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ABSTRACT 

 The E.coli SUF pathway is the iron-sulfur cluster biogenesis pathway responsible 

for assembling iron-sulfur clusters during times of oxidative stress and iron starvation. 

SufS is the cysteine desulfurase enzyme responsible for the acquisition of sulfur and 

subsequent transfer to transpersulfurase SufE. Recent studies have provided several 

crystal structures of SufS including two variants displaying stalled intermediates of the 

desulfurase reaction. Combining the structural data with biochemical investigations has 

uncovered several key elements in SufS activity. SufS is a homodimer proposed to use a 

half-sites mechanism involving conformational changes and communication through 

dimer interface interactions. Despite the significant contributions made to 

understanding SufS function, questions still remain about the specific roles of several 

structural elements involved in activity and regulation.  

 Investigations discussed herein are aimed at probing structural components of 

SufS, including the beta-hairpin structure. The beta-hairpin makes up one wall of the 

active site of the opposite monomer. The proposed regulatory mechanism of SufS uses 

the beta-hairpin dynamics to control access to the active site. In chapter 2, beta-hairpin 

variants are shown to significantly disrupt SufS structure. Variants were unable to bind 

the PLP cofactor essential to catalysis and instability of the variants resulted in protein 

aggregation as demonstrated with size exclusion chromatography analysis. 

 Chapter 3 focuses on single substitutions of residues located in and around the 

active site including Asn99, Arg56, and Arg359. Kinetic assays were conducted to 

determine defects in desulfurase activity by measuring the rate of alanine production, 
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the product released by the desulfurase reaction. Asn99 variants exhibited a ten-fold 

decrease in turnover number, confirming Asn99 does play a role in generating an 

optimal environment for activity. This is likely due to the hydrogen bonds Asn99 forms 

with the glycine residues in the loop at the base of the beta-hairpin, potentially 

contributing to the regulation of dynamics. Arg56 is located in a dynamic loop above the 

active site and was previously proposed to contribute to catalysis by hydrogen bonding 

with the sulfhydryl of the substrate cysteine. Kinetic analysis of both R56A and R56K 

variants is consistent with Arg56 having a significant role in SufS activity. It is possible 

that this residue is responsible for the deprotonation of SufE C51 and facilitating 

persulfide transfer. Kinetic analysis of the Arg359 variants suggest a role in cysteine 

binding and positioning the substrate for bond cleavage. The work presented here 

contributes to the current understanding of the SufS mechanism and may be more 

broadly applicable to other cysteine desulfurases.  
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CHAPTER 1: 

 
AN INTRODUCTION TO IRON-SULFUR CLUSTER BIOGENESIS PATHWAYS 

 
AND ENZYME EVOLUTION 

 
 
1.1 Role of iron-sulfur clusters in biology 
 
 Iron (Fe2+ and Fe3+) and sulfide (S2-) ions make up ubiquitous prosthetic groups 

known as iron-sulfur clusters. Most iron-sulfur clusters in nature are found in the 

common [2Fe-2S] and [4Fe-4S] cluster formations and are typically coordinated by 

cysteine residues of proteins that require the cluster to carry out biological function 

(Figure 1.1).1, 2 These iron-sulfur cluster-dependent proteins, and thus the clusters 

themselves, are necessary for an array of biological processes essential for the survival of 

organisms across all three domains of life. Some fundamental processes that require 

incorporation of iron-sulfur clusters include DNA replication and repair, gene 

regulation, cellular respiration, and photosynthesis.1, 3-6 Given this versatility of function 

in biological processes, it’s unsurprising that deficiencies related to iron-sulfur cluster 

production have been implicated in numerous human diseases.7 

 

   

 
 
 
Figure 1.1 Structures of [2Fe-2S] and [4Fe-4S] clusters. The most common types of iron-
sulfur clusters in nature are (left) [2Fe-2S] and (right) [4Fe-4S]. 
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Many diseases associated with iron-sulfur cluster deficiencies are a result of 

mutations disturbing the function of proteins involved in iron-sulfur cluster 

biosynthesis (Table 1.1).8 Without the proper machinery to assemble iron-sulfur 

clusters, metalloproteins that utilize these clusters are unable to carry out their normal 

functions. One well-documented example of this is the deficiency of frataxin, a human 

protein involved with iron-sulfur cluster biosynthesis. Frataxin deficiencies lead to the 

autosomal recessive neurodegenerative disorder known as Friedreich’s Ataxia.9 This 

debilitating disease affects nearly 1 in 50,000 and often results in heart disease and 

premature death.10 Friedreich’s Ataxia is only one example of many diseases that result 

from a deficiency in iron-sulfur cluster assembly. Therefore, the development of 

treatments for Friedreich’s ataxia as well as other human diseases provides substantial 

incentive for studying the proteins involved in iron-sulfur biosynthetic pathways.  
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Disease 

 
Tissue affected 

 
Protein 

(human//yeast) 

 
Function 

Friedreich’s ataxia Dorsal root 
ganglia, heart 

Frataxin // 
Yfh1 

Frataxin (FXN) is involved in 
the regulation of the early 
steps of Fe–S cluster 
assembly.11, 12 

ISCU and FDX2 
myopathies 

Heart and skeletal 
muscle 

ISCU/FDX2 // 
Isu1 and 
Isu2/Yah1 

ISCU is the main scaffold 
protein for assembly of the 
cluster.13, 14 
FDX2 is proposed as electron 
donor for the cluster 
biogenesis.15 

Infantile complex 
II/III deficiency 

Multisystem organ 
failure NFS1 // Nfs1 

NFS1 is the cysteine 
desulfurase responsible for 
the supply of sulfur.16 

Respiratory chain 
complexes 
deficiency 

Skeletal muscle 
and liver 

ISD11 (LYRM4) 
// Isd11 

ISD11 is part of the core 
complex participating in the 
stabilization of NSF1.17 

X-linked 
sideroblastic anemia 
and ataxia 

Central nervous 
system ABCB7 // Atm1 ABCB7 is part of the export 

machinery.18, 19 

Sideroblastic anemia 
or variant 
non-ketonic 
hyperglycinemia 

Red blood cells, 
spleen, and liver GLRX5 // Grx5 

GLRX5 is suggested to be 
involved in the targeting of 
preformed clusters.20 

Mitochondrial 
encephalopathy 

Skeletal muscle 
and central 
nervous system 

IND1 (NUBPL) 
// Ind1 

IND1 is involved the transfer 
of the cluster to complex I of 
respiratory chain.21 

Multiple 
mitochondrial 
dysfunctions 
syndromes 

NFU1 disorder is 
not tissue specific. 
BOLA3 affects 
primarily the 
central nervous 
system but has 
been reported in 
multisystem organ 
failure. IBA57 
affects skeletal 
muscle and central 
nervous system. 

NFU1, BOLA3 
and IBA57 // 
Nfu1, Aim1 and 
Iba57 

NFU1 and BOLA3 are 
involved in the cluster 
delivery to specific 
proteins.IBA57 is believed to 
act in the assembly of 4Fe-4S 
cluster in specific 
recipients.22-24 

 
Table 1.1 Diseases caused by defective iron-sulfur cluster biosynthesis. Defective protein 
machinery involved in Fe-S cluster synthesis has been linked to a variety of human 
diseases. Adapted from Tokatlidis et al.8 
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Another biomedically relevant aspect of this area of research is the potential for 

antibiotic development. Many organisms, including humans, have multiple iron-sulfur 

cluster assembly pathways, while others rely on a single pathway. One pathway that is 

well conserved among gram-negative and gram-positive bacteria, is the sulfur 

mobilization (SUF) pathway. The viability of certain pathogens including 

Mycobacterium tuberculosis and Staphylococcus aureus, depends on iron-sulfur 

clusters synthesized by a functional SUF pathway.25, 26 Thus, developing antibiotics 

targeting proteins essential to the SUF system is an appealing and viable option for 

combating infections caused by these pathogens. The generation of antibiotics targeting 

the SUF system, as well as novel therapeutics for human diseases related to defects in 

iron-sulfur cluster assembly, are two major biomedically relevant applications that are 

contingent on a more detailed understanding of the biosynthetic pathways. 

Assembly pathways require highly regulated machinery in order to store and 

mobilize the iron and sulfur components safely. Defects in this machinery have been 

documented to cause complications involving increased cellular iron acquisition and 

mitochondrial iron overload.27, 28 A recent review discussed the dangers of iron overload, 

how it affects cellular biochemistry, and ultimately how these effects manifest as tissue 

damage in various organs.29 Briefly, free iron is a pro-oxidant capable of reacting with 

hydrogen peroxide to produce reactive oxygen species (ROS). ROS overproduction 

causes a multitude of detrimental effects on cell viability including lipid peroxidation, 

amino acid oxidation, protein fragmentation, disruption of protein-protein interactions 

(PPI’s), and DNA damage.30-34 In order to avoid the dangerous effects of iron generated 

ROS, the presence of free iron must be minimized by safely trafficking iron within the 

proteins of iron-sulfur cluster biosynthetic pathways, and by regulating cellular iron 
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levels. Systemic methods for iron homeostasis often involve iron-sulfur cluster 

containing proteins that act as sensors for iron levels.35 Although cluster formation can 

be achieved spontaneously in vitro with adequate iron and sulfur sources, in vivo, 

pathways are essential to traffic the individual components and enzymatically catalyze 

cluster synthesis.36, 37 Several key molecular players are required for this process, 

involving proteins for sulfur acquisition and transfer, iron acquisition and transfer, a 

scaffold for synthesis, and shuttle proteins to deliver the mature iron-sulfur cluster to 

target apoproteins.38   

1.2 Iron-sulfur cluster assembly pathways  
 

  Although the type and complexity of iron-sulfur cluster assembly 

pathways vary between organisms, the underlying mechanistic concepts required for 

assembly are similar. Key molecular players common among the various iron-sulfur 

cluster assembly pathways include: (1) a cysteine desulfurase for sulfur acquisition from 

L-cysteine, (2) a stable scaffold for building the cluster, and finally (3) a carrier that 

delivers the assembled cluster to the target apoprotein.39 The first characterized iron-

sulfur cluster assembly pathway was the nitrogen fixation (NIF) system, in Azotobacter 

vinelandii.40-42 The NIF system is responsible for the maturation of nitrogenase, an 

enzyme that catalyzes the reduction of dinitrogen.43 Although the NIF system is utilized 

by a specialized group of nitrogen fixing microorganisms, the research conducted on this 

system provided insight on general concepts relevant in other iron-sulfur cluster 

biogenesis systems.44-49 Building upon the foundation provided by previous work, here 

we focus on the two main iron-sulfur cluster assembly pathways identified in bacteria 

that are also conserved among eukaryotes, the ISC and SUF systems (Figure 1.2).38, 48, 50  
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Figure 1.2 Comparison overview of ISC and SUF assembly pathways. ISC (top) and SUF 
(bottom) pathways illustrated for comparison. Each pathway begins with sulfur 
acquisition via a cysteine desulfurase. The sulfur and Fe (undetermined source) are 
transferred to the scaffold protein (IscU and SufB) for cluster assembly. The clusters are 
subsequently transferred to carrier proteins for delivery. In the ISC system, the Fe-S 
cluster may also be delivered by IscU with the help of chaperones. Several mechanistic 
details of cluster synthesis and the various protein-protein interactions involved are yet 
to be elucidated in each system. 
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In Escherichia coli, the ISC pathway is the main pathway for iron-sulfur cluster 

assembly and the SUF pathway is employed in times of iron starvation and oxidative 

stress.51, 52 Together these two systems are responsible for the maturation of iron-sulfur 

cluster containing proteins within the cell. Investigations of both systems have provided 

invaluable insight on the key molecular components used to assemble iron-sulfur 

clusters and sustain life despite varying conditions. Figure 1.2 provides a visual of key 

molecular players in each system. For the sulfur acquisition step, the ISC system uses 

IscS while the SUF system SufS. These homologous enzymes are both pyridoxal 5’-

phosphate (PLP)-dependent cysteine desulfurases that catalyze the production of sulfide 

and alanine from L-cysteine.53, 54 Once the sulfur is bound in the form of a persulfide to 

an active site cysteine residue of each enzyme, the next step is sulfur mobilization to the 

iron-sulfur cluster scaffold. In the ISC system, IscS forms a complex with IscU, the 

scaffold complex.53, 55-57 In the SUF system however, SufS forms a complex with SufE, a 

transfer protein that subsequently delivers the sulfur to the scaffold complex.58-60  

 Once sulfur is acquired, the cluster is then assembled on the scaffold in both 

systems. In the ISC system, IscU acts as a sulfur and iron acceptor and scaffold for 

assembly, while complexed with IscS.61, 62 The SUF system, however, requires a multi 

protein complex for cluster assembly. SufSE interacts with a SufBCD complex, at which 

point the sulfur is transferred from SufE to SufB.58, 59 SufB is the scaffold on which the 

cluster is assembled within the SufBCD complex. Variations of the SufBCD complex 

have been isolated and studied such as the predominant SufBC2D form, as well as 

SufB2C2 species which has been proposed to act as a final cluster scaffold.63, 64 Both 

pathways use an ATP-hydrolyzing component.65, 66 In the SUF system, the ABC ATPase 

SufC as well as SufD are essential but exact roles are unclear.66   
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 Once the cluster is assembled on the scaffold the next step in the process is 

delivery of the iron-sulfur cluster. In the ISC system, IscU interacts with specialized 

chaperones HscA and HscB which greatly enhance the cluster transfer rate via ATP 

hydrolysis, to target apoproteins.65, 67, 68 It has also been proposed that following the 

formation of an [2Fe-2S] cluster, ferredoxin may participate in the reductive coupling of 

two [2Fe-2S]2+ clusters, forming one [4Fe-4S]2+ cluster on IscU.69  An alternative route 

involves cluster transfer from IscU to IscA, an iron-sulfur cluster carrier protein 

involved in the final delivery to target proteins.70 In the SUF system however, the 

scaffold complex transfers the assembled iron sulfur-cluster to SufA, a carrier protein 

that delivers the cluster to target apo-proteins.52, 59, 71  The general assembly and key 

components of both systems may seem redundant but as mentioned earlier, in E. coli, 

the SUF system is essentially the back-up iron-sulfur cluster assembly for the ISC 

system. The SUF system has the ability to function despite conditions of iron limitation 

and oxidative stress which is supported by the hypersensitivity of suf mutants to these 

conditions.52, 72, 73 Further biochemical studies demonstrated that SufBCD bound 

clusters are more resistant to degradation in the presence of hydrogen peroxide, 

compared to clusters on IscU.74 It was also found that SufS-SufE has significantly higher 

cysteine desulfurase activity than IscS-IscU when exposed to hydrogen peroxide, at 

physiological cysteine concentrations.75 This was further supported by mass 

spectrometry results showing IscS-IscU is more susceptible than SufS-SufE to oxidative 

modification by hydrogen peroxide.75 Although the SUF system has the ability to cope 

with certain stress conditions, the ISC system remains the primary pathway and 

switching over to the SUF system is not without consequence. For example, 

anaerobically grown isc mutants of E. coli demonstrated reduced maturation of major 
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iron-sulfur containing oxidoreductases.76 This further supports that in E.coli, ISC as the 

main iron-sulfur cluster assembly pathway and that the SUF pathway provides an 

alternative method for generating essential iron-sulfur clusters in certain stress 

conditions.  

Previous research efforts have provided a broad picture of the different iron-

sulfur cluster assembly pathways, allowing current and future efforts to be directed 

towards a deeper understanding of the molecular components of each system. In this 

work, the focus is on probing the specific molecular interactions of the SUF system, 

especially those that allow the SUF system to function in conditions where the ISC 

system cannot.  

1.3 Overview of the SUF System in E. coli   

 Recent studies have greatly expanded our knowledge of the SUF system by 

probing specific questions involving the key molecular players that contribute to the 

maturation of essential iron-sulfur proteins. A great deal of the current knowledge on 

the SUF system has come from studies in the model organism, E. coli. Recent advances 

will be discussed here, as well as the questions addressed experimentally in this work. 

This includes a more detailed analysis of SufS, the cysteine desulfurase responsible for 

sulfur acquisition and SufE, the transpersulfurase that interacts with both SufS and the 

scaffold complex. SufB, SufC, and SufD are also discussed in terms of their proposed 

contribution to the successful generation of iron-sulfur clusters and subsequent cluster 

transfer to SufA, the delivery protein. 

Previous structural and biochemical studies of the sulfur mobilization portion of 

the SUF pathway have provided a more detailed understanding of how SufS and SufE 

function and regulate activity.77 SufS acquires sulfur from L-cysteine during the 
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desulfurase reaction, forming a persulfide on C364, deep within the active site.54 The 

positioning of the persulfide provides protection from external reductants and oxidants 

but creates a barrier for persulfide transfer to C51 on SufE.77 In order to complete a 

catalytic cycle, SufS and SufE must overcome this barrier to allow for efficient transfer. 

Recent studies using a combination of techniques including hydrogen deuterium 

exchange mass spectrometry (HDX-MS), site-directed mutagenesis, and 

crystallography, have demonstrated that the homodimeric structure of SufS and 

communication through the dimer interface are instrumental for regulating both 

desulfurase and transpersulfurase activities.78-80 The detailed experimental findings 

regarding this process will be further discussed in the next section. Once the persulfide 

is established on SufE, the next step is transfer to the scaffold complex consisting of 

SufB, SufC and SufD.  

SufB cysteine 254 (SufBC254) has been identified as the specific sulfur acceptor 

from SufE.81 It is currently unknown whether SufS is also required for the transfer to 

SufB. Although SufB is the sulfur acceptor and the scaffold for cluster assembly, it’s 

been shown that SufC and SufD are also required for in vivo cluster assembly.66 

Biochemical and mass spectrometry analysis have indicated that the physiologically 

relevant scaffold is SufBC2D.82 A 2.95 Å resolution crystal structure of this complex 

demonstrates that one SufC monomer binds to one SufB monomer while the other binds 

to a SufD monomer (PDB: 5awf).83 It is proposed that during the catalytic step of ATP 

binding and hydrolysis, SufC drives conformational changes in SufB and SufD making 

ligands accessible for cluster formation.83 Mutations of conserved residues on SufC, 

including Lys40, Glu171 and His203, resulted in a complete lack of ATPase activity and 

failure to make clusters in vivo.66 It has also been shown that the interaction between 



 11 

SufSE and SufBC2D requires the ATPase activity of SufC.81 Despite these invaluable 

contributions, there is still a lot to uncover about this portion of the biosynthesis 

pathway, from iron acquisition to cluster transfer.84 Shifting further upstream to the 

sulfur mobilization portion of the pathway, recent developments have provided evidence 

for detailed interactions involved in SufS activity.78, 79  

1.4 Current understanding of SufS in E. coli   
 

The current understanding of sulfur acquisition and mobilization within the SUF 

system was made possible by the foundation established through investigations of NifS, 

from the NIF system. NifS was the first enzyme recognized as essential for providing the 

inorganic sulfur for the assembly of iron-sulfur clusters.44 The initial characterization of 

NifS revealed that the abstraction of sulfur from L-cysteine required the formation of a 

persulfide intermediate on an active site cysteine residue.49 This discovery lead to the 

proposition that other enzymes may exist that utilize similar mechanisms to contribute 

to iron-sulfur cluster biosynthesis.49 Kinetic experiments were then conducted on NifS 

homologues from E. coli, identifying three cysteine desulfurases in E. coli that also 

depend on an active site cysteine for the desulfurization of cysteine.54 The identified 

enzymes were CsdA, IscS, and SufS.85 CsdA has no known pathway or function but 

further studies on IscS and SufS have uncovered the role that each cysteine desulfurase 

plays in the survival of E. coli. 

Since their discovery, cysteine desulfurases have been the focal point of many 

scientific investigations yielding a set of common characteristics including, pyridoxal 5’-

phosphate (PLP)-dependence of the conversion of L-cysteine to sulfur and L-alanine, 

subsequent transfer of the acquired sulfur for incorporation into thio-cofactors, and 

typically a homodimeric quaternary structure.85, 86 Figure 1.3 demonstrates the dimeric 
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structure consisting of two domains,  a larger C-terminal domain including a conserved 

PLP-bound Lysine residue, and a smaller N-terminal domain housing the catalytic 

cysteine residue). The active site thus lying at the interface of the two domains. The 

proposed mechanism of cysteine desulfurases for the PLP-mediated abstraction of 

sulfur is described below. 

 

Figure 1.3 General structure of cysteine desulfurases. Structural similarities among 
cysteine desulfurases. SufS (PBD: 6mr2) with larger N-terminal domains in grey and 
blue and both smaller C-terminal domains in salmon. Both active sites are indicated by 
the active site cysteine (Cys364) with a bound persulfide intermediate and the PLP-
bound lysine (Lys226) as spheres.  

 

The PLP cofactor is found covalently bound to a strictly conserved lysine residue, 

forming an internal aldimine (Figure 1.4A, 1).86 The first part of the reaction involves 

breaking the C-S bond in L-cysteine via PLP activation of the substrate, followed by a 

nucleophilic attack by a conserved active site cysteine residue.49 This process involves 

the formation of several PLP intermediates (Figure 1.4). First, standard PLP 

transimination converts the internal Lys-aldimine to an external aldimine with the 

substrate cysteine (Figure 1.4A, 2-3). During this conversion, a tetrahedral geminal 
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diamine intermediate is formed where both amino groups are bound to the C4’ of PLP. 

The resulting Cys-aldimine intermediate is deprotonated by an active site general base 

and PLP acts as an electron sink, stabilizing the Cys-PLP quinoid adduct while an active 

site general acid protonates C4’ of PLP (Figure 1.4A, 4). At this point, the active site 

cysteine thiol is deprotonated and able to nucleophilically attack the substrate thiol 

group, forming a covalent persulfide intermediate with the enzyme and an ala-enamine 

PLP adduct (Figure 1.4A, 6). The subsequent electronic rearrangement of alanine 

requires a general acid/base reaction proposed to be assisted by an active site histidine 

residue (Figure 1.4A, 7). Finally, alanine is released and the Lys-PLP internal aldimine is 

reformed by the reverse reactions described during substrate binding (Figure 1.4A, 8-

11).86 In E. coli SufS, the PLP cofactor is bound to Lys226.87 Direct observation of the 

Cys-aldimine and Cys-ketimine intermediates of SufS have been reported in X-ray 

crystal structures of C364A (PDB: 6o11) and H123A (PDB: 6o13) variants, respectively 

(Figure 1.4, B and C).80 The results of the study suggest that Cys364 is essential for 

positioning the Cys-aldimine intermediate for deprotonation (in addition to its role as 

the nucleophile responsible for breaking the C-S bond). Also, His123 was determined to 

be the residue responsible for protonating the Ala-enamine intermediate. And lastly, 

Arg56 and Arg359 were also proposed to aid the positioning of Cys-aldimine, supported 

by conformational changes of these residues within the active site.80 
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Figure 1.4 Current SufS reaction scheme and reaction intermediates. (A) SufS 
desulfurase reaction scheme based on current evidence. Internal Lys-PLP aldimine (1) is 
converted to an external aldimine (3-4) when substrate cysteine nucleophilically attacks 
C4’ of PLP (2). PLP acts as an electron sink stabilizing the Cys-quinoid intermediate (5) 
and Lys226 protonates C4’ of PLP, forming the Cys-ketimine intermediate (6). His123 
then deprotonates Cys364, enabling a nucleophilic attack and formation of a persulfide, 
leaving an ala-enamine bound to PLP (7). Electronic rearrangement of the ala-enamine 
requires protonation by His123 and the remaining steps (8-11) are the reverse of steps 
(2-5), resulting in the resting state internal aldimine (1). (B) Cys aldimine intermediate 
(3-4 in reaction scheme) observed in SufS C364A variant (PDB: 6o11). (C) Cys ketimine 
intermediate (6 in reaction scheme) observed in SufS H123A variant (PDB: 6o13). 
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Once the persulfide is formed on the active site cysteine residue, it is ready for the 

second aspect of cysteine desulfurase activity which is sulfur transfer to an acceptor 

molecule. The transfer step is where more variation is observed between different types 

of cysteine desulfurases.86 This variation is dependent on the sulfur acceptor and the 

biosynthetic pathway involved. In an attempt to organize cysteine desulfurases, they 

have been categorized into two main types, type I and type II, based on activity and 

structural differences.85 Within the two groups of cysteine desulfurases, higher primary 

sequence similarity is observed as well as common insertions around the active site. In 

Type I enzymes (IscS-like) there is a ~12-residue insertion following the catalytic 

cysteine residue, forming a loop. While in some crystal structures of type I enzymes this 

loop is disordered, in others, the thiol group of cysteine is positioned ~23 Å away from 

the PLP cofactor, suggesting that a large conformational change may be required for 

activity.62, 88 In contrast, type II (SufS-like) cysteine desulfurases lack this active site 

insertion, leaving the catalytic cysteine on a much smaller, more structurally rigid loop. 

In the crystal structure of SufS, for example, the active site cysteine is only ~7 Å away 

from C4 of the PLP cofactor (Figure 1.4 C), suggesting the large conformational change 

needed for chemistry in type I enzymes, is not required for PLP-substrate interactions.89 

Instead, type II enzymes possess a different insertion, constituted of ~19 residues that 

make up one wall of the active site of the adjacent monomer.86 This insertion forms a 

beta-hairpin  structure and is one of the main diagnostic qualities of type II cysteine 

desulfurases. 
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Figure 1.5 Structural differences in type I and type II cysteine desulfurases. 
Characteristic structural differences in type I and type II cysteine desulfurases. Both 
representative structures show the PLP-Lys and the active site cysteine structures as 
spheres. Insertions unique to each type are colored black. Type I enzymes are 
represented by IscS (PDB: 3LVL), showing the disordered active site cysteine loop 
(modeled in Chimera). Type II enzymes are represented by SufS (PDB: 6mr2), showing 
the beta-hairpin  structure.   

 
It was hypothesized that the insertion in type I cysteine desulfurases allows for 

promiscuous interactions with multiple sulfur acceptors while the rigid nature of the 

type II active site loop provides protection of the persulfide from oxidation.86, 88 This is 

consistent with the role of the SUF system as a backup for the ISC system during times 

of oxidative stress. The focus here, will be on the type II cysteine desulfurase, SufS, and 
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the contributions of extensive biochemical and structural studies that have provided a 

basis for the investigations of SufS that will be described in subsequent chapters.  

 Recent investigations of SufS have been focused on the regulatory mechanism 

controlling the shift between the desulfurase and transpersulfurase activities of SufS. 

Previous mechanistic studies conducted on SufS revealed that desulfurase activity is 

significantly affected by the presence of SufE, although SufE does not directly 

participate in the desulfurase reaction. The rate enhancement of SufS in the presence of 

SufE is also dependent on the conserved active site cysteine, C51, of SufE.77 SufS was 

proposed to use a half-sites reaction mechanism coordinating one monomer for cysteine 

desulfurase activity while the other is involved in transferring the sulfur to SufE.90, 91 

Deuterium trapping experiments looking at peptide 262-274 (beta-hairpin ) in SufS 

demonstrated higher deuterium retention for SufS with the covalently bound persulfide 

(SufSper) versus SufS without persulfide (SufSapo). In additional deuterium trapping 

experiments involving SufE, SufE Cys-51 was alkylated to prevent the sulfide transfer 

from SufSper. Increased deuterium uptake was observed for SufSapo and SufSper when 

incubated with SufEalk compared to when incubated with SufEapo or without SufE 

altogether. This data indicates a conformational change in the beta-hairpin  of SufS 

upon persulfuration as well as in the presence of SufEalk.91 This data was further 

supported by backbone amide hydrogen-deuterium exchange mass spectrometry (HDX-

MS) experiments, identifying peptides that undergo dynamic conformational changes in 

SufS upon formation of the persulfide intermediate. These peptides included residues in 

the active site (225-236, 356-366) as well as peptides at the dimer interface (88-100, 

243-255).92 Three evolutionarily conserved residues at the dimer interface, Arg92, 

Glu96, and Glu250, were identified and investigated with alanine scanning mutagenesis. 



 18 

The latter two demonstrated a 6-fold increase in the Km value for SufE, confirming a 

functional role for those residues.92 Crystal structures of variant enzymes and the wild-

type (PDB: 6mr2) were solved, providing structural data supporting coordinated 

structural changes of the two monomers.78 The E96A (PDB: 6mrh) and E250A (PDB: 

6mri) mutants confirmed that the electrostatic interactions of these residues at the 

dimer interface do, in fact, cause structural changes including a 3.5° rotation of one 

monomer, moving the conserved beta-hairpin  structure away from the active site of the 

opposite monomer, positioning the Cys364 persulfide outwards.78 The variants with the 

rotated out conformation also demonstrated lower binding affinity to SufE, suggesting 

that the state of the variants mimicked the complex just after sulfur transfer to SufE.78, 92  

Furthermore, the first wild-type SufS crystal structure demonstrating rotation of 

the monomers and displacement of the beta-hairpin  was recently solved (PDB:6uy5).79 

This confirmed that the wild-type enzyme could adopt the rotated out persulfide 

conformation previously only directly observed in SufS variants. In this recently solved 

structure, hydrogen bonding interactions between Asn99 and a glycine-rich loop 

preceding the beta-hairpin  are lost, and the electrostatic interactions of Arg92, Glu96 

and Glu250 at the dimer interface are disrupted. A global analysis of type II cysteine 

desulfurases confirmed that the beta-hairpin  structure identifies type II enzymes, 

however, further analysis revealed additional conserved structural characteristics. It was 

proposed that the conserved structural elements in addition to the beta-hairpin  make 

up a better identifier for type II cysteine desulfurases, and is referred to as the “beta-

latch”.79 The beta-latch consists of a glycine-rich loop preceding the beta-hairpin , the 

beta-hairpin  itself, a cis-proline residue downstream from the hairpin, an asparagine 

residue that hydrogen bonds to the glycine rich loop, and a cross-dimer electrostatic pair 
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formed by residues on alpha helix 6. In turn, a regulatory mechanism of the beta-latch 

in E. coli SufS was proposed, where the electrostatic interactions of Arg92 and Glu96 

control the positioning of alpha helix 6. In the inter-dimer conformation, Asn99 

hydrogen bonds to the glycine-rich loop, holding the beta-hairpin  closed. In the intra-

dimer conformation however, this hydrogen bond is lost, allowing the beta-hairpin  to 

rotate open, hinged upon the cis-proline (Pro271) that controls the magnitude of 

displacement.79  

The work presented herein is directed at investigating the role of specific 

structural components of SufS and how each contributes to overall function. Chapter 2 

is focused on the beta-hairpin , and the effects that the removal of this characteristic 

structure has on the function of SufS. Chapter 3 focuses on SufS variants probing the 

contribution of specific amino acid residues implicated in SufS regulatory mechanisms 

and activity. The contribution of residues, Asn99, Arg56, and Arg359 were probed using 

site-directed mutagenesis, followed by structural and kinetic characterizations. The 

information presented on these variants contributes to an overall understanding of the 

regulatory mechanism and activity of SufS. Given the conservation observed among type 

II cysteine desulfurases, these findings may also be applied to other enzymes and 

contribute to our overall understanding of sulfur mobilization in iron-sulfur cluster 

biosynthetic pathways.  

Taking current information pertaining to specific enzymes and applying it to a 

more general picture has provided an efficient avenue for maximizing the impact of 

individual scientific investigations. Prior to the development of technologies resulting in 

an explosion of readily available genomic information, single-enzyme studies were 

conducted but their impact was relatively limited. With the technology and information 



 20 

available today, it is important that when conducting studies on specific enzymes, the 

lens is zoomed out to fully appreciate the implications that the given research findings 

may have on other evolutionarily related enzymes. As demonstrated with SufS and other 

type II cysteine desulfurases, applying concepts from related enzymes can greatly 

improve our approach and efficiency.  

1.5 DRE-TIM metallolyase superfamily  
  

The vast amount of protein sequence data and high-resolution protein structures 

available in public databases has provided some of the major tools necessary for 

investigating the evolutionary relationships between enzymes. Enzymologists have used 

this data and these tools to identify groups of enzymes and organize them based on a 

combination of sequence, structural, and functional information.93-96 One method of 

organizing this information is by identifying homologous groups of enzymes known as 

superfamilies.97, 98 Members of enzyme superfamilies share active site architecture that 

facilitates a common mechanistic attribute.99 Identification and subsequent studies on 

superfamilies have provided insight on the evolutionary pathways of enzyme function.97, 

98, 100, 101 102 

The DRE-TIM metallolyase superfamily consists of enzymes that catalyze 

formation or breakage of a C-C bond.103, 104 Representative members include 

isopropylmalate synthase, pyruvate carboxylase, and 3-hydroxymethylglutaryl-CoA 

lyase. All of these enzymes share an overall TIM barrel catalytic domain, a 1-Asp-2-His 

divalent metal binding site, and a D-R-E active site motif. These elements are proposed 

to stabilize a common enolate intermediate in each of their respective functions. The 

sequence landscape of the superfamily has been visualized using a sequence similarity 

network (SSN).104 Analysis of the network finds that the superfamily can be 
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characterized into four distinct subgroups: Claisen-condensation-like (CC-like), 

carboxylase-like, lyase-like, and aldolase-like. Thus far, the CC-like subgroup has proven 

to be the most functionally diverse with six different substrate specificities reported.105 

This subgroup of enzymes catalyzes a condensation reaction between acetyl coenzyme A 

(AcCoA) and various a-keto acids followed by hydrolysis to generate a carboxy-

methylated product and coenzyme A (Scheme 1.1). Members of this subgroup are found 

in all three domains of life and catalyze reactions involved in the biosynthesis of amino 

acids, enzyme cofactors, and secondary metabolites in plants.  

 

 

Scheme 1.1 Condensation reaction catalyzed by the CC-like subgroup. Scheme 
demonstrates the condensation reaction of the CC-like subgroup of the DRE-TIM 
metallolyase superfamily. 
 

The majority of sequences in the CC-like subgroup are predicted to code for 

enzymes involved in amino acid biosynthesis such as isopropylmalate synthase (IPMS), 

citramalate synthase, and homocitrate synthase. Consistent with their prevalence in the 

subgroup and their potential as antibacterial/antifungal targets, these three enzymes are 

well characterized in terms of structure, function, and regulation.106 In contrast, enzyme 

activities which are less prevalent lack detailed characterization. This presents a 

significant gap in understanding the full structure/function landscape of the catalytic 

architecture of the CC-like subgroup. Figure 1.6 shows a SSN for the CC-like subgroup 

that separates into individual clusters as the stringency for connecting two nodes 
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increases. Analysis of this progression shows two clusters separate at relatively low 

stringency values, suggesting sequences in these clusters are more divergent compared 

to sequences that remain in the main cluster (Figure 1.6). One of these early emerging 

clusters, the IPMS2 cluster, contains IPMS from Mycobacterium tuberculosis. As 

mentioned above, this enzyme has been rigorously characterized. A second cluster  that 

emerges early, the R-CS/PMMS cluster, contains two reported activities, R-citrate 

synthase (R-CS)107 and 2-phosphinomethylmalate synthase (PMMS)108, that are not 

thoroughly characterized.  
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Figure 1.6 SSN of the CC-like subgroup as stringency is increased. Networks in panels A, 
B, and C correspond to E-value cutoffs of 1x10-26, 1x10-50, and 1x10-63, respectively. 
Nodes are colored based on in vitro reported activities. Activities germane to this 
manuscript include PMMS activity in dark purple, R-CS activity in yellow, and IPMS 
activity in red and orange.  
 
 

PMMS catalyzes the condensation reaction of 3-phoshinopyruvic acid (PPA) and 

AcCoA to form 2-phosphinomethylmalate (PMM) (Scheme 1.2 A).108 In the naturally 

occurring biosynthetic pathway, PMM is subsequently converted to bialaphos, a 

commonly used herbicide. Previous studies provided a basic characterization of the 

enzyme directly isolated from Streptomyces hygroscopicus.108 PMMS has also been 
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reported to catalyze the R-CS reaction using oxaloacetate and AcCoA to form R-citrate 

(Scheme 1.2 B). Oxaloacetate is actually a better substrate than PPA for PMMS which is 

consistent with both enzymes being located in the same SSN cluster.  

Chapter 5 describes the enzymatic properties of PMMS for comparison with other 

members of the CC-like subgroup, we have purified a recombinantly expressed version 

of the S. hygroscopicus protein (Uniprot ID: Q9LCB4) from E. coli. As PPA is not 

commercially available OAA was used as a substrate, and enzyme activity was 

characterized with respect to the role of ionizable residues in the chemical mechanism 

and identification of the rate-determining step of the reaction. A model structure was 

created by leveraging data from the SSN and several possible active site residues were 

identified. Site-directed mutagenesis was used to test potential mechanistic roles for the 

selected residues. Overall, the results described here provide a more detailed 

mechanistic picture of this distinct activity in the CC-like subgroup of the DRE-TIM 

metallolyase superfamily.  

 

Scheme 1.2 PMMS catalyzed condensation reactions. (A) PMMS catalyzed condensation 
reaction of 3-phoshinopyruvic acid (PPA) and AcCoA to form 2-phosphinomethylmalate 
(PMM). (B) PMMS catalyzed condensation reaction of oxaloacetate and AcCoA to form 
R-citrate. 
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CHAPTER 2: 

INVESTIGATING THE STRUCTURAL AND MECHANISTIC IMPORTANCE OF THE 

BETA-HAIRPIN IN CYSTEINE DESULFURASE SUFS 

 
2.1 Introduction  
 

Sulfur is essential to many biological processes in every domain of life. One major 

source of sulfur for many sulfur containing biomolecules is cysteine. A class of enzymes 

known to play a critical role in acquiring and mobilizing sulfur in the cell are cysteine 

desulfurases.1, 2 These enzymes are pyridoxal 5’-phosphate (PLP)-dependent, typically 

homodimeric and convert L-cysteine to L-alanine and persulfide, which is eventually 

incorporated into a variety of essential thio-cofactors.3  

Cysteine desulfurases have been categorized into type I and type II according to 

certain structural differences and reactivities.4, 5 Members of each group show higher 

sequence identity with each other and share insertions near the active sites, which 

further aid in determining which class a given cysteine desulfurase belongs in. Type I 

enzymes also possess a 12-residue insertion sequence located near the active site 

cysteine. In some cases, it is thought that this insertion may provide the capability of 

promiscuity with regards to the possible sulfur acceptors that will interact with the 

enzyme following desulfurase activity. In type II cysteine desulfurases however, the 

active site cysteine loop is more rigid and provides some protection for the persulfide 

intermediate.3 Another insertion, this time present in type II and absent in type I, is 

located near the dimer interface and believed to be another structural component that 
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can be used to distinguish between type I and type II cysteine desulfurases. This 

structural component has been referred to as the beta-hairpin and is highlighted in 

figure 2.1, using the type II cysteine desulfurase, SufS (PDB 6mr2) from E. coli.  

 

Figure 2.1 SufS structure highlighting each monomer, active site, and beta-hairpin. 
Crystal structure of SufS (PDB entry 6mr2). The beta-hairpin is colored red for both 
monomers. The position of the beta-hairpin is adjacent to the active site where the PLP 
coenzyme is shown.    

 
SufS facilitates sulfur mobilization in the SUF pathway which involves several 

other proteins in iron-sulfur cluster formation under conditions of oxidative stress and 

iron starvation.6, 7 When this pathway is utilized, SufS transfers the sulfur directly to a 

transpersulfurase called SufE. It is then transferred to the SufBCD complex which serves 

as the scaffold complex that will acquire iron and assemble the iron-sulfur cluster.3 This 

chapter will be focused on SufS, the cysteine desulfurase that catalyzes the first step in 

the SUF pathway. 
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Previous studies on SufS have provided invaluable knowledge about the structure 

and function of the enzyme that prompted the investigation conducted here. SufS has 

been proposed to employ a half-sites reaction mechanism where one monomer is 

conducting the desulfurase reaction, while the other is involved with the 

transpersulfurase activity with SufE.8, 9 Deuterium trapping experiments looking at 

peptide 262-274 (beta-hairpin) in SufS demonstrated higher deuterium retention for 

SufS with the covalently bound persulfide (SufSper) versus SufS without persulfide 

(SufSapo). In additional deuterium trapping experiments involving SufE, SufE Cys-51 

was alkylated to prevent the sulfide transfer from SufSper. An increase of deuterium 

uptake was observed for SufSapo and SufSper when incubated with SufEalk compared to 

when incubated with SufEapo or without SufE altogether. This data indicates a 

conformational change in the beta-hairpin of SufS upon persulfuration as well as in the 

presence of SufEalk.8   

Recently, several X-ray crystal structures have been published, providing 

structural data for SufS dimer interface variants with various intermediates bound. The 

E250A variant (PDB: 6mri) resulted in a loss of an electrostatic interaction between the 

dimer interface and the beta-hairpin, a structure that constitutes one wall of the active 

site. This loss of interaction resulted in the displacement of residues ~253-274 in E. coli 

which constitute the beta-hairpin, common in type II cysteine desulfurases. The 

displacement observed was a rotation away from the persulfide intermediate (Cys364-S-

S-out) possibly allowing easier access to the active site.10 This data suggested that the 

beta-hairpin may be involved in regulating the proposed half-sites mechanism. 

However, the question still remained whether wild-type SufS could adopt the open 

conformation of the beta-hairpin observed in the crystal structure of the E250A variant. 
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Further studies were successful in attaining a crystal structure of wild-type SufS (PDB: 

6uy5) with a beta-hairpin in the rotated out conformation which would allow access to 

the active site and persulfide transfer to SufE.11 A global structural and sequence 

analysis was conducted on other type II cysteine desulfurases to investigate the 

conserved residues and structural components that contribute to the dynamic changes 

observed in SufS. This study concluded that these enzymes likely utilize adjacent 

structural elements that work in conjunction with the beta-hairpin to regulate cysteine 

desulfurase and transpersulfurase activities.11 

In order to probe the functional and structural importance of the highly 

conserved beta-hairpin in type II cysteine desulfurases, variants of E. coli SufS were 

designed lacking the beta-hairpin structure. Five sets of primers were designed for 

generating the beta-hairpin variants which contained varying small inserts to fill the gap 

left by the deletion. Following overexpression and a three-column purification, the 

cysteine desulfurase activity of the variants was tested using an NDA-borate assay for 

detecting the formation of alanine. None of the variants demonstrated detectable 

activity. The quaternary structure was also analyzed via size-exclusion chromatography 

(SEC) which indicated a mixture of aggregated protein, monomers and trimers.  These 

results suggest that removing the beta-hairpin results in a significant disruption of the 

structural integrity of the protein.  

2.2 Materials and Methods 

2.2.1 Materials  

 SufS gene primers were ordered from Eurofins MWG Operon (Huntsville, AL). 

T4 Polynucleotide Kinase (T4PNK), T4 DNA ligase, and DpnI were obtained from New 

England Biolabs (Ipswich, MA). The E.Z.N.A Plasmid Mini Kit was purchased from 
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Omega Bio-Tek (Norcross, GA). The QuikChange Lightning (QCL) Mutagenesis Kit and 

XL Gold E. coli cells were obtained from Stratagene. The competent E. coli 

BL21(DE3)ΔSufS cells were purchased from Novagen. The Q-sepharose column, phenyl 

sepharose column, and HiLoad Superdex 200 prep grade column were purchased from 

GE Healthcare. All the buffers and reagents were obtained in the highest purity grade 

available from VWR International, LLC. 

2.2.2 Primer Design and PCR  

To investigate the importance of the beta-hairpin and the effect of removing it 

from the structure of SufS, five variants were designed lacking the beta-hairpin. The 

residues removed were replaced by various amino acids to try and link the gap left by 

the removal of the beta-hairpin in each case (figure 2.2). Table 2.1 lists which amino acid 

residues were removed and which ones replaced them. These were designed using 

Chimera to estimate the size of the gap and link the amino acid residues left while 

having the least impact possible on the overall structure of the protein.  

 

Figure 2.2 Structure of SufS showing hairpin deletions. Crystal structure of SufS (PDB 
entry 6mr2) with the beta-hairpin deletion. On the left depicts the gap left for hairpin 
variants 1-3 and on the right variants 4 and 5.  
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Hairpin Variant Residues removed Residues added 

1 255-274 QA 

2 255-274 QAA 

3 255-274 QAAA 

4 255-271 A 

5 255-271 AA 
 
Table 2.1 Residue substitutions for SufS beta-hairpin variants. The hairpin variants were 
designed to generate the five variations of SufS lacking the beta-hairpin with slightly 
different deletions and insertions in place of the residues removed.  

 
Hairpin 
Variant 

 
Forward Primer (5’- 3’) 

 
Reverse Primer (5’- 3’) 

1 GCGGAAGCCGGTACACCCAATACC CTGAGAACCGCCCCCTTCCCA 

2 GCGGCGGAAGCCGGTACACCCAAT CTGAGAACCGCCCCCTTCCCACGG 

3 GCGGCGGAAGCCGGTACACCCAAT CGCCTGAGAACCGCCCCCTTC 

4 TGGCGGTTTGAAGCCGGTACACCC CGCAGAACCGCCCCCTTCCCA 

5 TGGCGGTTTGAAGCCGGTACACCC CGCCGCAGAACCGCCCCCTTC 

 
Table 2.2 Oligonucleotide primers for generating beta-hairpin variants. Designed to 
generate the five variations of SufS lacking the beta-hairpin, each primer flanks the 
portion of the gene that was deleted.  

 

Mutagenesis was performed by inverse PCR using Phusion high fidelity DNA 

polymerase (New England BioLabs).12 A phosphorylation/ligation reaction was done on 

the linear PCR products and finally a Dpn1 digest was done overnight at room 

temperature to digest the parent strand DNA. PCR products were transformed into XL-

10 gold ultracompetent E. coli cells and 5 mL overnights were grown in NZY+ broth for 

16 hours at 37° C and rotating at 250 rpm. The following day, cell pellets were harvested, 

and the DNA was purified using an E.Z.N.A Plasmid DNA Mini Kit I (Omega Bio-Tek). 
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Purified DNA was sent to Eurofins Genomics for sequencing. Sequencing results 

confirmed the removal of the beta-hairpin in all five variants.  

2.2.3 Growth  

Sequenced DNA for each variant was then transformed into BL21(DE3)ΔSufS.  

 E. coli cells and plated on Luria-Bertani (LB) agar containing 30 µg/mL kanamycin and 

100 µg/mL ampicillin. Plates were incubated at 37° C for 16 hours and then stored at 

4 °C.  

For growth in LB media, one colony from each plate was used to inoculate 25 mL 

overnight cultures containing 35 µg/mL chloramphenicol and 100 µg/mL ampicillin. 

Overnights were incubated at 37° C for 16 hours shaking at 250 rpm. The following day, 

1 L cultures were inoculated with 10 mL of overnights and antibiotics were added at the 

same concentration as the overnight. Approximately two hours later, when the OD600 

reached 0.6, the cells were induced with 500 µM IPTG. Four hours later, the cells were 

harvested via centrifugation at 6340 x g for 20 minutes at 4 °C and cell pellets were 

stored at -80 °C. 

 2.2.4 Purification 

Cell pellets were resuspended in 25 mM MOPS pH 7.5, 150 mM NaCl and 5 mM 

DTT, 10 µg/mL deoxyribonuclease, 5 mM MgCl2, and one EDTA free protease inhibitor 

tablet for every 10 mL buffer. Following resuspension, the cells were sonicated on ice in 

one-minute intervals with a total sonication time of five minutes at output 4 and duty 

cycle 50%. The lysate was then centrifuged for 30 minutes at 4 °C and 34540 x g.  

Purification of the SufS hairpin variants involved a three-step process starting 

with ion exchange. A 5 mL Q-sepharose column was used first with buffer containing 25 

mM MOPS and 10 mM ß-ME. A linear gradient was used from 0 to 100% buffer B which 
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contained 1 M NaCl in addition to the 25 mM MOPS and 10 mM ß-ME. The fractions 

were run on an SDS-PAGE gel to confirm the presence of SufS and those fractions were 

pooled. Ammonium sulfate was added to the pooled protein to make a 1 M solution. 

Next, the protein was loaded onto a 5 mL phenyl sepharose column. Buffer A for this 

step contained, 25 mM MOPS, 10 mM ß-ME, 100 mM NaCl and 1 M (NH4)2SO4. Buffer 

B was 25 mM MOPS and 10 mM ß-ME. The first step of the gradient was held at 30% B 

to separate protein contaminants. Then the percent of B increased linearly over the 

remainder of the elution step. The fractions were run on an SDS-PAGE gel to confirm 

the presence of SufS and those fractions were pooled for the last step of purification. 

Size exclusion chromatography was conducted using a HiLoad Superdex 200 

prep grade column. The buffer used to facilitate this purification step contained 25 mM 

MOPS, 150 mM NaCl and 5 mM DTT. The purified protein was concentrated using a 10 

kDa cut-off spin filter, then 20% glycerol was added, and the protein was stored at           

-20 °C.  

2.2.5 PLP quantification  

Following purification, the PLP content of the hairpin variant samples were 

measured spectrophotometrically. This was done by recording the absorbance signal at 

390 nm. The samples were then loaded with PLP at a concentration double the 

concentration of protein and incubated at 25 °C for one hour. The protein samples were 

the dialyzed overnight in 1 L 25 mM MOPS (pH 7.5) and 150 mM NaCl. Dialysis buffer 

was changed 3 times and left for at least 4 hours at a time. The following day, the protein 

samples were concentrated using a 10 kDa spin filter. Again, using a spectrophotometer, 

the absorbance at 390 nm was recorded for each sample.  
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2.2.6 Alanine Detection Assay  

The cysteine desulfurase activity of the hairpin variants was investigated by 

quantifying product formation. Alanine formation was detected with a labeling reaction 

using naphthalene 2,3-dicarboxaldehyde (NDA).9 The reaction mixture contained 0.9 

µM SufS variant, 50 mM MOPS (pH 8.0), 2 mM (tris(2-carboxyethyl)-phosphine 

hydrochloride (TCEP), 150 mM NaCl and varied cysteine or SufE, while holding the 

other constant at saturating concentrations. The 500 µL reactions were initiated in a 96 

well plate by the addition of SufS and quenched by transferring 50 µL of the reactions to 

wells containing 5 µL of 10% TCA at various time points. An alanine standard curve was 

also generated in the same plate, using the same conditions as the reactions. All reaction 

and alanine standard wells were treated with an NDA-borate mixture and developed in 

the dark for 20 minutes. Following this incubation, 150 µL of each reaction/standard 

was transferred to a 96 well black plate and fluorescence was measured (excitation 390 

nm/emission 440 nm) using a Biotek Synergy 2 plate reader. The standard alanine 

curve was used to determine nanomoles of alanine produced by each reaction.  

2.3 Results  

2.3.1 Mutagenesis  

Site-directed mutagenesis was used to delete the sequence of the beta-hairpin in 

SufS. The forward and reverse primers were designed to flank the deletion and proceed 

in opposite directions during PCR. After PCR, DNA electrophoresis was used to detect 

expected band size and following the confirmation on the gel, the DNA samples were 

sent to Eurofins Genomics for sequencing. The sequencing results confirmed the 

absence of the beta-hairpin in all five variants.  
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2.3.2 Expression and Growth 

Wild type SufS is typically grown in LB media. Expression tests were conducted 

to determine the best way for overexpressing the desired proteins. None of the hairpin 

variants expressed very well in LB or autoinduction media. LB media was chosen as the 

growth media to be consistent with the protocols previously used for SufS. Figure 2.3 

illustrates the resulting SDS-PAGE gels from both induction tests. For the LB expression 

test (Figure 2.3 A), a sample was taken before induction, after induction, and then again 

prior to harvesting the cells. In the autoinduction expression test, a sample was taken of 

the overnight LB culture used to inoculate the large culture, 7 hours after inoculation, 

and then again before the harvest 24 hours later (Figure 2.3 B). A sample of previously 

purified wild-type SufS was run on the gel for comparison. The monomeric mass of SufS 

is 44 kDa.   

 
 
 
Figure 2.3 SDS-PAGE analysis of expressing hairpin variants in LB and AI media. 
Expression in LB media (A) and autoinduction media (B). The numbers at the top of the 
wells indicate which hairpin variant was loaded.  
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2.3.3 Purifications 

Hairpin variants 2, 3, 4, and 5 were purified via a three-step process described in 

the previous section. Here, the results for the purification of hairpin 5 are demonstrated 

to illustrate the purification process. Purifications of other hairpin variants were very 

similar however most of the following experiments were done on hairpin 5.  

After the second step of the purification, it was evident that there were two sets of 

fractions containing SufS. Both sets of fractions were pooled separately. Fractions 58-61 

had a considerable amount more of protein than fractions 17-29. The third step of 

purification shown below is the result of running fractions 58-61 on the SEC column.  

The SDS page gel from the SEC column revealed two bands at the correct size for 

SufS. Looking at the chromatogram, it is apparent that the protein eluted in separate 

peaks. Therefore, the fractions were split up into three groups to be pooled and 

concentrated. The first set was fractions 10-12 (A), the second was fractions 14-16 (B), 

and the third was fractions 17-20 (C).  
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Figure 2.4  Q Sepharose column elution profile and SDS-PAGE of SufS hairpin 5. (A) 
FPLC chromatogram of cell lysate loaded and separated by a 5 mL Q column. (B) UV-vis 
of protein that eluted off of the Q column. An arrow denotes where there would be a 
peak from PLP at 390 nm. (bottom) SDS-page analysis used to determine which 
fractions contained SufS.  
 



 49 

 
 
 
Figure 2.5 Phenyl sepharose column elution profile and SDS-PAGE of SufS hairpin 5. 
(A) Chromatogram from the second step in the purification process, the phenyl 
sepharose column. (B) SDS page gels used to identify which fractions contained the 
target protein. Red lines are labelling which fractions were pooled.  
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Figure 2.6 SEC column elution profile and SDS-PAGE of SufS hairpin 5. (A) Size 
exclusion chromatography elution profile. A red line highlights the peaks containing 
SufS. (B) Samples of each peak were analyzed using SDS page gels.  
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2.3.4 Analytical Size Exclusion Chromatography  

To determine whether the quaternary structure of the protein was affected, the 

three samples of hairpin 5 were run on a Superdex 200 analytical size exclusion column 

(figure 2.7). The elution volumes of each sample corresponded to varying quaternary 

structures of SufS hairpin 5. Sample A resulted in a calculated mass of 47 kDa, 

consistent with a monomer. Sample B had a calculated molecular mass of 880 kDa, 

indicating aggregated protein. Sample C resulted in two prominent peaks corresponding 

to molecular masses of 210 kDa and 150 kDa. Wild-type SufS was also analyzed and 

demonstrated an expected molecular mass of 110 kDa, consistent with a dimer. 

 
 



 52 

 
 
Figure 2.7 Analytical SEC elutions of wild type SufS and hairpin variant. Analytical size  
exclusion elution profiles, (A) sample A (fractions 10-12), (B) sample B (fractions 14-16), 
(C) sample C (fractions 17-20), and (D) wild type SufS.  
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2.3.5 Crystallography  

An attempt at crystallizing hairpin 5 was made however, the protein precipitated 

out of solution and therefore the attempt at getting a crystal structure of the hairpin 

variants was unsuccessful. The concentration of protein in this sample was 12 mg/mL.  

2.3.6 Alanine detection assay  

An NDA-borate assay was conducted to investigate whether SufS variants lacking 

the beta-hairpin are capable of cysteine desulfurase activity. None of the assays 

conducted detected the formation of alanine. Therefore, results suggest that there is no 

detectable cysteine desulfurase activity among these variants.  

2.3.7 PLP quantification 

PLP is an essential component in the cysteine desulfurase activity of SufS. 

However, the UV absorbance spectrum of the purified proteins, specifically the 

absorbance at 390 nm, indicated that the variants lacked covalently bound PLP. 

Therefore, the three hairpin 5 samples were treated with PLP as described previously 

and washed 3x using a spin filter to see if the PLP would bind post purification. This 

resulted in PLP concentrations exceeding the concentration of the protein (nanodrop 

and plate reader). When this experiment was repeated, the three samples were treated it 

the same way (2x PLP) but instead of repeated rinses and centrifugation, the protein 

was dialyzed overnight in buffer. This method was successful in removing excess PLP. 

This time the PLP concentrations for all 3 protein samples were 0 µM. Hairpin 5 was not 

able to retain PLP bound to the enzyme which is consistent with the lack of desulfurase 

activity. 

 

 



 54 

2.4 Discussion and Conclusions  

Previously published work suggested that the beta-hairpin of the dimer interface of SufS 

may play a critical role in generating a functional enzyme.8, 10 Work conducted here 

further supports the importance of the beta-hairpin. Despite several attempts at loading 

the protein with PLP, results demonstrate that the hairpin is essential for the retention 

of PLP. The lack of cysteine desulfurase activity is consistent with the absence of PLP 

and further supports the major disruptions caused by the removal of the beta-hairpin. 

Furthermore, analytical size exclusion results indicate aggregation of the protein and 

various peaks with calculated masses that vary from the monomeric mass to aggregated 

protein. None of the resulting calculated molecular masses corresponded with a dimeric 

structure as seen with functional, wild type SufS. This suggests that the beta-hairpin is 

essential to not only the activity of the enzyme, but also its ability to dimerize into a 

functional unit.  

2.5 Future Work  

 Given the importance of the beta-hairpin in PLP binding and structural stability, 

additional studies will be essential for determining the specific interactions that make 

the beta-hairpin such an important structure in type II cysteine desulfurases. As it was 

shown here, complete removal of the beta-hairpin and replacement by the amino acid 

residues used to fill the gap was inadequate for generating structurally stable SufS 

variants. One option would be to design other hairpin variants by removing less of the 

residues in the hairpin. In doing this, it may be possible to find a variant stable enough 

to get a crystal structure and conduct additional experiments that were limited in the 

case of the beta-hairpin variants presented in this work. Additional studies will provide 
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more information to improve the current understanding of the beta-latch mechanism in 

SufS, as well as other type II cysteine desulfurases.     
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CHAPTER 3: 

KINETIC EFFECTS OF SINGLE RESIDUE SUBSTITUTIONS IN CYSTEINE 

DESULFURASE, SUFS  

3.1 Introduction 

Cysteine desulfurases are essential enzymes that provide sulfur for the assembly 

of widely distributed sulfur-containing cofactors. All functional cysteine desulfurases 

studied to date are pyridoxal 5’-phosphate (PLP)-dependent and catalyze the formation 

of L-alanine and persulfide from L-cysteine. The sulfur abstracted from L-cysteine is 

then transferred to an acceptor molecule that will subsequently transfer it to designated 

thio-cofactor assembly machinery.1 Cysteine desulfurases typically possess a 

homodimeric aminotransferase V fold, with each dimer possessing a large N-terminal 

domain and a smaller C-terminal domain. The active site lies between the two domains 

with the active site cysteine in the C-terminal domain and the PLP-bound lysine in the 

N-terminal domain (figure 3.1).2 Additionally, one wall of the active site is provided by 

residues from the opposite dimer, indicating that the dimeric nature of these enzymes is 

essential. Although these common attributes are present in all cysteine desulfurases, 

they can be further divided into two groups, type I and type II. 

The proposed categorization of cysteine desulfurases into type I and type II has 

been primarily based on specific local structural differences and overall reactivities.3 

One of the structural differences present in type I cysteine desulfurases is a twelve-

residue insertion following the active site cysteine. This insertion provides flexibility of 

the loop containing the active site cysteine and in some cases is suggested to allow for 
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promiscuity with several sulfur acceptors.4, 5 However, type II cysteine desulfurases lack 

this insertion and the active site cysteine resides on a short rigid loop. Type II enzymes 

also demonstrate a conserved ~19 residue insertion termed the beta-hairpin, composed 

of two anti-parallel beta-sheets adjacent to the active site of the opposite monomer.1 In 

addition to the these commonalities that have allowed us to categorize cysteine 

desulfurases, several recent studies have deepened our understanding of the structural 

and mechanistic attributes of type II cysteine desulfurases.6-9 

Many of these new developments are a result of studies of the type II cysteine 

desulfurase, SufS. SufS catalyzes the first step in the SUF iron-sulfur cluster assembly 

pathway, which in Escherichia coli is utilized under conditions of iron starvation and 

oxidative stress.10 A crystal structure of SufS with a persulfide intermediate is shown in 

figure 3.1, providing a visual of the conserved structural elements of type II cysteine 

desulfurases. Each monomer shows the larger C-terminal domain, smaller N-terminal 

domain and the location of the active site between the two domains of each monomer. 

The structure of SufS shown in figure 3.1 is one of several that have been published in 

the past few years that, in conjunction with other experiments, have provided valuable 

insight of certain structural and mechanistic attributes of SufS.7-9 

Amide hydrogen-deuterium exchange mass spectrometry (HDX-MS) results have 

demonstrated that the formation of a persulfide in the active site of SufS results in 

dynamic changes in the active site as well as changes in electrostatic interactions at the 

dimer interface.6 Substitutions of these residues at the dimer interface, X-ray structures 

of the variants and kinetic data also confirmed functional cross-talk between the active 

sites and the dimer interface residues.7 A global analysis of type II cysteine desulfurase 

structure and sequence alignments has revealed several more conserved structures that 
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are believed to be functionally relevant.8  It has been proposed that the beta-hairpin 

structure, common in type II cysteine desulfurases, is part of a larger system termed the 

beta-latch. The beta-latch is believed to be responsible for regulating access to the SufS 

active site and forming a conduit for half-sites regulation for SufS desulfurase and 

transpersulfurase activities.8 

 

Figure 3.1 Structure of SufS identifying the active site and C and N-terminal domains. 
SufS (PBD: 6mr2) with larger N-terminal domains in grey and blue and both smaller C-
terminal domains in salmon. Both active sites are indicated by the active site cysteine 
with a bound persulfide intermediate and the PLP-bound lysine as spheres. 

 

The beta-latch consists of a glycine rich loop preceding the beta-hairpin, the beta-

hairpin, a cis-proline residue following the beta-hairpin, cross-dimer electrostatic 

interactions formed by residues on alpha helix 6 from either monomer, and an 

asparagine residue (N) that hydrogen bonds to the glycine rich loop.8  Recently, two 

structures of wild-type SufS were reported showing differing functional states of the 

enzyme. In one structure (PDB:6mr2) the persulfide on the active site cysteine is rotated 

inwards, and in another (PDB:6uy5) the persulfide is rotated away from the active site, 
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available for sulfur transfer to SufE, the associated transpersulfurase enzyme. When the 

persulfide moiety is in the out position, a rotation of the beta-hairpin is also observed, 

opening up the active site.8 

 

Figure 3.2 Structure of SufS identifying components of the beta latch. SufS (PBD: 
6mr2) with labeled conserved structural elements that make up the beta-latch in type II 
cysteine desulfurases. The residues involved in cross-dimer electrostatic interactions are 
indicated by the transparent red square. 
 

 The dynamic changes of the beta-hairpin are regulated by the components of the 

beta-latch which is proposed to allow for cross dimer communication and regulation of 

SufS activity. Although much progress has been made concerning the regulation of SufS 

activity, there are still details regarding specific residues and their functions that remain 

unknown. In this work, the role of N99, the conserved asparagine residue that hydrogen 

bonds to the glycine rich loop is investigated. In addition to N99, the role of residues 

R56 and R359 are also probed. Previous data suggests that R56 facilitates catalysis by 
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hydrogen bonding with the Cys-aldimine intermediate.9 Data has also shown that R359 

interacts with the active site cysteine, C364. Figure 3.3 illustrates the change in 

orientation of these two residues when comparing wild-type resting state SufS with the 

Cys-aldimine intermediate. Substitutions were made to N99, R56, and R359 in SufS to 

probe the contribution that they make to SufS function. The effects that these mutations 

had on the overall activity of the enzyme are herein discussed with regards to the 

resulting kinetic parameters of each enzyme. 

 
 
Figure 3.3 SufS structures showing the change in orientation of R56 and R359. Wild-
type SufS (PBD: 6mr2) in blue is overlaid with the Cys-aldimine intermediate (PDB: 
6o11) structure in grey. On the left the change in orientation of R359 is labeled as well as 
other residues that are important for SufS function. On the right, the change in 
orientation of R56 is also indicated by a red arrow. 
 
3.2 Materials and Methods 

3.2.1 Materials 

 SufS gene primers were ordered from and synthesized by Eurofins MWG Operon 

(Huntsville, AL). T4 Polynucleotide Kinase, T4 DNA ligase, and DpnI were obtained 

from New England Biolabs (Ipswich, MA). The E.Z.N.A Plasmid Mini Kit was purchased 
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from Omega Bio-Tek (Norcross, GA). The QuikChange Lightning Mutagenesis Kit and 

XL Gold E. coli cells were obtained from Stratagene, the competent E. coli 

BL21(DE3)ΔSufS cells were purchased from Novagen. The Q-sepharose column, phenyl 

sepharose column, and HiLoad Superdex 200 prep grade column were purchased from 

GE Healthcare. All the buffers and reagents were obtained in the highest purity grade 

available from VWR International, LLC. 

Variant Primer Primer Sequence (5’-3’) 

N99G 
 

Forward 
 
GCTATTGGCGACCAGACCGATCCCTTCCGTCGTG 

Reverse CACGACGGAAGGGATCGGTCTGGTCGCCAATAGC 

N99A 
 

Forward 
 
GCTATTGGCGACCAGAGCGATCCCTTCCGTCGTG 

Reverse CACGACGGAAGGGATCGCTCTGGTCGCCAATAGC 

N99D 
 

Forward 
 
CTATTGGCGACCAGATCGATCCCTTCCGTCGTG 

Reverse CACGACGGAAGGGATCGATCTGGTCGCCAATAG 

N99E 
 

Forward 
 
AGCTATTGGCGACCAGCTCGATCCCTTCCGTCGTG 

Reverse CACGACGGAAGGGATCGAGCTGGTCGCCAATAGCT 

R56A 
 

Forward 
 
GCGGTGCATGCGGGTATTCATACC 

Reverse GGTATGAATACCCGCATGCACCC 

R56K 
 

Forward 
 
GCGGCGGTGCATAAAGGTATTCATACC 

Reverse GGTATGAATACCTTTATGCACCGCCGC 

R359A 
 

Forward 
 
ATTGCTGTGGCGACCGGACATCAC 

Reverse GTGATGTCCGGTCGCCACAGCAAT 

R359K 

 
Forward 

 
GGCATTGCTGTGAAAACCGGACATCAC 

Reverse 
 

GTGATGTCCGGTTTTCACAGCAATGCC 
 

 
Table 3.1 Oligonucleotide primers for generating SufS variants. Forward and reverse 
primers were designed to generate SufS  
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3.2.2 Gene Preparation 

His-tagged wild-type SufS gene in vector pET-44a(+) with kanamycin resistance was 

used to generate the N99 variants. Forward and reverse primers for each of the single 

site mutations were designed and ordered from Eurofins Genomics (table 3.1). Plasmid 

constructs containing the variant genes were transformed into Ultra competent XL-10 

Gold E. coli cells. 5mL overnight cultures were grown and the plasmid DNA was purified 

using an EZNA mini prep kit. The purified DNA was sent to Eurofins Genomics for 

sequencing and confirmation of each variant. Each plasmid was then transformed into 

BL-21(DE3)ΔSufS E. coli cells and plated on LB agar plates with 100 µg/mL ampicillin. 

3.2.3 Growth and Expression 

One colony from each LB agar plate was used to inoculate 25 mL overnight 

cultures containing 100 µg/mL ampicillin, and 125 mg glucose, in LB media. Overnights 

were incubated at 37° C for 16 hours shaking at 250 rpm. The following day, 500 mL of 

autoinduction media was inoculated with 10 mL of the overnights for each variant. The 

autoinduction media used for the growth and expression of all variants contained 2 mM 

magnesium sulfate, 25 mM sodium succinate, 25 mM disodium phosphate, 25 mM 

monopotassium phosphate, 50mM ammonium chloride, 5mM sodium sulfate, 0.9% 

glycerol, 0.45% lactose, 0.03% glucose, 0.5% yeast extract, and 1% tryptone.11 These 

cultures were incubated at 250 rpm and 25 °C for 24 hours. The cells were then 

harvested via centrifugation at 6340 x g for 20 minutes at 4 °C and cell pellets were 

stored at -80 °C. 

3.2.4 Purification of Asn99 Variants 

The His-tagged wild-type SufS and N99 variants were purified via immobilized 

metal affinity chromatography (IMAC) using a 10 mL Ni2+ HisTrap HP column. First, 
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cell pellets were removed from the -80 ºC freezer and resuspended in 20 mM 3-(N-

Morpholino)propane sulfonic acid (MOPS), 300 mM NaCl, 20 mM imidazole, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 1 mM DNase I, 7.5 mg lysozyme and 5 mM 

MgCl2 crystals. Following resuspension, the cells were sonicated on ice in one-minute 

intervals with a total sonication time of five minutes at output 4 and duty cycle 50%. The 

lysate was then centrifuged for 30 minutes at 4 °C and 34540 x g. The soluble fraction 

was then filtered with a 0.45 µm cellulose acetate filter and then loaded onto a 10 mL 

Ni2+ HisTrap HP column. The protein of interest was separated using a linear gradient 

from 0-100% buffer B. Buffer A consisted of 20 mM MOPS, 300 mM NaCl and 20 mM 

imidazole. Buffer B was 20 mM MOPS, 300 mM NaCl, 500 mM imidazole. Purified 

protein was dialyzed in 1L of 20 mM MOPS and 150 mM NaCl for four hours at a time. 

The buffer was changed 3 times and the following day the protein was concentrated and 

stored at -20 °C in 20% glycerol. 

3.2.5 Purification of Arg56 and Arg359 Variants 

Purification of the SufS arginine variants involved a three-step process starting 

with ion exchange. A 10 mL Q-sepharose column was used first with buffer containing 

25 mM MOPS and 10 mM 2-Mercaptoethanol (ß-ME). A linear gradient was used from 

0 to 100% buffer B which contained 1M NaCl in addition to the 25 mM MOPS and 10 

mM ß-ME. The fractions were run on an SDS-PAGE gel to confirm the presence of SufS 

and those fractions were pooled. Ammonium sulfate was added to the pooled protein to 

make a 1 M solution. Next, the protein was loaded onto a 5 mL phenyl sepharose 

column. Buffer A for this step consisted of 25 mM MOPS, 10 mM ß-ME, 100 mM NaCl 

and 1 M (NH4)SO4. Buffer B was 25 mM MOPS and 10 mM ß-ME. The first step of the 

gradient was held at 30% B to separated protein contaminants. Then the percent of 
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buffer B increased linearly over the remainder of the elution step. The fractions were 

run on an SDS-PAGE gel to confirm the presence of SufS and those fractions were 

pooled for the last step of purification. 

Size exclusion chromatography was conducted using a HiLoad Superdex 200 

prep grade column. The buffer used to conduct this purification step contained 25 mM 

MOPS, 150 mM NaCl and 5 mM DTT. The purified protein was concentrated using a 10 

kDa cut-off spin filter, then 20% glycerol was added, and the protein was stored at           

-20 ° C. 

3.2.6 Kinetic Assays 

SufS cysteine desulfurase activity was measured using a naphthalene 2,3-

dicarboxaldehyde (NDA) labeled reaction.12 NDA forms an adduct with alanine, the 

product of the SufS reaction. Reaction mixtures were a total of 1 mL containing 0.2 - 1.6 

µM SufS or variants, 2 mM TCEP, 50 mM MOPS pH 8.0, 150 mM NaCl and saturating 

non-varied substrate. Reactions were initiated by the addition of SufS and incubated at 

25 ºC. At designated time points 50 µL of the reactions were added to 20 µL of 10% 

trichloroacetic acid (TCA) to quench the reaction. A 1 mL solution of freshly prepared 

NDA solution was added to the quenched reaction aliquot. The NDA solution consisted 

of 0.1 mM NDA, 1 mM potassium cyanide (KCN) and 100 mM borate buffer (pH 8.5). 

The samples were incubated in the dark for 120 min prior to being transferred to sample 

vials in the HPLC autosampler. The autosampler was set to inject 10 µL of each sample  

onto a Zorbax C18 column (Agilent) at a flow rate of 0.4 mL/min with an isocratic 

gradient of 50% 10 mM ammonium acetate with 50% methanol (pH 5.5) for 10.5 min. 

The initial velocity of the reaction at each concentration of varied substrate was derived 

from the slope of a plot of alanine vs time. Initial velocities were then fit to the 
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Michaelis-Menten equation to determine the kinetic parameters for each enzyme. The 

fluorescent adduct was measured with a Shimadzu HPLC coupled with a florescence 

detector set to 420 nm excitation and 490 nm emission. The alanine-NDA peak was 

integrated, and the peak area converted into nmoles of alanine using a standard curve 

generated with known concentrations of alanine. 

3.3 Results 

Wild-type SufS was generated with and without a six-histidine tag and the 

kinetics of the two enzymes were compared to verify that the histidine tag would not 

affect the resulting kinetic parameters. Table 2.2 summarizes the kinetic data from 

NDA-borate assays of wild-type SufS demonstrating that the six-histidine tag did not 

affect the rate of SufS cysteine desulfurase activity. 

Next we compared his-tagged wild-type kinetics to the his-tagged N99 variants. 

The kinetic data is summarized below in table 2.3. All of the N99 variants all had similar 

resulting kinetic parameters. One notable change was approximately a ~10-fold 

decrease in kcat values of all N99 variants compared to wild-type SufS. Although all 

variants resulted slightly increased Km values for SufE, N99A had a significantly greater 

increase of ~3.5-fold. This result shows that the substitution of N99 to alanine had a 

greater impact on the Km values for SufE compared to the other substitutions made. 

Overall, the N99 substitutions suggest that N99 is important for the rate of catalysis in 

SufS. 

The resulting kinetic parameters of the R56 and R359 variants were compared to wild-

type SufS. All variants demonstrated a substantial decrease in turnover ranging from a 

~12-fold decrease in R56K to a ~270-fold decrease in R56A. The turnover numbers for 

the R359 variants were more similar with ~50-fold decrease in R359A compared to a 
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~60-fold decrease in R359K. A more notable result with regards to the substitutions of 

R359 is the effect that each substitution had on the Km value for cysteine. As seen with 

the variant R359A, completely removing the positive charge of this residue, results in a 

20-fold increase in the Km value for cysteine. Substitution of this residue to Lysine and 

restoring the positive charge resulted in a ~ 10-fold rescue of the Km value for cysteine, 

compared to R359A. Therefore, substituting R359 for lysine causes a modest ~2-fold 

increase in the Km value for cysteine compared to a ~20-fold increase caused completely 

removing the positive charge. 

 
SufS 

 
k

cat
(min

-1
) 

 
K

Cys 
(µM) 

k
cat

/K
Cys

 

(µM
-1

min
-1

) 

 
K

SufE 
(µM) 

k
cat

/K
SufE   

(µM
-1

min
-1

) 

 
His-tag 

 
34 ± 2 

 
24 ± 6 

 
1.4 ± 0.3 

 
0.59 ± 0.11 

 
50 ± 10 

 
No 

His-tag 
 

32 ± 2 
 

26 ± 6 
 

1.3 ± 0.3 
 

0.41 ± 0.11 
 

78 ± 22 
 

 
Table 3.2 Kinetic data of SufS with and without a His-tag. Values compare the kinetic 
data of wild-type SufS with and without a His-tag. 
 

Enzyme 
 

kcat (min-1) KCys (µM) 
kcat/KCys 

(µM
-1

min
-1

) 
KSufE (µM) 

k
cat

/K
SufE   

(µM
-1

min
-1

) 
 

Wild-type 34 ± 2 24 ± 6 1.4 ± 0.3 0.59 ± 0.11 50 ± 10 
 

N99G 2.6 ± 0.2 38 ± 10 0.07 ± 0.02 0.79 ± 0.16 3.0  ± 0.6 
 

N99A 3.1 ± 0.2 76 ± 14 0.03 ± 0.01 2.06 ± 0.48 1.5  ± 0.4 
 

N99D 3.4 ± 0.3 60 ± 15 0.06 ± 0.01 0.71 ± 0.06 4.7  ± 0.4 
 

N99E 
 

3.1 ± 0.3 
 

158 ±  36 
 

0.02 ± 0.01 
 

0.48 ± 0.09 
 

3.1 ± 0.6 
 

 
Table 3.3 Kinetic data of SufS Asn99 variants. Values compare the kinetic data of wild-
type SufS and N99 variants. 
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Enzyme 
 

kcat (min-1) KCys (µM) 
kcat/KCys 

(µM
-1

min
-1

) 
KSufE (µM) 

k
cat

/K
SufE   

(µM
-1

min
-1

) 
 

Wild-type 
 

32 ± 2 
 

26 ± 6 
 

1.3 ± 0.3 
 

0.41 ± 0.11 
 

78 ± 22 
 

R56A 0.12 ± 0.01 145 ± 26 < 0.01 0.04 ± 0.06 2.4  ± 0.4 

R56K 2.8 ± 0.2 62 ± 12 < 0.1 0.15 ±  0.04 14  ± 4 

R359A 0.61 ± 0.07 480 ± 120 < 0.01 0.07 ± 0.01 5.2  ± 0.9 

R359K 0.50 ± 0.03 53 ± 13 < 0.01 0.15 ± 0.03 2.2  ± 0.4 

 
Table 3.4 Kinetic data of SufS Arg56 and Arg359 variants. Values compare the kinetic 
data of wild-type SufS and R56, and R359. 
 
 
3.4 Discussion 
 

The essential biological role that cysteine desulfurases play in sulfur acquisition 

and transfer has been a topic of interest for some time. The classification of these crucial 

enzymes into type I and type II based on structural and functional characteristics has 

been widely accepted.3 Recently, a global analysis of type II cysteine desulfurases 

provided additional information on the conserved structural elements observed in type 

II cysteine desulfurases. Most notably, it was proposed that the conserved beta-hairpin 

structure that makes up one wall of the active site is only one structural element that 

makes up a newly discovered beta-latch regulation system.8 The additional elements 

proposed to make up the beta-latch are a glycine rich loop preceding the beta-hairpin, a 

cis-proline residue following the beta-hairpin, cross-dimer electrostatic interactions 

formed by residues on alpha helix 6 from either monomer, and an asparagine residue 

(N) that hydrogen bonds to the glycine rich loop.8 The goal of the work discussed herein 
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was to substitute specific residues and kinetically characterize the effect that each 

substitution had on the activity of SufS. 

Taking previous data and the resulting kinetic data of variants investigated, it is 

evident that N99, R56, and R359 contribute to the optimal function of SufS. N99 was 

replaced with four others including glycine, alanine, aspartate and glutamate and all 

four substitutions resulted in approximately a 10-fold decrease in turnover. N99 has 

been shown to hydrogen bond to the glycine-rich loop at the base of the beta-hairpin. 

However, in the structure of SufS where the beta-hairpin is rotated out, the inter-dimer 

interactions are disrupted and the interaction between N99 and the glycine loop is lost.8 

The kinetic data shown here supports that N99 aids in the regulation of access to the 

SufS active site and therefore altering the asparagine residue disrupts the hydrogen 

bonds formed between N99 and the glycine-rich loop, therefore decreasing the overall 

turnover rate of the enzyme. These results support the previously proposed contribution 

that N99 makes to the optimal function of the beta-latch, regulating access to the SufS 

active site. 

Previously published data suggests that R56 and R359 also undergo changes to 

assist in positioning the Cys-aldimine intermediate for deprotonation.9 The α3- α4 

linker, containing R56 is conserved in type II cysteine desulfurase structures and has 

been assigned as having functional relevance.8 The kinetic studies conducted here were 

aimed at establishing a better understanding of what R56 contributes to SufS structure 

and function. When R56 was substituted for alanine, a ~1400-fold decrease in kcat/Km 

value was observed, compared to a lesser ~30-fold decrease, when substituted for a 

polar, charged, lysine residue. This observation can be attributed to effects on both 

turnover number as well as Km for cysteine. The effects on the overall function of SufS is 
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greater when R56 is substituted for alanine versus lysine. This suggests that both the 

structure and charge of the residue is important for its function. 

Kinetic defects found with the R56 variants were compared to previously 

published kinetic data on other dimer interface substitutions. In these previous studies, 

R92A, E96A and E250A variants were kinetically characterized.6 These residues form 

the electrostatic interactions with the same residues on the opposite dimer and change 

from inter-dimer to intra-dimer when the closed conformation of the beta-hairpin 

changes to the open-conformation. The kinetic results of the substitutions revealed a 

modest effect on the kinetic parameters except for a 6-fold increase in KSufE and a 6-7-

fold decrease in kcat/KSufE for the E96A and E250A variants, compared to the wild-type 

enzyme. These results suggested that E96 and E250 contribute to optimal interactions 

between SufS and SufE. These results contrast with the R56 kinetic results shown here 

to have a detrimental effect on all kinetic parameters with R56A and to a lesser degree, 

R56K. The data supports that R56 plays an important role in catalysis and that both the 

structure and positive charge of this residue contributes to this role. 

R359 also undergoes a dynamic change at various stages of the SufS mechanism. 

The movement observed can be described as pointing towards the active site cysteine in 

the Cys-aldimine structure (PDB:6o11) compared to when SufS active site in in the 

closed orientation (PDB:6mr2). Unlike R56, R359 turnover is not rescued by the 

substitution of lysine compared to alanine. The Km value for cysteine however is ~10-

fold higher in the R359A variant compared to the R359K variant. This suggests that the 

interactions occurring with R359 in the active site may affect cysteine binding and 

orientation optimal for C-S bond cleavage. 
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3.5 Conclusion 
 
Cysteine desulfurases contribute to essential chemistry across all domains of life and 

their ubiquitous presence makes understanding these enzymes a priority. Recent studies 

and structural information have provided us with the tools to study these enzymes in 

more depth and understand their function at a molecular level. The studies conducted 

here on the type II cysteine desulfurase, SufS have further solidified the importance of 

conserved elements that contribute to the regulation and efficiency of SufS activity. The 

results of substitutions made to residues N99, R56, and R359, in conjunction with 

previous studies, supports the beta-latch regulation system in type II cysteine 

desulfurases. Understanding the regulation of activity in type II cysteine desulfurases 

paves the way for future studies on the functional divergence of these enzymes and the 

characterization of unknown enzymes that may possess these conserved structural 

features. 
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CHAPTER 4: 

BIOCHEMICAL CHARACTERIZATION OF 2-PHOSPHINOMETHYLMALATE 

SYNTHASE FROM STREPTOMYCES HYGROSCOPICUS: A MEMBER OF THE DRE-

TIM METALLOLYASE SUPERFAMILY 

(Adapted with permission from Conte, J.V. and Frantom, P.A. Arch. Biochem. Biophys. 
(2020) 691, 108489.) 
 
4.1 Introduction  

The vast amount of protein sequence data and high-resolution protein structures 

available in public databases has provided some of the major tools necessary for 

investigating the evolutionary relationships between enzymes. Enzymologists have used 

this data and these tools to identify groups of enzymes and organize them based on a 

combination of sequence, structural, and functional information.1-4 One method of 

organizing this information is by identifying homologous groups of enzymes known as 

superfamilies.5, 6 Members of enzyme superfamilies share active site architecture that 

facilitates a common mechanistic attribute.7 Identification and subsequent studies on 

superfamilies have provided insight on the evolutionary pathways of enzyme function.5, 

6, 8, 9 10 

The DRE-TIM metallolyase superfamily consists of enzymes that catalyze 

formation or breakage of a C-C bond.11, 12 Representative members include 

isopropylmalate synthase, pyruvate carboxylase, and 3-hydroxymethylglutaryl-CoA 

lyase. All of these enzymes share an overall TIM barrel catalytic domain, a 1-Asp-2-His 

divalent metal binding site, and a D-R-E active site motif. These elements are proposed 
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to stabilize a common enolate intermediate in each of their respective functions. The 

sequence landscape of the superfamily has been visualized using a sequence similarity 

network (SSN).12 Analysis of the network finds that the superfamily can be characterized 

into four distinct subgroups: Claisen-condensation-like (CC-like), carboxylase-like, 

lyase-like, and aldolase-like. Thus far, the CC-like subgroup has proven to be the most 

functionally diverse with six different substrate specificities reported.13 This subgroup of 

enzymes catalyzes a condensation reaction between acetyl coenzyme A (AcCoA) and 

various a-keto acids followed by hydrolysis to generate a carboxy-methylated product 

and coenzyme A (Scheme 4.1). Members of this subgroup are found in all three domains 

of life and catalyze reactions involved in the biosynthesis of amino acids, enzyme 

cofactors, and secondary metabolites in plants.  

The majority of sequences in the CC-like subgroup are predicted to code for 

enzymes involved in amino acid biosynthesis such as isopropylmalate synthase (IPMS), 

citramalate synthase (CMS), and homocitrate synthase (HCS). Consistent with their 

prevalence in the subgroup and their potential as antibacterial/antifungal targets, these 

three enzymes are well characterized in terms of structure, function, and regulation.14 In 

contrast, enzyme activities which are less prevalent lack detailed characterization. This 

presents a significant gap in understanding the full structure/function landscape of the 

catalytic architecture of the CC-like subgroup. Figure 4.1, shows a SSN for the CC-like 

group that separates into individual clusters as the stringency for connecting two nodes 

increases. Analysis of this progression shows two clusters separate at relatively low 

stringency values, suggesting sequences in these clusters are more divergent compared 

to sequences that remain in the main cluster (Figure 4.1). One of these early emerging 

clusters, the IPMS2 cluster, contains IPMS from Mycobacterium tuberculosis. As 
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mentioned above, this enzyme has been rigorously characterized. A second cluster  that 

emerges early, the R-CS/PMMS cluster, contains two reported activities, R-citrate 

synthase (R-CS)15 and 2-phosphinomethylmalate synthase (PMMS)16, that are not 

thoroughly characterized.   
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Figure 4.1 SSN of the CC-like subgroup as stringency is increased. Sequence similarity 
network of the CC-like subgroup at increasing stringencies. Networks in panels A, B, 
and C correspond to E-value cutoffs of 1x10-26, 1x10-50, and 1x10-63, respectively. Nodes 
are colored based on in vitro reported activities. Activities germane to this manuscript 
include PMMS activity in dark purple, R-CS activity in yellow, and IPMS activity in red 
and orange.  
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 PMMS catalyzes the condensation reaction of 3-phoshinopyruvic acid (PPA) and 

AcCoA to form 2-phosphinomethylmalate (PMM) (Scheme 4.2A).16 In the naturally 

occurring biosynthetic pathway, PMM is subsequently converted to bialaphos, a 

commonly used herbicide. Previous studies provided a basic characterization of the 

enzyme directly isolated from Streptomyces hygroscopicus.16 PMMS activity has also 

been reported to catalyze the R-CS reaction using oxaloacetic acid (OAA) and AcCoA to 

form R-citrate (Scheme 4.2B). Oxaloacetic acid is actually a better substrate than PPA 

for PMMS, consistent with both enzymes being located in the same SSN cluster. 

 

 
 
Scheme 4.1 Condensation reaction catalyzed by the CC-like subgroup. Schematic shows 
the condensation reaction of the CC-like subgroup of the DRE-TIM metallolyase 
superfamily 
 
 

 
 
 Scheme 4.2 PMMS catalyzed condensation reactions. (A) 3-phoshinopyruvic acid (PPA) 
and AcCoA to form 2-phosphinomethylmalate (PMM). (B) OAA and AcCoA to form R-
citrate. 
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To better characterize the enzymatic properties of PMMS for comparison with 

other members of the CC-like subgroup, we have purified a recombinantly expressed 

version of the S. hygroscopicus protein (Uniprot ID: Q9LCB4) from Escherichia coli. As 

PPA is not commercially available OAA was used as a substrate, and enzyme activity was 

characterized with respect to the role of ionizable residues in the chemical mechanism 

and identification of the rate-determining step of the reaction. A model structure was 

created by leveraging data from the SSN and several possible active site residues were 

identified. Site-directed mutagenesis was used to test potential mechanistic roles for the 

selected residues. Overall, the results described here provide a more detailed 

mechanistic picture of this distinct activity in the CC-like subgroup of the DRE-TIM 

metallolyase superfamily. 

4.2 Materials and methods  

4.2.1 Materials 

  Oligonucleotide primers for mutagenesis were ordered from Eurofins MWG 

Operon (Huntsville AL). 4,4’-dithiopyridine (DTP) and D2O were acquired from Acros 

Organics (NJ, USA). AcCoA and oxaloacetate were obtained from Sigma-Aldrich. 

Competent BL21(DE3)pLysS and XL-10 Gold Ultracompetent E. coli cells were acquired 

from Agilent. The HisTrap HP column used for protein purification and GL Superdex 

200 10/300 column used for size exclusion chromatography were purchased from GE 

Healthcare. All other buffers and reagents were purchased from VWR International, 

LLC and were of the highest purity grade available.  

4.2.2 Constructing and overexpressing PMMS 

 Plasmid (pEX-K4) containing the codon-optimized wild type PMMS gene was 

ordered from Eurofins Genomics (Huntsville AL) with appended NdeI and HindIII 
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recognition sites. Sequential digestions were performed to remove the gene from the 

pEX-K4 plasmid. The gene was then ligated into pET-28a plasmid and transformed into 

XL-10 Gold Ultracompetent E. coli cells. Single colonies from this transformation were 

used for overnight cultures from which pET28a:PMMS plasmid was isolated and sent to 

Eurofins for sequencing. Following positive verification of sequencing results, 

pET28a:PMMS was transformed into BL21(DE3)pLysS E. coli cells. Cells were grown in 

LB media containing 0.5% glucose, 30 µg/mL kanamycin and 35 µg/mL 

chloramphenicol at 37 °C for 12-16 h and shaking at 250 rpm. Approximately 10 mL of 

the overnight culture was added to 400 mL of autoinduction media17 (2 mM magnesium 

sulfate, 25 mM sodium succinate, 25 mM disodium phosphate, 25 mM monopotassium 

phosphate, 50 mM ammonium chloride, 5 mM sodium sulfate, 0.9% glycerol, 0.45% 

lactose, 0.03% glucose, 0.5% yeast extract, and 1% tryptone) containing 100 µg/mL 

kanamycin and 35 µg/mL chloramphenicol. These cultures were incubated at 25 °C for 

24-36 h, until OD600 of a 1:10 dilution of cells exceeded 1.0. The cells were then 

harvested via centrifugation at 6340 x g for 20 min at 4 °C and cell pellets were stored at 

-80 °C.  

4.2.3 Protein purification  

Cell pellets were resuspended in lysis buffer containing 20 mM Tris-HCl pH 8.0, 

200 mM potassium chloride, 20 mM imidazole and 10% glycerol, lysozyme (0.25 

mg/mL), 1 mM phenylmethanesulfonyl fluoride, deoxyribonuclease (10 µg/mL), and 5 

mM magnesium chloride. Cells were lysed using sonication with a total sonication time 

of 10 min (alternating off/on cycles for 2.5 min) at duty cycle 50% and output 4. The cell 

lysate was centrifuged for 30 min at 4 °C and 34540 x g. Supernatant was collected for 

purification via immobilized metal affinity chromatography using a Ni2+ HisTrap HP 
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column (5 mL). A linear gradient of elution buffer (20 mM Tris-HCl (pH 8.0), 200 mM 

potassium chloride, 500 mM imidazole and 10% glycerol) was increased to 50% over 30 

column volumes. Peak fractions were run on SDS-PAGE to check for purity and 

expression of the desired gene. Fractions containing PMMS were pooled and dialyzed in 

1 L of 20 mM Tris-HCl (pH 7.8), 200 mM KCl and 10% glycerol. Dialysis buffer was 

changed two additional times and left at 4 °C for at least 4 h. Following dialysis, the 

protein was stored at -20 °C. 

4.2.4 Size exclusion chromatography 

  The quaternary structure of PMMS was investigated via size exclusion 

chromatography. A GL Superdex 200 10/300 column was equilibrated with 50 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, and 10% glycerol at 0.25 mL/min. BioRad molecular 

weight standards were then used to calibrate the column prior to loading 100 µL of 2.11 

mg/mL PMMS.  

4.2.5 Steady state kinetics and pH dependence assays 

 Initial velocities were measured spectrophotometrically using 4,4’-dithiopyridine 

(DTP) to detect the formation of coenzyme A at 324 nm (ε = 19.8 mM-1 cm-1) and 25 °C. 

Standard 1 mL reaction conditions included 100 mM Tris-HCl (pH 7.8), 50 µM DTP, 

and varied oxaloacetate or AcCoA, while holding the other constant. Once this reaction 

mixture was placed in the spectrophotometer, diluted enzyme was added to initiate the 

reaction. Enzyme dilution buffer contained 200 mM Tris-HCl (pH 7.8) and 20% 

glycerol. pH dependence studies were conducted under the same standard reaction 

conditions as the steady state assays except using a mixed buffer to assay a wider range 

of pH values (100 mM MES, 100 mM CHES, 100 mM HEPES). pH values used in the 

assays varied from 6.19-9.33.  
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4.2.6 Solvent and primary deuterium kinetic isotope effects 

 Solvent kinetic isotope effects on kcat were determined by performing the 

standard assays described above using D2O as a solvent. All components were made 

using D2O except the diluted enzyme. pD values assayed varied between 7.51 and 9.35 

(pD = pH + 0.4).18 Assays for determining the primary kinetic isotope effect were under 

the same conditions as the kinetic assays (100 mM Tris-HCl, pH 7.8) using varied 

amounts of either AcCoA or AcCoA containing a deuterated methyl group. Deuterated 

AcCoA was synthesized as previously described.19 H1 nuclear magnetic resonance 

(NMR) spectroscopy was used to determine 99% purity of the deuterated substrate.  

4.2.7 Data analysis  

Initial velocity data were fit to the Michaelis-Menten equation (equation 4.1) 

using Kaleidagraph (Synergy Software) where v is the initial velocity, 𝐸!"! is the total 

enzyme concentration, kcat is the maximal turnover number, [S] is the substrate 

concentration, and the Km is the Michaelis-Menten constant.     
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   Equation 4.1 

 

The effects of varying pH values on kinetic parameters were calculated by fitting the 

data to equation 4.2 describing a bell-shaped curve with one residue contributing to the 

pKa and one basic residue contributing to the pKb.  
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In equation 4.2, x is kcat or kcat/Km, pH is the pH value used in the assay, pKa is the pK 

value associated with the acidic limb and pKb is the pK value associated with the basic 

limb. Solvent isotope effects on kinetic parameters were determined by fitting the data 

to equation 4.2, replacing pH with pD and directly comparing kcat of the pD and pH-rate 

profiles. The primary deuterium kinetic isotope effects on kcat and kcat/Km were 

determined by fitting initial velocity data to equation 4.3 using Grafit (Erithacus 

Software). 
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  Equation 4.3 

 

In equation 4.3, v is the initial velocity, Etot is the total enzyme concentration, kcat is the 

maximal turnover number, [S] is the substrate concentration (AcCoA), F is the fraction 

of isotope (0 for nonlabeled, 1 for fully labeled). Ev represents the isotope effect on   kcat 

– 1   and 𝐸#!"#/%$  is the isotope effect on kcat/Km – 1.  

The approximate molecular weight of PMMS was calculated using size exclusion 

chromatography results. A standard curve was generated by plotting log molecular 

weight of each protein in the standard solution versus the calculated KAV partition 

coefficient value. KAV values were calculated using equation 4.4, 

 

𝐾34	 =	
4154)
4!5	4)

   Equation 4.4 
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where Ve is the elution volume of each protein, V0 is the void volume of the column and 

Vt is the total volume of the column. Using the elution volume of PMMS, the equation of 

the best-fit line was used to back calculate the molecular weight.  

4.2.8 Generation of SSN  

Sequence similarity networks were generated using the Enzyme Function 

Initiative-Enzyme Similarity Tool (EFI-EST)20 using sequences from the InterPro 

IPR000891 family.21 The total number of sequences represented by the network was 

52,963. Sequences sharing at least 50% sequence identity were grouped into 

representative nodes. The resulting network contained 1,430 nodes connected by 

343,774 edges and was downloaded as a .xgmml file to be analyzed using Cytoscape 

software.22 In Cytoscape, the CC-like subgroup was isolated, and a new network view 

was generated of only this sub-group. The user defined stringency value (E-value) was 

increased from 1x10-26 until nodes of interest did not meet the cut-off value and 

separated into clusters.  

4.2.9 Structure based sequence alignment 

 A structure-based sequence alignment was generated in Chimera23 using 

MtIPMS (PDB:1sr9)24, TtHCS (PDB:2zyf)25, LiCMS (PDB:3bli)26, and NmIPMS (PDB: 

3rmj)27, as previously described. Using this sequence alignment as a seed, a multi-

sequence alignment was generated using MAFFT28 with one sequence from each node 

connecting the PMMS node to the main cluster of the subgroup. A structural model of 

PMMS was generated using NmIPMS (PDB: 3rmj) as a template. The modelling was 

done in Chimera using the Modeller homology tool.23 

4.2.10 Generating PMMS Mutants 

 Oligonucleotide primers coding for desired point mutations in PMMS were ordered  
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from Eurofins Genomics (Table 4.1). Agilent Technologies QuikChange Lightning site-

directed mutagenesis kit was used to introduce point mutations to the pET28a:PMMS 

plasmid. Transformation, overexpression, purification, and kinetic assays were carried 

out using the same methods as described above for wild-type PMMS.  

Variant Primer Primer Sequence (5’-3’) 

E82A 
 

Forward 
 
GCGATCCGCCATGCCGCGTTCTTCCCGTATCGT 

Reverse ACGATACGGGAAGAACGCGGCATGGCGGATCGC 

E82Q 
 

Forward 
 
GCGATCCGCCATGCCCAGTTCTTCCCGTATCGT 

Reverse ACGATACGGGAAGAACTGGGCATGGCGGATCGC 

W112A 
 

Forward 
 
GAACCGACCACTGCGATTCGTGCACGTCGTG 

Reverse CACGACGTGCACGAATCGCAGTGGTCGGTTC 

W112F 
 

Forward 
 
GAACCGACCACTTTTATTCGTGCACGTCGTGAG 

Reverse CTCACGACGTGCACGAATAAAAGTGGTCGGTTC 

R173A 
 

Forward 
 
GGCATTCGTCCGGCGGTTCACCTCGAG 

Reverse 
 CTCGAGGTGAACCGCCGGACGAATGCC  

 
Table 4.1 Oligonucleotide primers for PMMS variants. PCR oligonucleotide primers 
designed to generate each enzyme variant in the left column.  
 

4.3 Results  

4.3.1 Purification and size exclusion chromatography  

  Using a one-step immobilized metal affinity column, the recombinantly-

expressed PMMS could be purified to high yields on the basis of an SDS-PAGE analysis 

(Figure 1A). PMMS was somewhat unstable and was not soluble above 4 mg/ml in the 

storage conditions (10% glycerol). Size-exclusion chromatography was utilized to ensure 

the purified protein was not aggregated and to determine the quaternary structure 

(Figure 1B). PMMS eluted as a single major peak from a GL Superdex 200 column, 
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consistent with a monodispersed protein. A native molecular weight of 114 kDa was 

calculated on the basis of the elution volume.  

 A)    B) 

 

Figure 4.2 SDS-PAGE and SEC analysis of purified PMMS. A) SDS-PAGE analysis of 
purified PMMS. B) Gel filtration chromatography results for PMMS. Chromatography 
was performed with a Superdex 200 column. The UV absorbance at 280 nm is plotted 
versus elution volume. Native molecule weights of the primary peaks were calculated 
based on a series of molecule weight standards. 
 

4.3.2 Kinetic characterization  

 PMMS has previously been shown to utilize oxaloacetate as a substrate analog, 

with a reported Km value 3-fold lower than the “native” phosphinopyruvic acid 

substrate.29 Due to lack of a commercial source for phosphinopyruvic acid, the 

characterization reported here was done with oxaloacetate as the substrate. Initial 

velocities were determined using a spectrophotometric assay using the thiol detection 

reagent DTP. PMMS exhibited classic Michaelis-Menten kinetics. The results of the 
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kinetic assays performed on wild-type PMMS, as well as the variants, are summarized in 

table 4.2. 

Enzyme kcat (min-1) KAcCoA (µM) kcat/KAcCoA 
(min-1 µM-1) 

KOAA (µM) kcat/KOAA 
(min-1 µM-1) 

WT 404 ± 9 10.0 ± 0.8 40.6 ± 2.8 43.2 ± 3.4 8.3 ± 0.6 

E82A 1.6 ± 0.1 ~6b - 122 ± 30 0.013 ± 0.002 

E82Q 0.14 ± 0.01 ~4b - ~4b - 

W112A 0.120 ± 0.004 15.7 ± 2.1 0.0076 ± 0.0009 ~4b - 

W112F 18.4 ± 0.7 11.6 ± 1.5 1.60 ± 0.16 118 ± 20 0.142 ± 0.017 

R173A -c ~3b - -c 0.57 ± 0.01 

 
Table 4.2 Kinetic parameters for PMMS variants. Kinetic parameters for wild-type 
PMMS are compared to variant enzymes. (aValues were determined from fits of initial 
velocity data to the Michaelis-Menten equation as described in materials and methods. 
Varied substrate concentrations generally ranged from 2.5-500 mM. bapparent Km 
values from Michaelis-Menten plots due to inability to accurately measure activity at 
substrate concentrations less than 2.5 uM. cR173A PMMS could not be saturated with 
OAA, thus only a kcat/Km term is reported.) 
 

 
4.3.3 Kinetic isotope effects 
 
 Kinetic isotope effects (KIE) were employed to identify the rate-determining step 

of the reaction. Wild-type PMMS exhibits a bell-shaped pH rate profile under kcat 

conditions consistent with a single residue that must be deprotonated (pKa = 7.4 ± 0.1) 

and one that must be protonated (pKa = 8.7 ± 0.1) for full activity (Figure 4.3 A, closed 

circles). A SKIE was measured by performing the reaction in D2O at various pD values to 

determine the pL-independent region (Figure 4.3 A). Comparison of the maximal values 

of the pH and pD rate profiles gives a D2Okcat value of 2.2 ± 0.3. The primary kinetic 

isotope effect was determined by direct comparison of the kinetic parameters for PMMS 
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determined with labeled and unlabeled AcCoA (Figure 4.3 B). The data could be fit 

globally to equation 3 which describes a primary KIE on both the kcat and kcat/Km 

parameters. The resulting Dkcat value was 1.2 ± 0.1.  

 

 
 
Figure 4.3 PMMS PL-rate profile and kinetic isotope effects. (A) A pL rate profile is 
shown for the PMMS reaction performed in H2O (l) and D2O (n). The solid and dashed 
lines are fits to equation 2. (B) Michaelis-Menten plots are shown for PMMS using 
AcCoA (l) or 2H3C-AcCoA (n) as the varied substrate. The solid and dashed line are 
from a global fit of the data to equation 3.  
 
 
4.3.4 Analysis of SSN and structure based sequence alignment 
 

   One advantage to visualizing an enzyme superfamily with an SSN is that is 

allows one to easily identify positions that are conserved as a specific residue in one 

cluster and as a different residue in another cluster. Cytoscape was used to visualize the 

CC-like subgroup of the DRE-TIM metallolyase superfamily (IPR000891). At a cutoff 

threshold of E-value 1x10-62, the PMMS/R-CS cluster is connected to the larger 

IPMS1/CMS1 cluster by an edge between the sequences of W9DQD9 and A8AB61 (these 

Uniprot numbers are the labels for each representative node) (Figure 4.4 A). W9DQD9 
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is an unreviewed sequence annotated as an isopropylmalate/homocitrate/citramalate 

synthase while A8AB61 is a Swiss-Prot reviewed sequence annotated as a probable 

isopropylmalate synthase. As a first step, a structure-based sequence alignment was 

constructed for the catalytic domains of CC-like subgroup members with reported 

structures (as described in Methods and Materials). The nodes and PDB ids are labeled 

on Figure 4.4 A. This multiple-sequence alignment (MSA) was used as a seed to align 

the other characterized enzymes of the IPMS1/CMS1 cluster (citramalate synthase from 

M. jannaschii, MjCMS; methylthioalkylmalate synthase from Arabidopsis thaliana, 

AtMAMS), the two sequences of the linker nodes, two additional uncharacterized 

sequences from the PMMS/R-CS cluster (Q0W3Q1 and R6Q1Z1), and the sequences of 

PMMS from S. hygroscopicus and R-CS from Clostridium kluyveri. Selected regions 

from the alignment are shown in Figure 4.4 B, demonstrating conserved residues. The 

alignment of PMMS and IPMS from N. meningitidis (nearest structural neighbor at 22% 

sequence identity) was extracted from the MSA and used to create a model structure for 

PMMS using the Modeller suite for Chimera (Figure 4.5). In the model structure of 

PMMS in figure 4.4, the residues selected for mutagenesis studies are labeled.  
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Figure 4.4 SSN identifying linker nodes and multiple sequence alignment. (A) Sequence 
similarity network of the CC-like subgroup used to identify linker nodes. The network is 
drawn with an E-value cutoff of 1x10-62, the most stringent cutoff with the R-CS/PMMS 
cluster attached. Nodes containing structures and sequences used in the structure-based 
sequence alignment and multiple sequence alignment at labeled. PDB or Uniprot ids are 
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shown in parentheses. (B) Selected section of the multiple sequence alignment. 
Residues highlighted in red are key active site residues described in the text. A full-
length alignment is included in supporting materials. 
 
 

 
 
Figure 4.5 Superposition of IPMS and PMMS structures and an active site view. (A) 
Superposition of IPMS from N. mengitidis (tan, pdb 3rmj) and model of PMMS (blue). 
A zDOPE score of 1.18 was determined for the model. (B) Detailed view of the active site 
superposition of NmIPMS (tan) and PMMS (blue). Key catalytic residues and residues  
selected for mutagenesis are labeled. 
 
 
4.4 Discussion and conclusions 

4.4.1 Purification and size exclusion chromatography 

 A one-step immobilized metal affinity column was sufficient for purifying 

recombinantly expressed PMMS. The purification was followed by size exclusion 

chromatography to ensure that the protein was not aggregated and to determine the 

quaternary structure of the purified protein. The size exclusion analysis resulted in a 

calculated molecular weight of 114 kDa. The monomeric mass of PMMS is 51,380 Da 

(49,199 Da + 2,181 Da His-Tag), therefore, the 114 kDa native molecular weight is most 

consistent with a dimeric structure.  
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4.4.2 Kinetic characterization  

PMMS has previously been shown to utilize oxaloacetate as a substrate analog, with a 

reported Km value 3-fold lower than the “native” phosphinopyruvic acid substrate.29 Due 

to lack of a commercial source for phosphinopyruvic acid, the characterization reported 

here was done with oxaloacetate as the substrate. Initial velocities were determined 

using a spectrophotometric assay using the thiol detection reagent DTP. PMMS 

exhibited classic Michaelis-Menten kinetics resulting in a kcat value of 403 ± 10 min-1. 

The resulting Km values were 10 ± 1 µM and 43 ± 4 µM for AcCoA and oxaloacetate, 

respectively. The previous characterization reports a specific activity with PPA of 546.8 

U/mg at 30º C from their most pure enzyme, which converts to a turnover number of 

~450 min-1. This value is very similar to the kcat value determined with the recombinant 

enzyme using OAA as a substrate. Additionally, the previously reported Km values are 5-

fold higher for AcCoA (52 µM versus 10 µM) and 3-fold higher for oxaloacetate (130 µM 

versus 43 µM). The enzyme was active in the absence of exogenous divalent metal ions 

and addition of 1 mM EDTA. Addition of MnCl2 up to 1 mM resulted in a two-fold 

stimulation of activity but greater concentrations resulted in decreased activity (data not 

shown). This result is likely due to metal-catalyzed decarboxylation of OAA depleting 

substrate concentrations. To avoid additional complications from this side reaction, 

assays were performed in the absence of exogenous divalent metal ions.  

PMMS exhibits a bell-shaped pH rate profile under kcat conditions consistent with 

a single residue that must be deprotonated (pKa = 7.4 ± 0.1) and one that must be 

protonated (pKa = 8.7 ± 0.1) for full activity (Figure 2A, closed circles). The pH-rate 

profile is most similar to that of homocitrate synthase (HCS) from Saccharomyces 

cerevisiae, another CC-like subgroup member. The profile also exhibits slopes of 1 and -
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1 with  pKa values of 6.7 and 8.0.30 Similar to HCS, the pKa of 7.4 in PMMS is likely 

reflective of a general base that deprotonates the methyl group of AcCoA. The pKa of the 

basic limb of the profile may be attributed to a residue responsible for protonating the 

a-carbonyl group following nucleophilic attack. 

4.4.3 Kinetic isotope effects 

 Kinetic isotope effects (KIE) were employed to identify the rate-determining step 

of the reaction. The overall reaction catalyzed by PMMS is particularly amenable to this 

approach as the condensation step can be probed using AcCoA with a deuterated methyl 

group while the hydrolysis step can be probed with solvent kinetic isotope effects (SKIE) 

(Scheme 1). The primary kinetic isotope effect was determined by direct comparison of 

the kinetic parameters for PMMS determined with labeled and unlabeled AcCoA (Figure 

2B). The data could be fit globally to equation 3 which describes a primary KIE on both 

the kcat and kcat/Km parameters. A Dkcat value of 1.2 ± 0.1 suggests that the condensation 

step is not rate-determining. A SKIE was measured by performing the reaction in D2O at 

various pD values to determine the pL-independent region (Figure 2A). Comparison of 

the maximal values of the pH and pD rate profiles gives a D2Okcat value of 2.2 ± 0.3. This 

is a significant SKIE and suggests that the hydrolysis step is rate-determining for 

PMMS. The SKIE similar that determined for another member of CC-like subgroup, 

isopropylmalate synthase from Methanococcus jannaschii31, suggesting that these 

enzymes share a rate-determining step. 

4.4.4 Identification of differential sequence conversion in PMMS  

One advantage to visualizing an enzyme superfamily with an SSN is that is allows 

one to easily identify positions that are conserved as a specific residue in one cluster and 

as a different residue in another cluster. Often, these positions are found to be 
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important in determining the function or substrate selectivity of the cluster members. 

Recent studies by our group on the members of the IPMS2 and IPMS1/CMS1 clusters 

have identified several key positions in these clusters.32 To identify these positions in the 

PMMS/R-CS cluster, the known structure/function relationships of IPMS1/CMS1 

cluster were connected to the PMMS/R-CS cluster using linker nodes. Linker nodes are 

defined as the two nodes connected by the last remaining edge between two clusters. 

Recently, analysis of linker node sequences has been used to identify potential 

evolutionary transitions in the tautomerase superfamily.33  

Cytoscape was used to visualize the CC-like subgroup of the DRE-TIM 

metallolyase superfamily (IPR000891). At a cutoff threshold of E-value 1x10-62 the 

PMMS/R-CS cluster is connected to the larger IPMS1/CMS1 cluster by an edge between 

the sequences of W9DQD9 and A8AB61 (these Uniprot numbers are the labels for each 

representative node) (Figure 3A). W9DQD9 is an unreviewed sequence annotated as an 

isopropylmalate/homocitrate/citramalate synthase while A8AB61 is a Swiss-Prot 

reviewed sequences annotated as a probable isopropylmalate synthase. As a first step, a 

structure-based sequence alignment was constructed for the catalytic domains of CC-

like subgroup members with reported structures (as described in Methods and 

Materials). The nodes and PDB ids are labeled on Figure 3A. This multiple-sequence 

alignment (MSA) was used as a seed to align the other characterized enzymes of the 

IPMS1/CMS1 cluster (citramalate synthase from M. jannaschii, MjCMS; 

methylthioalkylmalate synthase from Arabidopsis thaliana, AtMAMS), the two 

sequences of the linker nodes, two additional uncharacterized sequences from the 

PMMS/R-CS cluster (Q0W3Q1 and R6Q1Z1), and the sequences of PMMS from S. 

hygroscopicus and R-CS from Clostridium kluyveri. Selected regions from the 
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alignment are shown in Figure 3B. The alignment of PMMS and IPMS from N. 

meningitidis (nearest structural neighbor at 22% sequence identity) was extracted from 

the MSA and used to create a model structure for PMMS using the Modeller suite for 

Chimera (Figure 4). 

Analysis of the MSA in Figure 3B shows strict conservation of two of the residues 

of the DRE motif (R47 and D48 in PMMS) as well as the two histidine residues that act 

as ligands to the divalent metal (H250 and H252 in PMMS). The PMMS structural 

model places these key residues in identical positions as the IPMS structure (Figure 4B). 

Differential sequence conservation was noted at several important active site positions. 

The E residue of the DRE motif resides on the second b-strand (b2) of the TIM barrel 

and interacts with the conserved R residue. In the sequences associated with the 

PMMS/R-CS cluster, the glutamate is conserved but appears to be shifted two positions 

relative to the other sequences (E82 in PMMS). The modeled PMMS active site shows 

that this would cause the residue to face away from the active site (Figure 4B). Residues 

on the third and fifth b-strands have been implicated in substrate selectivity in the CC-

like subgroup.32, 34 In this case, the b3-5 position (fifth residue on the third strand) and 

the b5-5 position are differentially conserved in the PMMS/R-CS cluster. The residue at 

the b3-5 position is important for positioning the side chain of the a-ketoacid substrate. 

In the case of PMMS, there is a conserved tryptophan (W112) at this position. The role 

of the residue at the b5-5 position is still uncertain in most subgroup members. 

However, in homocitrate synthase (HCS) a conserved arginine is found at that position, 

similar to the conserved arginine (R173) seen in the PMMS/R-CS cluster. In HCS, the 

arginine is responsible for interacting with the C5 carboxyl group of a-ketoglutarate.35 It 



 97 

is likely that the similarly conserved arginine in PMMS/R-CS is important for 

interactions with the C4 carboxylate of oxaloacetate. The test these structure/function 

hypotheses, site-directed mutagenesis was used to generate active site variants of 

PMMS. 

4.4.5 Kinetic characterization of active site variants in PMMS 

 Kinetic parameters determined for the active site variants of PMMS are shown in 

Table 2. Substitution of E82, the conserved E from the DRE-motif, with either alanine 

or glutamine results in significant decreases in kcat values (250-2800-fold) compared to 

that determined for the wild-type enzyme with little perturbation to the Km value for 

either substrate. This result suggests that the conserved glutamate plays a key role in 

catalysis, likely orienting the conserved R from the DRE-motif to stabilize the enolate 

intermediate. Although the essential nature of the glutamate residue has been invoked 

for many superfamily members, to the best of our knowledge this is the first time this 

hypothesis has been directly tested. Unpublished results from the Frantom and St. 

Maurice (Marquette University) labs suggest that the glutamate residue may not always 

be essential as analogous E to A substitutions in MtIPMS and pyruvate carboxylase from 

Rhibozhmium etli have little effect on catalysis.  

Substitution of W112 at the b3-5 position with alanine resulted in an enzyme with 

greater than a 3,000-fold decrease in kcat value, but minimal effects on Km values. 

Substitution with the bulky phenylalanine partially restored activity suggesting a steric 

role for the b3-5 position in properly positioning the a-ketoacid substrate for catalysis. 

Substitution of R173 at the b5-5 position with alanine drastically disrupted OAA binding 

such that only a kcat/Km value could be determined. The R173A substitution had little 
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effect on the apparent Km value for AcCoA consistent with a proposed role in 

electrostatic interactions with the C4 carboxylate of OAA. 

4.4.6 Conclusions and outlook  

 The detailed kinetic characterization of PMMS indicates that the enzyme fits 

within many of the normal enzymatic parameters for other members of the CC-like 

subgroup of the DRE-TIM metallolyase superfamily. Mechanistically it is hypothesized 

that this enzyme superfamily evolved to stabilize a common enolate intermediate. 

Consistent with this hypothesis, the C-C bond formation step that requires formation of 

the enolate intermediate has not been identified as a rate-determining step for a CC-like 

subgroup enzyme. PMMS continues this trend exhibiting a rate-determining hydrolytic 

step. Conservation of the active site metal ion ligands and resistance of PMMS activity to 

EDTA treatment suggest that, if present, a divalent metal ion is tightly bound. Further 

efforts to link metal ion presence with activity are complicated by the metal-catalyzed 

decarboxylation of the substrate. In terms of substrate selectivity, the similarity of 

mutagenesis results with PMMS and HCS suggests that a basic residue at the b5-5 

position within the TIM barrel is a common binding determinant for dicarboxylate 

substrates. Since SSNs cannot provide information about direct evolutionarily 

relationships, it is unclear if this was a substitution in a common progenitor or if it has 

developed in a convergent/pseudoconvergent manner. Finally, while the annotation of 

this enzyme as PMMS is correct based on its functional role in bialophos biosynthesis, it 

is interesting to note that oxaloacetate is a slightly better substrate based on kinetic 

parameters. As the native and analog substrates share strong similarity in their chemical 

structures, this result may suggest that PMMS was acquired by horizontal gene transfer 
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as a R-CS enzyme and required very little modification to add to the fitness of S. 

hygroscopicum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 100 

4.5 References 

[1] Gerlt, J. A., and Babbitt, P. C. (2001) Divergent evolution of enzymatic function: 
mechanistically diverse superfamilies and functionally distinct suprafamilies, 
Annu Rev Biochem 70, 209-246. 

[2] Murzin, A. G., Brenner, S. E., Hubbard, T., and Chothia, C. (1995) SCOP: a structural 
classification of proteins database for the investigation of sequences and structures, 
J Mol Biol 247, 536-540. 

[3] Andreeva, A., Howorth, D., Chothia, C., Kulesha, E., and Murzin, A. G. (2014) SCOP2 
prototype: a new approach to protein structure mining, Nucleic Acids Res 42, 
D310-314. 

[4] Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L., Potter, 
S. C., Punta, M., Qureshi, M., Sangrador-Vegas, A., Salazar, G. A., Tate, J., and 
Bateman, A. (2016) The Pfam protein families database: towards a more 
sustainable future, Nucleic Acids Res 44, D279-285. 

[5] Babbitt, P. C., Hasson, M. S., Wedekind, J. E., Palmer, D. R., Barrett, W. C., Reed, G. 
H., Rayment, I., Ringe, D., Kenyon, G. L., and Gerlt, J. A. (1996) The enolase 
superfamily: a general strategy for enzyme-catalyzed abstraction of the alpha-
protons of carboxylic acids, Biochemistry 35, 16489-16501. 

[6] Seibert, C. M., and Raushel, F. M. (2005) Structural and Catalytic Diversity within the 
Amidohydrolase Superfamily, Biochemistry 44, 6383-6391. 

[7] Babbitt, P. C., and Gerlt, J. A. (1997) Understanding enzyme superfamilies. Chemistry 
As the fundamental determinant in the evolution of new catalytic activities, J Biol 
Chem 272, 30591-30594. 

[8] Silverman, G. A., Bird, P. I., Carrell, R. W., Church, F. C., Coughlin, P. B., Gettins, P. 
G., Irving, J. A., Lomas, D. A., Luke, C. J., Moyer, R. W., Pemberton, P. A., Remold-
O'Donnell, E., Salvesen, G. S., Travis, J., and Whisstock, J. C. (2001) The serpins 
are an expanding superfamily of structurally similar but functionally diverse 
proteins. Evolution, mechanism of inhibition, novel functions, and a revised 
nomenclature, J Biol Chem 276, 33293-33296. 

[9] Meng, E. C., and Babbitt, P. C. (2011) Topological variation in the evolution of new 
reactions in functionally diverse enzyme superfamilies, Curr Opin Struct Biol 21, 
391-397. 



 101 

[10] Baier, F., Copp, J. N., and Tokuriki, N. (2016) Evolution of Enzyme Superfamilies: 
Comprehensive Exploration of Sequence-Function Relationships, Biochemistry 55, 
6375-6388. 

[11] Forouhar, F., Hussain, M., Farid, R., Benach, J., Abashidze, M., Edstrom, W. C., 
Vorobiev, S. M., Xiao, R., Acton, T. B., Fu, Z., Kim, J. J., Miziorko, H. M., 
Montelione, G. T., and Hunt, J. F. (2006) Crystal structures of two bacterial 3-
hydroxy-3-methylglutaryl-CoA lyases suggest a common catalytic mechanism 
among a family of TIM barrel metalloenzymes cleaving carbon-carbon bonds, J 
Biol Chem 281, 7533-7545. 

[12] Casey, A. K., Hicks, M. A., Johnson, J. L., Babbitt, P. C., Frantom, P. A. (2014) 
Mechanistic and bioinformatic investigation of a conserved active site helix in 
alpha-isopropylmalate synthase form Mycobacterium tuberculosis, a member of 
the DRE-TIM metallolyase superfamily., Biochemistry 53, 2915-2925. 

[13] Casey, A. K., Hicks, M. A., Johnson, J. L., Babbitt, P. C., and Frantom, P. A. (2014) 
Mechanistic and bioinformatic investigation of a conserved active site helix in 
alpha-isopropylmalate synthase from Mycobacterium tuberculosis, a member of 
the DRE-TIM metallolyase superfamily, Biochemistry 53, 2915-2925. 

[14] Frantom, P. A. (2012) Structural and functional characterization of alpha-
isopropylmalate synthase and citramalate synthase, members of the LeuA dimer 
superfamily, Arch Biochem Biophys 519, 202-209. 

[15] Li, F., Hagemeier, C. H., Seedorf, H., Gottschalk, G., and Thauer, R. K. (2007) Re-
citrate synthase from Clostridium kluyveri is phylogenetically related to 
homocitrate synthase and isopropylmalate synthase rather than to Si-citrate 
synthase, J Bacteriol 189, 4299-4304. 

[16] Shimotohno, K. W., Seto, H., Otake, N., Imai, S., and Murakami, T. (1988) Studies 
on the biosynthesis of bialaphos (SF-1293). 8. Purification and characterization of 
2-phosphinomethylmalic acid synthase from Streptomyces hygroscopicus SF-1293, 
J Antibiot (Tokyo) 41, 1057-1065. 

[17] Studier, F. W. (2005) Protein production by auto-induction in high density shaking 
cultures, Protein Expr Purif 41, 207-234. 

[18] Schowen, K. B., and Schowen, R. L. (1982) Solvent isotope effects of enzyme systems, 
Meth Enzymol 87, 551-606. 



 102 

[19] de Carvalho, L. P., and Blanchard, J. S. (2006) Kinetic and chemical mechanism of 
alpha-isopropylmalate synthase from Mycobacterium tuberculosis, Biochemistry 
45, 8988-8999. 

[20] Gerlt, J. A., Bouvier, J. T., Davidson, D. B., Imker, H. J., Sadkhin, B., Slater, D. R., 
and Whalen, K. L. (2015) Enzyme Function Initiative-Enzyme Similarity Tool 
(EFI-EST): A web tool for generating protein sequence similarity networks, 
Biochim Biophys Acta 1854, 1019-1037. 

[21] Finn, R. D., Attwood, T. K., Babbitt, P. C., Bateman, A., Bork, P., Bridge, A. J., Chang, 
H. Y., Dosztanyi, Z., El-Gebali, S., Fraser, M., Gough, J., Haft, D., Holliday, G. L., 
Huang, H., Huang, X., Letunic, I., Lopez, R., Lu, S., Marchler-Bauer, A., Mi, H., 
Mistry, J., Natale, D. A., Necci, M., Nuka, G., Orengo, C. A., Park, Y., Pesseat, S., 
Piovesan, D., Potter, S. C., Rawlings, N. D., Redaschi, N., Richardson, L., Rivoire, 
C., Sangrador-Vegas, A., Sigrist, C., Sillitoe, I., Smithers, B., Squizzato, S., Sutton, 
G., Thanki, N., Thomas, P. D., Tosatto, S. C., Wu, C. H., Xenarios, I., Yeh, L. S., 
Young, S. Y., and Mitchell, A. L. (2017) InterPro in 2017-beyond protein family and 
domain annotations, Nucleic Acids Res 45, D190-D199. 

[22] Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., Amin, N., 
Schwikowski, B., and Ideker, T. (2003) Cytoscape: a software environment for 
integrated models of biomolecular interaction networks, Genome Res 13, 2498-
2504. 

[23] Yang, Z., Lasker, K., Schneidman-Duhovny, D., Webb, B., Huang, C. C., Pettersen, E. 
F., Goddard, T. D., Meng, E. C., Sali, A., and Ferrin, T. E. (2011) UCSF Chimera, 
MODELLER, and IMP: An integrated modeling system, J Struct Biol. 

[24] Koon, N., Squire, C. J., and Baker, E. N. (2004) Crystal structure of LeuA from 
Mycobacterium tuberculosis, a key enzyme in leucine biosynthesis, Proc Natl Acad 
Sci USA 101, 8295-8300. 

[25] Okada, T., Tomita, T., Wulandari, A. P., Kuzuyama, T., and Nishiyama, M. (2010) 
Mechanism of substrate recognition and insight into feedback inhibition of 
homocitrate synthase from Thermus thermophilus, J Biol Chem 285, 4195-4205. 

[26] Ma, J., Zhang, P., Zhang, Z., Zha, M., Xu, H., Zhao, G., and Ding, J. (2008) Molecular 
basis of the substrate specificity and the catalytic mechanism of citramalate 
synthase from Leptospira interrogans, Biochem J 415, 45-56. 



 103 

[27] Huisman, F. H., Koon, N., Bulloch, E. M., Baker, H. M., Baker, E. N., Squire, C. J., 
and Parker, E. J. (2012) Removal of the C-terminal regulatory domain of alpha-
isopropylmalate synthase disrupts functional substrate binding, Biochemistry 51, 
2289-2297. 

[28] Katoh, K., and Standley, D. M. (2013) MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability, Mol Biol Evol 30, 772-780. 

[29] Hidaka, T., Shimotohno, K. W., Morishita, T., and Seto, H. (1999) Studies on the 
biosynthesis of bialaphos (SF-1293). 18. 2-phosphinomethylmalic acid synthase: a 
descendant of (R)-citrate synthase, J Antibiot 52, 925-931. 

[30] Qian, J., West, A. H., and Cook, P. F. (2006) Acid-base chemical mechanism of 
homocitrate synthase from Saccharomyces cerevisiae, Biochemistry 45, 12136-
12143. 

[31] Kumar, G., and Frantom, P. A. (2014) Evolutionarily distinct versions of the 
multidomain enzyme alpha-isopropylmalate synthase share discrete mechanisms 
of V-type allosteric regulation, Biochemistry 53, 4847-4856. 

[32] Kumar, G., Johnson, J. L., and Frantom, P. A. (2016) Improving Functional 
Annotation in the DRE-TIM Metallolyase Superfamily through Identification of 
Active Site Fingerprints, Biochemistry 55, 1863-1872. 

[33] Davidson, R., Baas, B. J., Akiva, E., Holliday, G. L., Polacco, B. J., LeVieux, J. A., 
Pullara, C. R., Zhang, Y. J., Whitman, C. P., and Babbitt, P. C. (2018) A global view 
of structure-function relationships in the tautomerase superfamily, J Biol Chem 
293, 2342-2357. 

[34] Hunter, M. F., and Parker, E. J. (2014) Modifying the determinants of alpha-ketoacid 
substrate selectivity in mycobacterium tuberculosis alpha-isopropylmalate 
synthase, FEBS letters 588, 1603-1607. 

[35] Bulfer, S. L., Scott, E. M., Couture, J. F., Pillus, L., and Trievel, R. C. (2009) Crystal 
structure and functional analysis of homocitrate synthase, an essential enzyme in 
lysine biosynthesis, J Biol Chem 284, 35769-35780. 
 

 
 



 104 

 

 

CHAPTER 5: 

DISCUSSION AND FUTURE WORK 

5.1 Discussion  

  Iron-sulfur clusters are protein cofactors found in organisms across all domains 

of life and are involved in an array of essential biological processes from DNA repair to 

photosynthesis.1-4 Despite their simple composition, iron-sulfur clusters require 

relatively complicated pathways for assembly and subsequent transfer to iron-sulfur 

proteins. Numerous human diseases have been linked to defects in iron-sulfur cluster 

biogenesis, revealing a need for the development of novel therapeutics.5, 6 Additionally, 

several bacterial pathogens rely on iron-sulfur cluster biogenesis pathways absent in 

humans and thus expose potential targets for new antibiotics.7, 8   

 The synthesis of iron-sulfur clusters in vivo requires the combined effort of 

multiple protein partners to acquire cluster components, provide a scaffold for cluster 

synthesis, and ultimately deliver the clusters to downstream protein targets.9 In the 

absence of partner proteins that bind and transport iron and sulfur, these individual 

cluster components would be toxic to the cell.10-12 Thus, iron-sulfur cluster biogenesis 

pathways are essential for trafficking components, assembling clusters, and facilitating 

the maturation of proteins that depend on iron-sulfur clusters to carry out physiological 

function.  

 In E. coli, there are two pathways responsible for iron-sulfur cluster biosynthesis. 

The ISC system is the main pathway used for cluster synthesis but under conditions of 

iron starvation and oxidative stress, the SUF system takes over.9, 13-15 Like other 
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pathways, the SUF system begins with a sulfur acquisition step catalyzed by a cysteine 

desulfurase enzyme.16 In the SUF system, SufS catalyzes the removal of sulfur from the 

substrate L-cysteine, generating an enzyme bound persulfide and alanine. Alanine is 

subsequently released, and the sulfur is transferred from the active site persulfide in 

SufS (Cys364-S-S-) to a newly formed persulfide in the active site of the 

transpersulfurase enzyme, SufE (Cys51-S-S-).17 SufE then delivers the sulfur forming a 

persulfide on SufB (Cys254-S-S-) of the SufBC2D scaffold complex.17 The exact roles of 

each protein in the scaffold complex are yet to be elucidated but it is known that the SUF 

system requires SufC and SufD for iron acquisition and cluster assembly. Once the 

cluster is assembled it can be transferred to the carrier protein, SufA, for delivery to 

target apo proteins.  

 Recent studies of the SUF system have provided invaluable structural and 

biochemical information regarding the sulfur mobilization portion of the pathway. 

Cysteine desulfurases have been categorized into two types based on insertions that 

form structural elements conserved among each type.18 Apart from the differential 

conservation of insertions, the general homodimeric structure consisting of two larger 

N-terminal domains flanked by two smaller C-terminal domains, is conserved in all 

cysteine desulfurases.16 Investigating the differences of each type provides a basis for 

functional assignment upon discovery of new cysteine desulfurases, in addition to 

expanding general understanding of the mechanistic qualities both shared and unique 

to each group of enzymes. Type I cysteine desulfurases possess an insertion that forms a 

loop containing the active site cysteine and is believed to contribute to the promiscuity 

of these enzymes with multiple transpersulfurase partners. Type II cysteine desulfurases 

lack this insertion leaving the active site cysteine on a smaller more rigid loop. Another 
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insertion, specific to type II cysteine desulfurases forms a beta-hairpin structure that 

makes up one wall of the active site of the opposite monomer.  

 In chapter two, the importance of the beta-hairpin structure was probed by 

generating SufS variants lacking the residues that constitute the beta-hairpin. Size 

exclusion chromatography analysis of a hairpin variant revealed a mixture of different 

quaternary structures, mostly aggregated protein. None of the elution volumes for any 

peaks corresponded with a dimer, the functional quaternary structure of SufS. The 

results demonstrated that the beta-hairpin is structurally necessary for SufS to form a 

functional dimeric structure and for PLP retention.  

 In chapter 3, single residue substitutions were made to probe the roles of Asn99, 

Arg56, and Arg359, in SufS function. Asn99 is widely conserved among cysteine 

desulfurases and has been shown to hydrogen bond with the glycine-rich loop preceding 

the beta-hairpin. Kinetic assays comparing four Asn99 variants (N99G, N99A, N99D, 

N99E) to wild-type SufS revealed that substitutions cause a ~10-fold decrease in 

turnover number, suggesting Asn99 plays a role in supporting optimal conditions for 

catalysis. This role is likely to involve Asn99 hydrogen bonding to the glycine-rich loop, 

assisting in the regulation of beta-hairpin dynamics.  

 Arg56 and Arg359 are two arginine residues located in the active site of SufS that 

undergo structural repositioning that can be observed in the Cys-aldimine intermediate 

crystal structure (PDB: 6o11).19 All four Arg56 and Arg359 variants had a significant 

impact on the kinetic parameters of SufS. Arg56 is conserved among type II cysteine 

desulfurases and located on the a3-a4	linker	loop	and forms a hydrogen bond with the 

sulfhydryl of the Cys-aldimine intermediate.20 The R56A variant resulted in a ~270-fold 

decrease in turnover number compared to the R56K variant exhibiting a ~12-fold 
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decrease, compared to wild-type SufS. Comparing all variants investigated, R56A was 

the most catalytically deficient variant with a turnover number of 0.1 min-1 supporting 

the possibility that R56 is directly involved in catalysis. One possible role for this residue  

may be deprotonating SufE Cys51 allowing for nucleophilic attack of the persulfide on 

Cys364. Resulting Km values for both variants revealed that the R56K substitution 

resulted in more modest effects on substrate binding, compared to R56A. These results 

demonstrate that the substitution of lysine is able to rescue partial function of R56 that 

is lost in the alanine variant, due to the positively charged amino group. Nonetheless, 

the consequences of varying R56 in both cases confirms the significance of this 

conserved residue in SufS as well as other type II cysteine desulfurases.  

 Substitutions of alanine and lysine were also made to R359 resulting in a ~50-

fold decrease of turnover in both variants. Unlike R56K, the R359K variant was unable 

to minimize the detrimental effects of R359A on turnover number. When comparing the 

Km values for cysteine however, R359A resulted in a ~20-fold increase, while R359K 

exhibited a modest ~2-fold increase. These results suggest that the amino group of R359 

plays a role in the binding of substrate cysteine and successful deprotonation of the Ca 

of the Cys-aldimine intermediate.  

5.2 Future Work 
 
 The research presented in this dissertation described investigations of various 

structural elements of SufS proposed to have functional relevance in desulfurase and 

transpersulfurase activities. The work presented in chapter 2 confirmed the importance 

of the beta-hairpin as a whole for SufS structural integrity. The detrimental effect the 

removal of the hairpin structure had on SufS limited the opportunity for further studies 

on the variants. It may be beneficial to re-design beta-hairpin variants that have a 
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minimized structural effect. This may involve single residue mutations of polar 

uncharged and/or charged amino acid residues on the beta-hairpin. Residues located in 

the beta-hairpin may have differential effects on SufE binding and allosteric regulation 

of SufS and therefore make these residues good candidates for substitutions. Pro271 is 

believed to act as a hinge for the beta-hairpin and may be an interesting residue to 

substitute. Glu263 is also located on the tip of the beta-hairpin and it would be 

interesting to see if substitution of this residue effects binding to SufE. Likewise, with 

Lys269 and Arg273 of the beta-hairpin that are both pointed outwards, accessible to 

SufE. Glu275 is located C-terminal to the proposed hinge Pro271, and hydrogen bonds 

with Arg73 in a4 located above the base of the beta-hairpin. It would be interesting to 

probe whether the Glu275-Arg73 interactions stabilize the surrounding structure during 

the dynamic movements of the beta-hairpin. In another E. coli cysteine desulfurase 

CsdA, residues corresponding to His362 and Met266 in SufS directly interact with the 

transpersulfurase partner CsdE.21 In SufS these residues are found adjacent to both the 

active site cysteine residue and the beta-hairpin structure and could contribute to 

optimal SufE binding.  

 In chapter 3, similar kinetic effects observed among Asn99 variants suggest that 

while Asn99 does not play a direct role in catalysis, observed hydrogen bonding with the 

glycine loop at the base of the beta-hairpin likely contributes to the dynamic changes 

required for optimal SufS activity. Crystal structures of all variants investigated in 

chapter 3 would reveal the structural perturbations caused by each substitution. 

Combining this structural data with the kinetic data presented here may provide more 

insight about the interactions at this position that contribute to SufS activity and 

regulation.  
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 In Bacillus subtilis, the SUF system is the housekeeping system responsible for 

the assembly of iron-sulfur clusters. In a crystal structure of SufS complexed with the 

transpersulfurase SufU from Bacillus subtilis (PDB: 5xt5), His342 replaces the active 

site cysteine (Cys41) as a zinc ligand permitting Cys41 of SufU to nucleophilically attack 

the persulfide on the active site cysteine of SufS.22 Substitution of His342 to tyrosine 

(the residue found at this position in E. coli SufS) resulted in significant decrease of 

desulfurase activity.22 The tyrosine located at the equivalent position of SufS from E. coli 

suggests that a different SufS residue may be responsible for the deprotonation of SufE 

Cys51. Considering this possibility and the kinetic defects observed with the Arg56 

variants, it may be insightful to conduct pH dependence studies. Generating and 

comparing pH rate profiles for the variants versus wild-type SufS may help determine 

whether Arg56 acts as a general base by deprotonating Cys51 of SufE to initiate a 

nucleophilic attack on the persulfide on SufS Cys364. The pH rate dependence of R56A 

may be difficult to measure because of the diminished catalytic activity but the R56K 

variant would be a good candidate for such experiments. Comparing the pH rate profiles 

of R56K and wild-type SufS would reveal whether or not Arg56 acts as a general base 

because of the differences in pKa values of the R-groups of arginine and lysine.  

  It is well understood that the dimeric structure of SufS is essential for function 

and that the presence of SufE enhances SufS activity. The proposed half-sites 

mechanism of SufS involves conformational changes of the beta-hairpin and active site 

of one monomer which is communicated with the opposite dimer through dimer 

interface interactions. The combined structural elements that facilitate this mechanism 

of regulation in SufS are referred to as the beta-latch.23 The conformational changes in 

the beta-hairpin structure are induced by SufE binding and therefore further 



 110 

investigation of the interactions between SufS and SufE may provide more insight of key 

interactions in the SufS mechanism. HDX-MS analysis of SufE binding to SufS stalled in 

a persulfide state indicates that SufE binding induces conformational changes that affect 

the reactivity of the opposite monomer, promoting cysteine binding and the formation 

of the Cys-aldimine intermediate.24 In addition to the studies conducted on the 

dynamics of the interactions between SufS and SufE, a crystal structure of the complex 

would be helpful for directing future studies of this system.  
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