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ABSTRACT 
 

 Fe-S clusters are one major type of the sulfur-containing cofactors, which conduct 

essential functions in organisms. The Suf pathway is one of the three main pathways for 

the biosynthesis of Fe-S clusters. In E. coli, the Suf pathway is utilized under iron limitation 

and oxidative stress. This ability is important for pathogens to survive. Also, the Suf 

pathway is found to be exclusive in bacteria, so it is a good target for novel antibiotic 

design. SufS is a cysteine desulfurase in the Suf pathway to extract sulfur from L-cysteine. 

It needs the enhancement of SufE. To better understand the catalytic mechanism of the 

reaction between SufS and L-cysteine in the presence of SufE, we applied 31P NMR, 

stopped flow spectroscopy, and site directed mutagenesis. The results show that binding of 

SufE causes a conformational change of the pyridoxal 5’- phosphate (PLP) cofactor in 

SufS. The reaction of L-cysteine and PLP is a biphasic process including the fast phase 

(formation of external aldimine) and slow phase (shift to ketimine). The binding of SufE 

facilitates the formation of the ketimine. We mutated SufS H123A, which removed the 

enhancement of SufE to the activity of SufS and the formation of Cys ketimine. Finally, 

binding of SufE increased the formation of the persulfide in SufS. Characterization of the 

interaction of SufS and SufE may provide insight for the design of protein-protein 

interaction inhibitor. We made the Y345A/D346A mutation in SufS. We applied PLP 

quantification, analytical gel filtration, UV-visible absorption spectroscopic analysis and 
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circular dichroism to confirm this mutant still keeps the structural integrity. The basal 

activity of SufS Y345A/D346A is similar as that of wild-type SufS. However, SufE cannot 

enhance the activity of this mutant. The result of the isothermal titration calorimetry (ITC) 

shows that there is reduced interaction between this mutant and SufE. Based on the research 

above, a structural modeling of the SufS-SufE interaction was made through protein-

protein docking, which clarifies more details in this interaction. SufS has an essential 

cofactor PLP that can be a target for the PLP-based inhibitor like DCS and LCS. To 

investigate if DCS/LCS can inhibit the activity of SufS, we checked the activity of SufS in 

the presence of either D-cycloserine (DCS) or L-cycloserine (LCS). The results show that 

there is a dose-dependent inhibition of SufS activity by DCS. The 50% inhibitory 

concentration (IC50) was calculated to be 1.98 mM. A dose-dependent inhibition of SufS 

by LCS was also observed and the IC50 is 306.1 µM Compared with DCS, LCS shows 

much better inhibitory effects. The small-molecular docking shows that the nitrogen of 

DCS to start the nucleophilic attack towards the Schiff base of the PLP and Lys226 is far 

away from its target, which is not a proper orientation for the transimination reaction. The 

docking of LCS shows that the nitrogen of LCS for the nucleophilic attack is close to the 

Schiff base of Lys226 and PLP, which is a proper orientation for the following 

transimination reaction. The UV-visible absorption spectra of SufS and DCS shows the 

degradation of internal aldimine and a new intermediate at 380 nm is formed. The spectrum 

of LCS shows the 380 nm peak is reduced but the 320 nm peak keeps growing, which 

indicates the intermediate at 320 nm is a stable adduct and it is rarely get rescued by 

excessive L-cysteine. A reaction mechanism is proposed to depict the reaction between 

SufS and DCS/LCS.
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CHAPTER 1 
INTRODUCTION 

 

            Fe-S cluster and suf operon             

            Iron-sulfur (Fe-S) clusters are essential metal cofactors used in a wide-range of 

critical biological pathways, including respiration, photosynthesis, nitrogen fixation, and 

DNA repair.  Fe-S clusters consist of iron in the Fe2+ or Fe3+ oxidation states bound to 

sulfide (S2-).  Different cluster types are referred to base on the ratios of iron and sulfide 

present in those clusters, for example [2Fe-2S] or [4Fe-4S] clusters (Figure 1.1).  Larger, 

more complex Fe-S clusters can also be found in some metalloproteins.1  For example the 

P-cluster of the nitrogenase complex contains a [7Fe-8S] cluster.  Fe-S clusters can be 

combined with other metals and small molecules to form more complex cofactors, such as 

the FeMo cofactor also found in nitrogenase that contains [Mo-3Fe-3S] cluster, a [4Fe-3S] 

cluster bridged by 3 additional sulfide ligands, and a central carbon atom as part of a Fe6-

carbide species.2, 3 

            Despite their ubiquity across all domains of life, Fe-S clusters represent a potential 

Achilles heel for cells, especially those that grow in the presence of oxygen.  Solvent 

exposed [4Fe-4S] cuboidal Fe-S clusters that contain mixed oxidation states of Fe are 

sensitive to oxidation by oxygen or reactive oxygen species formed in the cell.4-6 
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Figure 1.1. Structure of the E. coli succinate dehydrogenase complex with Fe-S clusters 
highlighted as spheres.  Ubiquinone, flavin, and heme as well as Fe-S cluster ligands are 
shown as sticks. 
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Furthermore, iron availability in the environment greatly decreases in the presence of 

oxygen due to the oxidation of Fe2+ to Fe3+ and the formation of insoluble ferric hydroxide  

compounds.  The scarcity of iron can make it difficult for a cell to maintain adequate levels 

of iron metalloproteins, especially in the case of Fe-S cluster proteins.  Finally, Fe-S 

clusters can be poisoned by other thiophilic metals, such as copper and cobalt, that compete 

with iron for binding to exposed sulfur ligands.7-9  Due to the sensitive nature of some types 

of Fe-S clusters, it is likely that cells growing in the presence of oxygen must constantly 

repair and/or resynthesize Fe-S cluster cofactors to keep up with the turnover of mature Fe-

S metalloproteins.   

            The selective pressure to maintain adequate levels of essential Fe-S metalloproteins 

has led to the evolution of so-called Fe-S cluster biogenesis systems.  These pathways, 

often encoded as polycistronic mRNA transcribed from operons in bacteria and Archaea, 

catalyze the in vivo formation of Fe-S clusters from iron and sulfide building blocks.  Fe-

S cluster biogenesis systems also include Fe-S cluster trafficking proteins that direct the de 

novo clusters to the appropriate Fe-S metalloprotein in the cell.  Multiple Fe-S cluster 

biogenesis systems have been identified, each with their own peculiar phylogenetic 

distribution and (in eukarya) sub-cellular location.   

            Phylogenetic analysis reveals that the most ancient form of the suf operon consists 

of just two genes, sufB and sufC (Figure 1.2).10, 11  The sufBC locus is primarily found in 

the earliest rooting lineages of the Archaea and Bacteria.  It appears that selection for the 

addition of other suf genes occurred throughout evolution, possibly due to changing 

environmental pressures resulting from oxygenation of the atmosphere and concomitant 

alterations in iron and sulfur metabolism.10  The most complex suf operons can contain as  
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Figure 1.2. Model of the core components of Suf pathway: SufB and SufC. 
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many as 5-6 genes in addition to sufB and sufC.  The exact roles for some of the Suf proteins 

are still being elucidated but much progress has been made in characterizing the core 

process of sulfur donation, de novo cluster formation, and downstream Fe-S cluster 

trafficking.  While the simplest and phylogenetically most ancient suf operon (sufBC) 

appears in the Archaea, most of the progress in characterizing the Suf system at the genetic 

and biochemical levels has occurred in organisms with the more complex Suf systems, 

especially in the gamma proteobacteria.12   

 

            Regulation and physiological role of Suf in Proteobacteria 

            The Suf pathway was first identified as part of the Fur and OxyR regulons in the 

gammaproteobacterium, Escherichia coli.13, 14  Fur is a global transcriptional regulator of 

iron homeostasis while OxyR controls the transcription of genes used for H2O2 stress 

defense. Since its initial discovery, the E. coli Suf pathway has been well characterized at 

the biochemical, genetic, and regulatory levels.  Furthermore, the Suf pathway has been 

shown to work under oxidative stress and iron starvation conditions in the 

gammaproteobacteria, although this property may or may not be maintained in other 

bacteria.15-20 

            The biosynthesis of Fe-S clusters in E. coli is somewhat peculiar as the organism 

uses either the housekeeping Isc system (which does not appear to be particularly stress-

resistant) or the stress-responsive Suf pathway15, 19, 20  The complete absence of both 

systems is lethal to E. coli.11, 19  The lethality appears to stem from loss of Fe-S clusters in 

specific metalloenzymes of the isoprenoid biosynthesis pathway as lethality can be 

bypassed if an alternate pathway is provided that does not rely on Fe-S cluster cofactors.21 
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             In E. coli, the Suf pathway consists of SufA, SufB, SufC, SufD, SufE, and SufS 

organized in an operon as sufABCDSE.  E. coli tightly controls transcription of the suf 

operon through the coordinated action of multiple regulatory proteins (Figure 1.3).  Under 

non-stressed conditions, Fur-Fe2+ binds to the suf promoter to repress the transcription of 

the suf operon.13, 19, 22  During iron starvation Fur converts to its iron-free (apo) form, which 

does not efficiently repress target promoters, and releases suf repression allowing increased 

transcription of the suf operon.  Oxidative stress activates OxyR, which increases suf 

transcription in conjunction with the DNA-bending protein IHF.14, 16, 19, 22  Later it was also 

discovered that IscR regulates the suf operon.  IscR is an Fe-S cluster binding transcription 

factor which regulates at least 40 genes in E. coli, including the isc and suf operons.23, 24  

Apo-IscR binds the suf promoter to activate transcription of the suf operon in response to 

oxidative stress, iron limitation, and other conditions that perturb Fe-S cluster biogenesis 

by the Isc pathway22, 25-28  Coordination of isc and suf expression is also facilitated by the 

small RNA RyhB.  The expression of ryhB is repressed by Fur-Fe2+ when iron is replete in 

the cell.29  Under limited iron, apo-Fur loses the ability to bind DNA, which releases ryhB 

repression. The isc mRNA transcript basepairs with RyhB causing it to be degraded when 

iron is limited.30, 31  The sum of this complex regulatory network is that Fe-S cluster 

biogenesis switches from the Isc to the Suf pathway under conditions of iron limitation and 

oxidative stress in E. coli.  The switch to the Suf pathway in these organisms is supported 

by genetic studies demonstrating that most ∆suf deletion strains are more sensitive to 

oxidative stress, iron starvation, and metal poisoning.7, 11, 17-20, 32  All of these defects are 

linked to disruption of Fe-S cluster biogenesis by the stress condition if the Suf machinery 

is missing. 
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Figure 1.3. Regulation of Fe-S cluster assembly pathways in E. coli by IscR and OxyR. 
(A) Regulation by holo IscR and Fur under normal condition. (B) Regulation by apo IscR 
and OxyR under stress condition. 
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            Biochemical characterization of the Suf proteins from Proteobacteria 

            The SufA, SufB, SufC, SufD, SufE, and SufS proteins form the core of the Suf Fe-

S cluster biogenesis system in E. coli and related bacteria (Figure 1.4).  Although sodium 

sulfide can be used for the Fe-S cluster reconstitution in vitro, Fe-S cluster assembly 

pathways in the Proteobacteria utilize a cysteine desulfurase enzyme to mobilize sulfur 

from L-cysteine in a reaction that also requires a pyridoxal 5' - phosphate (PLP) cofactor.19, 

33-37  The cysteine desulfurase reaction produces an enzyme bound persulfide that can be 

transferred to other proteins during cluster assembly. 

            Cysteine desulfurases can be divided into group I and group II based on sequence 

analysis.38 The key difference is the structure of the active site of the desulfurase.  In the 

Suf pathway of E. coli, SufS acts as the cysteine desulfurase and is a group II desulfurase 

enzyme in which its active site residue, Cys364, is located on a rigid loop with a somewhat 

hydrophobic environment.39-41  This is in contrast to IscS and other group I enzymes that 

have a flexible catalytic cysteine loop that is exposed to the environment (Figure 1.5).42-44  

These structural differences may partially explain why the intrinsic activity of SufS is low 

compared to that of IscS.  However, SufS sometimes has a partner protein, SufE, which 

works to enhance the cysteine desulfurase activity of SufS.33, 45-47  The sufE gene can be 

found grouped with a group II cysteine desulfurase, like sufS, in Bacteriodetes and 

Gammaproteobacteria but is not wide-spread outside these phyla.10  Approximately 17% 

of the currently sequenced bacterial genomes have the sufE gene while 89% contain a sufS 

homologue. When SufE interacts with SufS, the cysteine desulfurase activity enhancement 

can be as high as 50-fold in Erwinia chrysanthemi (renamed Dickeya dadantii).33  In E. 

coli, SufE can stimulate SufS activity to 8-fold.46, 48 X-ray crystallography, enzymology,  
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Figure 1.4. Proposed model for Suf function. 
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Figure 1.5. Crystal structure of IscS (PDB code: 1P3W). The green loop is a simulated 
structure containing the active site of IscS.  
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and site-directed mutagenesis have been used to propose the overall SufS – SufE reaction 

(Figure 1.6).33, 45-51  L-cysteine binds to the PLP cofactor, which is in a hydrophobic pocket 

within the active site and forms an external aldimine.  Then Cys364 carries out a 

nucleophilic attack to extract the sulfur from cysteine, which results in the formation of the 

persulfide bonded to Cys364 (R-S-SH) and the release of L-alanine.  Next the persulfide 

of SufS is transferred to the SufE cysteine residue, Cys51, via a nucleophilic attack of 

Cys51 on the R-S-SH species.  This resets SufS Cys364 allowing the enzyme to fully 

turnover, thereby enhancing its activity.  In addition to SufE acting as a substrate in the 

overall ping-pong sulfotransferase reaction, the interaction between SufS and SufE may 

allosterically stimulate the binding of L-cysteine to PLP, the formation of the external 

aldimine, and/or the formation of later reaction intermediates in SufS that also provides 

some enhancement of SufS activity.48, 51   

            A crystal structure of the SufE monomer shows that active site Cys51 is positioned 

at the end of a loop and oriented so that the side-chain is buried from solvent exposure in 

a hydrophobic cavity (Figure 1.7).49  The relative inaccessibility of SufS and SufE active 

site Cys loops protects the resting proteins from oxidation during exposure to H2O2.  

However, SufS Cys364 and SufE Cys51 must interact to facilitate persulfide transfer.  A 

complex determined for CsdA and CsdE, two homologues of SufS and SufE respectively, 

indicates that the active site loop of the sulfur acceptor protein (CsdE) is flipped out and 

interacting with the active site cleft of the cysteine desulfurase (CsdA) when the two 

proteins bind.52  A similar conformational change in SufE has been observed by hydrogen 

– deuterium exchange mass spectrometry (HDX-MS) studies (Figure 1.8).51  Furthermore, 

the D74R mutation of SufE that increases the solvent accessibility and 
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Figure 1.6. Mechanism of the reaction of SufS and L-cysteine in the presence of SufE and 
the crystal structure of the persulfide form of SufS. 
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Figure 1.7. Crystal structure of a SufE monomer (PDB code: 1MZG). The grey part is the 
hydrophobic region. The yellow stick is the active site of SufE (Cys51). 
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Figure 1.8. Alignment of CsdE (from its complex with CsdA) with resting SufE.  Active 
site Cys residues SufE C51 and CsdE C61 are shown. 
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 dynamics of the loop containing the active site Cys51 also leads to a stronger binding 

affinity with SufS than that of the wild-type SufE.48  

            In order for multiple cycles of the sulfotransferase reaction to occur, the persulfide 

on SufE Cys51 must then be released.  In vitro this can be accomplished by the addition of 

reductants (DTT, TCEP) or by specific delivery of the persulfide to the Fe-S cluster 

scaffold.45-47, 50  It was shown that SufE specifically donates persulfide to the SufB protein, 

which is the proposed scaffold of the Suf system (see below) 53.  The transfer of sulfur from 

SufS to SufE to SufB recycles SufS and SufE to their resting states ready for another round 

of desulfurase reaction.46, 47, 53  The interaction of SufE with SufB is enhanced if SufC is 

present and has formed a complex with SufB (either as SufB2C2 or SufBC2D).46, 53   

            SufB accepts persulfide sulfur from SufE, can bind a [4Fe-4S] cluster, and can 

transfer the cluster acceptor Fe-S proteins.53-56  Based on these studies, it has been proposed 

that SufB is the scaffold for Fe-S cluster assembly in Suf pathway.  SufB is not homologous 

to the IscU scaffold of the Isc system and represents a distinct class of scaffold protein.  

The two scaffold proteins also show differences in their de novo cluster assembly steps.  

IscU can form stable a [2Fe-2S] cluster intermediate or can undergo reductive coupling of 

2 x [2Fe-2S] clusters to form a [4Fe-4S] cluster.57  In contrast SufB does not seem to 

proceed through the same semi-stable intermediates to reach a [4Fe-4S] cluster, although 

the [4Fe-4S] cluster on SufB can be converted into the [2Fe-2S] form upon air exposure.53, 

56, 58  It was also shown that the IscU [2Fe-2S] cluster is less stable than the SufB [2Fe-2S] 

cluster in the presence of hydrogen peroxide, oxygen, and iron chelators, providing a partial 

biochemical rationale for use of the Suf system under stress conditions in vivo.58  
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            SufC has a nucleotide hydrolysis domain homologous to that of the ATP-binding 

cassette (ABC) family of transporters that utilize ATP hydrolysis for transport across 

cellular membranes.18, 59-61  However, SufC is expressed as a soluble cytoplasmic protein 

and is not part of a membrane bound ABC transport system.  The exact role of SufC as an 

ATPase is still unknown, but mutations in the ATP binding site abolish the in vivo Fe-S 

cluster formation of the Suf pathway.18, 19, 55 The reason for this appears to be that the Suf 

pathway may demand the activity of SufC ATPase and SufD to efficiently acquire iron in 

vivo.55     

            Interactions among the SufB, SufC, and SufD proteins result in three stable 

complexes: SufBC2D, SufB2C2, and SufC2D2.46, 55, 59, 62-65  SufD is paralogous to SufB and 

there is considerable C-terminal sequence similarity between SufB and SufD.  This region 

of shared homology includes a C-terminal region of the overall the β-helix core as well as 

the specific C-terminal α-helices where both SufB and SufD interact with SufC.64, 65  While 

SufD is a paralogue of SufB it does not seem to function directly as a Fe-S cluster scaffold. 

SufD may assist iron entry into the SufBC2D complex in conjunction with the ATPase 

activity of SufC.55  SufBC2D also can bind one equivalent of FADH2, which raises the 

possibility that the cofactor FADH2 may serve as an electron donor to reduce ferric iron or 

persulfide during Fe-S cluster assembly on SufB.56   

            While SufB2C2, and SufC2D2 can be isolated under some conditions, SufBC2D is 

the primary complex resulting from the co-expression of the entire sufABCDSE operon in 

E. coli, which suggests that it is the most stable form of the three complexes.46, 56, 65  The 

SufB protein itself is unstable and tends to form a heterogeneous oligomer when it is 

expressed alone.53, 62, 63  SufC and SufB can interact to form SufB2C2, which is capable of 
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creating and transferring Fe-S clusters to apoproteins and is more efficient than SufBC2D 

in de novo Fe-S cluster assembly on ferredoxin in vitro using readily available iron salts as 

the iron source.53, 55, 59, 63, 66 It is possible that SufB2C2 may act as the final scaffold and 

SufBC2D may be used as a distinct step for Fe-S cluster formation before the assembly of 

the final cluster on SufB2C2.66  Although SufB2C2 can assembly Fe-S clusters in vitro using 

iron salts, labile iron is tightly controlled in vivo.  Furthermore, SufB2C2 does not appear 

to be efficient at building Fe-S clusters when expressed in vivo without SufD.55  

            Therefore, formation of SufBC2D may be specifically required for iron 

mobilization from specific donors or storage sites in the cell.  This model in consistent with 

the need for SufD to build Fe-S clusters on SufB in vivo but requires further testing to be 

validated.  One weakness in the model is that SufB2C2 has not been observed in vivo from 

native expression of the suf operon and can only be isolated if sufB and sufC are expressed 

without sufD from a plasmid construct.  The third complex, SufC2D2, is formed when sufC 

and sufD are co-expressed in the absence of sufB.63, 64  To date no functional role has been 

assigned to SufC2D2 and it has not been observed in vivo from native expression of the suf 

operon.   

            The crystal structures of SufC2D2 and SufBC2D from E. coli have been solved.64, 65  

Both structures show that the interaction of SufB or SufD remodels the ATP catalytic site 

of SufC (Figure 1.9).  Binding to SufB or SufD makes the ATP binding site of SufC more 

accessible, which could facilitate ATP binding and hydrolysis.  These structural 

observations are consistent with that fact that in Thermotoga maritima, the interaction of 

SufB with SufC can enhance the low basal ATPase activity of SufC.59 Similar effects have 

also been found when comparing the low ATPase activity of E. coli SufC with the  
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Figure 1.9. Top, overall structure of SufBC2D with Hg2+ shown as grey spheres (from PDB 
5AWG).  Bottom, zoom of the metal binding site at the SufB – SufD interface with residues 
(sticks) labeled. 
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enhanced ATPase activity observed in both SufB2C2 and SufBC2D (unpublished data from 

F. W. Outten and K. S. Thomas).  In addition to the conformational changes caused in 

SufC, it has been proposed that ATP-induced dimerization of SufC could alter the SufB 

and SufD proteins in the complex.64, 65  During ATP binding and hydrolysis SufC likely 

forms a transient head to tail dimer within the SufBC2D complex, which may induce a 

gross conformational change of SufB and SufD, leading to an exposure of Cys405 of SufB 

and Cys358 of SufD in the heterodimer interface. These two residues bind an adventitious 

Hg2+ ion in the SufBC2D structure, indicating that they may be positioned to provide partial 

ligands for iron or Fe-S cluster binding.65  His360 of SufD is also in the vicinity of the Hg2+ 

binding site near the interface of SufB and SufD.  Mutation of SufB Cys405 or SufD 

His360 led to disruption of in vivo cluster assembly (although strangely mutation of SufD 

Cys358 had no obvious effect).65  SufD is not required for SufB to bind an Fe-S cluster in 

vitro but it may provide transient ligands during iron trafficking into the cluster binding 

site in vivo or during cluster transfer to an acceptor protein. 

            The final protein in the Suf Fe-S cluster biogenesis pathway, SufA, belongs to the 

A-type carrier (ATC) family, which are proposed to deliver Fe-S clusters to apoproteins.54, 

67-73  Fe-S clusters can be reconstituted on SufA in vitro and the cluster binds to SufA 

through three conserved cysteine residues.67, 68  In vivo studies show that when SufA is co-

expressed with the whole suf operon, it purifies bound to a [2Fe-2S] cluster71 and this form 

of SufA can transfer its Fe-S cluster to both [2Fe-2S] and [4Fe-4S] apoproteins.  Elegant 

analysis of the NifIscA homologue of SufA from A. vinelandii shows the protein can 

interconvert from a [2Fe-2S] cluster form under aerobic conditions to a [4Fe-4S] form 

under anaerobic, reducing conditions.74  This cluster conversion activity could be important 
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for responding to changes in oxygen availability and/or altering the pool of available 

clusters to fit demand for specific cluster types.  In vitro, Fe-S clusters can be transferred 

from the SufBC2D scaffold to SufA while the transfer in the reverse direction does not 

occur.54  SufA physically interacts with SufB and this interaction is promoted if SufB is 

part of the SufBC2D complex and if SufBC2D is in the Fe-S cluster (holo) form.54  

Reactions containing all the components show that SufA can accept Fe-S clusters from 

SufB and move them to downstream target enzymes, supporting a role for SufA as an Fe-

S cluster trafficking protein.66, 71   

            These in vitro studies are supported by characterization of ∆sufA mutant strains in 

vivo.  The growth defect of a ∆sufA single mutant is mild but the growth defects are 

enhanced if the ∆sufA mutation is combined with deletions of iscA and/or erpA, two 

paralogues of SufA.11, 19, 20, 72, 73.  Defects in Fe-S cluster biogenesis in these strains are 

more pronounced under aerobic conditions, where cluster turnover would be expected to 

increase due to damage from reactive oxygen species, and seem to be largely confined to 

the [4Fe-4S] proteins.72, 73  Therefore it seems that the ATC family of proteins likely 

provides advantages for Fe-S cluster trafficking under aerobic conditions. 

            SufA and its paralogue IscA can also bind and donate iron in vitro for cluster 

assembly on the IscU scaffold.75-80  NifIscA from A. vinelandii binds Fe(III) in a 5-

coordinate site with two or three cysteinate ligands and can bind Fe(II) with three cysteinate 

and 1-2 oxygenic ligands in a site similar to reduced rubredoxins or rubredoxin variants.80  

The iron-donation activity of SufA and IscA may be an artifact since iron release is 

mediated by L-cysteine present during the in vitro reaction and does not appear to be a 

specific donation process directly to the scaffold.75, 77, 78, 80  While an in vivo role for 
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SufA/IscA for iron donation has not been conclusively demonstrated, it was shown that an 

IscA Y40F mutant that cannot bind mononuclear iron also cannot restore growth of the 

∆iscA∆sufA double mutant strain.70  A recent study in E. coli shows that deletion of iscA 

and sufA or addition of a cell-permeable iron chelator results in accumulation of a red 

intermediate in recombinant IscS that is being over-expressed in that strain.81  This IscS 

intermediate is likely a trapped alanine-quinonoid intermediate of the cysteine desulfurase 

reaction, suggesting that the ATC proteins are needed for the early steps of Fe-S cluster 

biogenesis to progress.81  However, it is not clear from those studies if the intermediate 

accumulates due to a downstream block in cluster release from the scaffold protein IscU to 

the ATC proteins or if it occurs due to a direct role for the ATC proteins during cluster 

assembly.  When considering all of the published studies on ATC proteins, it seems 

reasonable to hypothesize that they may have multiple functions or that their Fe-S cluster 

carrier function could be modulated by iron binding.  For example, the iron-binding activity 

of SufA and IscA may have a physiological role in regulating Fe-S cluster biogenesis in 

response to iron availability in vivo or the ATC proteins may serve as ferric iron 

“reservoirs” that can release iron into a labile pool to help indirectly drive Fe-S cluster 

biogenesis.     

            Interactions among the multi-protein Suf complexes are important for regulating 

the stepwise assembly of Fe-S clusters.  SufS relies on SufE to amplify its low basal 

activity, both by acting as a substrate as well as by allosterically influencing the SufS active 

site.  The sulfotransferase activity of the SufS – SufE pair is itself significantly increased 

in the presence of SufBC2D or SufB2C2 but not if SufB alone is added.  Similarly, the 

ATPase activity of SufC is low unless it is bound to its partner proteins, SufB and/or SufD.  
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Finally, SufA interactions with SufB are enhanced if SufB binds an Fe-S cluster as part of 

the SufBC2D complex.  These interactions provide tight regulation to protect sensitive 

reaction intermediates (such as enzyme-bound persulfide and/or nascent Fe-S moieties) 

from oxidative stress.  It is likely that these characteristics are biochemical adaptations that 

allow the Suf pathway to maintain Fe-S cluster biogenesis under stress.  In vitro and in vivo 

it is clear that the IscS cysteine desulfurase and IscU scaffold of the Isc pathway are more 

sensitive to inactivation by oxidants and chelators compared with the SufS-SufE-SufBC2D 

super complex.15, 50, 58 
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CHAPTER 2 
MECHANISM OF ACTIVATION OF SUFS BY SUFE: EQULIBRIUM 

AND PRE-EQUILIBRIUM KINETIC ANALYSIS 
 

ABSTRACT 

            SufS is a cysteine desulfurase to abstract sulfur from L-cysteine and provides a 

sulfur source for the Fe-S cluster biosynthesis. SufE interacts with SufS to accept sulfur 

from SufS, which turnovers SufS and enhances its activity. This interaction also induces 

allosteric changes in the structure of SufS. To investigate the effects of these changes on 

the catalytic mechanism, we applied 31P NMR, stopped flow spectra absorption, and site 

mutagenesis. The result shows that the binding of SufE causes a conformational change of 

the PLP cofactor in SufS, which may provide a better orientation for the reaction with L-

cysteine. The reaction of L-cysteine and SufS is a biphasic process including the fast phase 

(formation of external aldimine) and slow phase (formation of external ketimine). The 

binding of SufE facilitates the formation of external ketimine. We mutated the His123 of 

SufS to Ala, which removed the enhancement of SufE to the activity of SufS and the 

facilitating effect for the formation of external ketimine. Finally, the binding of SufE 

increases the formation of the persulfide in SufS. Together, these results clarify the role of
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SufE in the persulfide formation of the reaction between SufS and L-cysteine, which 

provides a clearer picture of the effect of the interaction between SufS and SufE.   

 

INTRODUCTION 

            Cysteine desulfurases are the class of enzymes that promote the abstraction of 

sulfur from L-cysteine and transfer it to the acceptor molecules for the biosynthesis of 

sulfur-containing cofactors such as thiamin, molybdenum cofactor, thionucleotides in 

tRNA, biotin, and iron-sulfur clusters1-3. All cysteine desulfurases studied so far are related 

in evolution and display similar structures that each monomer of the homodimer contains 

both the active site Cys-thiol and a PLP cofactor bound to a strictly conserved Lys residue 

via a Schiff base (internal aldimine)4. Cysteine desulfurases can be divided into group I 

and group II based on sequence analysis and the key difference is the structure of the active 

site4. SufS acts as the cysteine desulfurase in the Suf pathway of E. coli, which produces 

Fe-S clusters under oxidative stress and iron starvation conditions5. SufS is a group II 

desulfurase enzyme and Cys364, its active site residue, locates on a rigid loop with a 

hydrophobic environment while IscS and other group I desulfurases have a flexible 

catalytic cysteine loop exposed to the environment, which may be one part of the reason 

why the basal activity of IscS is much higher than SufS6-8. SufS has a specific sulfur 

acceptor SufE whose coding gene sufE is adjacent to sufS. SufE interacts with SufS to 

accept the sulfide from SufS. It activates SufS to enhance its activity to a level comparable 

to IscS. And SufS-SufE sulfur transfer system is more resistant to oxidative stress than 

IscS9. However, the catalytic mechanisms of the effects of SufE on SufS except accepting 

sulfur are not completely clear.  
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            Enzymology, site-directed mutagenesis, ITC, X-ray crystallography and so on have 

been used to clarify the reaction of L-cysteine and SufS in the presence of SufE9-12. L-

cysteine is activated by binding to the PLP cofactor before the C-S bond of L-cysteine is 

cleaved by a nucleophilic attack from the active site Cys364 residue, which results in the 

formation of a persulfide at the active site (Cys364-S-SH)10. SufE binds to SufS to accept 

the sulfide. It allows SufS to fully turn over, consequently enhancing its activity9. Also, the 

binding of SufE initiates allosteric changes in the SufS structure including the peptide 

containing the conserved Lys residue that forms the Schiff base with the PLP cofactor. This 

allosteric change facilitates the binding of L-cysteine to the enzyme to form external 

aldimine or other reaction intermediate11. This finding leads us to investigate the role of 

SufE in enhancing the activity of SufS beyond accepting sulfide from SufS. 

            In this study, we reported that the effects of the binding of SufE on the PLP 

conformation, the pre-steady-state and steady-state kinetics of the reactions between SufS 

and L-cysteine in the presence or absence of SufE in a one turnover model, and the role of 

the binding of SufE on the persulfide formation. The results show that the interaction 

between SufE and SufS can cause a conformational change of the PLP cofactor in SufS, 

which may provide an appropriate orientation for its reaction with L-cysteine. The reaction 

of L-cysteine and SufS is a biphasic process including the fast phase (the pre-steady state) 

and slow phase (the steady state). External aldimine is produced in the fast phase and 

external ketimine is produced in the steady state. The binding of SufE facilitates the 

formation of external ketimine. Also, we used site-directed mutagenesis to investigate the 

possible catalytic mechanism of the effects of the SufE binding. Our result suggests His123 

of SufS plays an important role in the reaction of SufS and L-cysteine in the presence of 
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Figure A.6.  Unalkylated Cys residues in SufBC2D.  (A)� �Cys residues that were 
resistant to IAA modification identified by MS and MS/MS are mapped on the 
SufBC2D structural model in space filling.  (B)  Close up view of the SufB‒SufD 
interface where several of these protected cysteines are localized. 
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Figure A.7. Desulfurase activity of SufS and SufE in function of SufBC2D. The mutant 
SufBC2D is SufBC2D C405A/C414A. 
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possible explanations. The first is that Cys405 and Cys414 are not relative to sulfur 

transfer. The second is that the surface Cys of this mutant SufBC2D still accepts sulfur 

from SufE, which enhance the desulfurase activity. Further experiments are needed to 

clarify the role of Cys405 and Cys414 in the formation of Fe-S cluster. 

 

            Desulfurase activity of SufS-SufE in low/high activity SufBC2D 

            We found that SufBC2D can be divided into low activity and high activity 

according to the difference of its ATPase activity. We incubated SufS, SufE, and either 

low activity SufBC2D or high activity SufBC2D before we checked the desulfurase activity 

(Figure A8). The result showed both low and high activity SufBC2D can enhance the 

desulfurase activity of SufS-SufE. However, the low activity SufBC2D shows better 

enhancement than that of the high activity SufBC2D. The meaning of low/high ATPase 

activity of SufBC2D is still under research.  

 

            Influence of pH to the desulfurase activity of SufS-SufE 

            To detect the influence of pH to the desulfurase activity of SufS-SufE, we checked 

the activity of 0.5 uM SufS and 2uM SufE under various pH of the buffer (Figure A9). The 

result shows that the activity of SufS-SufE increases following the increasing of pH. The 

protein collapses under pH 10. In the reaction mechanism, there are two steps that needs 

deprotonation. The first step is that external aldimine loses a proton to become a quinonoid 

intermediate. The second step of deprotonation is that the active site Cys364 loses a proton 



 

154 

to accept the sulfide from ketimine. So the increased pH helps the deprotonation process, 

which enhance the desulfurase reaction. 
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Figure A.8: Desulfurase activity of SufS-SufE in function of high/low activity of 
SufBC2D. 
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Figure A.9. pH titration of desulfurase activity of SufS and SufE.  


