), lactose (2 mg/ml). 

Naphthalene-2, 3-dicarboxaldehyde (NDA) was purchased from AnaSpec. Inc. 

and 35S-cysteine was obtained from Perkin-Elmer. 

Plasmids, cell cultures and purification 

Expression plasmids containing sufS in pET-21a, sufE-(His6) in pBAD 

(pGSO 165), and sufABCDSE in pBAD (pGSO 164) (Outten, Wood et al. 2003) 

were kindly provided by Dr. Wayne Outten. The plasmid suitable for expression 
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of SufSC364A was generated by QuikChange site mutagenesis (Agilent) using 

pET-21A-sufS as the template. E. coli BL21-DE3 cells transformed with pET-

21A-sufS or pGSO165 were grown at 300 rpm at 37 °C in LB medium with 

ampicillin. At OD600 0.5, cells were induced with lactose and growth continued for 

an additional four hours at 30 °C. E. coli CL100 cells transformed with pGSO164 

were cultured at 30 °C overnight in LB medium with ampicillin and L-arabinose. 

All cell cultures were harvested by centrifugation at 8,200 ₓ g for 10 min and 

stored at -20 °C until further use. Frozen cell pellets containing SufS or 

SufABCDE were resuspended in 25 mM Tris-HCl (pH 8) with 10 % glycerol 

(buffer A), and cell pellets containing SufE were resuspended in buffer A with 0.3 

M NaCl. The cell suspensions were lysed by EmulsiFlex-C5 High Pressure 

Homogenizer. Cell debris was removed by centrifugation at 12,800 ₓ g for 30 min. 

Purification of SufE containing a histidine-tag was performed as previously 

described (Outten, Wood et al. 2003). 

For purification of SufS and SufSC364A, crude extracts were treated with 

1% w/v of streptomycin sulfate followed by centrifugation at 12,800 ₓ g for 30 

min. The SufS-containing clear supernatant was treated with solid ammonium 

sulfate to 35% and 55% saturation. The pellet resulting from the 55% saturating 

concentration of ammonium sulfate obtained after centrifugation at 18,000 x g for 

20 min was resuspended in equal volume with buffer A before loading onto a Q-

sepharose column (1.5 x 25 cm) previously equilibrated with buffer A. After 

washing the column with buffer A, proteins were eluted in a linear gradient 0 - 0.5 

M NaCl in the same buffer. Fractions containing SufS were again precipitated 
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with 50% ammonium sulfate (saturating concentration) followed by centrifugation 

at 18,000 x g for 20 min. The pellet was resuspended in 2 mL of buffer A 

containing 0.15 M NaCl and loaded onto 2.5 x 75 cm Sephacryl S-200 gel 

filtration column (GE Healthcare) previously equilibrated with the same buffer. 

Fractions containing SufS were analyzed by SDS-PAGE (Laemmli 1970). Protein 

concentration was determined by the Bradford method using BSA as the 

standard (Bradford 1976). PLP content was analyzed as previously described 

(Wada and Snell 1962). 

Cell extracts containing SufABCDSE were cleared upon treatment with 

1% w/v streptomycin sulfate followed by centrifugation. The clear supernatant 

was loaded into a 1.5 x 20 cm Q-sepharose column (GE Healthcare) previously 

equilibrated with buffer A. After five column-volume washes with buffer A in 0.1 M 

NaCl, a linear gradient of 0.1-0.7 M NaCl was employed. Fractions containing 

SufBCD complex were combined and precipitated with 50 % saturating 

concentration of ammonium sulfate. Following centrifugation at 18,000 x g for 20 

min, the resulting pellet was resuspended in 2 mL of buffer A containing 0.15 M 

NaCl and loaded onto a 2.5 x 75 cm Sephacryl S-200 (GE Healthcare) previously 

equilibrated with the same buffer. Fractions containing SufBCD proteins were 

analyzed by SDS-PAGE (Laemmli 1970), and protein concentration was 

quantified using Bradford reagent and bovine serum albumin as standard 

(Bradford 1976). The purified SufBCD complex was assumed to be the 

heterotetramer SufBC2D as reported previously (Outten, Wood et al. 2003). 

Cysteine desulfurase assay 
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Cysteine desulfurase activity was determined by quantifying the amount of 

both products, alanine by derivatization with NDA and sulfide by formation of 

methylene blue as described by Selbach et. al (Selbach, Earles et al. 2010). 

Unless indicated, the reactions (800 µl) contained 13.5 nM SufS, 0.5 mM 

cysteine in 50 mM MOPS (pH 8) buffer and 2 mM dithiothreitol (DTT), 2 mM 

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 10 mM dithionite (DTN), or 

2 mM reduced glutathione (GSH). Rates of sulfide production could not be 

determined when TCEP was used as reducing agent since the standard assay is 

coupled to the formation of methylene blue, which is easily reduced by TCEP. In 

this work, we have also adapted the indirect HPLC-fluorescence method for 

quantifying alanine (16) to a 96-well plate reader. This method was used to 

obtain the pH curve for cysteine desulfurase activity of SufS under pH values 

ranging from 5 to 8.5, buffering with 50 mM sodium acetate (pH 4.5-5), MES (pH 

5-6.8), MOPS (pH 7-8.1), and bicine (pH 8.3-9.5). Reactions (500 l) contained 

0.45 µM SufS, 2.22 µM SufE, and 2 mM TCEP or DTT. At each time point 50 µl 

aliquots were mixed with 5 µl of 10% trichloroacetic acid (TCA). Reactions were 

developed with the addition of 200 µl of freshly prepared borate mix (0.61 mM 

NDA and 6 mM KCN in 115 mM sodium borate, pH 9). The solution mix was 

allowed to react in the dark for 20 min before being read in a flat-bottom 

microplate (Costar) using a Synergy H1 plate reader (Biotek) with 

Ex390nm/Em440nm. The fluorescence intensity of each sample was converted into 

nanomoles of alanine using the slope of an alanine standard curve prepared in 
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the MOPS reaction buffer containing the same concentrations of cysteine and 

reducing agent used in the assay. 

35S-sulfur transfer assays 

 35S-sulfur transfer assays (15 µL) were performed in 50 mM Mops (pH 8) 

in the presence of 0.05 µM SufS, 0.15 µM SufE, 1.5 µM SufBC2D, 2 mM DTT, 

0.33 µM L-[35S] cysteine. Reactions were incubated at room temperature for 45 

min, quenched with 5 µL of 0.5 M N-ethylmaleimide (NEM) for 5 min, and 

denatured with 10 µL of sample buffer (62.5 mM Tris-HCl pH 6.8, 10% glycerol, 

2% SDS, 0.001% bromophenol blue). Each reaction aliquot (15 µL) was 

analyzed in a non-reducing 20% SDS-PAGE gel. The pulse-chase assays (15 

µL) were performed in 50 mM Mops (pH 8) in the presence of 0.02 µM SufS, 

0.06 µM SufE and 2 mM DTT. Reaction 1 was pulsed with 0.4 µM 35S-cysteine 

for 30 min, and then chased with 0.83 mM L-cysteine for an additional 30 min. 

Reaction 2 was pulsed with 1 mM L-cysteine for 30 min and then chased with 

0.32 µM 35S-cysteine for an additional 30 min. Time points before and 5 and 30 

min after chasing (time 0, 5 and 30) were collected. Each time point (5 µL) was 

quenched with 1 µL of 0.5 M NEM and denatured with 2 µL of sample buffer. 

Each reaction aliquot (7 µL) was analyzed in a non-reducing 20% SDS-PAGE 

gel. All of the 35S labeling was detected by a phosphorimager (Bio-Rad). The 

density associated with each band was compared to that of the SufS labeling in 

reactions containing SufE and 35S-cysteine. 

Sulfur Analysis 
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 Cysteine desulfurase reactions were performed in the presence of 50 M 

SufE, 1M SufS, 0.5 mM cysteine, and, when indicated, 2 mM of reducing agent 

(DTT, TCEP, or DTN). Reactions were incubated for 20 min at room temperature 

followed by dialysis for 4 hours against 1000-fold excess of 25 mM Tris pH 

8.0.After dialysis, total protein concentration was determined by the Bradford 

assay. Reaction aliquots (400 L) containing (40-50 M SufE) were heat-

denatured (65 oC/10 min) and reduced with 10 mM DTT. The sulfide released 

after reduction from unfolded protein was quantified through formation of 

methylene blue as described previously. Samples not treated with DTT after 

dialysis showed no detectable levels of sulfide. 
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Results 

Biphasic kinetic profile of SufS cysteine desulfurase reaction in the 

presence of SufE 

The E. coli SufS shows a slow rate of sulfide and alanine formation in the 

standard cysteine desulfurase assay (Figure 4.1). Addition of SufE to the reaction 

enhances the rate of sulfide formation 8 to 50-fold under reducing conditions 

(Ollagnier-de-Choudens, Lascoux et al. 2003; Outten, Wood et al. 2003). 

However, the mechanism of such activation has not yet been determined. During 

an initial survey of SufS’ activity in the presence of increasing concentrations of 

SufE, an increase in the baseline levels associated with the slopes of product 

(sulfide and alanine) vs time was observed (Figure 4.1B). To investigate the 
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basis of this abnormal profile, the reaction course was tracked by quantifying the 

alanine formed over short time intervals. Using this approach, a biphasic reaction 

profile was revealed in assays containing 20 molar equivalents of SufE. Under 

DTT-reducing conditions, the slope associated with the first phase of the 

reactioun was 17-fold higher than the one displayed in the second phase (Figure 

4.2B, Table IV.I). The specific activity associated with the first phase was 748 ± 

74.2 nmoles of Ala.min-1.mg-1 while the second phase was 34.0 ± 6 nmoles of 

Ala.min-1.mg-1. While the rate of the first phase was not affected by varying SufE 

in this assay, the duration and amplitude of this phase was proportional to the 

amount of SufE present in the reaction. Interestingly, the amplitude of the first 

slope (nmol of Ala/nmol of SufS) was approximately twice the number of moles of 

SufE present in the reaction. Assays containing 40 eq. SufE formed 83 ±17 eq of 

Ala in the first phase while 20 eq SufE elicited the formation of 42 ± 8 eq. of Ala. 
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The biphasic reaction profile was not limited to the presence of DTT as a 

reducing agent. Assays performed in the presence of reduced glutathione 

displayed similar profiles and associated activities for the first and second phases 

of the reaction (Table IV.I). Interestingly, cysteine desulfurase reactions under 

non-reducing conditions (i.e. in the absence of DTT), also showed biphasic 

alanine release where the rate of the first phase was similar to one observed in 

the presence of DTT, while the second phase of the reaction displayed a much 

slower rate (Figure 4.2A, Table IV.I). In these reactions, the biphasic behavior of 

SufS-SufE reaction in the absence or in the presence of DTT or glutathione 

posed a technical challenge for kinetic analysis, as steady-state conditions were 

only obtained during the second phase of the reaction. The transition to the 

second phase could be associated with the accumulation of 

persulfurated/polysulfurated forms of SufE (SufE-Sn
-) which would then 

participate as a poor substrate in the reaction. Supporting this proposal, the 

cysteine desulfurase reaction in the presence of 35S-cysteine showed transfer of 

35S to SufE despite the presence of DTT (Figure 4.3A lane 2, and (Outten, Wood 

et al. 2003). Quantification of the 35S-bands indicated that relative radioactivity of 

SufE displayed 3 times higher than the one of SufS, in reaction containing a 

three-fold molar excess of SufS (Figure 4.4), indicating that both proteins 

retained similar number of sulfur modification. Interestingly, pulse-chase 

experiments show that such modification occurs during the initial phase of the 

reaction and it is not eliminated during turnover (Figure 4.3B).  
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Accumulation of SufE-Sn
- during DTT-reducing conditions also help to 

explain the differences on baseline of alanine and sulfide assays (Figure 4.1B). 
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When using the standard protocol for sulfide quantification, reactions were 

quenched upon addition of NaOH solution, the first reagent used for the 

formation of methylene blue. This method allows quantification of only free 

sulfide species at each time point of the reaction (Figure 4.1B, grey diamonds). In 

order to quantify the total sulfur mobilized by cysteine (free sulfide + 

persulfide/polysulfide associated to protein), reaction time points were terminated 

upon addition of TCA to denature the proteins and then aliquots were neutralized 

to allow reduction of persulfide/polysulfide prior to formation of methylene blue. 

Following this procedure, the profile of sulfide production mirrored that of alanine 

formation (Figure 4.1B, black and empty diamonds), where the number of moles 

of alanine at each time point was identical to the number of moles of total sulfur 

(free S2- plus SufE-Sn
-). 
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TCEP regenerates SufE at the end of each catalytic cycle.  

The biphasic behavior of the SufS and SufE reaction suggested 

that the persulfide bond was either shielded from DTT or the protein environment 

surrounding the persulfide bond could offer chemical protection by lowering the 

redox potential of this bond. To test the second hypothesis, we first followed the 

cysteine desulfurase reaction in the presence of the larger but stronger reducing 

agent, TCEP. As shown in Figure 4.2C, when TCEP is used as a reducing agent  
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the reaction displayed linear product formation with an associated rate similar to 

that observed in the first phase of reaction in the absence or presence of DTT 

(Figure 4.2A and B, respectively). Second, we carried out analysis of sulfur 

covalently bound to SufS-SufE samples (as persulfide or polysulfide forms), after 

addition of cysteine (Table IV.II). These analyses indicated that SufE retains 

sulfur modification (approximately 0.75 ± 0.13 sulfur/monomer) after incubation 

with SufS and cysteine under DTT-reducing conditions. These results were 

distinct from assays performed in the presence TCEP or dithionite, where only 

0.1 ± 0.08 and 0.05 ± 0.005 sulfur/SufE were detected (Table IV.II).  

Steady-state kinetic analysis of the SufS-SufE reaction.  

The sustained linear steady-state kinetics of alanine formation in the 

presence of TCEP allowed us to determine the rate constants for the Cys:SufE 

sulfurtransferase reaction of SufS. The substrate saturation curve indicated the 

high degree of selectivity of the enzyme for its sulfur acceptor substrate SufE 

(Figure 4.5, diamonds) with an associated KM (0.87 µM) similar to the one 

reported for B. subtilis SufU sulfur acceptor protein of 3 µM (Selbach, Earles et 
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al. 2010). For comparison, the activity profile of alanine formation in the presence 

of DTT was also determined under increasing concentrations of SufE (Figure 4.5, 

circles). The activity associated with the first phase and the second phase 

(Figure 4.5, inset) was plotted against SufE concentration. Since there was no 

indication of saturation, the expected KM for SufE in the second phase of the 

reaction is assumed to be much higher than the one calculated for the first phase 

of the reaction. This observation supports the idea that, although with limited 

reactivity, SufE-Sn
- can also serve as a substrate.  
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The proposed kinetic mechanism of Cys:SufS sulfurtransferase reaction of 

SufS resulting in the persulfide sulfur transfer to the SufEC51 substrate could 

follow two possible schemes. In the first model, the SufS reaction could proceed 

through formation of a ternary complex, bypassing the formation of a covalent 

enzyme intermediate. In this case, SufS would promote an one-step sulfur 

transfer reaction directly from cysteine to SufE. In the second model, the reaction 

in the presence of SufE would still proceed through formation of a covalent 

enzyme intermediate at the active site cysteine followed by the persulfide sulfur 

transfer to the SufEC51 substrate. Results described here support this later 

proposal since SufSC364A variant lacks activity in the presence and absence of 

SufE (Table IV.I) and that S-labeling is also observed on SufS when the enzyme 

is incubated with SufE and 35S-cysteine (Figure 4.3). In addition, the lack of 

activity of SufEC51A on serving as a substrate of this reaction (Table VI.I) along 

with the parallel lines on double reciprocal plots of cysteine saturation curves 

(Table IV.II) provide support for a ping-pong mechanism. When using 10 

equivalents of SufE (10 M), the KMcys was determined to be 14 ± 1.7 M. 

However at lower concentrations of SufE, an accurate assignment of the kinetic 

parameters was not made as the KMcys is around or below the detection limits of 

the assay (LOD = 0.1 pmol Ala). The pH-activity profile of SufS in the absence 

and in the presence of SufE (5 molar equivalents) indicated that under assay 

conditions (pH 7.4-8), the rate of the reaction was dependent on SufE, 

suggesting that the deprotonated form of SufE likely promotes the nucleophilic 

attack onto the terminal persulfide sulfur of SufS. Unexpectedly, significant 
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activity was also observed at a lower pH range (5.5-6.6), which was independent 

of SufE (Figure 4.6). The basis of this activity profile was not further investigated 

in this work, however it is worth noting that the B. subtilis SufS exhibits a similar 

profile (PDS and PKP unpublished results). Analysis of E. coli and Synechocystis 

SufS’ crystal structures show the presence of three conserved residues (His123, 

His225, Gln203 in the E. coli SufS sequence) in addition to Cys364. These four 

residues are in close proximity to the PLP-Lys Schiff base which could serve as 

active participants in these ionization events. 
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Sequential sulfur transfer from SufSSufESufBCD.  

 The formation of Fe-S clusters under oxidative stress conditions is 

proposed to occur on the scaffold SufB protein when in complex with SufC and/or 

SufD (Wollers, Layer et al. 2010). Previous studies have shown that addition of 

the SufBCD complex to cysteine desulfurase reactions containing SufS and SufE 

further enhances the turnover rate of sulfide production, the mechanism of which 

remains unexplored. To gain further insight into the Suf-dependent pathway of 

sulfur trafficking, we have explored the effect of SufBCD in the SufS reaction. 

Under DTT-reducing conditions, the SufS-SufE reaction in the presence of 

SufBCD still displayed a biphasic behavior; however the activity associated with 

the second phase of the reaction was enhanced three-fold, while causing modest 

inhibition to the first phase of the reaction (Figure 4.7, Table IV.I). Furthermore, 
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under subsaturating concentration of SufE (1:5, SufS:SufE), the presence of 

SufBCD enhanced nearly 10-fold the activity of SufS:SufE reactions. The 

reaction profile of SufS:5SufE:40SufBCD was linear, indicating that, under these 

conditions, the rate of the reaction is not limited by the regeneration of SufE. 

Based on these results, the effect of SufBCD in enhancing the rates of alanine 

formation by activity of SufS could be explained by at least three distinct 

mechanisms: i) SufBCD directly interacts with SufS activating the enzyme, ii) 

SufBCD complex directly interacts with SufE, leading to conformational changes 

on the protein which would deprotect the SufE persulfide sulfur making it 

susceptible for reductive cleavage, or iii) SufBCD complex serves as a sulfur 

acceptor of SufE.  

 Under TCEP-reducing conditions, reactions containing SufS,SufE, and 

SufBCD also displayed a linear formation of alanine with associated rates similar 

to the ones calculated for the first phase of the DTT-reducing reactions. The 

presence of the SufBCD complex only caused a modest reduction in activity 

(Figure 4.7B), suggesting that TCEP can bypass the sulfur transfer step from 

SufE to SufB, but not from SufS to SufE.  

 Labeling experiments using excess of 35S-cysteine indicated that the 

presence of the SufBCD complex does not affect the 35S-modification of SufE. 

Reaction mixtures containing SufS, SufE, and SufBCD were incubated under 

turnover conditions for 30 minutes in the presence of 35S-cysteine and 2 mM DTT 

before being quenched with 50 mM NEM and analyzed in a non-reducing SDS-

PAGE (Figure 4.3). In these experiments DTT was not effective in cleaving the 
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persulfide on SufS or SufE in their active conformations (Figure 4.3, lanes 1 and 

2). However 35S-labeling was not observed when DTT was added after SDS 

denaturation, thus indicating that SufE’s structural fold provides chemical 

protection of the persulfide bond (data not shown). In the same experiment, 

modest labeling of SufB was only observed when reactions were performed in 

the presence of 2 mM DTT (Figure 4.3, lane 3), however no labeling was 

detected when reactions were performed under higher concentrations of DTT 

(e.g. >10 mM) (data not shown). The ability of the SufS to display limited capacity 

of sulfur transfer to SufB, as observed in labeling experiments, is in agreement 

with the enhancement of SufS activity in the presence of SufBCD (Table IV.I). 

These results provide support to the model involving a sequential and protected 

sulfur relay system of SufSSufESufBCD, where the flux of sulfur transfer is 

regulated based upon the demand by the final acceptor SufB (Figure 4.8).



 

113 

Discussion 

Model for protected persulfide sulfur transfer from SufS to SufE.  

Based on the profile of SufS and SufE reaction, we hypothesized that the 

completion of the first phase of the reaction could be associated with the 

depletion of the active form of SufE. In this case, the initial rate of first phase 

reflects the reaction of initial sulfur transfer from SufS to SufE resulting in 

accumulation of SufE-Sn
-. In this proposed model, the persulfide sulfur would be 

protected from reductive cleavage by DTT, leading to accumulation of more than 

one sulfur atom onto the SufECys51 residue. Following the formation of SufE-Sn
-, 

the reaction transitioned to a second phase, displaying a slow turnover rate. In 

this latter case, SufE-Sn
- could also act as a sulfur acceptor, thus expanding the 

length of the polysulfide chain which could then be susceptible to reduction by 

DTT. In reactions displaying a biphasic behavior the first phase was associated 

with the formation of nearly two equivalents of Ala/SufE present in the reaction, 

suggesting that each SufE could receive up to two sulfurs in this phase. The 

subsequent cleavage of the second sulfur by DTT could represent a slow step, 

leading the reaction to the second phase. Further evidence for this proposal was 

displayed by the ability of SufE to retain ~1 sulfur atom in the presence of 2 mM 

DTT as shown by sulfur analysis of SufE after cysteine desulfurase reactions.  

The use of the stronger reducing agent, TCEP, on the other hand, 

generated a linear profile of alanine formation, preventing the reaction from 

entering the second phase. Under these conditions, the maximum velocity for 
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this reaction was higher than previously reported values for this enzyme (Mihara, 

Kurihara et al. 2000; Dai and Outten 2012) The effect of TCEP on the catalytic 

cycle of SufE can be attributed to the regeneration of the sulfur acceptor at the 

end of each turnover. The occurrence of two phases of the cysteine desulfurase 

reaction under standard in vitro conditions challenges the assessment of enzyme 

activity through single time, end-point assays. Without multiple samples following 

the time course, these approaches obscure the reaction profile and lead to 

differences in calculated rates of product formation. In addition, the SufS-SufE 

reaction profile could also explain the abnormal kinetic behavior of this enzyme 

which may lead to differences in activity levels reported for this enzyme. In our 

studies, no enzyme inhibition was observed when TCEP was used as the 

reducing agent.  

Mass spectrometry analysis of SufE after incubation with SufS and 

cysteine led to accumulation of two to four sulfur atoms associated with SufE 

(Ollagnier-de-Choudens, Lascoux et al. 2003), which was in agreement with our 

sulfur analysis of SufE after cysteine desulfurase reaction under non-reducing 

conditions (Table IV.II). The crystal structure of SufE indicates that the Cys51 

sulfur acceptor site is located in a hydrophobic cavity shielded from the solvent 

(Goldsmith-Fischman, Kuzin et al. 2004). Here, we showed that the rate of sulfur 

transfer is dependent on the sulfurization status of SufE, which has an impact in 

the overall SufS reaction rate (i.e. SufE is a better substrate than SufE-Sn). 

Presumably, under conditions of high demand for Fe-S cluster biogenesis, free 

forms of SufBC or SufBCD would dictate the flux of sulfur trafficking from SufS to 
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SufE to SufB. On the other hand, when SufB is not available, a buildup of SufE-

Sn would down-regulate the catalytic reactivity of SufS avoiding a futile cycle. In 

this model, the rate of sulfur transfer is adjusted to the demand of the final 

acceptor. It is possible that the use of an intermediate carrier is important to 

guarantee the protection of labile persulfide from the action of reactive oxygen 

species encountered under conditions faced by the Suf system. The reaction 

profile of SufS in the presence of sulfur acceptors described in this report 

provides the kinetic basis for activity enhancement by SufE and SufBCD. This 

concerted sulfur transfer path assures protection of reaction intermediates at a 

controlled flux to meet cellular demands encountered under conditions 

detrimental to thiol-chemistry and Fe-S metabolism. 
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Introduction 

 Proteins involved in the biosynthesis of Fe-S clusters are largely 

conserved from bacterial to human systems. One category of proteins that 

performs a major role in cluster formation are the cysteine desulfurases. In 

general, these enzymes remove organic sulfur atoms from L-cysteine through 

activation of the pyridoxal-L-phosphate (PLP) cofactor, forming persulfide 

covalent intermediates and releasing L-alanine (Kurihara, Mihara et al. 2003). 

The sulfur atom is then able to be transferred from the protein’s active site 

cysteine to an active thiol residue on an acceptor protein. 

In addition to their cysteine desulfurase activity, these enzymes can also 

participate in secondary reactions. Since selenium and sulfur have such similar 

chemical properties, many enzymes are unable to distinguish between the two 

compounds (Stadtman 1974). Selenocysteine lyases (SCL) are enzymes which 

remove selenium from L-selenocysteine to produce L-alanine. The primary 

structure of mouse SCL was found to share high level of amino acid sequence 

similarity with the A. vinelandii NifS, leading researchers to test the ability of NifS 

to convert both L-selenocysteine and L-cysteine to form selenium and sulfide, 

respectively, along with L-alanine (Mihara, Kurihara et al. 2000). This discovery 

has led to the proposal that bacterial cysteine desulfurases may serve dual roles, 

similar to the cells’ primary selenocysteine lyases. 

  In E. coli there are three cysteine desulfurases, IscS, SufS and CsdA; 

displaying activity against L-cysteine. Among the three, CsdA possesses the 

highest efficiency within in vitro kinetic assays (Loiseau, Ollagnier-de Choudens 
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et al. 2005). The CSD system was originally identified as a potential iron-sulfur 

cluster assembly pathway. This system is composed of three proteins: CsdA, 

CsdE, and CsdL. Biochemical experimental evidence suggests that CsdA is 

involved in two different pathways. In the first, CsdA interacts with SufE-SufBCD 

to assist Fe-S cluster biogenesis. In a second pathway, CsdA interacts with CsdE 

and CsdL, both of which act as sulfur acceptors from CsdA (Trotter, Vinella et al. 

2009). It has been proposed that this second interaction allows for the synthesis 

of a yet to be discovered compound. This proposal is supported by the 

observation that the csdA gene, but neither csdE nor csdL, is necessary for 

bacterial motility (Trotter, Vinella et al. 2009). 

The second protein identified as part of the CSD system, CsdE, has been 

identified as a sulfur acceptor similar to SufE. In fact, CsdE shares a 35% amino 

acid primary sequence identity with SufE. Similarly, the pKa of CsdE Cys-61 has 

been found to be 6.5, much lower than the pKa of free cysteine, 8.3 (Bolstad, 

Botelho et al. 2010), and very similar to the pKa of SufE Cys-51, 6.3 (Bolstad and 

Wood 2010). Preliminary kinetic assays demonstrate that the presence of CsdE 

enhances the cysteine desulfurase activity of CsdA just as the presence of SufE 

activates SufS (Loiseau, Ollagnier-de Choudens et al. 2005). However, the 

biological role of CsdE is still in question. Simultaneous deletion of the csdA and 

csdE genes is not lethal, while increased levels of CsdE demonstrated an 

inhibitory effect on the interaction between CsdA and SufBCDE (Trotter, Vinella 

et al. 2009).  
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The final gene in the CsdAEL system, csdL, is located immediately 

downstream from the csdAE operon in the opposite orientation. Interestingly, 

CsdL is one of three E1-like (ubiquitin-activating-like) proteins in E. coli along 

with MoeB and ThiF, which are involved in molybdopterin and thiamin 

biosynthesis, respectively (Trotter, Vinella et al. 2009). E1-like proteins activate 

their target proteins by adenylation of their C-terminus. The activation of MoaD 

and ThiS by MoeB and ThiF allows them to accept a sulfur atom from other 

proteins to form a thiocarboxylate. For this reason, CsdL was proposed to be a 

protein which can serve both functions, meaning it can both activate its target 

protein through adenylation as well as transfer sulfur (Trotter, Vinella et al. 2009). 

This has led to the hypothesis that the CsdAEL pathway may not be an iron-

sulfur cluster biogenesis system, but rather one that allows for the biosynthesis of 

a different deprotonated thiol compound.   

Since the identification of these three proteins, studies have sought to 

characterize the CsdAEL sulfur trafficking pathway. The CSD proteins share a 

high degree of structural homology and are capable of performing functions 

analogous to the proteins in the SUF iron-sulfur biogenesis system. Because of 

that, it was hypothesized that the mechanism of sulfur transfer in the CSD 

system would be similar to the mechanism of sulfur transfer observed for the 

SUF system. Recently, our lab has characterized the double displacement 

mechanism of the cysteine:SufU sulfurtransferase reaction catalyzed by B. 

subtilis SufS (Chapter 2) as well as the protected sulfur transfer from cysteine to 

SufE catalyzed by E. coli SufS (Chapter 4) (Selbach, Earles et al. 2010; Selbach, 
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Pradhan et al. 2013). With knowledge of the B. subtilis SufS-SufU and E. coli 

SufS-SufE reactions, the goal of this current study has been to characterize the 

CsdAEL pathway using similar experimental approaches. It was hypothesized 

that CsdA would behave more similarly to E. coli SufS, as its acceptor protein, 

CsdE, shares considerable structural homology with SufE. In this chapter, the 

kinetic investigation of the CsdA-CsdE interaction compared to the reaction 

profiles of the B. subtilis SufS-SufU and E. coli SufS-SufE enzyme pairs is 

reported. 

 

Experimental Procedures 

Materials 

All chemical reagents were purchased from Fischer Scientific and Sigma-

Aldrich, unless otherwise stated. Restriction enzymes were purchased from New 

England BioLabs, Inc. Cells were grown on commercially available Lennox Broth 

(LB) medium with the desired antibiotics: ampicillin (100 µg/ml), kanamycin (40 

µg/ml) and inducers: L-arabinose (2 mg/ml), lactose (2 mg/ml). Naphthalene-2, 3-

dicarboxaldehyde (NDA) was purchased from AnaSpec. Inc. and 35S-cysteine 

was obtained from Perkin-Elmer. 

Amplification of the csdL Gene 

 Genomic DNA from E. coli MG1655 cells was extracted using the 

QuickExtract Bacterial DNA Extraction Kit (Epicentre). The csdL was amplified 

using FailSafeTM PCR PreMix Selection Kit (Epicenter) and ligated into a pCR 

2.1-TOPO vector using the TopoTA Cloning Kit (Invitrogen) to generate pDS154 
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plasmid. A NcoI-XhoI fragment of pDS154 containing csdL was then ligated into 

NcoI-XhoI sites of pET-28a(+) expression vector (Novagen) for C-terminal 

histidine tag expression of CsdL. Plasmid integrity was confirmed by sequencing 

(Genewiz)  

Cell Cultures, and Purification 

Bacterial plasmids pET-22a(+) (Novagen) containing csdA-(His6) and 

csdE-(His6) were kindly provided by Dr. Frédéric Barras. Each plasmid was 

transformed into BL21(DE3) cells and grown at 300 rpm at 37oC in LB medium 

containing 100 µg/mL ampicillin. At OD600 0.5, cells were induced with 0.2% 

lactose and grown for 4 hours at 300 rpm and 25oC. Cells were harvested by 

centrifugation at 6300 rpm for 10 minutes at 4oC and stored at -20oC. Cell pellets 

containing CsdA or CsdE were resuspended in 25 mM Tris-HCl, pH 8 in 0.3 M 

NaCl (buffer A) and treated with an EmulsiFlex-C5 High Pressure Homogenizer 

at 12,000 psi. Following lysis, cell debris was removed by centrifugation at 

12,800 x g for 30 minutes.  

For the purification of CsdA, the supernatant was collected, treated with 

1% streptomycin, and loaded onto a FPLC IMAC-Ni2+ (GE Healthcare) column. 

After washing with five column volumes of buffer A, CsdA was eluted through a 

step gradient using 25 mM Tris-HCl pH8 + 0.5 M imidazole (buffer B, 5% and 

30%). CsdA was displaced from the column at 150 mM (30%). Fractions 

containing CsdA were pooled, diluted 5-fold, and loaded onto a FPLC Q-

Sepharose fast-flow column (GE Healthcare), which was pre-equilibrated with 25 

mM Tris-HCl pH8 + 10% glycerol (buffer C). The protein was eluted via a linear 
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gradient (from 0-0.7 M NaCl) of 20 column volumes of 25 mM Tris-HCl pH8 + 

10% glycerol + 1 M NaCl (buffer D). CsdA was displaced from the column at 

approximately 0.2 M NaCl. For the purification of CsdE, cells were harvested and 

lysed as indicated above. The supernatant was collected, treated with 1% 

streptomycin, and loaded onto a FPLC IMAC-Ni2+ (GE Healthcare) column, 

previously equilibrated with buffer A. The unbound proteins were washed with 5 

column volumes of buffer A. CsdE was eluted with buffer B at approximately 150 

mM imidazole through a step gradient of 5 and 30% of buffer B. Fractions 

containing CsdE were pooled, diluted 5-fold, and loaded onto a FPLC Q-

Sepharose fast-flow column (GE Healthcare), which was pre-equilibrated with 

buffer C. The unbound proteins were washed with 5 column volumes of buffer C 

and the protein was eluted through a gradient of buffer D (0 – 0.7 M NaCl). The 

protein eluted at 0.25 M concentration of NaCl.  

All protein purification steps were monitored by SDS−PAGE (Laemmli 

1970). The pure sample fractions were pooled, frozen in liquid nitrogen, and 

stored at −80 °C. The final concentrations of CsdA and CsdE were determined 

using both the method put forth by Bradford et al.  (Bradford 1976), using the Bio-

Rad protein assay kit and bovine serum albumin (BSA) as the standard, as well 

as UV absorbance readings at 280 nm. The extinction coefficients for CsdA and 

CsdE were calculated to be 47,420 cm-1M-1 and 14060 cm-1M-1, respectively. 

Pyridoxal 5′-phosphate (PLP) saturation of CsdA was determined as previously 

described (Selbach, Earles et al. 2010). 

Cysteine desulfurase assay  
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Cysteine desulfurase activity was determined by quantifying the amount of 

both products alanine by derivatization with NDA and sulfide by formation of 

methylene blue as described by Selbach et. al (Selbach, Earles et al. 2010). 

Unless indicated, the reactions (2200 µl) contained 0.18 µM CsdA, 0.5 mM 

cysteine in 50 mM MOPS (pH 8) buffer and 2 mM dithiothreitol (DTT) or 2 mM 

Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP). Rates of sulfide 

production could not be determined when TCEP was used as reducing agent 

since the standard assay is coupled to the formation of methylene blue, which is 

easily reduced by TCEP. The fluorescence intensity of each sample was 

converted into nanomoles of alanine using the slope of an alanine standard curve 

prepared in the MOPS reaction buffer containing the same concentrations of 

cysteine and reducing agent used in the assay. 

Sulfur Analysis 

 Reactions containing combinations of 100 nmol of CsdE, 1 nmol of CsdA, 

0.5 mM L-cysteine, with 2 mM of reducing agent (DTT or TCEP) were reacted in 

a total volume of 3000 µL. After one hour, reactions were dialyzed against 1.3 L 

of 25 mM Tris, pH 8 buffer for 4 hrs. To 1500 µL aliquot of each reaction, 5 µmol 

of DTT were added prior to incubation at 90oC for five minutes to denature the 

protein. Following denaturation, 15.65 µL of 12% NaOH and 31.25 µL of 10% 

zinc acetate, 62.5 µL of 30 mM FeCl3 and 62.5 µL of 20 mM DMPD (dimethyl-p-

phenylenediamine) were added. Finally, the reactions were centrifuged at 8.6 x 

1,000 rpm for 30 seconds and 200 µL of each solution were added to a microtiter 

plate alongside a Na2S standard curve and measured at 650 nm.[WFU10] 
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Analysis of 35S Transfer from CsdA to CsdE  

 35S-sulfur transfer assays were conducted as previously described 

(Selbach, Pradhan et al. 2013). Assays (15 µL final volume) were prepared using 

50 mM MOPS, pH 8.07 in the presence and absence of 2mM DTT as well as 0.3 

µM L-[35S]cysteine (PerkinElmer), 0.16 mM L-cysteine, 15 µM CsdA, and 15 µM 

CsdE. Reactions were incubated for 45 minutes at room temperature, quenched 

with 50 mM N-ethylmaleimide (NEM) for 15 minutes and analyzed in a 20% 

acrylamide SDS-PAGE gel. The presence of 35S on CsdA and/or CsdE was 

detected using a phosphorimager (Bio-Rad).  
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Results 

E. coli cysteine desulfurase CsdA catalyzes the sulfur transfer from L-

cysteine to its acceptor protein, CsdE. This 

mechanism most likely occurs through the 

formation of a persulfide on the enzyme’s active 

site by a nucleophilic attack and subsequent 

formation of a second persulfide on CsdE Cys-61. 

Alanine is released as the first product followed by 

sulfide, released during the subsequent cleavage 

of the persulfide bond by a reducing agent.  

Soluble extracts containing high levels of expression of CsdA and CsdE 

were purified through a metal affinity column followed by anion exchange (Figure 

5.1). Initial surveys of CsdA activity with varying pH indicated that a pH 8 was 

optimal for CsdA activity and that increasing amounts of CsdE led to an increase 

in product formation versus time (data not shown). To further investigate the 

nature of the CsdA-CsdE interaction, the reaction was monitored by 

quantification of alanine formation over short time intervals using high-

performance liquid chromatography (HPLC) coupled with a fluorescence detector 

(Selbach, Earles et al. 2010). Unlike SufS, that possess a specific activity of 5 

nmols Ala.min-1.mg-1 in the absence of SufE (Outten, Wood et al. 2003; Selbach, 

Pradhan et al. 2013), CsdA demonstrates significant activity, of 150 nmols 

Ala.min-1.mg-1 in the absence of its sulfur acceptor partner, CsdE. Upon the 

addition of 20 molar equivalents of CsdE, the amount of alanine formed after 
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twenty minutes increased by more than 4-fold in the presence of DTT when 

compared to CsdA alone (Figure 5.2A). Remarkably, CsdA alone displayed a 7-

fold increase in cysteine desulfurase activity in TCEP, compared to DTT, 

indicating that TCEP can more effectively regenerate the active enzyme (Figure 

5.2B).  

Previous studies have shown that over-expression of csdA can partially 

sustain cells with mutant sufS genes (Trotter, Vinella et al. 2009). It was therefore 

suggested that CsdA could also serve as a sulfur donor to E. coli SufE. For this 

reason, the effect of SufE on the CsdA kinetic profile was also tested. By 

performing cysteine desulfurase assays in the presence of SufE, it was found 

that CsdA activity was not significantly enhanced by the presence of SufE (data 

not shown), attesting to the notion that class II cysteine desulfurases display high 

specificity for their own sulfur-acceptor protein.  
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In performing the cysteine desulfurase assays, it was observed that the 

CsdA-CsdE reactions in 2 mM DTT displayed a biphasic behavior while the same 

reactions performed in 2 mM TCEP did not (Figure 5.2). The slope associated 

with the first phase of the reaction was consistently two to three times higher than 

the one displayed in the second phase. For example, the specific activity of the 

first phase of the CsdA + 3.6 µM CsdE reaction in DTT was 1.49 ± 0.2 µmol∙min-

1∙mg-1, while the second phase was 0.58 ± 0.1 µmol∙min-1∙mg-1. This finding 

seems to be consistent with that of the E. coli SufS-SufE reaction in the presence 

of DTT, in which the transition to the second phase of the reaction was 

associated with the accumulation of persulfurated and/or polysulfurated forms of 

SufE (Selbach, Pradhan et al. 2013). In the proposed model, these chemically 

modified forms of SufE could, then, participate as poor substrates in the reaction. 

For this reason, confirmation that CsdA in the presence of both DTT and CsdE 

follows a reaction profile similar to that of E. coli SufS and different from the one 

of B. subtilis SufS (which does not display this biphasic behavior). Based on 

these initial results the accumulation of persulfurated and/or polysulfurated forms 

of CsdE during assay conditions was investigated. To test this hypothesis, the 

formation of alanine by CsdA in DTT was monitored over time while varying the 

molar concentration of CsdE. 

These alanine detection assays revealed that CsdA not only displays 

biphasic behavior in the presence of CsdE and DTT, but that the velocities of 

both phases of the cysteine desulfurase reaction varied with the amount of CsdE 

(Figure 5.3A and B). The activity associated with the second phase of each 



 

128 

reaction (from 5 to 20 minutes) was plotted against the molar concentration of 

CsdE (Figure 5.3C). This graph had an apparent KM
 of 0.47 μM (2.6 molar eq. 

CsdE), supporting the notion that persulfurated forms of CsdE (CsdE-S) can 

perhaps act as substrates in the second phase of this reaction. From this data, it 

was apparent that increasing concentrations of CsdE led to an increase in the 

baseline levels associated with both slopes of product formation. 

In addition, it was observed that approximately two nmols of alanine were 

formed per nmol of CsdA for every molar equivalent of CsdE (Figure 5.3D), 

suggesting that CsdA completes two catalytic cycles prior to the onset of the 

second phase. According to this model, the first catalytic cycle of the reaction 
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results in transfer to CsdE, regenerating CsdA and forming CsdE-S. If DTT is 

unable to convert CsdE-S back to the native sulfur-accepting CsdE form, then 

the second catalytic cycle would culminate in the removal of sulfur from CsdA by 

the persulfurated CsdE-S. This event would result in the accumulation of a 

polysulfurated CsdE (CsdE-Sn
-), which then could be partially reduced by DTT. 

Since the reduction of CsdE-Sn
- would be a considerably slower process (the 

rate-determining step of the reaction), CsdA activity would be expected to 

transition into a second, slower phase like the one observed. The repeated 

observation of this biphasic behavior therefore indicates that the persulfide 

formed on CsdE during this reaction is either partially shielded from DTT or the 

persulfide bond is being stabilized at a much lower chemical redox potential by 

surrounding amino acid residues. 

To test the latter scenario, the cysteine desulfurase assays were repeated 

in the presence of 2 mM TCEP, a 

stronger reducing agent. Interestingly, 

the production of alanine by CsdA 

over time was linear and loosely 

reflected the first slopes of the 

reactions performed in DTT, 

suggesting that TCEP is able to 

regenerate CsdE at the end of each 

catalytic cycle. The sustained linear 

velocity of these slopes generated an 
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enzyme activation profile for the CsdA-CsdE interaction (Figure 5.4), whereby 

increasing molar equivalents of CsdE eventually leads CsdA to reach its 

maximum velocity of 2.08 ± 0.112 µmol∙min-1∙mg-1. Since CsdA displays such 

high inherent activity in the absence of CsdE, the traditional Michaelis-Menten 

kinetics parameters Vmax and KM for varying concentrations of CsdE could not be 

obtained from this data. However, the apparent KM for CsdE was calculated to be 

0.45 μM (2.5 molar eq. CsdE), very similar to the KM for CsdE during the second 

phase of the biphasic DTT reaction (2.6 molar eq. CsdE), suggesting that the 

affinity of CsdA for both CsdE and CsdE-S is the same.  

Having concluded that the cysteine desulfurase activity of CsdA is 

dependent on the molar concentration of CsdE, the same assays were 

performed with varying concentrations of L-cysteine to compare the substrate 

saturation curves of CsdA when alone and under saturating conditions of CsdE. 

In the absence of CsdE, CsdA displays a Michaelis-Menten substrate kinetics for 

L-cysteine, with a calculated Vmax of 0.152 µmol∙min-1∙mg-1 and a KM of 0.003 mM 

cysteine (Figure 5.5). When saturated with 20 molar equivalents of CsdE, the 

Vmax and KM both increase to 1.621 µmol∙min-1∙mg-1 and 0.035 mM cysteine, 

respectively (Figure 5.5). By simultaneously demonstrating that L-cysteine acts 

as a substrate for the CsdA/CsdE reaction, we proposed that the rate of this 

class II cysteine desulfurase reaction depends both on the availability and 

sulfuration status of its specific sulfur-accepting molecule, CsdE.  
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If the observed biphasic behavior is indeed attributable to sulfur protection, 

incubation of CsdE with CsdA and L-cysteine should cause an accumulation of 

protected persulfides on CsdE. These persulfides would then only be cleavable 

after denaturing the protein. Thus, a sulfur analysis was performed in which 100 

nmol of CsdE were incubated with 1 nmol of CsdA, 0.5 mM L-cysteine, and either 

DTT or TCEP. The reaction was allowed to proceed for one hour before being 

subjected to dialysis to remove all reducing agents and free sulfide from the 

reaction. The reactions were heated to denature the enzymes, and DTT was 

introduced to cleave the remaining sulfides on the denatured proteins. Free 

sulfide was then detected using the methylene blue method. Results indicate that 

CsdE remains in the persulfurated form after incubation with CsdA and L-

cysteine under DTT-reducing conditions (0.55 ± 0.167 nmol sulfide/nmol of 

CsdE) but not under TCEP-reducing conditions (0.05 ± 0.034 nmol sulfide/nmol 

of CsdE) (Table IV.I). These analyses provided further evidence that DTT is 
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unable to cleave the persulfide formed on CsdE during the cysteine-CsdA-CsdE 

reaction due to a chemical protection. 

To further investigate the possible protected sulfur transfer, reactions 

containing combinations of CsdA and CsdE were incubated with L-[35S]-cysteine 

and in the presence and/or absence of 2 mM DTT. The reactions were quenched 

with 50 mM N-ethylmaleimide (NEM) and analyzed by non-reducing SDS-PAGE 

(Figure 5.6). The acquired data shows that the persulfide sulfur transfer does 

occur from CsdA to CsdE under non reducing condition (Figure 5.6 lanes 1 and 

2). These results also show that 

under reducing conditions neither 

CsdA or CsdE retain the 35S sulfur 

atom from L-cysteine. The fact that 

CsdA does not preserve its 

persulfide in a protected manner 

differs from previous 35S-transfer 

studies from class II cysteine 

desulfurases, like B. subtilis SufS 

and E. coli SufS (Selbach, Earles et 
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al. 2010; Selbach, Pradhan et al. 2013).  

Overall, the data shown here implies that the sulfur transfer occurs from 

cysteine to CsdE through the formation of a covalently formed persulfide on 

CsdA precedes the release of alanine and the subsequent transfer of the sulfur 

to CsdE. Meanwhile, progress has been made to promote the future investigation 

of CsdL. Following successful PCR amplification of the 807-base pair csdL gene, 

confirmed by DNA sequencing, it will be used to insert the gene into pET28a and 

pBAD plasmids for bacterial transformation and outgrowth. Once isolated, we 

expect that CsdL used in kinetic assays will allow to assess how its presence in 

kinetic assays will affect the CsdA:CsdE reaction. This additional experiment will 

contribute to the understanding of the specific role of each one of the Csd 

components and their interactions. 

 

Discussion 

It was proposed that the mechanism of the Cys:CsdE sulfurtransferase 

reaction of CsdA resulting in the formation of polysulfurated forms of CsdE 

(CsdE-Sn
-) could follow one of two possible schemes. First, the reaction could 

proceed through the formation of a Cys:CsdA:CsdE ternary complex. In this 

case, no covalent persulfide intermediate would form on CsdA and the reaction 

would simply consist of a one-step sulfur transfer from L-cysteine to CsdE. 

Alternatively, the reaction could proceed through a two-step ping-pong 

mechanism, where the first step would involve the formation of a covalent CsdA 

persulfide on its active-site Cys-358. The formation of this intermediate would be 



 

134 

followed by a persulfide transfer to CsdE Cys-61 substrate. Results from this 

study thus far support the second proposal, as CsdA was shown to remove sulfur 

from L-cysteine in the absence of CsdE (Loiseau, Ollagnier-de Choudens et al. 

2005). Moreover, CsdE was found to act as a substrate in the reaction, indicating 

that CsdA seeks to find a suitable sulfur-accepting molecule before completing 

another catalytic cycle, further supporting the ping-pong kinetic scheme. 

Due to the observed biphasic behavior of CsdA in the presence of CsdE 

and DTT, it was hypothesized that the event associated with the transition to the 

second, slower phase was the depletion of the active form of CsdE. In this 

scenario, the initial rate of alanine formation reflects the rate of sulfur removal 

from L-cysteine and the formation of persulfurated CsdE (CsdE-S) catalyzed by 

CsdA. These results initially suggest that this persulfide is unable to be 

chemically cleaved by DTT, perhaps leading to the accumulation of more than 

one sulfur atom on the CsdE Cys-61 residue. In addition sulfur analysis of CsdE 

after incubation with nominal amounts of CsdA and L-cysteine indicates the 

formation of the sulfur protected CsdE-S species.  

On the other hand, 35S labeling experiments show no accumulation of a S-

modification on both CsdA and CsdE under reducing conditions, similar to what 

has been shown for the B. subtilis SufS-SufU. Interestingly enough, unlike both 

SufS proteins, from B. subtilis and E. coli, CsdA does not retain a protected sulfur 

even in the absence of CsdE. The higher activity levels in the absence of the 

sulfur acceptor protein, combined with results from labeling experiments 

suggests that CsdA active site cysteine may be more exposed to the solvent, 
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resembling a class I cysteine desulfurase, despite its structural characteristics of 

a class II cysteine desulfurase.  

 In kinetic analysis using a stronger reducing agent, TCEP, CsdA exhibited 

a linear kinetic profile of alanine formation. Under these reducing conditions and 

when saturated with CsdE, the maximum velocity (Vmax) of cysteine desulfination 

reaches 2.08 ± 0.112 µmol∙min-1∙mg-1. The effect of TCEP can be explained by 

its capacity to regenerate the sulfur-accepting CsdE more efficiently than DTT, 

most likely due to a lower redox potential. Perhaps the ratio between reductant 

and CsdA and/or CsdE may modulate the redox equilibrium. If the redox potential 

of CsdE lies within similar range to that of DTT (-330 mV) (Cleland 1964) then 

reaction rates and accumulation of substrate (CsdE) and products (CsdE-S) 

would be distinct. Supporting this notion, preliminary kinetic analysis of CsdA in 

the presence of CsdE and 50 mM DTT shows a linear reaction profile with 

associated activity similar to that of the first phase of a reaction performed with 2 

mM DTT (1.66 µmol/min/mg). Nevertheless this result is in agreement with 

previous report, which shows that DTT can influence the overall rate of the 

reaction, indicating that the rate limiting step of the reaction is the sulfur transfer 

to the final target and not the persulfide formation on the acceptor protein 

(Tirupati, Vey et al. 2004). Kinetic analysis described in this chapter provide 

additional insights into unique features of CsdA-CsdE reaction. The results 

described here set the stage for future research. Assays varying concentrations 

of reducing agents and in the presence or absence of CsdE need to be 

conducted to gain better insight on the mechanism by which CsdA transfer its 
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sulfur to CsdE. Additionally the involvement of the third component in this 

pathway, CsdL, needs to be investigated. 

 Altogether, these results support a two-step mechanism of a sulfur 

transfer between L-cysteine and CsdE catalyzed by CsdA, the rate of which is 

dependent upon the concentration of substrate, final acceptor, and its specific 

sulfur-accepting molecule, CsdE. If CsdA does indeed participate in two different 

pathways as previously suggested, the sulfurization status of CsdE may actually 

dictate the route of sulfur transfer. Thus far, this study has provided insights into 

the uniqueness of class II cysteine desulfurases despite structural similarities.  
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CHAPTER 6 

 

Concluding remarks 

The study of cysteine desulfurases and their involvement in the 

biosynthesis of diverse cofactors within the cellular environment is of great 

interest. These enzymes are specialized in shuttling sulfur inside the cell in such 

a manner that it would not cause any intrinsic damage due to the sulfur’s toxicity. 

In the past decade scientists have performed thorough research in understanding 

the final targets for sulfur incorporation, for example; biosynthesis of 

thionucleosides, thiamine, biotin, lipoic acid and Fe-S clusters.  

The main purpose of this work was to explore how cysteine desulfurases 

mobilize the sulfur from L-cysteine for the assembly of Fe-S clusters. The 

majority of the investigations carried out in the field involve the step of the Fe-S 

cluster assembly site and its transfer to target proteins. However little is known 

about the source of the iron and until now, not much was known about how 

cysteine desulfurases mobilize sulfur to form Fe-S clusters on scaffold proteins. 

Interestingly, the functionality of these enzymes is exactly the same, which is to 

catalyze the sulfur removal from L-cysteine through a PLP dependent 

mechanism, but the kinetic details involving each reaction are different. 

The aspiration to understand how Gram-positive bacteria of nosocomial 

relevance catalyze reactions in the biosynthesis of vital Fe-S clusters led to the 

interest in the non-pathogenic bacteria Bacillus subtilis as a model for the 

synthesis of novel therapeutic interventions. Interestingly enough, proteins 
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involved in the biosynthesis of Fe-S clusters are extremely conserved throughout 

Gram-positive species yet distinct from those in other organisms, like the ones 

present in Gram-negative bacteria and eukaryotes.  

Perceiving that all Fe-S cluster assembly processes begin with the sulfur 

mobilization by cysteine desulfurases, the research commenced by exploring the 

B. subtilis cysteine desulfurase SufS. We have reported that this enzyme 

catalyzes a bi-substrate reaction through a double displacement mechanism. The 

acquired sulfur is then transferred to its devoted sulfur acceptor protein SufU. 

Initially characterized as a scaffold protein for the assembly of Fe-S clusters, our 

group has recently demonstrated that SufU is a zinc dependent sulfur transfer 

protein, responsible for accepting the sulfur from SufS and then transfering it to 

its acceptor molecule for the cluster assembly. The characterization of the B. 

subtilis SufS led us to propose that all class II cysteine desulfurases would follow 

the same reaction scheme. Subsequent studies reported here showed that even 

though they do follow similar kinetic scheme of sulfur mobilization, these 

enzymes also display unique features. 

In E. coli, there has been identified three types of cysteine desulfurases, a 

class I, IscS, and two class II, SufS and CsdA. IscS is the housekeeping cysteine 

desulfurase, that under normal cellular conditions is responsible for mobilizing 

the sulfur for most if not all thiocofactors. On the other hand, under oxidative 

stress and/or iron starvation the cysteine desulfurase that comes in the play is 

SufS. As described in chapter 4 SufS catalyzes a protected persulfide sulfur 

transfer to its acceptor protein SufE, which will then be transferred to the SufB 
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site responsible for Fe-S cluster assembly. Besides IscS and SufS a third 

cysteine desulfurase was identified in E. coli. CsdA is not only thought to be 

involved in the biosynthesis of Fe-S clusters, but also to potentially participate in 

alternative pathways. CsdA is the most efficient of all cysteine desulfurases 

characterized to date. Preliminary kinetic data reported in chapter 5 is suggestive 

that the mechanism by which CsdA catalyzes its reactions can potentially be a 

double displacement type involving sulfur transfer reaction from cysteine to 

CsdE. However, the intrinsically higher activity levels combined with the modest 

enhancement by the sulfur acceptor CsdE begs for additional investigation of 

unique chemical steps catalyzed by this enzyme. 

Although the work described in this dissertation has advanced our 

understanding of initial reactions involving sulfur mobilization, subsequent steps 

on sulfur trafficking have not been fully characterized. This work has provided 

evidence that the role of SufU is to efficiently accept sulfur from SufS, however, 

the reactions following this sulfur transfer step remain unidentified. What are the 

subsequent sulfur acceptors of SufU? Does SufU mobilize sulfur only to 

incorporate into Fe-S clusters or can it mobilize sulfur required for thiocofactors in 

the cell? These important questions will uncover the path of sulfur transfer as 

well as the identity of a final acceptor. In addition, kinetic assays described 

throughout this dissertation have shown abnormal reaction profile of cysteine 

desulfurase reactions when in the presence of artificial reducing agents such as 

DTT. It will be important to investigate the reactivity of these enzymes in 

conditions that better mirror those with the physiological reducing agents. It is 
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known that B. subtilis lacks glutathione but instead produces bacillithiol, a low 

molecular weight thiol responsible for maintaining the intracellular redox 

potential. It is plausible to consider that bacillithiol affects the partnership 

between the cysteine desulfurase SufS and partner SufU during the sulfur 

transfer. If so, what would be the downstream effects of bacillithiol in this 

pathway? 

In summary, we have investigated the kinetic properties of three class II 

cysteine desulfurases and concluded that despite the similarities involving their 

chemical reactions, their overall protein environment and reactivity of sulfur 

acceptor partners provide unique mechanistic reaction profiles, some of which 

were identified in this study.  
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