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Abstract 

Iron-Sulfur clusters are important metal cofactors for many enzymes. Bacteria 

have dedicated systems for the maturation and trafficking of Fe-S clusters. The 

SUF (Sulfur Utilization Factor) system is the only housekeeping system in Gram-

positive bacteria; whereas in Gram-negative bacteria, the SUF system acts as an 

auxiliary role to housekeeping ISC  (Iron Sulfur Cluster) system and becomes 

active only during oxidative stress and iron starvation conditions. In both systems, 

the first step of sulfur mobilization is catalyzed by the cysteine desulfurase SufS, 

which transfers the sulfur from the free amino acid cysteine to specific sulfur 

acceptor proteins. Despite similarities in their general reaction schemes, the 

proteins and mechanisms involving the second reaction step are distinct. In this 

work, we have performed the kinetic analysis of sulfur transfer reaction of 

the Escherichia coli and compared to that characterized for the Bacillus 

subtilis SUF system. In the E. coli system, sequential sulfur transfer reactions from 

SufSSufESufBCD are partially protected from the action of reducing agents 

such as DTT and glutathione. Under these conditions, the reaction profile shows 

a biphasic behavior, where the second phase of the reaction is associated with the 

accumulation of persulfurated/polysulfurated forms of SufE. In B. subtilis, kinetic 

and labeling experiments indicated that, unlike E. coli SufS-SufE, the 

sulfurtransferase reaction by SufS-SufU is not protected from the action of 

reducing agents.  

The second step of the Fe-S cluster biogenesis is the assembly of an Fe-S cluster 

on a scaffold protein with the sulfur provided by the cysteine desulfurases, and 
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Iron. This dissertation work shows that SufB in B. subtilis acts as a scaffold protein 

for the assembly of Fe-S clusters. We have demonstrated the SufC possesses a 

minimal intrinsic ATPase activity, which is enhanced in the presence of SufD and 

SufB. This research includes a detailed study of structural and functional 

relationships between SufC and SufD. It shows that SufD forms a complex with 

SufC, both in vivo and in vitro, which is necessary for SufC ATPase activation. The 

C-terminal domain of SufD is essential for complex formation with SufC and 

activation; without the C-terminal domain, the SufD was unable to activate the 

SufC or complement the E. coli ΔsufD strain under iron starvation conditions.  This 

work provides new insights into distinct mechanisms of Fe-S assembly used in 

bacterial SUF systems. 
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A. Fe-S clusters 

The rising number of antibiotic-resistant bacteria presents a major challenge to the 

healthcare industry. Doctors across the globe have already found bacteria 

resistant to carbapenems, one of the antibiotic of the last resort for many bacterial 

infections. Recently, growing concerns and media attention have spurred a 

movement towards their unnecessary usage. Pharmaceutical companies and 

government agencies are now aware of the seriousness of the issue. They have 

been devoting significant resources toward the development of new antibacterial 

classes. Even though, antibacterial research has been a laggard for the last few 

decades  (Figure 1.1) (Schulz and Fox Morone 2015), yielding only one new class 

of antibacterial class over last 25 years, the search for new “penicillin” has never 

been this severe. Major financial opportunities and medicinal revolutions lie in the 

 

Figure 1.1 Discovery of new antibacterial classes over the 20th century and 

early 21st century (Schulz and Fox Morone 2015). Each bar in the figure 

represents the number of new antibacterial classes discovered in each 

decade; majority of these discoveries were made in between 1940 to 1980. 

Only one new antibacterial class has been discovered in the past 25 years. 
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discovery of new antibacterial classes. Iron-sulfur  (Fe-S) cluster biogenesis could 

be an attractive target for the development of new antibacterial agents given their 

essential role in most microorganisms.  

Iron, the fourth most abundant element in the earth’s crust, is an essential 

transition metal in developmental biology. Iron binds to many proteins as non-

heme mono/di-iron centers and to porphyrin rings of heme proteins and enzymes. 

Ferrous  (Fe2+), the more soluble form of iron is susceptible to oxidation by 

atmospheric oxygen, whereas elemental sulfur is toxic in nature. Hence, nature 

carefully articulates these two elements in a very sophisticated manner. Inorganic 

complexes of iron and sulfur  (Fe-S clusters) play a vital role as metal cofactors in 

numerous life-sustaining processes in all living organisms. The catalytic and 

structural functions of Fe-S clusters are displayed in a wide variety of cellular 

processes  (e.g. respiration, photosynthesis, electron transport chain, and 

regulation of gene expression) (Lill and Mühlenhoff 2008); improper assembly and 

trafficking of the cluster compromise the viability of bacteria  (Takahashi and 

Nakamura 1999; Takahashi and Tokumoto 2002). 

The diversified roles in life-sustaining processes suggest that in the prebiotic era 

the biogenesis of Fe-S clusters from inorganic iron and sulfur may have played a 

significant role in the emergence of life on earth. Pyrrhotite, an iron-sulfur mineral, 

can catalyze reactions such as reduction of N2, and production of H2 gas by 

oxidizing H2S gas at high temperature and high-pressure conditions (Drobner et 

al. 1990; Schoonen and Xu 2001). Enzymes with iron-sulfur centers also catalyze 
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the above reactions, but at atmospheric temperature and pressure. Similarities of 

the functional behavior of Fe-S minerals and metalloenzymes and the presence of 

these metalloenzymes in species at all stages of evolution support the “Fe-S world 

theory” for the origin of life (Wächtershäuser 1988). 

Fe-S clusters found in nature have variable stoichiometry and oxidation states. 

Although 2Fe-2S and 4Fe-4S clusters are common to most Fe-S proteins, clusters 

with higher iron content have also been detected. There are instances where the 

cluster involves an additional hetero metal atom to the Fe-S core  (e.g. nitrogenase 

contains a molybdenum center in  (7Fe-9S-C-Mo) core and NiFe hydrogenase 

contains a Ni-Fe cluster) (Einsle et al. 2002). Despite their diverse arrangement, 

nature primarily uses sulfur donating amino acids as auxiliary ligands satisfying the 

coordination sphere of the metal center. However, clusters coordinated by N or O 

ligands from histidine and aspartate residues have been reported  (Moulis et al. 

1996). The cluster coordination along with the protein environment surrounding the 

metal cofactor dictate their oxidation states and redox potentials. Hence, the 

plasticity of these metallocenters enables their participation in various distinct 

cellular redox reactions. 

In the laboratory, Fe-S enzymes can be reconstituted by providing iron and sulfide 

sources in anaerobic conditions. In contrast, nature performs a meticulously 

articulated procedure to assemble and transfer the oxygen sensitive Fe-S clusters. 
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B. Fe-S Cluster Biogenesis 

Most organisms have dedicated systems for the maturation and trafficking of Fe-

S clusters. All systems described to date include enzymes performing three core 

functions: 1) delivery of sulfur to a scaffold protein by a cysteine desulfurase 

(Zheng et al. 1993), 2) formation of the cluster on the scaffold protein  (Agar et al. 

2000), 3) transfer of the cluster to a target protein with the help of a carrier protein  

(Chahal et al. 2009; Wollers et al. 2010). Escherichia coli, the best studied Gram-

negative bacteria, contains three systems to handle Fe-S cluster assembly and 

trafficking, namely the ISC, SUF and CSD systems  (Figure 1.2) (Ayala-Castro, 

Saini, and Outten 2008; Fontecave et al. 2005; Roche et al. 2013). The ISC is the 

housekeeping system whereas the SUF system takes over during oxidative stress 

 

Figure 1.2 Fe-S cluster biosynthetic gene region in bacteria model system. In 

E coli, which is a Gram-negative bacteria, there are three systems, ISC, SUF, 

and CSD involved in the Fe-S cluster biogenesis  (top). However, in B. subtilis, 

which is a Gram-positive bacteria, there is only SUF system that is responsible 

for Fe-S cluster biogenesis  (bottom).The figure shows the schematic 

representation of the operons encoding the proteins in each system. A common 

aspect of these systems is the presence of a gene encoding a cysteine 

desulfurase enzyme  (yellow) and their corresponding sulfur acceptor protein  

(pink). 

Escherichia coli

csdA csdEcsdL

sufA sufB sufC sufD sufS

iscR iscS iscU iscA hscB hscA fdx
ISC

SUF
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sufE

sufU sufBsufC sufD sufS

Bacillus subtilis SUF

Gram-negative bacteria

Gram-positive bacteria
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and iron starvation  (Nachin et al. 2001; Outten, Djaman, and Storz 2004; 

Takahashi and Tokumoto 2002). The function of CSD is still unclear, but in vivo 

studies in E. coli csd deletion strain shows loss of fitness and genomic instability  

(Ayala-Castro, Saini, and Outten 2008). On the other hand, in Bacillus subtilis and 

other Gram-Positive bacteria, only one system, the SUF system is believed to 

manage the entire biosynthesis of Fe-S clusters independent of any living 

conditions. 

In E. coli, the components of ISC system are encoded by the iscRSUA-hscBA-fdx 

operon  (Figure 1.2).  The first step in the biogenesis of Fe-S clusters through ISC 

system involves the cysteine desulfurase IscS, which provides the sulfur to the 

scaffold IscU  (Jeffrey N. Agar et al. 2000; Chandramouli and Johnson 2006; 

Schwartz et al. 2001), where Fe-S clusters are synthesized. HscB and HscA make 

a complex with IscU assisting cluster transfer from the scaffold to different 

apoproteins  (Chandramouli and Johnson 2006; Schwartz et al. 2001). IscA, an A-

type cluster carrier protein, helps in moving the Fe-S cluster to various apoproteins 

while IscR regulates the expression of the entire isc operon via a negative 

feedback mechanism  (Schwartz et al. 2001). 

The second Fe-S cluster biosynthetic system discovered in E. coli was the SUF 

system encoded by the operon sufABCDSE  (Figure 1.2). The activity of SufS is 

dependent on the presence of the sulfur acceptor molecule SufE  (Loiseau et al. 

2003; Outten et al. 2003). The SufB, SufC, and SufD form a complex in the ratio 

of 1:2:1 and this complex further enhances the cysteine desulfurase activity of the 
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SufS-SufE complex. SufC has been shown to have ATPase activity, which is 

improved by the presence of SufB and SufD (Kitaoka et al. 2006; Rangachari et 

al. 2002). Also, it has been demonstrated that the E. coli  SufBCD complex acts as 

a Fe-S cluster scaffold for the assembly of Fe-S clusters as it can transfer clusters 

directly to the target apoproteins or via an A-type carrier protein, SufA (Chahal and 

Outten 2012; Chahal et al. 2009; Wollers et al. 2010). 

The third cysteine desulfurase system present in E. coli includes two proteins, 

named as CsdA and CsdE, expressed by the corresponding csdA and csdE 

neighbor genes. The CsdA is a cysteine desulfurase that pairs with CsdE during 

sulfur mobilization (Barras, Loiseau, and Py 2005). Although not kinetically 

characterized, the mechanism of the CsdA-CsdE reaction is expected to follow a 

similar path of the one ascribed for SufS-SufE because of the high level of 

structural and sequence similarity of each equivalent component. It has been 

shown that CsdAE complex is capable of in vitro persulfide sulfur transfer for the 

maturation of a 4Fe-4S cluster on the NadA enzyme. Also, overexpression of CsdA 

 

Figure 1.3 Ping-pong mechanism of cysteine desulfurase SufS-SufU reaction  

(B. Selbach, Earles, and Dos Santos 2010). In this mechanism, SufS becomes 

persulfurated by accepting a sulfur from cysteine, the first substrate of the 

reaction. Then, SufS transfers the persulfide to SufU, which is the second 

substrate of the cysteine desulfurase reaction. In presence of a reducing agent 

like DTT, the persulfide on SufU can be cleaved to regenerate the nascent 

SufU, which can again accept a persulfide from SufS. 

SufS SufS-CysSufS.S-Ala SufS.S-SufUSufS.SufU.SSufS.S SufS

SufU.SCys Ala SufU
DTT
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and CsdE in the E. coli  isc deletion strain can restore the cluster maturation in 

NadA and 6-phosphogluconate dehydratase enzymes  (Ayala-Castro, Saini, and 

Outten 2008). Despite these suggestive evidences, no flawed Fe-S cluster 

assembly phenotypes have been observed for the csdA and csdE deletion strains. 

Hence, it is still unclear about the role of CsdA and CsdE in cluster assembly 

processes. 

While in Gram-negative E. coli, the SUF and ISC systems have been widely 

studied, not much progress has been achieved towards the understanding of Fe-

S cluster biogenesis in Gram-positive bacteria. Our lab has explored the kinetic 

behavior of the B. subtilis cysteine desulfurase SufS and the sulfur acceptor 

substrate SufU  (B. Selbach, Earles, and Dos Santos 2010). In the kinetic scheme 

of this reaction  (Figure 1.3), SufS becomes persulfurated upon the binding of the 

first substrate cysteine. The release of alanine as the first product is followed by a 

persulfide sulfur transfer reaction from SufS-SH to the second substrate SufU. In 

vitro, the regeneration of SufU from its persulfurated form is achieved by reducing 

agents such as DTT  (dithiothreitol). The roles of the other three SUF proteins: 

SufB, SufC and SufD in B. subtilis are still unexplored. 

C. Cysteine Desulfurase 

Cysteine desulfurase is a class of enzyme that transfer sulfur from cysteine to an 

acceptor protein. The transferred sulfur is utilized in the biosynthesis of several 

thio-cofactors such as iron-sulfur clusters, thiamin, molybdenum cofactor, and thio-

modifications in tRNA  (Hidese, Mihara, and Esaki 2011; Shi et al. 2010). All 
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cysteine desulfurases contain a pyridoxal-5'-phosphate  (PLP), a cofactor that 

forms a Schiff base with lysine at the enzyme active site. In the first step of the 

reaction, cysteine substrate displaces the lysine proton to form a Cys-PLP Schiff’s 

Base  (Figure 1.4) (Black and Dos Santos 2015). The abstraction of the proton 

leading to enzyme cysteine thiolate anion allows the nucleophilic attack on the 

sulfur atom of the PLP-Cysteine adduct resulting in the formation of a persulfide 

bond and the release of a free alanine  (Behshad and Bollinger 2009). In the 

second step of the reaction, the persulfurated cysteine desulfurase transfers the 

sulfur to an acceptor protein, that may act as a scaffold protein for biosynthesis of 

 

Figure 1.4: Mechanism of sulfur transfer reaction in cysteine desulfurases 

involving active site residue  (Black and Dos Santos 2015). Structures 1-4 

show the formation of the internal Schiff Base; intermediates 5-10 exhibit the 

formation of enzyme persulfide intermediate; 11-16 demonstrates the release 

of the alanine and the persulfide transfer. 

R-S-SH

R-S-

(1)                              (2)                                  (3)                                (4)     

(10)                             (9)                               (8)                              (7)   (6)                           (5) 

Ala

(11)                             (12)                            (13)        (14) (15) (16)
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Fe-S cluster or mediator protein that transfers the sulfur to the scaffold protein. The 

sulfur can also be transferred to several thio-cofactor biosynthetic pathways. 

Cysteine desulfurases can be classified into two groups based on their sequence 

homology and functional similarities  (Hisaaki Mihara et al. 1997). Class I cysteine 

desulfurase contains the sequence SSGSACTS, whereas class II cysteine 

desulfurase has an RXGHHCA motif  (Ayala-Castro, Saini, and Outten 2008). 

Functionally, class I cysteine desulfurase catalytic turnover rate remains 

independent irrespective of the presence or absence of its corresponding sulfur 

acceptor protein when incubated with cysteine in the presence of reducing agents. 

In contrast, class II cysteine desulfurases display very low activities and the 

presence of their corresponding sulfur acceptors enhances their activity from 2 to 

300 fold.   

In E. coli , the class I cysteine desulfurase, IscS provides sulfur for the biosynthesis 

of most thio-cofactors (Py and Barras 2010). IscS provides sulfur to ThiI protein 

during thiamine and 4-thiouridine biosynthesis (C T Lauhon and Kambampati 

2000; Charles T. Lauhon 2002). This enzyme also interacts with TusA for the 

biosynthesis of 2-thiouridine and molybdenum cofactor  (Kozmin, Stepchenkova, 

and Schaaper 2013). Lastly, IscS interacts with IscU in the biosynthesis of Fe-S 

cluster  (Kato et al. 2002), including metalloclusters found in biotin synthase  

(BioB), and lipoic acid synthase  (LipA). Given the involvement of IscS in the 

biosynthesis of many critical protein cofactors, it is not surprising that deletion of 

iscS causes severe growth defects. Furthermore, mutational and structural studies 
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of IscS revealed that sulfur trafficking involves specific protein-protein interactions 

using different regions of the cysteine desulfurase surface to recogninze distinct 

sulfur acceptor molecules.  

In E. coli, SufS, a class II cysteine desulfurase, takes over the charge of sulfur 

trafficking for Fe-S cluster biosynthesis during oxidative stress and iron limitation 

conditions. SufS forms a complex with SufE, the sulfur acceptor protein  (Loiseau 

et al. 2003). SufS channels the sulfur from cysteine substrate through its Cys364 

residue to the active site Cys51 residue of SufE  (Hisaaki Mihara et al. 1999). The 

presence of SufE enhances the cysteine desulfurase activity of SufS  (Loiseau et 

al. 2003; Outten et al. 2003), a typical functional behavior of class II cysteine 

desulfurase. Furthermore, the presence of SufBCD further increases the cysteine 

desulfurase activity  (Outten et al. 2003). The mechanism of these activity 

enhancements had not been previously studied in detail. This dissertation includes 

detailed kinetic characterization of the sulfur transfer reaction in E. coli SufS-SufE-

SufBCD  (described in chapter 2).  

The E. chrysanthemi and E. coli  SufS enzymes have a high specific activity for L-

selenocysteine in comparison to L-cysteine  (H Mihara et al. 2000). Hence, it was 

initially believed to be the exclusive function of SufS in the mobilization of selenium 

from Sec degradation. However, SufS active site residue Cys364 and SufE does 

not play any role in the selenium mobilization and the importance, if any, of in vivo 

selenium transfer through SufS is still unknown (Loiseau et al. 2003). 
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CsdA is the third cysteine desulfurase enzyme in E. coli and its exact in vivo 

function remains unclear. This enzyme is a member of class II cysteine 

desulfurases and its activity is enhanced by the corresponding sulfur acceptor 

CsdE  (Loiseau et al. 2005). In vitro, CsdA has the highest intrinsic cysteine 

desulfurase activity amongst all cysteine desulfurases. CsdA and/or CsdE deletion 

do not have any impact on the level of Fe-S enzymes suggesting little influence on 

Fe-S cluster biogenesis. However, researchers have shown that in strains 

containing a conditional knockout of both iscS and sufS genes, CsdA, but not 

CsdAE, can recruit SufE and SufBCD for Fe-S cluster biosynthesis  (Ayala-Castro, 

Saini, and Outten 2008). CsdL, the third protein of the CSD system, can also 

receive a sulfur directly from CsdA or through CsdE. Recently, it has been shown 

that CsdL catalyzes an ATP-dependent cyclization reaction of an essential tRNA 

modification from N (6)-threonylcarbamoyladenosine  (t6A) to ct6A, at position 37  

(Kim, Lee, and Park 2015; Miyauchi, Kimura, and Suzuki 2013). CsdA and CsdE 

appear to be involved in the cyclization process since strains carrying deletions 

within these corresponding genes do not accumulate ct6A tRNA modification. 

However, how this cysteine desulfurase and sulfur acceptor influence the pathway 

for Ct6A modification that does not involve an apparent sulfur transfer reaction is 

unknown. 

In 2010, Selbach et al. have elucidated the bisubstrate mechanism of the cysteine 

desulfurase reaction of SufS-SufU in B. subtilis  (B. Selbach, Earles, and Dos 

Santos 2010). Until then, much attention had been given to the first step of the 

cysteine desulfurase reaction. However, this research demonstrated that SufU is 
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recruited as a second substrate of the reaction. Selbach et al, characterized the 

reaction of SufS as a double displacement mechanism, also called ping-pong 

mechanism. The kinetic scheme uses cysteine as the first substrate that leads to 

persulfuration of SufS at the active site cysteine residue. The release of the first 

product alanine dictates the binding of the second substrate SufU, which becomes 

persulfurated by the sulfur transfer reaction from SufS to SufU. Eventually, SufU 

transfers the sulfur to a biological scaffold protein for Fe-S cluster biosynthesis. 

However, the identity of the SufU sulfur acceptor is unknown. This research 

proposes that SufB could be the direct receiver of sulfur, as this protein is proposed 

to serve as a platform for assembly of Fe-S clusters. SufU sulfur-transferase 

activity is dependent on the presence of zinc that confers structural rigidity to the 

enzyme  (Selbach et al. 2014). The NMR structure of SufU showed that the 

conserved SufU residues Cys41, Cys66, Cys128, and Asp43 coordinates to zinc  

(Kornhaber et al. 2006). Amino acid substitution of any of the zinc-coordinating 

residues yielded reduced zinc binding, impairment of secondary structure, and 

decreased cysteine desulfurase activity (Bruna P. Selbach et al. 2014). In this 

dissertation, we have expanded the kinetic characterization of SufS enzymes from 

both B. subtilis and E. coli . We sought to further the understanding of the 

similarities and differences on sulfur transfer reactions employed by cysteine 

desulfurases participating in the SUF-directed assembly of Fe-S clusters in Gram-

positive and negative bacteria. 
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D. Iron Donors and Scaffold Protein  

The second step of Fe-S cluster biogenesis involves the assembly of a cluster on 

a scaffold protein, which requires the safe delivery of iron. However, oxidation 

states of iron play a significant role in the solubility, as well as the affinity towards 

a protein. Hence, iron transport needs to be conducted in a very protected and 

secure manner. Fe2+ has higher solubility in comparison to Fe3+, whereas Fe2+ is 

more susceptible to oxidation towards atmospheric oxygen. In vivo, recruitment of 

iron into several Fe-S cluster biogenesis pathways occurs through iron donors or 

iron metallochaperones. These metallochaperones protect the free iron ion from 

non-specific chelation, and from reacting to oxygen species. In contrast, in vitro, 

simple Fe2+ salts can be used as an iron source for cluster assembly process, 

however intracellular levels of free Fe2+ are kept very low due to their reactivity to 

biological molecules through Fenton chemistry.  

In eukaryotes, frataxin is the main candidate for iron metallochaperones; deletion 

of frataxin leads to impairment of Fe-S cluster assembly process and homeostasis 

(Bencze et al. 2006). However, deletion of cyaY, the bacterial homolog of frataxin, 

does not have a comparable effect on the bacteria (Li et al. 1999). The only 

phenotype that has been observed in E. coli  and Salmonella enterica is the 

reduction in the levels of Fe-S cluster containing NADH: ubiquinone 

oxidoreductase activity (Li et al. 1999; Vivas, Skovran, and Downs 2006). 

However, in yeast, bacterial CyaY protein is capable of recovering the frataxin 

deletion effect partially (Bedekovics et al. 2007). Also, in vitro, CyaY can adhere to 
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iron and create several poly-iron species (Bencze et al. 2006; Bou-Abdallah et al. 

2004). 

In E. coli , apo-CyaY forms a heterotrimeric complex with IscS and IscU (Layer et 

al. 2006). IscU can assemble Fe-S clusters when CyaY, pretreated with ferric ion, 

is used as an iron source (Layer G. et.al. 2006). It has also been reported that 

cysteine could act as a potential reducing agent for Fe3+-CyaY. Based on these 

results, it was proposed that reduced Fe2+-CyaY can provide IscU the Fe2+ ion for 

Fe-S cluster biosynthesis. In a parallel experiment it was shown that iron binding 

to CyaY improves upon treatment with hydrogen peroxide, since CyaY has a 

higher affinity towards +3 oxidation state of Iron (Ding et al. 2007). These initial 

results suggested that CyaY could possibly be involved in the in vivo biosynthesis 

of Fe-S clusters. However, the presence of CyaY in cysteine desulfurase assays 

containing IscS and IscU has been shown to decrease the activity of this complex, 

leading to potential opposing functions for CyaY in Fe-S cluster synthesis. 

Once the iron and sulfur are safely received from the iron donor and the sulfur 

carrier protein respectively, a scaffold protein assembles the Fe-S cluster. NifU, 

the first scaffold protein to be characterized, has three unique domains that can 

coordinate B. subtilis Fe-S clusters (Agar et al. 2000; Fu et al. 1994). The N-

terminal domain of NifU, similar to IscU, can construct both 2Fe-2S and 2Fe-4S 

clusters, and then transferred the newly synthesized cluster to an apoprotein (Dos 

Santos et al. 2004). Whereas, the central ferredoxin-like domain encloses a non-

transferable 2Fe-2S cluster that involves in redox reactions during a cluster 
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assembly process. The C-terminal domain, also known as NfU domain, can also 

assemble and transfer 4Fe-4S clusters to apoproteins. 

In A. vinelandii, an IscU can assemble a 2Fe-2S cluster both in vivo and in vitro. 

In reactions performed in vitro, two 2Fe-2S clusters can be further converted to a 

4Fe-4S cluster through a reductive coupling reaction (Chandramouli et al. 2007). 

In vivo, IscFdx is proposed to serve as the electron donor for the synthesis of the 

4Fe-4S cluster on IscU. The Fe-S cluster scaffold for nitrogenase metalloclusters, 

NifU, also contains an N-terminal IscU-like domain. Reductive coupling of two 2Fe-

2S clusters to 4Fe-4S within NifU is proposed to occur in the same fashion.  

SufU, a protein displaying amino acid sequence similarity to IscU, has long been 

proposed to be a scaffold protein. However, Selbach et al. in 2014, showed that 

SufU is not a scaffold protein in B. subtilis, rather it is a zinc-dependent sulfur 

acceptor protein of SufS (Selbach et al. 2014). The tight binding of zinc to SufU is 

propose to restrict the function of this protein to an exclusive sulfur acceptor. 

Irrespective of the overall sequence similarities between SufU and IscU, it is 

important to note specific differences between the two groups of U-type proteins. 

First is the presence of an 18 to 21 amino acids insertion between the second and 

third conserved cysteines. Second, SufU does not contain a highly conserved 

LPPVK motif, which grants chaperone recognition in IscU. Third, the binding 

affinity of SufU for zinc is several orders of magnitude higher than that of IscU  (Ka 

of 1017 versus 1012). Lastly, it was recently discovery that SufU is not a scaffold. 

These observations led to the hypothesis that in B. subtilis, the remnant SUF 
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components, SufBCD, individually or as a complex, could serve as a platform for 

the synthesis of Fe-S cluster, while SufU would serve in a role analogous to that 

of SufE. 

In the E. coli  SUF system, SufBCD complex has been proposed to function as the 

Fe-S cluster scaffold  (Fig 1.5) (Chahal and Outten 2012, Chahal et al. 2009; 

Wollers et al. 2010). SufB and SufD are homologous in the C-terminal while 

diverse towards the N-terminal domains. The N-terminal region of E. coli SufB 

 

Figure 1.5 SUF mediated Fe-S cluster assembly scheme (Chahal and Outten 

2012). In E. coli, SufS transfers a sulfur through SufE to SufBCD complex, 

which acts as the scaffold protein that assembles the Fe-S cluster. In this 

complex, SufB assembles an Fe-S cluster from the iron provided by SufD and 

the sulfur provided by SufS-SufE. It has been proposed that the ATPase activity 

of SufC in this complex is essential for the cluster assembly and transfer 

processes. Once assembled, the Fe-S clusters can be transferred to SufA, a 

carrier protein, which can again transfer to a final acceptor protein such as 

Ferredoxin. 
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contains a CXXCXXXC motif proposed to serve as the site for the assembly of Fe-

S cluster, even though this is a conserved motif. In vitro studies showed that SufB 

can bind to a [4Fe-4S]2+ providing support for the role of SufB a novel scaffold 

protein for the biogenesis of Fe-S cluster in the SUF system. In addition, SufB can 

accept sulfur from SufE, and it can stimulate the ATPase activity of SufC. SufB, 

SufC, and SufD form a complex in a ratio of 1:2:1 through binding between the C-

terminal regions of SufB and SufD interacting with SufC (Outten et al. 2003). 

Complexes such as SufBCD, SufBD, SufC2, SufD2 and SufB2 have been also 

reported, suggesting that SufBCD proteins may form a dynamic complex in which 

association and dissociation of proteins within this complex is mechanistically 

relevant for the overall cluster assembly and delivery steps.  While the 

physiological function of SufD awaits experimental investigation, this protein has 

been proposed to provide a ligand site for the nascent Fe-S cluster, possibily 

through its conserved His or Cys residue, to coordinate with the Fe-S cluster, 

and/or to serve as an iron donor to SufB during cluster biogenesis.  

E. SufC is an ATPAse 

SufC homologous proteins have sequence similarities with those of ABC 

transporter proteins. ABC transporters not only assist in channeling of nutrients 

across the membrane but also help in many other cellular processes by their ATP 

hydrolyzing capability (Higgins 2001). Transporting organic and inorganic 

molecules across the membrane against the gradient is a vital part of the survival 

of any living cell. Hence, every cell makes significant expenditure on maintaining 
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their transport systems. For example, E. coli dedicates about ten percent of its 

genome to encode proteins involved in the transport of molecules against the 

concentration gradient. The lipid layer is permeable for the transport of 

hydrophobic organic molecules, whereas for ionic compounds it serves as a 

barrier. The free energy requirement for the carriage of molecules against a 

gradient is provided through the hydrolysis of ATP. The superfamily of transporter 

ATPases comprises of the rotary motor F-, A-, and V-ATPases; the P-type 

ATPases and the ABC transporters. ABC transporters handle a broad array of 

substrates ranging from macromolecules like lipids, polysaccharides, and 

 

Figure 1.6 Nucleotide binding domain of ABC ATPase (Schneider and Hunke 

1998). ABC tansporter proteins and SufCs have a common nucleotide binding 

domain. This domain has three important motifs that are responsible for the 

binding and hydrolysis of ATP. 
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oligonucleotides to small molecules, such as amino acids, nucleosides, and 

sugars.  

ABC transporter proteins are comprised of a membrane spanning domain 

responsible for transportation across the membrane and a nucleotide binding 

domain accountable for ATP hydrolysis. The most significant components of this 

ATP hydrolyzing domain in ABC transporter proteins are Walker A  

(GXXGXGKS/T, X is variable amino acid), Walker B  (hhhhD, h is hydrophobic 

amino acid) and ABC signature motifs  (LSGGQQ/R/KQR) or also called as linker 

peptide  (Figure 1.6) (Schneider and Hunke 1998).  Excluding the membrane 

binding domain of ABC transporters; SufC and its other homologous proteins 

  

Figure 1.7 Crystal structure of T. thermophilus SufC-ADP complex showing 

the interactions of amino acid side chains from Walker A and Walker B motif to 

an ADP molecule; the ADP molecule is shown in purple. In this structure, the 

proposed active site residue Glu169 is facing away from the ADP molecule.  

( PDB ID: 2D2F)  (Watanabe, Kita, and Miki 2005). 
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contain the nucleotide binding domain involved in ATP hydrolysis (Nachin et al. 

2003).  

The crystal structure of Mg-ADP bound SufC from Thermus thermophilus has 

revealed the presence of the same motifs necessary for nucleotide as 

characterized above (Watanabe, Kita, and Miki 2005). The structure exposed the 

interaction between Walker A motif  (Gly36-Thr44) and ADP, similar to those of 

ABC type ATPases  (Figure 1.7). On the other hand, the interaction of Walker B 

motif is little peculiar, instead of the conserved Glu169, Thr170 interacts with the 

nucleotide. In ABC transporter proteins, the Glu169 is flipped towards the 

nucleotide and binds through water molecules that are bonded to Mg2+ of ATP. 

Although the Glu169 interaction to a nucleotide is thought to favor ATP hydrolysis, 

in the SufC structure the Glu169 residue is flipped outwards  (Figure 1.7). In this 

structure, the position of Glu169 is stabilized through a salt bridge with Lys150. 

Both of these residues are conserved amongst all ATPases suggesting a common 

regulatory switch.  

The ATPase activity of SufC is essential for in vivo iron acquisition on SufB in E. 

coli (Saini et al. 2010). The SufC displays a specific activity against ATP of 0.3 

µmol/min/mg and Km of 0.29 µM. Despite its requirement for Fe-S biogenesis, the 

exact mechanism by which the ATPase activity participates in Fe-S cluster 

metabolism has not been defined yet.  

The ISC pathway contains chaperone proteins HscA and HscB, inactivation of 

which impairs the Fe-S cluster biosynthesis suggesting the importance of these 
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proteins in cluster biosynthesis (Takahashi and Nakamura 1999; Tokumoto and 

Takahashi 2001). HscA has intrinsic ATPase activity, and the activity is enhanced 

significantly in the presence of HscB. IscU has conserved motif, LPPVK, that 

serves as the recognition binding site to HscA (Cupp-Vickery et al. 2004). The 

presence of HscB further improves the binding of HscA and IscU. It is important to 

note that the conserved HscA-binding motif, LPPVK, while conserved within IscU 

sequences is absent in SufU sequences, again highlighting the distinct functions 

of both proteins (Johnson et al. 2005).  

In Azotobacter vinelandii, the HscA and HscB improve the cluster transfer reaction 

from holo-IscU to apoproteins through an ATP-dependent mechanism 

(Chandramouli and Johnson 2006). The ATPase activity of HscA-HscB is vital for 

the Fe-S cluster from holo-IscU to apo-IscFdx. In E. chrysanthemi, soxR-

dependent induction of soxS gene expression is modified by a nonpolar mutation 

on SufC, when exposed to stress conditions, indicating a possible effect on the 

[2Fe-2S] cluster of SoxR protein (Nachin et al. 2001). These previous reports led 

to our hypothesis that, in B. subtilis, the ATPase activity of SufC is essential for the 

Fe-S cluster biogenesis by facilitating either cluster assembly or transfer.  

In the SUF system, the ATPase requirement for cluster transfer reaction is 

proposed to be provided by SufC. This dissertation includes an extensive study of 

ATPase activity of B. subtilis SufC. Kinetic studies of the ATPase activity of SufC 

and the activation upon binding of SufD and/or SufB were included in this research 

as well as the nature of the interaction of SufC among other SUF proteins.  
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G. Conclusion 

The objective of this research is to understand the function of the SUF components 

and to compare with systems found in Gram-negative bacteria. This dissertation 

has established the kinetic characterization of sulfur transfer reaction in both E. 

coli and B. subtilis. Also, it has enlightened the functionalities of SufC along with 

its natural partner, SufB and SufD.    
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Chapter 2 

Protected sulfur transfer reactions by the Escherichia coli suf system 
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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 thiolate 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 

(Hidese, Mihara, and Esaki 2011; Shi et al. 2010). These molecules, in their 

sulfurated forms, serve specific S-entry points to pathways involving the synthesis 

of thio-cofactors such as Fe-S clusters, thiamin, molybdenum cofactor, 4-
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thiouridine, and 2-thiouridine tRNA.  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 (H. Mihara and Esaki 

2003).  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.  In vitro biochemical experiments 

showed that under reducing conditions, the presence of physiological acceptor 

proteins elicits little to no effect on IscS activity (Dai and Outten 2012; Kato et al. 

2002). 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 sequences and 

structures allow classification of SufS and CsdA in a separate sub-group apart from 
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IscS.  As members of class II cysteine desulfurases, the active site cysteine 

residue of these enzymes is located a short structurally defined loop (Hisaaki 

Mihara et al. 2002; Tirupati 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. 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 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 

(Dai and Outten 2012; Loiseau et al. 2003). Labelling experiments showed that 

residue Cys 51 of SufE can be modified by one to four covalently-bound sulfur 

atoms (Ollagnier-de-Choudens et al. 2003).  In addition, the presence of the 
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SufBCD complex further enhances the rate of sulfide production up to 30-fold in 

reactions containing SufS and SufE, where SufB can accumulate up to seven 

sulfur atoms.  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 (B. Selbach, Earles, and Dos Santos 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 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 
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sulfur acceptor.  Moreover, the use of a strong reducing agents  (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. 

Materials and Methods 

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) were kindly provided by Dr. Wayne 

Outten. The plasmid suitable for expression 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 
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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. 

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 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 
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SufS were analyzed by SDS-PAGE. 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 et al. 2003). 

Cysteine desulfurase assay 

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 (B. Selbach, Earles, and Dos Santos 2010). 
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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 (B. Selbach, Earles, and Dos Santos 2010) 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 the 

MOPS reaction buffer containing the same concentrations of cysteine and 

reducing agent used in the assay. 
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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. 
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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 2.1). Addition of SufE to the reaction 

enhances the rate of sulfide formation 8 to 50-fold under reducing conditions 

(Ollagnier-de-Choudens et al. 2003; Outten 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 

 

Figure 2.1 Reaction profile of SufS cysteine desulfurase. Panel A shows a 
schematic diagram of SufS-SufE reaction.  Panel B shows product formation 
of nmoles of Ala per nmoles of SufS  (empty symbols) and nmoles of sulfide 
per nmoles of SufS  (filled symbols) over time  (min). Reaction mixtures 
contained 0.5 mM cysteine, 2 mM DTT, and  () 0.55 µM SufS or  () 28 nM 

SufS and 0.56 µM SufE. At each time point reaction, 200 L aliquots were 

quenched with 20 L of 10% TCA solution  (empty symbols and grey symbols) 

or with 12.5 l of 12 M NaOH. Reactions terminated with TCA were neutralized 

with 100 L of 1 M Tris-HCl pH 8  (grey symbols) or 1 mL of 150 mM sodium 
borate pH 8.5  (empty symbols) buffers prior product quantification. When not 
visible, error bars are smaller than the symbols. 
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baseline levels associated with the slopes of product  (sulfide and alanine) vs time 

was observed  (Figure 2.1B). 

To investigate the 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 reaction was 17-fold higher than the one displayed in the second phase  

(Figure 2.2B, Table 2.1).  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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Table 2.1 
Effect of reducing agents on the activity of SufS 

in the presence of sulfur acceptors. 

    
Specific Activitya 

 (nmol Ala.min-1.mg-1) 

    1st phaseb 2nd phaseb 

- 

SufS                               2.9+1.5 

SufS +  20SufE  552+48 28.3+4.5 

 +  40SufE  604+56 29+5 

G
S

H
 SufS +  20SufE  574+64 58.7+7.7 

SufS +  40SufE  625+45 59+6.0 

D
T

T
 

SufS   5.3 ± 0.5 

SufSC364A   NDc 

SufSC364A +  20SufE  NDc 

SufS +   5SufE  227 ± 10 19.0 ± 1.4 

SufS +  20SufE  748 ±74.2 34.0 ± 6.0 

SufS + 20SufEC51A  0.5 ± 0.5 

SufS +  40SufE  714.8+80 85+25 

SufS +   5SufE + 40SufBCD 183±16 

SufS +  40SufE + 40SufBCD 603 ± 3 329 ± 15 

SufS  + 40SufBCD 19 ± 4 

T
C

E
P

 

SufS   11.5±0.5 

SufS +  5SufE  533 ± 40 

SufS +  20SufE  816 ± 16 

SufS +  40SufE  863 ± 59 

SufS +  40SufE + 40SufBCD 642 ± 82 

SufS  + 40SufBCD 21.5 ± 1.5 
a The specific activity was calculated from the linear rate of product 
formation from at least 4 time points. bPhase was defined as a 
segment of the overall reaction displaying a linear rate of product 
formation. c Not detected. 

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 2.1).  Interestingly, cysteine desulfurase reactions under non-reducing 

conditions  (i.e. in the absence of DTT), also showed biphasic alanine release 



37 

 

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 

2.2A, Table 2.1).  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-

 

Figure 2.2 Biphasic kinetic behavior of SufS-SufE reaction. Cysteine 

desulfurase activity profile of reaction mixtures containing  () 0.55 µM SufS,  

() 28 nM SufS and 0.56 µM SufE, or  () 28 nM SufS and 1.12 µM SufE. Two 

mL reactions containing 0.5 mM cysteine were assayed under non-reducing 

conditions  (A), 2 mM DTT  (B), or 2 mM TCEP  (C). The profile of alanine 

formation  (nmoles of Ala produced per nmols of SufS) was plotted against time  

(min). The graphs display representative reaction profiles from individual 

experiments of at least three independent assays. The slopes from linear fit of 

each reaction phase were used to calculate specific activity values shown in 

Table 2.1. 
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cysteine showed transfer of 35S to SufE despite the presence of DTT  (Figure 2.3A 

lane 2. Quantification of the 35S-bands indicated that relative radioactivity  

 

Figure 2.3 Protected persulfide sulfur transfer from SufS to SufE. Panel A 

shows the phosphorimager of a non-reducing SDS-PAGE gel containing: lane 

1 – SufS; Lane 2 – SufS + SufE; lane 3 – SufS + SufE + SufBC2D; lane 4 – 

SufS + SufBCD. Each lane contains 0.37 pmol SufS, 1.1 pmol SufE and 11 

pmol SufBC2D. Panel B shows phosphorimager of the pulse-chase experiment 

for SufS  (0.16 pmol) and SufE  (0.49 pmol);  (left) reactions were incubated 

with 35S-cysteine for 30 min  (pulse) and chased with cysteine for 5 and 30 min,  

(right) reactions were incubated with cysteine for 30 min  (pulse) and chased 

with 35S-cysteine for 5 and 30 min. The relative radioactivity associated with 

each band is reported in Figure 2.4. In assays containing a 3 molar excess of 

SufE, the bands associated to SufE were nearly 3 times more intense than the 

ones associated with SufS.  
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of SufE is three times higher than that of SufS in a reaction containing a three-fold 

molar excess of SufS  (Figure 2.4), indicating that both proteins retained a similar 

degree of 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 2.3B). 

 

Figure: 2.4 Quantification 35S-labeling of reactions containing SufS, SufE 

and/or SufBCD. The density of each band from each phosphorimager was 

quantified using a pre-fixed area. The relative radioactivity was calculated from 

the ratio of density associated each protein band by density of the 35S-SufS 

band from the SufS:SufE reaction, indicated with a red box on the 

phosphorimager, and red star on the bar graph. Panel A - The relative 

radioactivity  (right) was determined from band intensity of reactions indicated in 

Figure 3A  (also in panel A, left). When indicated, error bars show deviation from 

independent experiments. Panel B - The relative radioactivity  (right) was 

determined from band intensity of pulse-chase reactions indicated in Figure 3B  

(also in panel B, left). The mol ratio of SufS, SufE, and SufBCD present in these 

reactions is specified next to the phosphorimager. 
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Accumulation of SufE-Sn
- under DTT-reducing conditions also helps to explain the 

differences between baseline of alanine and sulfide assays  (Figure 2.1B). 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 2.1B, 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 2.1B, 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
-). 

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 2.2C, when TCEP is used as a reducing agent the 

reaction displayed linear product formation with an associated rate similar to that 
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observed in the first phase of reaction in the absence or presence of DTT  (Figure 

2.2A and 2.2B, respectively). Second, we carried out analysis of sulfur covalently 

bound to SufS-SufE samples  (as persulfide or polysulfide forms), after addition of 

cysteine  (Table 2.2).  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 2.2).  

Steady-state kinetic analysis of the SufS-SufE reaction 

Table 2.2 
Sulfur content on SufS-SufE samples after incubation with SufS and cysteine* 

Reducing 
agent added* 

[S2-] release/ 
[SufE:0.02SufS]** 

- 2.00+0.54 

+ DTT 0.75+0.13 

+ TCEP 0.10+0.08 

+ DTN 0.05+0.005 

 

*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 in the materials and methods. Samples not treated 
with DTT after dialysis showed no detectable levels of sulfide. As-isolated SufE 
showed the release 0.02 + 0.005 S2-/SufE.  
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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 2.5, diamonds) with an associated KM  (0.87 µM) similar to the one 

 

Figure 2.5 Assays were performed in 50 mM Mops pH 8, 0.5 mM cysteine, 0.55 

µM SufS, and varying concentrations of SufE  (0.28 – 8.4 uM).  The rate of 

alanine formation  (nmol of Ala.min-1.mg-1) was calculated from the linear slopes 

of at least three time points for reaction using 2 mM TCEP  () or 2 mM DTT  

(). The lines are the best fit for the equation for high-affinity substrates, 𝑣 =
𝑉𝑚𝑎𝑥

2𝐸𝑡
× {𝐸𝑡 + 𝐾𝑚 + 𝑆𝑡 −  √[(𝐸𝑡 + 𝐾𝑚 + 𝑆𝑡)2 − 4𝑆𝑡𝐸𝑡]}, where v is the rate of 

alanine formation, Et is the enzyme concentration, St is the substrate 

concentration added to the assay  . In assays measuring the first phase of DTT-

reducing reactions, contributions of second phase of the reaction were 

negligible within this substrate concentration range. The velocity associated 

with the first phase of DTT-reducing reactions resulted in apparent kinetic 

constant of Vmax 877 ± 128 nmoles Ala.min-1.mg-1 and KM 4.6 ± 1.4 µM, while 

constants determined under TCEP-reducing conditions were of Vmax 703 ± 25 

nmoles Ala.min-1.mg-1 and KM 0.87 ± 0.12 µM.  The inset shows the rates of Ala 

formation in the presence of increasing amounts of SufE under DTT-reducing 

conditions during the second phase of the reaction  (e.g. at time points 10, 15, 

and 20 min). The line is the best fit of Michaelis-Menten equation. No substrate 

saturation was observed up to 40 M SufE. 
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reported for B. subtilis SufU sulfur acceptor protein of 3 µM (B. Selbach, Earles, 

and Dos Santos 2010).  For comparison, the activity profile of alanine formation in 

the presence of DTT was also determined under increasing concentrations of SufE  

(Figure 2.5, circles).  The activity associated with the first phase and the second 

phase  (Figure 2.5, 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.  

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 2.1) and that S-

labeling is also observed on SufS when the enzyme is incubated with SufE and 

35S-cysteine  (Figure 2.3). In addition, the lack of activity of SufEC51A on serving as 

a substrate of this reaction  (Table 2.1) along with the parallel lines on double 

reciprocal plots of cysteine saturation curves provide support for a ping-pong 
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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 thiolated form of SufE likely promotes the 

nucleophilic attack onto the terminal persulfide sulfur of SufS.  Unexpectedly, 

significant activity was also observed at a lower pH range  (5.5-6.6), which was 

independent of SufE  (Figure 2.6). 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. Analysis of E. coli  and Synechocystis SufS’ crystal structures 

 

Figure 2.6 pH-activity profile of SufS cysteine desulfurase reaction. The SufS 

cysteine desulfurase activity was carried out at different pHs. The plot 

represents the relative activity of alanine formation for SufS  () and for SufS-

SufE  (). Reactions were conducted in 50 mM concentration of different 

buffer salts, 0.45 µM SufS, 0.5 mM cysteine, 2 mM TCEP, and, when 

indicated, 2.22 µM of SufE. Under these conditions, reaction rates were 

represented as relative to maximum activity identified for the SufS-SufE 

reaction  (533 nmoles of Ala/min/mg). 
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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. 

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. 

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 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 2.7A, 

Table 2.1).  Furthermore, under sub-saturating 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 
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enzyme, ii) SufBCD complex directly interacts with SufE, leading to conformational 

changes in the protein which would de-protect 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 2.7B), 

 

Figure 2.7 The effect of SufBCD on the SufS-SufE cysteine desulfurase 

reaction. Cysteine desulfurase activity profile of reaction containing  () 28 nM 

SufS and 1.12 µM SufBCD complex,  () 28 nM SufS and 1.12 µM SufE, and  

() 28 nM SufS, 1.12 µM SufE, or 1.12 µM SufBCD.  Two mL reactions 

containing 0.5 mM cysteine were assayed using 2 mM DTT  (A), or 2 mM TCEP  

(B). The rates of alanine formation  (nmol of Ala produced per nmol of SufS) 

were plotted against time  (min). The graphs display representative of reaction 

profiles from individual experiments of at least three independent assays. The 

slopes from linear fit of each reaction phase were used to calculate specific 

activity values shown in Table 2.1. 
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suggesting that TCEP can bypass the sulfur transfer step from SufE to SufB, but 

not from SufS to SufE.   

Labeling experiments using excess 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 2.3). In 

these experiments DTT was not effective in cleaving the persulfide on SufS or SufE 

in their active conformations  (Figure 2.3, 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 2.3, 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 2.1).  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 2.7). 
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Conclusion 

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 

 

Figure 2.8 Proposed protected sulfur transfer pathway by the E. coli Suf 

system. Solid arrows depict the flow of sulfur transfer from cysteine to the final 

acceptor SufBCD complex. Dashed arrows depict the reduction of 

persulfurated/polysulfurated proteins by reductants present in the in vitro assay. 
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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 this reaction was higher 

than previously reported values for this enzyme (Dai and Outten 2012; H Mihara 

et al. 2000). 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.  
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Mass spectrometry analysis of SufE after incubation with SufS and cysteine led to 

the accumulation of two to four sulfur atoms associated with SufE (Ollagnier-de-

Choudens et al. 2003), which was in agreement with our sulfur analysis of SufE 

after cysteine desulfurase reaction under non-reducing conditions  (Table 2.2). 

The crystal structure of SufE indicates that the Cys51 sulfur acceptor site is located 

in a hydrophobic cavity shielded from the solvent (Goldsmith-Fischman 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 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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Chapter 3 

Activation of the B. subtilis SufC ATPase by SufD 
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Introduction 

In B. subtilis, the main route for the biosynthesis and trafficking of Fe-S clusters is 

proposed to involve the SUF system which is comprised of five proteins: SufS, 

SufU, SufB, SufD, and SufC. Selbach et al. have conducted detailed kinetic studies 

of the sulfur transfer reaction between SufS and SufU involved in the first step of 

sulfur mobilization in the biosynthesis of Fe-S clusters (Selbach, Earles, and Dos 

Santos 2010). In this kinetic scheme, the cysteine desulfurase SufS first transfers 

the sulfur from cysteine to SufU using a PLP-dependent enzymatic mechanism. 

The zinc-bound form of the sulfur acceptor SufU is the active form of the substrate 

enhancing the catalytic turnover rate of SufS up to 200 fold (B. Selbach et al. 2014). 

While it is been proposed that SufU acts an intermediate in the sulfur transfer 

process, the identity of the subsequent sulfur acceptor (s) in this pathway remains 

to be determined.  

The SUF system also includes three additional yet-uncharacterized proteins: SufC, 

SufD, and SufB. Based on sequence similarities to E. coli SufBCD proteins, the B. 

subtilis SufBCD proteins are expected to perform equivalent roles, that is assisting 

the assembly of Fe-S clusters.  Like other SufC sequences, the B. subtilis 

orthologue shows similarity to members of the ATP-binding cassette transporter 

family. Members of this family contain two membrane spanning domains forming 

the channel across the membrane and ATP-binding domain containing Walker A, 

Walker B, and ABC signature motifs (Schneider and Hunke 1998). These 

transporter proteins spend energy, which has been generated by the hydrolysis of 

ATP, to transfer molecules across the membrane. However, this ABC signature 
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motif is not limited to membrane-bound proteins; they are also present in non-

transporter proteins such as structural maintenance chromosome proteins  (SMC), 

and SufC. SMC helps in segregation and DNA repair in cells (Graumann 2001; 

Hirano 2005) while SufC is proposed to be involved in the synthesis or transport 

of Fe-S clusters.  

In E. coli , SufC forms a complex with SufB and/or SufD (Outten et al. 2003). The 

SufBCD complex can accept sulfur from SufE in a reaction initiated by SufS (Layer 

et al. 2007). The presence of SufBCD enhances the overall turnover rate of SufS 

by accelerating the regeneration of SufE at the end of each catalytic turnover. 

SufBCD complex can act as a scaffold protein for the assembly of Fe-S clusters, 

followed by the transfer of that newly synthesized cluster to SufA, an acceptor 

protein (Chahal et al. 2009). It has been shown that the ATPase activity of SufC is 

essential for the functionality of the SUF system in vivo during iron starvation and 

oxidative stress (Nachin et al. 2003; Saini et al. 2010).  

The presence of an ATPase enzyme is a recurring feature of Fe-S cluster 

biosynthetic pathways. The eukaryotic mitochondrial ISC and cytosolic iron-sulfur 

cluster assembly pathways (CIA) include ATPase components. The E. coli ISC Fe-

S cluster biosynthetic pathway, that supplies Fe-S cluster under standard growth 

conditions, also requires a protein whose ATPase activity is critical for the 

functionality of this pathway. Similarly to SufC, the chaperone HscA has intrinsic 

ATPase activity that is enhanced in the presence of co-chaperone HscB 

(Chandramouli and Johnson 2006; Cupp-Vickery et al. 2004). The HscA-HscB pair 

interacts with IscU facilitating the transfer of Fe-S clusters to acceptor proteins in 
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an ATP-dependent fashion.  However, the exact mechanism by which the ATPase 

activity of HscA assists the cluster transfer reaction remains unknown. Even less 

understood is the identity of steps during Fe-S cluster biogenesis that require ATP 

hydrolysis by SufC.  In ABC transporters, ATP binding and hydrolysis introduce 

structural changes that assist the transport of molecules across the membrane. 

Similarly, in SMC proteins, ATP binding regulates the DNA recognition and binding 

(Graumann 2001; Hirano 2005). Since ABC cassette has diverse functions in 

membrane proteins and SMC proteins, it has been hypothesized that the binding 

of ATP to SufC or its complex and its subsequent hydrolysis could regulate the 

cluster transfer reactions through a similar mechanism. 

In this study, we showed that SufC from B. subtilis is capable of forming a complex 

with SufD; SufC has ATPase activity that is enhanced in the presence of SufD. 

Substitution of residues proposed to form the active site impaired the basal levels 

of SufC ATPase activity and the activation by SufD. In vivo complementation 

experiments supported with kinetic analysis of variant forms of SufD demonstrated 

that the C-terminal domain of SufD is critical for the binding to SufC and ATPase 

activation. These results are supported by in silico analysis of the B. subtilis SufCD 

structural model that shows that the binding of ATP leads to structural changes to 

the protein complex making the molecule less flexible.  

Materials and methods 

Plasmid library construction 

Plasmid library that has been used in this study, their corresponding expression 

vectors and nature of antibiotic resistance are listed in table 3.1.  Primers used in 
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the constructions of these plasmids, are listed in table 3.2. DNA sequences for all 

the plasmids, listed below, were verified by DNA sequencing. 

Table 3.1: Plasmids used in this study 

Plasmid Construction method Vector-Insert Reference 

pDS58 B. subtilis sufC PCR product using 
SufC_NcoI5' and SufC_BamHI3' 
primers is ligated into TOPO vector.  

PCR 2.1 
TOPO-sufC 

Lab stock 

pDS61 B. subtilis sufD PCR product using 
SufD_NcoI5' and SufD_XhoI3' primers 
is ligated into TOPO vector. 

PCR 2.1 
TOPO-sufD 

Lab stock 

pDS64 B. subtilis sufD NcoI-XhoI fragment 
from pDS61 ligated into NcoI-XhoI sites 
of pET28a. 

pET28a-sufD  
(SufD_his6) 

Lab stock 

pDS67 B. subtilis sufC NcoI-XhoI fragment 
from pDS58 ligated into NcoI-XhoI sites 
of pET28a. 

pET28a-sufC  
(SufC_his6) 

Lab stock 

pDS75 B. subtilis sufC NcoI-KpnI fragment 
from pDS58 ligated into NcoI-KpnI sites 
of pBad. 

pBad-sufC        
(SufC) 

Lab stock 

pDS78 B. subtilis sufD NcoI-BamHI fragment 
from pDS61 ligated into NcoI- BamHI 
sites of pBad. 

pBad-sufD Lab stock 

pDS248 B. subtilis sufD PCR product using 
SufD_NheI5' and SufD_BamHI3' 
primers is ligated into TOPO vector. 

PCR 2.1 
TOPO-sufD 

This work 

pDS253 B. subtilis sufD NheI-XhoI fragment 
from pDS248 ligated into NheI-XhoI 
sites of pET28a. 

pET28a- sufD  
(his6_SufD) 

This work 

pDS161 pDS75 containing a codon substitution 
at position 173, which converts Glu to 
Ala. Site directed mutagenesis was 
performed using SufC E173A F and 
SufC E173A R primers. 

pBad-sufC         
(SufC E173A) 

This work 

pDS176 pDS75 containing a codon substitution 
at position 54, which converts Glu to 
Leu. Site directed mutagenesis was 
performed using the SufC H54L F and 
SufC H54L R primers. 

pBad-sufC         
(SufC H54L) 

This work 

pDS177 pDS75 containing a codon substitution 
at position 154, which converts Lys to 
Ile. Site directed mutagenesis was 

pBad-sufC         
(SufC K154I) 

This work 
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performed using the SufC K154I F and 
SufC K154I R primers. 

pDS187 pDS75 containing a codon substitution 
at position 93, which converts Glu to 
Ala. Site directed mutagenesis was 
performed using the  SufC E93A F and 
SufC E93A R primers. 

pBad-sufC         
(SufC E93A) 

This work 

pDS188 pDS75 containing a codon substitution 
at position 157, which converts Glu to 
Ala. Site directed mutagenesis was 
performed using the  SufC E157A F and 
SufC E157A R primers. 

pBad-sufC         
(SufC E157A) 

This work 

pDS189 pDS75 containing a codon substitution 
at position 157, which converts Glu to 
Arg. Site directed mutagenesis was 
performed using the  SufC E157R F and 
SufC E157R R primers. 

pBad-sufC         
(SufC E157R) 

This work 

pDS190 pDS78 containing a codon substitution 
at position 396, which converts Arg to 
Glu. Site directed mutagenesis was 
performed using the SufD R396E F and 
SufD R396E R primers. 

pBad-sufD         
(SufD R396E) 

This work 

pDS192 pDS67 containing a codon substitution 
at position 154, which converts Lys to 
Ile. Site directed mutagenesis was 
performed using the SufC K154I F and 
SufC K154I R primers. 

pET28a-sufC  
(SufC_his6 
K154I) 

This work 

pDS193 pDS67 containing a codon substitution 
at position 157, which converts Glu to 
Ala. Site directed mutagenesis was 
performed using the  SufC E157A F and 
SufC E157A R primers. 

pET28a-sufC  
(SufC_his6 
E157A) 

This work 

pDS204 pDS67 containing a codon substitution 
at position 173, which converts Glu to 
Ala. Site directed mutagenesis was 
performed using the  SufC E173A F and 
SufC E173A R primers. 

pET28a-sufC  
(SufC_his6 
E173A) 

This work 

pDS205 pDS67 containing a codon substitution 
at position 93, which converts Glu to 
Ala. Site directed mutagenesis was 
performed using the  SufC E93A F and 
SufC E93A R primers. 

pET28a-sufC  
(SufC_his6 
E93A) 

This work 

pDS208 pDS78 containing a codon substitution 
at position 396, which converts Arg to 
Leu. Site directed mutagenesis was 

pBad-sufD         
(SufD R396L) 

This work 
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performed using the SufD R396L F and 
SufD R396L R primers. 

pDS223 pDS75 containing a codon substitution 
at position 44, which converts Lys to 
Glu. Site directed mutagenesis was 
performed using the SufC K44E F and 
SufC K44E R primers. 

pBad-sufC         
(SufC K44E) 

This work 

pDS234 pDS67 containing a codon substitution 
at position 44, which converts Lys to 
Glu. Site directed mutagenesis was 
performed using SufC K44E F and SufC 
K44E R primers. 

pET28a-sufC  
(SufC_his6 
K44E) 

This work 

pDS246 pDS78 containing a codon substitution 
at position 411, which inserts a stop 
codon. Site directed mutagenesis was 
performed using the SufD_411stop F 
and SufD_411stop R primers. 

pBad-sufD  
(SufD_411sto
p) 

This work 

pDS256 pDS253 containing a codon substitution 
at position 396, which converts Arg to 
Glu. Site directed mutagenesis was 
performed using the SufD R396E F and 
SufD R396E R primers. 

pET28a-sufD  
(his6_SufD 
R396E) 

This work 

pDS257 pDS253 containing a codon substitution 
at position 411, which inserts a stop 
codon. Site directed mutagenesis was 
performed using the SufD_411stop F 
and SufD_411stop R primers. 

pET28a-SufD  
(his6_SufD_41
1stop) 

This work 

pDS258 pDS253 containing a codon substitution 
at position 378, which inserts a stop 
codon. Site directed mutagenesis was 
performed using the SufD_378stop F 
and SufD_378stop R primers. 

pET28a-SufD  
(his6_SufD_37
8stop) 

This work 

pDS259 pDS78 containing a codon substitution 
at position 378, which inserts a stop 
codon. Site directed mutagenesis was 
performed using the SufD_378stop F 
and SufD_378stop R primers. 

pBad-SufD  
(SufD_378sto
p) 

This work 
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Table 3.2: Primers used in the construction of SufC, SufD, and their variants 

Oligonucleotide Sequence 

SufC_NcoI5' 5'-taccatggctgctcaacattaac-3' 

SufC_BamHI3' 5'-caggatccggagtgatgtag-3' 

SufD_NcoI5' 5'-gctaccatggcactaggtacaaaactatcc-3' 

SufD_XhoI3' 5'-cagctcgagcactttcctttcgataacaga-3' 

SufD_NheI5' 5'-gctagcatgacactaggtacaaaac-3' 

SufD_BamHI3' 5'-gctggatccgttcacgaatatctgtgatattca-3' 

SufC K44E F 5'-gggcccgaacggaactggtgagtccactttatcagct-3' 

SufC K44E R 5'-agctgataaagtggactcaccagttccgttcgggcc-3' 

SufC H54L F 5'-tttatcagctgctattatggggcttcctaaatatgaagtaacaaaag-3' 

SufC H54L R 5'-cttttgttacttcatatttaggaagccccataatagcagctgataaa-3' 

SufC E93A F 5'-aatgcagtacccaagtgcaatcagcggtgtgacaa-3' 

SufC E93A R 5'-ttgtcacaccgctgattgcacttgggtactgcatt-3' 

SufC K154I F 5'-ttctcaggcggggagaaaatacgcaacgaaatcc-3' 

SufC K154I R 5'-ggatttcgttgcgtattttctccccgcctgagaa-3' 

SufC E157A F 5'-cggggagaaaaaacgcaacgcaatccttcaattaatgatga-3' 

SufC E157A R 5'-tcatcattaattgaaggattgcgttgcgttttttctccccg-3' 

SufC E157R F 5'-caggcggggagaaaaaacgcaacagaatccttcaattaatgatgattg-3' 

SufC E157R R 5'-caatcatcattaattgaaggattctgttgcgttttttctccccgcctg-3' 

SufC E173A F 5'-aatcgccatccttgatgcaattgactcaggccttg-3' 

SufC E173A R 5'-caaggcctgagtcaattgcatcaaggatggcgatt-3' 
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SufD R396L R 5'-cttctttcggaattccgaggctcatcaggtagtaa-3' 

SufD R396E F 5'-cagctttactacctgatgagcgagggaattccgaaagaagaagca-3' 

SufD R396E R 5'-tgcttcttctttcggaattccctcgctcatcaggtagtaaagctg-3' 

SufD_378stop F 5'-taactgcaggataggcggcatctgtcggccgtgt-3' 

SufD_378stop R 5'-cagatgccgcctatcctgcagttacatcgtcttc-3' 

SufD_411stop F 5'-cgcttagtcatttacggatagcttgcaccggtagtaaatg-3' 

SufD_411stop R 5'-catttactaccggtgcaagctatccgtaaatgactaagcg-3' 

Cell growth and heterologous expression 

Expression of all non-histidine-tagged SufC, SufD and their corresponding variants 

was accomplished by using pBAD expression system in E. coli CL100 cells. In 

contrast, all histidine-tagged SufC, SufD, and their corresponding variants were 

obtained from pET28a expression system expressed in E. coli DE3 BL21 cells. 

E. coli CL100 cells transformed with pBAD expression vector were grown overnight 

at 37º C on a plate containing LB media, agar, and 100 µg/mL ampicillin (LBA 

plate). Next day, cells were inoculated in a small flask containing 100 mL of sterile 

LBA media at 37º C for 1 hour. Then, cultures were transferred into six 2-Liter 

flasks, each containing 500 mL of sterile LBA medium. To each flask, arabinose 

was added to a final concentration of 0.2%. Cells were grown in a shaker at 300 

rpm at 30º C overnight and were harvested by centrifugation at 4000 g for 10 min. 

Cell pellets were stored at -20º C until further use. 

E. coli DE3 BL21 cells transformed with pET28a expression vectors were grown 

overnight at 37º C on a plate containing LB media agar, and 40 µg/mL kanamycin  

(LBK plate). Next day, cells were inoculated into a small flask containing 100 mL 
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of sterile LBK media at 37º C for 1 hour. Then, cultures were transferred into six 

flasks, each containing 500 mL of sterile LBK media. Cell cultures were grown at 

37º C in a shaker at 300 RPM. At an OD600 nm, cells were induced with lactose, 

final concentration of 0.2 %. Cells were grown in a shaker at 300 rpm at 15º C 

overnight and were harvested by centrifugation at 4000 g for 10 min. Cell pellets 

were stored at -20º C until further use. 

Protein purification 

Cell pellets from E. coli  CL100 cells expressing SufC, SufD, or their corresponding 

variants were resuspended in a buffer containing 25 mM Tris pH 8 and 10% 

glycerol  (Buffer A) and lysed using an Emulsi-Flex high pressure homogenizer at 

10,000-15,000 psi. Lysed cell-debris were separated from the crude extract 

solution by centrifuging at 10,000 g for 30 min. To the supernatant, streptomycin 

sulfate  (1% w/v) was added and the stirred for 15 min on ice. The resulting murky 

solution was centrifuged again at 10,000 g for 30 min to obtain a clear extract, 

which was loaded onto a Q-Sepharose column  (25 mL), pre-equilibrated with 

buffer A. The column was washed with buffer A until no proteins flowed through 

the column which was about 5 to 7 column volume of buffer A. A linear gradient of 

buffer A with 0 to 1 M NaCl  (Buffer B) was used to elute the protein of interest  

(SufC or SufD). An SDS-PAGE was run for all the fractions collected after the ion-

exchange chromatography. Fractions containing the desired protein, as identified 

by the SDS-PAGE analysis, were concentrated using an Amicon YM10 KDa 

ultrafiltration membrane (Millipore). The concentrated protein was loaded into a 

Sephacryl-S100, size exclusion column (200 mL), pre-equilibrated with 25 mM Tris 
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pH 8, 0.2 M NaCl  (Buffer C). Fractions containing the desired protein were again 

identified by SDS-PAGE, combined, and concentrated prior to storage at -80º C 

for further use. 

Histidine-tagged SufC, SufD and their corresponding mutants were isolated and 

purified from E. coli BL21 DE3 cells. Cells were resuspended in a buffer containing 

25 mM Tris pH 8, 0.3 M NaCl and 10% glycerol  (Buffer D). Cells were lysed and 

a clear extract was prepared by the method described above. The clear crude 

extract was loaded into Ni- IMAC column (5 mL), pre-equilibrated with buffer D. 

The column was washed with buffer D and proteins bound to Nickel to the column 

were eluted by a stepwise gradient, which is 5%,15%,30% and 50% with buffer E  

( 25 mM Tris pH 8 + 0.3 M NaCl + 0.5 M imidazole + 10% glycerol). Both SufC and 

SufD were eluted at 150 mM imidazole concentration. Fractions containing the 

desired protein were combined and dialyzed against 2 L of buffer A, twice. After 

dialysis, protein samples were loaded onto a Q-Sepharose column  (5 mL), pre-

equilibrated with buffer A. The column was washed with buffer A until the Abs 280 

nm reached baseline. A linear gradient of buffer A with 0 to 1 M NaCl was used to 

elute desired proteins and elution fractions were analyzed through SDS-PAGE. 

Fractions containing desired proteins were mixed and concentrated using Amicon 

YM10 KDa ultrafiltration membrane filter from Millipore. The concentrated proteins 

were stored in -80º C for further use. 

SufC-SufD binding experiments 

A) Binding experiment between purified SufC and B. subtilis crude extract: B. 

subtilis PS832 strain was grown in 500 mL of LB in a 2-Liter flask by shaking at 37 
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º C until the OD600nm of ~2. Cells were harvested by centrifugation at 4000 g for 10 

min. A clear cell extract was prepared with buffer D, as described before. The clear 

extract was loaded into Ni-IMAC column, pre-equilibrated with buffer D. Flow-

through was collected and saved on ice for further use. To another Ni- IMAC 

column, pre-equilibrated with buffer D, 37 nmol of SufCHis6 were loaded. Then, the 

flow through of the previous column containing the PS832 clear extract was 

passed through the second column. The column was washed with 20 mL buffer D, 

followed by another 20 mL wash with 25 mM imdazole with buffer D. A complex 

between SufCHis6 and native SufD pulled down from B. subtilis extract was eluted 

with 250 mM imidazole with buffer D. The complex was loaded onto a Sephacryl-

S100, size exclusion column, pre-equilibrated with 25 mM Tris pH 8, 0.2 M NaCl  

(Buffer C). Proteins were eluted in two fractions and were identified by SDS-PAGE 

and by proteomic analyses with in-gel trypsin digestion, as described later. 

B) Binding experiment between previously purified SufC, SufD, and their variants: 

In this experiment, 3.7 nmol of purified SufCHis6 or mutants were loaded into Ni-

IMAC column, pre-equilibrated with buffer C. Subsequently, 3.7 nmol of non-

histidine-tagged SufD or variants were loaded in to the column, which was washed 

with buffer D prior to the elution in 250 mM imidazole in buffer D. The protein 

complex was analyzed by SDS-PAGE. 

In-gel digestion and proteomic studies 

Analysis of proteins interacting with SufC and SufD were performed by proteomic 

studies of the protein bands from SDS-PAGE. First, the desired bands were 

extracted with a clean razor blade into a clean petri dish. Each band was further 
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dissected into smaller pieces, of size 2 mm x 2 mm, and transferred to a clean low-

binding tube. Gel pieces were further destained using 75-100 µL of freshly 

prepared mixture of 50% CH3CN and 50% NH4HCO3 (50 mM final concentration). 

After shaking the tubes for 15 min at 37°C, supernatants were removed and the 

above cleaning steps were repeated (~3-5 times) until the gel pieces were devoid 

of coomassie. Samples were dried completely on a speedvac, and 75 µL of 50 mM 

NH4HCO3 + 10 mM DTT were added to the dry gel pieces prior incubation at 56°C 

for 1 hour. Then, aliquots of 75 µL of 1 mg/mL  (17 mM) iodoacetamide  (IAA) were 

added and incubated at room temperature in dark for 30-45 min. Each supernatant 

was removed and washed well  (~3-4 times) with 100 µL mixture of 50% CH3CN 

and 50% NH4HCO3  (50 mM final concentration). Samples were dried completely 

again on SpeedVac. Gel pieces were incubated at 37°C overnight with trypsin  

(~20 ng/ µL) in 75 µL of 50 mM NH4HCO3.  Next day, supernatant were transferred 

to a clean low binding tube. To the gel pieces, 50-75 µL of 50% CH3CN, 5% formic 

acid, and 45% H2O were added and incubated at 37°C for 20-30 min. Supernatants 

were transferred again to the previous low binding tube. This peptide extraction 

was performed three times followed by drying on a SpeedVac. Dry peptides were 

resuspended in buffers  (a mixture of 95:5 water and methanol with 1% formic acid) 

for LCMS analysis. Peptides were separated using the ACQUITY UPLC® BEH130 

C18 1.7 µm 2.1 x 50 mm column from Waters and were analyzed using electron 

spray ionization-mass spectrometry (ESI-MS) and/or a UV detector. Solvent A was 

Optima liquid chromatography-mass spectrometry (LC-MS)-grade water with 0.1% 

formic acid, and solvent B was Optima LC-MS grade methanol with 0.1% formic 
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acid. The flow rate of 0.250 mL/min was used for 20 μL of sample injections. The 

HPLC conditions included a solvent B gradient of 5% to 90% of B in 0 to 15 min, 

followed by 90% to 100% B during next 10 sec, and back to 5% B in next 5 min. 

The column was washed at 5% B for 5 additional minutes. The mass spectrum 

was recorded in the positive mode under the following conditions: nebulizer 

pressure of 2 torrs, a drying gas flow of 53 liters/min at 350°C, and a capillary 

voltage of 27 V.  

ATPase assay 

All ATPase assays described in this study were conducted using EnzCheck 

Phosphate Assay Kit from Molecular Probes, Life Technologies. Assays were 

performed using the protocol recommended by the manufacturer but adapted to a 

200 µL assay and read in a 96 well plate reader. SufC or SufC variants  (1.1 µM) 

were used in all assays, along with of SufD or SufD mutants at different 

concentrations. 

Analytical Gel Filtration 

A pre-packed Sephacryl-200 size exclusion column  (GE Healthcare) was 

equilibrated with buffer C. Blue Dextran was used to calculate the void volume. 

Calibration curve was generated with the following protein standards: conalbumin  

(75 kDa), ovalbumin  (43 kDa), carbonic anhydrase  (29 kDa), and ribulose  (13.7 

kDa) were used to determine the standard curve. Different concentrations of SufC: 

21 µM, 42 µM, 110 µM, and 200 µM were loaded onto the analytical gel filtration 

to determine the nature of the quaternary complex in SufC and SufD protein. In 
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addition, SufD, co-purified SufCD, and a mixture of individually purified SufC and 

SufD were also analyzed through analytical gel filtration. 

Results 

The B. subtilis SufC is a putative soluble ATPase with high degree of sequence 

similarity to the E. coli and Thermotoga maritima SufC  (48% and 29% sequence 

identity respectively). In E. coli , sufC gene is located in the sufABCDSE operon 

and the protein SufC has been shown to form a complex with SufB and SufD (Saini 

et al. 2010). Also, the ATPase activity of SufC is essential for the overall function 

of the SUF system in the assembly of iron sulfur clusters (Saini et al. 2010). In T. 

maritima the turnover rate of ATP hydrolysis of SufC is enhanced 5-180 fold, when 

in the presence of SufD or SufB (Rangachari et al. 2002). Although it is assumed 

that B. subtilis SufC performs analogous functions in Fe-S cluster biogenesis, its 

ATPase activity, interactions with other Suf components, or role in Fe-S cluster 

biosynthesis have not yet been described.  Therefore in this study we sought to 

identify the proteins interacting with SufC and to characterize its ATPase activity 

in the presence and absence of other Suf components. 

SufC forms a complex with SufD 

The identification of proteins that potentially interact with SufC was performed 

through pull-down experiments using a his-tagged SufC (SufCHis6) and B. subtilis 

cell extracts.  In these experiments, clear cell extracts of B. subtilis cultures were 

first passed through a Ni-IMAC column and the flow through was collected. This 
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pre-cleaning passage attempted to remove all the proteins that could bind 

nonspecifically to the Ni-IMAC column. The flow through from the first column was 

then loaded onto another Ni-IMAC column that had been previously loaded with 

SufCHis6. After the wash, the SufCHis6 was eluted with 250 mM imidazole  (Figure 

3.1, lane 1). The elution fraction from the Ni-IMAC column containing SufC and 

potentially interacting proteins was concentrated and subjected to size exclusion 

chromatography. This purification step yielded two predominant peaks: a minor 

peak attributed to the SufC-SufD complex and a major peak corresponding to SufC 

only  (Figure. 3.1, lane 2 and 3). Individual protein bands from the SDS-PAGE 

were analyzed through trypsin in-gel digestion followed by mass spectrometry 

proteomic analysis confirming the identity of the SufC-SufD complex in the first 

peak and SufC in the second peak of the gel filtration. 

 

Figure 3.1: Coomassie stained SDS-PAGE of the fractions collected after the 
binding experiment between with SufCHis6 and B. subtilis PS832 crude extract. 
Lane 1 shows the SufCHis6, exogenously purified, forms a complex with native 
SufD from B. subtilis after IMAC chromatography. Lane 2 shows that SufC-D 
complex remains intact even after size exclusion chromatography. Identity of 
both proteins was reconfirmed by proteomic analyses. Lane 3 shows the 
second peak from the gel filtration is free SufC. 
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This initial result showed that SufC is able to form a stable complex with SufD and 

that, in B. subtilis cell lysates, not all SufD is committed in a complex with 

endogenously expressed SufC. Results from pull-down proteomic analysis 

spurred our efforts in understanding the nature of complex formation between SufC 

and SufD and the functional consequences of this complex formation. Previous 

work in E. coli  Suf proteins established the existence of protein complexes by 

analytical size exclusion chromatography, pull down binding experiments, and 

crystallography (Outten et al. 2003). The crystal structures of SufC-SufC dimer 

(Kitaoka et al. 2006), SufC2D2 complex (Wada et al. 2009), and SufBC2D complex 

(Hirabayashi et al. 2015)  (Figure 3.2) show that the C-terminus domain of the 

 

Figure 3.2:  (A) Crystal structure of E. coli SufC2D2 complex (PDB ID: 2ZU0) 

(Wada et al. 2009); Blue and yellow color show two SufD monomers, sky blue 

represents a SufC monomer and red represents a poorly resolved SufC 

monomer (B) Crystal structure of E. coli SufC2 dimer  (PDB ID: 2D3W) 

(Kitaoka et al. 2006); the two shades of green ribbons represent two sufC 

monomers  (C) Crystal structure of E. coli. SufBC2D complex  (PDB ID: 

5AWF)  (Hirabayashi et al. 2015); the red ribbon represents SufB, the light 

green represents SufD, and the purple color shows the SufC units. 
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SufB and SufD are important for the interaction with SufC. A structural alignment 

of SufC2 with SufC2D2 crystal structures shows that the binding interface between 

two SufC monomers overlaps to the binding surface between SufC monomer and 

SufD dimer, implying that SufC dimer must first dissociate for SufC2D2 complex to 

form.  Therefore we assessed the oligomeric state of these proteins when purified 

individually or in complexes. Analytical size exclusion chromatography using B. 

subtilis proteins showed that SufC exists as monomer independent of its 

concentration in solution (Figure 3.3.A). These analyses also showed that SufD is 

a dimer and SufCD is either a trimer SufCD2 or a tetramer SufC2D2 (Figure 3.3.B). 

Additional evidence for complex formation was also obtained from E. coli  

heterologous co-expression experiments using vectors containing B. subtilis 

 

Figure 3.3. Size exclusion analysis of SufC and SufD proteins. A: 

Different concentrations of SufC displayed the same retention time shown by 

analytical size exclusion chromatography. The retention time of SufC 

corresponds to the size of a monomer. B: Co-purified SufCD complex yields a 

peak that corresponds to the size of SufC2D2, whereas the mixture of SufC 

and SufD generates a peak that corresponds to the size of SufCD2 complex 

and SufD monomer. 

5 7 9 11 13

m
A

b
s
 (

2
8

0
 n

m
)

Elution Volume (mL)

21 µM

42 µM

110 µM

200 µM

A

5 7 9 11 13
Elution Volume (mL)

SufC + SufD

Co-purified 

SufCD

SufD

SufC

B



69 

 

sufCD or sufCDSUB.  In both cases, SufCD co-purified in anion-exchange and 

size exclusion chromatographies. These purification experiments also generated 

another smaller peak corresponding to free SufC.  

Binding experiments with separately purified SufCHis6 and SufD also showed 

SufCD association in vitro through Ni-IMAC pull down or size exclusion 

chromatographies  (Figure 3.4.A). Unexpectedly, when SufC was loaded onto a 

preloaded SufDHis6  (C-terminal His tag) no complex formation was observed. The 

E. coli SufCD structure shows that the C-terminal domain of SufD interacts with 

SufC, thus the introduction of a His-tag at the C-terminal end of the protein could 

have disrupted the SufD domain critical for interaction with SufC. Therefore we 

performed the same experiment with His6SufD, where the His-tag was inserted at 

the N-terminus of the protein. In this case, complex formation was retained  

(Figure 3.5.A). Since the introduction of the C-terminal His tag in SufD disrupted 

 

Fig 3.4:  (A) Coomassie stained SDS-PAGE of SufC-SufD binding experiment 

showing a positive binding between SufC-his and SufD  (lane 1) and negative 

binding between SufD-his and SufC.  (B) Specific activity of SufC  (1.1 µM) 

when the reaction is performed with saturating concentration of SufD, His6SufD 

and SufDHis6  (7.7 µM). 
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its ability to form a complex with SufC, we hypothesized that eliminating the C-

terminal domain of SufD in B. subtilis would also hinder the binding between SufC 

and SufD. Analysis of E. coli SufC2D2 crystal structure (Wada et al. 2009) showed 

the presence of three helices at the C-terminal end of SufD, interacting with the 

SufC monomer. This observation was also supported by a computational model of 

B. subtilis SufCD complex  (R. Melvin, personal communication), which also 

 

Figure 3.5: C-terminal end of SufD is critical for complex formation to 

SufC and ATPase activation.  (A) Coomassie stained SDS-PAGE of the 

binding experiment between His6SufD or its variants and non-tagged SufC. SufC 

was loaded onto a pre-equilibrated Ni-IMAC column, which had been already 

charged with His6SufD or its variants. Proteins were eluted with buffer containing 

250 mM imidazole.  (B) Decreased SufD activation of ATPase activity of SufC. 

The variants used in this study are hypothesized to hinder the SufC-SufD 

interaction. All the assays were performed with 1.1 µM SufC or its variant and 

1.1 µM SufD or its variants. 
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predicted the presence of three helixes at the C-terminal end. Equivalent residues 

in B. subtilis and E. coli, based on amino acid sequence alignments of SufC and 

SufD sequences, are provided in Table 3.3. Based on the sequence similarities 

between both E. coli and B. subtilis SufD, we designed and generated a stop codon 

at position 378 of B. subtilis sufD which eliminates the last three C-terminus 

 

 

Figure 3.6 Interaction between SufD C-terminal domain and SufC.  (Top 

panel) It shows the crystal structure of E. coli SufC-SufD complex highlighting 

the C-terminal domain of SufD, which interacts with SufC; the three C-terminal 

helixes of SufD are highlighted in pink, black and brown ribbons (PDB ID: 

2ZU0) (Wada et al. 2009). The residues Arg 378, Phe 393, His 360 

correspond to the residues mutated in B. subtilis SufD  (Table 4.3) in this 

study.  (Bottom panel) It shows a homology model of SufC monomer 

interacting with SufD monomer in B. subtilis.  
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helixes, and a stop codon at position 411 eliminating only the last helix  (Figure 

3.6). Binding experiments using Ni-IMAC column showed that the elimination of 

the C-terminal domain  (SufD 378 stop) removes the ability of SufD to form a 

complex with SufC whereas elimination of only the last helix  (SufD 411stop) did 

not.  E. coli SufC2D2 crystal structure also showed that a conserved Arg378 residue 

of SufD (the corresponding Arg396 of B. subtilis SufD) forms a salt bridge with the 

conserved negative residue Asp155 of SufC (corresponding to Glu157 of B. subtilis 

SufC), thus providing a potential point of interaction between the two proteins. The 

SufD Arg396Glu variant, however retained 

the ability to interact with SufC (Figure 

3.5.A) suggesting that another or 

additional residues are involved in complex 

formation. 

SufD activates ATPase activity of SufC 

The B. subtilis SufC posesses all structural 

and functional elements of a typical 

ATPase enzyme: the nucleotide binding 

domain - Walker A, Walker B, and ABC 

Signature motif - similar to that of ABC 

transporter protein, however SufC alone 

displayed a very low basal ATPase activity  

(2.39 ± 0.19 nmol/min/mg) and addition of 

one equivalent of His6SufD improved the 

 

Figure 3.7 An overlay of the crystal 

structures of SufC2  (PDB ID: 

2D3W) and SufC2D2  (PDB ID: 

2ZU0)complex of E. coli showing 

the repositioning of active site 

Glu171 residue. Equivalent 

residues in the B. subtilis SufC 

sequences are indicated in 

parenthesis. Both the crystal 

structures were overlaid using the 

Swiss-PDB viewer software. 
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rate of ATP hydrolysis seven fold (17.34 ± 1.9 nmol/min/mg). SufDHis6, which is 

unable to form a complex with SufC, was also unable to stimulate the activity of 

SufC, whereas the His6SufD display activation profile similar to the non-tagged SufD 

(Figure 3.4.B).  These results support the idea that complex formation is required 

for the SufD-dependent activation of SufC. Likewise elimination of the C-terminal 

domain also resulted in the loss of activation  (Figure 3.5B). Hence, all the ATPase 

assays were performed subsequently in this study using His6SufD or its variants.  

The dependency of complex formation for the activation of SufC activity prompted 

the investigation on the structural and mechanistic basis of this activation event.  

Based on the crystal structure of E. coli SufCD complex and SufC dimer (Kitaoka 

et al. 2006; Wada et al. 2009), we have identified several residues potentially 

involved in protein-protein interaction and ATP hydrolysis. In E. coli SufC, Glu171 

has been proposed to serve as the catalytic residue interacting with the gamma-

phosphate of the substrate. This residue is strictly conserved across SufC 

sequences from different species as well as in other ABC transporter proteins. 

Worth noting, in reported SufC structures, this residue is facing away from the 

active site and forms a salt bridge with the Lys152 residue, whereas Glu171 

residue is facing towards the active site in the SufCD complex  (Figure 3.7). These 

structural differences have led to a model for SufD activation of SufC in which 

complex formation leads to a range of structural changes culminating to the 

repositioning of the active site Glu residue and enhancement of SufC catalytic 

turnover rate  (Figure 3.8.A). Based on the similarities of B. subtilis SufC and SufD, 

we hypothesized that the equivalent residues Glu173 and Lys154 of B. subtilis 
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SufC would also form a salt bridge, thereby holding the enzyme in the inactive 

state. In this model, the binding of SufD to SufC would induce conformational 

changes that would reposition Lys154 allowing Glu173 to rotate to towards the 

active site leading the enzyme to the active state. Therefore we expected that 

substitution of Glu173 to Ala would inactivate the enzyme, while substitution of 

Lys154 to Ile would keep the enzyme on the active state regardless of the presence 

of SufD. Kinetic analysis of SufC variants carrying these modifications showed that 

each individual substitution resulted in a severe impairment of activity and SufD 

activation  (Figure 3.8A and 3.9). The results from Lys154 inactivation were 

surprising to us, and suggested that this residue Lys154 plays a direct rather than 

passive role in ATPase activity of SufC. Hence, substitution of the Lys154 residue 

in SufC impairs the ATPase activity. Molecular dynamics simulations performed 

on the structural model of B. subtilis SufCD suggests that Lys154 may stabilize 

 

Figure 3.8: Substitutions within SufC active site impair ATPase activity  

(A) Profile of SufD activation of ATPase activity of SufC and SufC variants 

containing substitutions within active site residues. All the assays were 

performed with 1.1 µM SufC or its variant and 1.1 µM SufD.  (B) SufD activation 

remains unchanged for substitutions to the residues that are proposed to be 

involved in either SufC-SufD interaction or SufC-SufC interaction.  
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Glu173 for ATP binding and such 

interaction is retained in both free 

form and complex forms of the 

enzyme  (Ryan Melvin, personal 

communication).  

In addition to the Glu173, the 

enzyme active side also includes a 

conserved Lys at position 44, which 

is a constituent of the Walker A motif 

involved directly in ATP hydrolysis.  

This residue is also conserved 

across ABC transporters and SufC 

sequences. As expected 

substitution of Lys44 residue to Glu 

impaired the ATPase activity of SufC 

similarly to Glu173Ala and Lys154Ile 

substitutions  (Figure 3.8A and 3.9), 

which further supports the 

occurrence of a standard 

mechanism of ATP hydrolysis 

involving Glu171 and Lys44 as 

observed by other members of this 

family of enzymes.  

 

 

 

Figure 3.9: Activation of ATPase activity of 

SufC and SufC variants upon addition of 

increasing equivalents of SufD/SufD 

variants. All the assays contain 1.1 µM 

SufC or SufC variants and desired amount 

of SufD or SufD variants. 
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Structural and functional analysis of SufCD complex also included the generation 

of SufC and SufD variants containing substitutions at residues proposed to 

participate in protein-protein interactions. In E. coli , the crystal structure of SufC 

dimer reveals that Arg50 and Glu89 form a salt bridge, which could possibly be 

helpful in the dimerization of SufC. The substitutions of the corresponding residues 

in B. subtilis (His54 and Glu93 of SufC), however, did not perturb the basal activity 

of SufC or the activation of SufD  (Figure 3.8B and 3.9).  

A titration curve with increasing concentrations of His6SufD showed the tight binding 

of the activator SufD reaching a plateau at a 3 molar excess  (Figure 3.9). 

Interestingly, SufC variant carrying Glu93Ala substitution had a two-fold higher 

activity in the presence of saturating concentrations of the activator SufD  (Figure 

3.9). These results are in agreement with the analysis of the oligomeric state of B. 

subtilis SufC which is isolated as a monomer.  

Binding experiments using SufCHis6 variants and SufD revealed that active site 

substitutions impairing SufC ATPase retain the ability of SufC interacting with SufD  

(Figure 3.10), suggesting that complex formation is independent of ATP 

hydrolysis. However, complex formation is mandatory for activation since the 

truncated form of SufD devoid of C-term helixes (SufD_378stop) is unable to 

activate the ATPase activity of SufC. In addition SufD_411stop, which is one helix 

shorter than the wild type SufD is able to partially activate SufC although only at 

higher concentrations  (Figure 3.9).   

As previously described, the residue Glu157 of SufC is proposed to form a salt 

bridge with Arg396 of SufD. Substitution of Arg396 of SufD did not eliminate 
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complex formation and showed partial activation of SufC  (Figure 3.5). Likewise, 

replacement of Glu157 to an Arg residue of SufC retained the complex formation 

to SufD  (Figure 3.10), even though, ATPase activity is impaired  (Figure 3.9.B), 

suggesting that Glu157 residue could be involved directly with the ATP. These 

results suggest that complex formation is mandatory for the ATPase activation, but 

some residues may be involved directly with the ATP hydrolysis causing 

impairment in the ATPase activity without inhibiting the complex formation between 

SufC and SufD. 

Complementation studies 

In E. coli, the SUF system is essential for the survival of the bacteria during 

oxidative stress and iron limitation condition. Given the similarities between E. coli 

and B. subtilis Suf proteins, we sought to perform heterologous complementation 

 

Figure 3.10: Coomassie stained SDS-PAGE of the binding reaction between 

SufCHis6 or its variants and non-tagged-SufD. SufD was loaded in to a pre-

equilibrated Ni-IMAC column, which had already been charged with SufCHis6 or 

its variants. Proteins were eluted by washing with buffer containing 250 mM 

imidazole. 
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to assess potential cross-functionalities of the B. subtilis’ Suf proteins in 

substituting their orthologous E. coli components in vivo, under growth conditions 

that require the Suf system. Under iron limiting conditions, sufD from B. subtilis 

was able to partially complement an E. coli ΔsufD strain, whereas sufD_378stop 

did not  (Figure 3.11). In vivo results from complementation experiments provide 

additional evidence that the C-terminal domain of SufD is critical for complex 

formation and activation of SufC is essential for the function of SufD in SUF system 

during iron limitation conditions.  

  

 

Figure 3.11: B. subtilis sufD is able to complement the E. coli ΔSufD strain  

(Lane A), when grown in an iron limitation condition that is with 400 µM of 2, 

2′−Dipyridyl. However, eliminating C-terminal helixes of B. subtilis SufD 

eliminates the ability of the B. subtilis to complement the lack of its ortholog in 

E. coli  (Lane D). Lane B and Lane C are the positive and negative controls, 

respectively. 2,2'-Dipyridyl is a strong iron chelator that limits the free iron 

available for the growth of bacteria. 
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Table 3.3: Residue comparison between E. coli and B. subtilis Suf proteins 

B. subtilis E. coli  Proposed Function based on the 

crystal structure of E. coli  SufC2D2 

SufD G411 SufD A393 C-terminal Helix region, involved in 

SufC-SufD binding 

SufD H378 SufD H360 C-terminal Helix region, involved in 

SufC-SufD binding 

SufD 396 SufD 378 C-terminal Helix region, involved in 

SufC-SufD binding 

SufC K40 SufC K44 Active site residue, present in Walker 

A motif 

SufC E173 SufC E171 Active site residue, present it ABC 

signature loop 

SufC K154 SufC K152 Interacts with the conserved Glu 

residue in ABC signature loop 

SufC H54 SufC R50 Forms a salt bridge with a conserved 

negative residue in  another SufC 

SufC E93 SufC E89 Forms a salt bridge with a conserved 

negative residue in  another SufC 

SufC E157 SufC D150 Forms a salt bridge with a conserved 

negative residue in SufD 

 

Conclusion 

This study has characterized the structural and functional relationships between 

B. subtilis SufC and SufD proteins.  Size exclusion chromatography showed that 

SufC from B. subtilis, unlike E. coli, exists as a monomer. We have shown that 

SufC forms a complex with SufD, and complex formation is relevant for the ATPase 

activity of SufC.  Separately purified SufC was able to pull down SufD from B. 

subtilis cell extracts of suggesting that in vivo these proteins may exist as a 

dynamic complexes in which association and dissociation may occur during Fe-S 

cluster assembly.  
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The crystal structure of E. coli SufC2D2 complex showed that the C-terminus of 

SufD interacts with SufC. We demonstrated here that, in B. subtilis, SufD C-

terminal end is critical for this interaction and consequently SufC activation. Our 

results also highlighted that inactivation of active site residues of SufC  (Glu173, 

Lys44) impaired the activity of this enzyme towards ATP. However, unlike 

previously proposed, Lys154 residue may be involved in ATP hydrolysis through 

a direct role as an active site component and not as a gate keeper of SufC inactive 

state as initially hypothesized. Even though, all single residue substitutions within 

SufC surface did not impair the complex formation of SufC and SufD, active site 

mutations yielded lower basal activity and no activation by SufD. These results 

suggest that complex formation leads to conformational change allowing ATPase 

activation and that this event likely involves more than one residue at the interface 

of SufD C-terminal end and SufC.  Complementation studies further verified the 

essentiality of the C-terminal domain of SufD for the complex formation with SufC 

and suggests that a similar mechanism might be used by the E. coli orthologous 

Suf proteins. 
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Chapter 4  

Characterization of the function of SufB in B. subtilis 
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Introduction 

In E. coli, the SUF system, which is responsible for Fe-S cluster biogenesis during 

oxidative stress and iron limitation condition, is composed of six Suf proteins, 

SufABCDSE (Outten, Djaman, and Storz 2004). In this system SufB performs a 

critical role in the cluster biogenesis as the main platform for the assembly of Fe-

S clusters (Outten et al. 2003; Wollers et al. 2010). SufB receives the sulfur, which 

is initially transferred from a cysteine through SufS, from the SufE (Outten et al. 

2003). Kinetic studies described in chapter 2 of this dissertation and elsewhere 

showed that SufB further enhances the cysteine desulfurase activity of SufS-SufE 

(Outten et al. 2003; Selbach, Pradhan, and Dos Santos 2013). SufB forms a 

complex with the SufC and SufD, in a ratio of 1:2:1. When co-purified, all the three 

proteins are eluted as one complex. The occurrence of this complex has been 

established by the size exclusion chromatography, and also, by the crystal 

structure that shows a stoichiometry of SufBC2D (Outten et al. 2003; Wollers et al. 

2010). SufB and SufD are homologous proteins with a sequence identity of 17 % 

and sequence similarity of 37%. In vitro studies showed that SufB is capable of 

assembling an Fe-S cluster and transfering it to the carrier protein SufA for the 

final delivery of clusters into target proteins (Chahal and Outten 2012; Chahal et 

al. 2009).  Thus SufB, the scaffold protein, acts as the central connecting point 

between the cysteine desulfurase reaction of SufS-SufE, the ATPase activity of 

the SufC, and the cluster trafficking to the receiver protein. Hence, SufB is a 

critically essential component for the functionality of SUF system.  
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In previous work, we have characterized the sulfur transfer reaction promoted by 

SufS and SufU, and characterized the ATPase reaction of SufC in the presence of 

SufD. Yet, the role of SufB, the fifth component of the SUF system in B. subtilis, is 

yet to be characterized. In this chapter, we report the isolation and characterization 

of the B. subtilis SufB proposed to be the scaffold protein of the Suf system. Unlike 

the E. coli Suf proteins, the B. subtilis SufB or SufBCD were not capable of 

enhancing the sulfur transferase reaction of SufS or SufSU. This protein however, 

retained its ability to interact with and activate SufC ATPase. Initial cluster 

assembly experiments suggest that the reactions containing SufB accumulate Fe-

S clusters potentially associated with SufB, supporting its proposed role in Fe-S 

cluster biogenesis. 

Materials and methods 

Cloning and Expression 

Plasmids for SufB used in this study and their corresponding expression vectors 

are listed in table 4.1.  Primers used in the constructions of these plasmids are 

described in table 4.2. Details of the plasmid library for SufC and SufD are shown 

in table 3.1 and 3.2, in chapter 3. 

Table 4.1: Plasmids used in this study 

Plasmid Construction method Vector-Insert Reference 

pDS98 B. subtilis sufB PCR product using 
SufB_NcoI5' and SufB_XhoI3' primers 
is ligated into TOPO vector.  
 

PCR 2.1 
TOPO-sufB 

This work 

pDS110 B. subtilis sufB NcoI-XhoI fragment 
from pDS98 ligated into NcoI-XhoI 
sites of pET28a. 
 

pET28a-sufB  
(SufB_his6) 

This work 
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Table 4.2: Primers used in the cloning of SufB 

Oligonucleotide Sequence 

SufB_NcoI5' 5'-gaccatggctaaaaaaatgcctgatattgg-3' 
SufB_XhoI3' 5'-gctactcgagaccttccatttcgaac-3' 

 

Cell growth and heterologous expression 

E. coli DE3 BL21 cells transformed with pET28a-sufB expression vectors were 

grown overnight at 37º C on a plate containing LB media agar and 40 µg/mL 

kanamycin  (LBK plate). Next day, cells were inoculated into a small flask 

containing 100 mL of sterile LBK media at 37 º C for 1 hour. Then, cultures were 

transferred into six flasks, each containing 500 mL of sterile LBK media. Cell 

cultures were grown at 37º C in a shaker at 300 RPM. At an OD600 nm 0.5, cells 

were induced with lactose, final concentration was 0.2 %. Cells were grown in a 

shaker at 300 rpm at 15º C overnight and were harvested by centrifugation at 4000 

g for 10 min. Cell pellets were stored at -20º C until further use. 

Protein purification 

Histidine-tagged SufB  (SufBHis6) was isolated and purified from E. coli BL21 DE3 

cells. Cells were resuspended in a buffer containing 25 mM Tris pH 8, 0.3 M NaCl 

and 10% glycerol  (Buffer D), and were lysed using an Emulsi-Flex high-pressure 

homogenizer at 10,000-15,000 psi. Lysed cell debris and inclusion bodies were 

separated from the crude extract solution by centrifuging at 10,000 g for 30 min. 

Supernatant was discarded; SufB present as inclusion bodies in the pellet was 

resuspended and incubated for one hour in a buffer containing 25 mM Tris pH 8, 

0.3 M NaCl, 6M urea  (Buffer F).  After stirring for one hour, the solution was 



85 

 

centrifuged at 10,000 g for 30 min. The clear supernatant was loaded into Ni- IMAC 

column  (5 mL), pre-equilibrated with buffer F. The column was washed with buffer 

F and proteins bound to Nickel to the column were eluted by a stepwise gradient, 

which is 5%,15%,30% and 50% with buffer G  ( 25 mM Tris pH 8 + 0.3 M NaCl + 

0.5 M imidazole + 6 M urea); SufBHis6 was eluted at 150 mM imidazole 

concentration. Fractions containing the denatured SufB were combined and 

dialyzed against 2 L of buffer H  (25 mM Tris pH 8, 0.3M NaCl, 0.15 M KCl, 2mM 

MgCl2, 2 mM DTT, 2 mM EDTA), twice, for 4 hours each. After dialysis, the refolded 

SufB was concentrated using Amicon YM10 KDa ultrafiltration membrane filter 

from Millipore. The concentrated refolded SufB was stored in -80º C for further use. 

Circular Dichroism  (CD) spectroscopy 

CD for the refolded SufB was performed by using 10 µM of SufBHis6 in 50 mM 

phosphate buffer pH 7 by Aviv CD spectrometer  (Model 215; AVIV Biomedical) 

with a 2 mm quartz cuvette  (Hellma Analytics). CD scan was obtained from 600 

to 200 nm wavelength at an increment of 1 nm. The final spectrum reported is the 

average of three scans. Similarly, CD spectrum for SufD was obtained by using 5 

µM SufD in 50 mM phosphate buffer pH 7. The final spectra were average and 

subtracted from spectra obtained with the buffer only. CD signals were normalized 

to mean residue molar elipticity by the following equation Ɵ  (deg. cm2. dmol − 1)  =

 [Ellipticity (mdeg) ∗  10^6]/[pathlength (mm) ∗ protein concentration  (µM) ∗ n 

where n is the number of peptide bonds in the protein and ellipticity is the raw data 

acquired from each protein from the instrument. CD signals from 200 to 240 nm 
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were analyzed using K2D3 algorithm to estimate the secondary structure of the 

proteins (Perez-Iratxeta and Andrade-Navarro 2008). 

ATPase assay 

As described before in chapter 4, all ATPase assay in this study were conducted 

using EnzCheck Phosphate Assay Kit from Molecular Probes, Life Technologies. 

Assays were performed using the protocol recommended by the manufacturer but 

adapted to a 200 µL assay and read in a 96 well plate reader. SufC or SufC variants  

(1.1 µM) were used in all assays, along with of SufB and/or SufD, as mentioned, 

at different concentrations. 

Methylene Blue assay 

Sulfide productions in a cysteine desulfurase assay were quantified by using 

Methylene blue assay (Chen and Mortenson 1977). Cysteine desulfurase 

reactions that included SufU were performed using 0.22 µM SufS, 2 mM DTT, 0.5 

M cysteine, and/or desired equivalents of SufU, SufB, SufC, SufD  (as specified in 

the figure) in 50 mM MOPS pH 8 buffer. Cysteine desulfurase reactions, which 

does not contain SufU, were performed using 2.2 µM of SufS and desired 

equivalents of other Suf proteins as described in the figure. Sulfide production was 

quantified by using UV-Visible spectrophotometer at 650 nm in a 96-well plate. 

Fe-S Cluster assembly 

In vitro Fe-S cluster assembly experiments were performed in an anaerobic 

chamber (Coy) equilibrated with 5% H2 balanced with N2 gas. Prior to cluster 

assembly, SufB was dialyzed against a well-degassed buffer H without EDTA, 

twice. Cluster assembly reactions were performed with 0.2 µM SufS, 0.5 µM SufU, 
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5 µM SufBHis6, 1 mM DTT, 0.5 mM Fe2+, 0.5 mM cysteine, 120 µM KCl. The 

reaction mixture was incubated for an hour in an anaerobic cuvette before loading 

into a 1 ml HisTrap FF column, pre-equilibrated with buffer D. Column was washed 

with 5% buffer E  ( buffer D with 25 mM imidazole) for 10-column volume. Proteins 

were eluted with buffer D containing 250 mM imidazole. A UV-Visible scan, 250-

600 nm, was obtained in air sealed quartz cuvette. Also, eluted proteins were 

identified by the Coomaassie stained SDS-PAGE gel. 

Results 

Purification of B. subtilis SufBHis6 

Unlike other Suf proteins (SufC, SufD, SufS, and SufU), SufB was the most 

challenging protein to be isolated in soluble active forms. More than 15 plasmid 

constructs were generated for expression of SufB from E. coli and B. subtilis. 

These expression vectors were designed for expression of native SufB  (non-

tagged) in the presence or absence of other Suf proteins  (pBad-sufCDSUB and 

pBad-sufCB). Affinity tags with His-tag at either end of this protein for expression 

from pET or pBAD were constructed. In addition, plasmid constructs containing a 

SUMO tag and synthetic codon-optimized genes were also constructed. 

Furthermore, numerous attempts to express soluble protein were made varying 

host expression cell  (E. coli  BL21DE3, E. coli  BL21DE3-Artic, E. coli  BL21DE3-

C41, E. coli  BL21DE3-pRIL, E. coli  BL21DE3-Rosetta, E. coli  CL100), inducer  

(lactose, IPTG), temperature  (15-37oC), the length of incubation  (1-12h). Despite 

these efforts we were able to obtain only a few milligrams of the soluble protein at 
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very low concentration. Here, we report a purification procedure that generated a 

suitable concentration of soluble SufB to be used in Fe-S clusters experiments.  

Conditions that led to SufB expression resulted in protein accumulation into 

inclusion bodies. Because of that, we devised a purification strategy to first re-

solubilize this protein, purify it, and then refold it.  Hence, buffer with 6 M urea, a 

denaturing agent, was used to maintain this protein in solution throughout 

purification. First, cells expressing SufB in inclusion bodies were resuspended 

using a non-denaturing buffer. Once the cells were lysed; the majority of 

contaminant proteins went into solution, except the SufB inclusion bodies. The 

pellet after the centrifugation containing insoluble SufB was resuspended in a 

denaturing buffer containing 6 M Urea. The resuspended pellet containing mainly 

unfolded SufB was then subjected to Ni-IMAC purification using denaturing 

conditions and subsequently refolded through dialysis.  The viability of the protein 

was confirmed by performing ATPase assay in presence of SufC and by CD 

spectroscopy  (Table 4.3 and Figure 4.1C). CD spectroscopy shows that SufB is 

properly folded displaying similar spectrum to that obtained for purified SufD. 

Table 4.3 Comparison of the secondary structure predicted for refolded 

SufBHis6 and SufD from Far-UV CD spectroscopy, 200 to 240 nm. 

 SufB SufD 

α-helix 4.7% 9.45% 

β-sheet 36.35% 33.3% 
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Analysis of its secondary structure, by using the K2D3 algorithm, also showed 

comparable structures of SufD and refolded SufBHis6  (Table 4.3). 

 

 

Figure 4.1 Purification of SufBhis6.  (A) Chromatogram of the purification of 

SufBhis6 by a Ni-IMAC column after the denaturation by the buffer F, 

containing 6 M urea.  (B) Coomassie stained SDS-PAGE gel of the purified 

denatured SufBhis6. Lane 1: Crude extract with buffer D, showing no soluble 

SufBhis6; Lane 2: Crude extract with buffer F, showing denatured SufBhis6; 

Lane 3: Fractions eluted by the buffer F with 25 mM Imidazole; Lane 4: 

Fractions eluted by buffer F with 250 mM Imidazole, showing pure SufBhis6; 

Lane M: Proteins standard marker  (C) UV-Visible CD spectrum of the 

refolded SufBhis6 and SufD in 10 mM Phosphate buffer pH 7. 
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SufB enhances the ATPase activity of SufC 

In the previous chapter, we have shown that low basal ATPase activity of SufC is 

enhanced up to 10 fold in the presence of SufD. In this study, we have shown that 

SufB also increases SufC ATPase activity.  As expected control reactions 

containing SufB only and no SufC showed no ATPase activity. The stoichiometric 

titration of SufB showed a similar pattern of activation and was comparable to SufD  

(Figure 4.2). 

In B. subtilis, mutations at the active site residues of SufC yields an impairment in 

the ATPase activation. Substitution of Lys44, which is a conserved residue and a 

part of the Walker A motif in SufC, into Ile, inactivates rate of hydrolysis of ATP by 

SufC-SufB. Likewise, Glu173 to Ala substitution in SufC ensued impairment in the 

activation. As we have proposed in chapter 3 that Lys154 residue in SufC plays an 

 

Figure 4.2. Activation of SufC upon addition of increasing equivalents of SufB 

and/or SufD. All the assays contain 1.1 µM SufC and desired equivalent of 

SufB and/or SufD. Assays performed using SufB or SufD by itself, without 

SufC, does not show formation of any phosphate molecules within the 

detection limit of the assay. 
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active role in the hydrolysis of ATP rather, a passive role is further validated by the 

inactivation caused by that mutant in the presence of SufB, as well. 

The mutations of the residue, Glu93, which is proposed to be involved in SufC-

SufC interaction, yielded no change, in the activation by SufB, in comparison to 

wild type SufC  (Figure 4.3). However, surprisingly, SufC H54L mvariant remained 

was not able to be activated by SufB.  

SufB does not enhance the cysteine desulfurase activity of SufS or SufS-

SufU combined  

In E. coli, it is known that SufBCD complex further increases the cysteine 

desulfurase activity of SufS-SufE combined (Outten et al. 2003). In chapter 2, we 

have characterized sequential the sulfur transfer reaction of SufS to SufE and, 

 

Figure 4.3 Substitutions within SufC active site impairs ATPase activity  (A) 

Decreased SufB activation of ATPase activity of SufC variants containing 

substitutions within active site residues  (K44E, E173A, K154I). All the assays 

were performed with 1.1 µM SufC or its variant and 1.1 µM SufB. SufB activation 

remains unchanged when the residue  (E93A) that is not involved in active site 

function. However, mutation of the H54L in SufC, which is proposed to be 

involved with SufC- SufC interaction, have decreased activation by SufB, when 

compared to SufD. 
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ultimately, to SufBCD complex (B.P. Selbach, Pradhan, and Dos Santos 2013). 

However, in B. subtilis, which is the Gram-positive bacteria, we have not detected 

a similar behavior. SufB did not enhance the cysteine desulfurase reaction of SufS 

by itself or SufS-SufU combined  (Figure 4.4). Some inhibition was observed when 

the cysteine desulfurase reaction was conducted using all the Suf proteins with 

ATP.  

 

Figure 4.4 Effect of SufB and SufBCD complex on the cysteine desulfurase 

activity of SufS-SufU. Cysteine desulfurase activity was measured in a 96-well 

plate reader by monitoring the absorbance at 650 nm. Assays with SufU as 

component include 0.22 µM SufS, 2 mM DTT, 0.5 M cysteine, and/or desired 

equivalents of SufU, SufB, SufC, SufD (as specified in the figure) in 50 mM 

MOPS pH 8 buffer. Assays, where SufU is not a component of the reaction, 

were performed using 2.2 µM of SufS and desired equivalents of other Suf 

proteins as described in the figure.  
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As described in chapter 2, sulfur transfer reaction of E. coli SufS is protected, 

hence we detected a biphasic reaction profile in the presence of weaker reducing 

agents like DTT and GSH. This behavior, however, was eliminated upon the 

addition of a stronger reducing agent like TCEP or the natural sulfur acceptors, 

SufB or SufBCD complex. Under these conditions the turnover rate associated 

with second phase of the reaction is enhanced since either TCEP or SufBCD can 

effectively regenerate SufE for the next catalytic turnover. When compared to the 

B. subtilis system, we have determined important differences. First the SufS-SufU 

reaction is not protected (B.P. Selbach, Pradhan, and Dos Santos 2013). Second 

the addition of Suf components  (i.e. SufBCD) does not further enhance the activity 

of SufS-SufU. While SufB is not able to enhance the SufS-SufU sulfurtransferase 

reaction, it is plausible that SufB can still serve as a sulfur acceptor under non 

reducing conditions. Therefore, future experiments are aimed to determine the rate 

of alanine formation under non-reducing conditions as well as determine through 

35S-labeling experiments if SufS or SufSU is capable of persulfide sulfur transfer 

to SufB. 

SufB forms a complex with SufS and is able to assemble an Fe-S cluster  

In B. subtilis SufB, accumulation of visible Fe-S spectra is observed in a reaction 

containing SufS, SufU, free iron  (Fe2+), 2 mM DTT, 0.5 mM Cysteine, and 120 µM 

KCl. The cluster assembly reaction was then purified using Ni-IMAC affinity 

chromatography. The UV-visible absorption spectroscopy of the purified fraction, 

which is eluted by Buffer D with 250 mM imidazole, showed the peak of 420 nm 

with a shoulder at 315 nm, which is characteristic of a 4Fe-4S cluster  (Figure 
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4.5A); inset shows the cuvette containing purified SufB displaying brownish 

coloration. Surprisingly, Coomassie stained SDS-PAGE gel of the purified fraction 

shows the presence of SufS, which was co-eluted with SufB. While additional 

experiments will be necessary to validate this hypothesis, this initial evidence 

suggests that SufB might be able to assemble an Fe-S cluster while forming a 

complex with SufS  (Figure 4.5B). Interestingly, these analyses did not show the 

presence of SufU in the purified sample, suggesting that either SufU is not 

necessary for cluster formation, or that SufU serves as an auxiliary protein in the 

the sulfur transfer reaction. In any case, this priliminary evidence provides exciting 

opportunity for future studies.   

 

 

 

Figure 4.5  (A) UV-Visible absorption spectrum of the fraction eluted by 

Buffer D with 250 mM imidazole showing the characteristic peaks of a 4Fe-4S 

cluster. Inset is showing the color of the fraction in a quartz cuvette.  (B) 

Coomassie stained SDS page gel of the cluster bound SufB, which is also co-

eluted with SufS. 
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Conclusion 

This study gave the first insight into the functional characterization of SufB in B. 

subtilis. SufB and SufD shared amino acid sequence similarity, suggested their 

overlapping reactivities.  Here we showed that both proteins could interact and 

activate the ATPase SufC. We have shown that SufBHis6 formed a complex with 

SufS and co-eluted from a Ni-IMAC column as a complex. Even though SufB did 

not enhance cysteine desulfurase activity of SufS or SufS-SufU combined under 

reducing conditions, these results do not completely rule out the involvement of 

these proteins in a sequential sulfur transfer path as observed for the E. coli Suf 

system.   
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Chapter 5 

Concluding remarks
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This dissertation describes the characterization of reactions performed by Fe-S 

cluster biosynthetic proteins that are components of the SUF system. In earlier 

studies, we elucidated the kinetic profile of reactions involving the E. coli SUF 

proteins. In chapter two, we reported the biphasic kinetic behavior of sulfur transfer 

reactions involving SufS-SufE. The initial phase, the fast phase of the reaction, 

was proposed to be associated with the rapid transfer of the persulfide sulfur from 

SufS to SufE, resulting in accumulation of SufE-Sn
-. The (poly)sulfurated SufE, 

could still serve as a sulfur acceptor substrate albeit at lower affinity.  As a 

consequence, the consumption of SufE and concomitant accumulation of SufE-Sn
- 

led to a slower catalytic turnover rate. However, the first-phase of the reaction was 

extended in the presence of a stronger reducing agent such as TCEP or the 

physiological sulfur acceptor SufBCD complex, both of which capable of 

regenerating SufE.  Even though previous reports have reported the activity 

enhancement by E. coli SufBCD complex no studies have been able to determine 

the basis of this phenomenon. Investigation reported in this dissertation provides 

kinetic evidence to explain the basis of this activation profile in which SufBCD 

serves as a substrate sulfur acceptor of SufE completing the sulfur relay path. 

These results are also in agreement with previous report demonstrating the 

accumulation of multiple sulfur atoms bound to SufE when incubated with SufS 

and cysteine (Outten et al. 2003). The crystal structure of SufE indicates that the 

Cys51 sulfur acceptor site is located in a hydrophobic cavity shielded from the 

solvent (Goldsmith-Fischman et al. 2004). Here, we showed that the rate of sulfur 

transfer is dependent on the sulfurization status of SufE, which has an impact on 
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the overall SufS reaction rate  (i.e. SufE is a better substrate than SufE-Sn). In this 

model, up-regulation of Fe-S cluster biosynthesis is dependent on the availability 

of SufBC or SufBCD proteins.  Under conditions that lead to accumulation of Fe-S 

species within SufB, then the rate of sulfur mobilization of SufS is decreased 

through accumulation of SufE-Sn species.  

While E. coli Suf system promotes protected sulfur transfer reactions, parallel 

investigation of the B. subtilis Suf system did not show the same reaction profile. 

First, the B. subtilis Cys:SufU sulfur transfer reaction of SufS is not protected from 

the reduction of DTT. That is, the reducing agent DTT is able to effectively 

regenerate SufU leading to a single phase reaction profile. Second, the addition of 

SufB or SufBCD did not further enhance the catalytic turnover rate of SufS under 

DTT-reducing conditions. Initial experiments described in chapter four have not 

provided experimental evidence for the role of SufB as a sulfur acceptor of SufU 

or directly of SufS.  Nevertheless, future experiments will be aimed to determine 

the profiles of reactions performed under non-reducing conditions and in the 

presence of physiological reductants such as bacillithiol, and thioredoxin-

thioredoxin reductase system. Radioactive labeling experiment using S35-Cys will 

also be a helpful tool in validating the pathway of sulfur transfer reaction in B 

subtilis Fe-S cluster biogenesis. 

This study has characterized the structural and functional relationships between 

B. subtilis SufC and SufD proteins.  Unlike E. coli, SufC from B. subtilis exists as 

a monomer. We showed here that SufC forms a complex with SufD, irrespectively, 
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whether co-purified or mixed after purification of individual proteins. Kinetic 

analysis of SufC ATPase activity showed that complex formation is essential for 

the activation of SufC.  Interestingly, separately purified SufC was able to pull out 

SufD from the B. subtilis cell extract suggesting that in vivo these proteins may 

exist as a dynamic complex in which association and dissociation occur during Fe-

S cluster assembly.  

A serendipitous finding during the investigation of complex formation between 

SufC and SufD was the essentiality of the C-terminal domain of SufD. 

Recombinant forms of SufD bearing a C-terminal His-tag were unable of complex 

formation and consequently activation of SufC. Binding experiments showed that 

eliminating the C-terminal helices also eliminates SufC-SufD complex formation 

and impairs the ATPase activation event. These results highlight the importance 

of assessing the activity and functionality of recombinant proteins engineered with 

affinity tags in relation to their native forms. Modification of protein sequences to 

facilitate detection, isolation, and use in functional studies is a common practice in 

modern biochemistry. However, the impact of these modifications is often not 

determined, leading to misinterpretation of results. As reported here, the 

unexpected impact of the C-terminus His-tag in SufD provides a valid example to 

this potential problem. 

Structural and functional analysis of SufC residues involved in ATP hydrolysis 

confirmed the essential role of active site residues Glu173 and Lys44. Kinetic 

analysis of SufC variant also showed that, unlike previously proposed, Lys154 

residue may be involved in ATP hydrolysis through a direct role as an active site 
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component and not as a gate keeper of SufC inactive state as initially 

hypothesized. These results suggest that complex formation leads to 

conformational change allowing ATPase activation. This event likely involves more 

than one residue at the interface of SufD C-terminal end and SufC.  

Complementation studies further verified the essentiality of the C-terminal domain 

of SufD for the complex formation with SufC and suggested that a similar 

mechanism is used by the E. coli orthologous Suf proteins. 

In chapter four, we reported initial insights into the function of SufB in B. subtilis. 

Here we showed that both SufB and SufD are equivalent components in respect 

of SufC interaction and activation. In vitro binding experiment revealed that SufB 

formed a complex with SufS, suggesting that SufS could be competent in directing 

sulfur transfer from Cys to SufB.  Kinetic analysis also showed that the B. subtilis 

utilizes a different strategy for sulfur transfer since SufB was unable to enhance 

any cysteine desulfurase activity of SufS by itself or with SufU. This result can be 

explained by the fundamental differences between the two SUF systems and their 

nature of protecting sulfur transfer reactions during Fe-S cluster synthesis. The E. 

coli SUF system is expressed and active under conditions detrimental for Fe-S 

metabolism such as oxidative stress and iron starvation. These conditions are 

prone to inactivation of sulfur reactive intermediates, thus a protected and 

regulated sulfur transfer pathway makes mechanistic sense. On the other hand, 

the B. subtilis SUF genes are highly expressed regardless of growth condition or 

growth stage. This system is proposed to serve as the main Fe-S cluster 

biosynthesis in B. subtilis and other Gram-Positive bacteria. While the SufU sulfur 
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transfer reaction is not protected from the action of reducing agents, the reactive 

thiol (s) involved in the sulfur transfer reaction coordinate a zinc atom that is critical 

for its structural stability and function. The binding of zinc to the sulfur receiving 

cysteine can be viewed as an alternate strategy to protect thiol involved in sulfur 

transfer and guarantee protection from oxidative inactivation. 

In summary the research described in this dissertation has attempted to report the 

basic steps of Fe-S cluster biogenesis promoted by the Gram-positive SUF system 

and fundamental differences from its Gram-negative counterpart. This work 

provides direction for future studies aimed to elucidate the exact role of SufC 

ATPase in Fe-S cluster biogenesis and the mechanisms of sulfur transfer for the 

biogenesis of Fe-S clusters on SufB. 
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