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ABSTRACT 

Iron-sulfur (Fe-S) clusters have a key role in many biochemical processes and are 
essential for most life forms. Despite recent mechanistic advances in understanding the 
Fe-S cluster biosynthetic pathway, critical questions remain unresolved. Although human 
NFS1 and E. coli IscS share ~60% sequence identity, NFS1 exhibits low activity and 
requires activation by the Friedreich’s ataxia protein frataxin (FXN) for in vivo function. 
Surprisingly, structures of the human complex reveal three distinct quaternary structures 
with one form exhibiting the same subunit interactions as IscS. An architectural switch 
model has been proposed in which evolutionarily lost interactions between NFS1 subunits 
results in the formation of low-activity architectures; FXN binding compensates for these 
lost interactions and facilitates a subunit rearrangement to activate the complex. Here, 
we used a structure and evolution-guided approach to identify three conserved residues 
proposed to weaken interactions between NFS1 subunits and transplanted these amino 
acids into IscS. Compared to native IscS, the engineered variant had a 4000-fold weaker 
dimer interface and diminished activity that correlated with the absence of the second 
catalytic subunit. Remarkably, the addition of the FXN homolog to the engineered variant 
stimulated the decay of the Cys-quinonoid pyridoxal 5’-phosphate intermediate, shifted 
IscS from the monomeric to dimeric form, and increased the cysteine desulfurase activity, 
reproducing results from the human system and supporting the architectural switch 
model. Overall, these studies indicate a weakening of the homodimeric interface was a 
key development during the evolution of the eukaryotic system and provide new insights 
into the role of FXN. 
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INTRODUCTION 

 Iron-sulfur (Fe-S) clusters are ubiquitous protein cofactors that play critical roles in 

a variety of cellular processes such as aerobic respiration and the biosynthesis of DNA, 

RNA, proteins, metabolites, natural products, and other protein cofactors (1). Over the 

course of evolution, sophisticated biosynthetic pathways have developed for the 

assembly and insertion of appropriate Fe-S cluster cofactors for enzymes in these 

processes (2,3). The best-studied Fe-S biosynthetic pathway is the ISC system, likely due 

to its wide-spread occurrence in prokaryotes and its critical role in the mitochondrial matrix 

of eukaryotes (4). Despite the bacterial and mitochondrial ISC pathways having 

analogous proteins with high sequence homology and similar mechanisms for the 

formation and distribution of Fe-S cluster cofactors, there are some notable differences. 

In particular, the eukaryotic Fe-S assembly system appears to have incorporated new 

components, repurposed the function, and altered enzyme activity profiles as an apparent 

functional control mechanism for the pathway (5,6). Understanding evolutionary 

modifications to these systems are therefore critical for elucidating the regulatory and 

enzymatic mechanisms of Fe-S cluster assembly and for treating human diseases 

associated with defects in the ISC biosynthetic pathway, including the incurable 

neurodegenerative disease Friedreich’s Ataxia (FRDA) (7). 

 The eukaryotic modifications to the ISC system are focused around the central 

enzyme in the pathway, the pyridoxal-5’-phosphate (PLP) dependent cysteine 

desulfurase that converts L-cysteine into L-alanine and provides sulfur for Fe-S cluster 

synthesis on the scaffold protein IscU (8). The Escherichia coli IscS is a group I stand-

alone homodimeric enzyme with typical cysteine desulfurase activity (kcat ~ 7.5 min-1) (9-
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13). In contrast, the human cysteine desulfurase NFS1, which is 60% identical to E. coli 

IscS, is unstable, essentially inactive, and prone to aggregation (14). NFS1 is stabilized 

by forming a functional complex with the eukaryotic-specific LYRM protein ISD11 (15,16) 

and the mitochondrial acyl carrier protein (ACP) (5,6,17). This so-called SDA (NFS1 + 

ISD11 + ACP) complex exhibits very low cysteine desulfurase activity (kcat ~ 0.60 min-1) 

(5) but is stimulated by over an order of magnitude by the Friedreich’s ataxia protein 

frataxin (FXN) in a scaffold protein (ISCU2) dependent manner (18-20). This activity is 

further stimulated by the presence of iron. Interestingly, both FXN and the E. coli homolog 

CyaY stimulate the cysteine desulfurase activity of the eukaryotic complex but do not 

impact the cysteine desulfurase activity in the bacterial system (9,21). Overall, these data 

point to fundamental differences in the bacterial and mitochondrial cysteine desulfurase 

enzymes that engender distinct regulation for the assembly of Fe-S clusters.  

Three different architectures of the mitochondrial cysteine desulfurase complex 

SDAec (human NFS1-ISD11 with E. coli ACP) were determined; one form exhibits 

interactions between catalytic subunits similar to IscS, whereas two forms have distinct 

alternate protein interfaces. The first “open” structure exhibited an α2β22 quaternary 

structure with ISD11 molecules mediating interactions between two NFS1-ISD11-ACPec 

protomers (Fig. 1A). Unlike the extensive dimer interface in the IscS structure (10,11), 

there are few direct interactions between the NFS1 subunits in this open architecture. As 

a consequence, the channel that guides the mobile S-transfer loop cysteine to the active 

site for the intermolecular sulfur transfer reaction is incomplete and the PLP cofactor is 

solvent-exposed. The second “closed” structure also featured an α2β22 quaternary 

structure with NFS1-NFS1 interactions more similar to IscS (Fig. 1B), but with a relative 
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rotation of the catalytic subunits that move the PLP cofactors 5 Å closer together and 

place structural elements from the other subunit in a position to potentially inhibit the 

trajectory of the mobile S-transfer loop. The third “ready” architecture (Fig. 1C), which has 

only been observed structurally in the presence of additional proteins ISCU2 (22) or 

ISCU2 plus FXN (23), also exhibits an α2β22 quaternary structure with NFS1-NFS1 

interactions similar to the IscS structure (Fig. 1D) (10,11). These different architectures 

raised questions as to which of these forms govern the solution behavior of the human 

cysteine desulfurase and result in the different biochemical properties compared to the 

analogous prokaryotic enzymes. 

More recently, stopped-flow and radiolabeling experiments coupled to previous 

biochemical studies revealed a link between the function of the NFS1 mobile S-transfer 

loop cysteine and FXN-based activation of the cysteine desulfurase complex (24-26). The 

addition of FXN was shown to facilitate acid-base, nucleophile, and sulfur transfer 

functions of the mobile S-transfer loop cysteine in the assembly of Fe-S clusters. 

Specifically, FXN accelerates the decay of the Cys-quinonoid PLP intermediate, 

generation of a persulfide species on NFS1, and transfer of sulfur from NFS1 to ISCU2. 

An architectural switch model has been proposed in which the SDAec complex exists as 

low activity species that convert to what we now call the ready form upon FXN binding. 

The low activity species is composed of the open and/or closed forms, which both exhibit 

altered substrate binding sites compared to the ready form and lack the structural 

elements from the second catalytic subunit to guide the mobile S-transfer loop to the 

active site. 
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We hypothesized that substitutions were integrated during the evolution of the 

eukaryotic cysteine desulfurase that weakened the interactions between the catalytic 

subunits, which led to an increase in monomer concentration. Subsequent interactions 

between the monomeric form and ISD11/ACP led to the formation of the open 

architecture. To test this hypothesis, we identified three conserved residues in eukaryotic 

cysteine desulfurases that may contribute to the weaker NFS1-NFS1 interface for the 

SDAec complex and transplanted those residues into E. coli IscS. In contrast to native 

IscS, the resulting S10Q, H247P, Q248L variant (IscSQPL) was mostly monomeric at 

physiologically relevant concentrations and exhibited diminished Cys-quinonoid decay 

and cysteine desulfurase activities, which were both stimulated by the addition of either 

CyaY or FXN in a scaffold protein-dependent manner. Importantly, the biochemical 

properties and activity profile of the IscSQPL variant correlate well with those of the SDAec 

complex and suggest that the weakening of the bacterial cysteine desulfurase and 

monomer formation was a key development during the evolution of the eukaryotic system.  

 

RESULTS 

Identification of Residues that May Weaken the Interface Between Catalytic 

Subunits of the Eukaryotic Cysteine Desulfurase. Our initial objectives were to identify 

amino acid substitutions in the human enzyme that might explain the origin of the multiple 

SDAec architectures and provide further insight into the distinct functional properties of 

the prokaryotic and eukaryotic enzyme complexes. We manually searched for NFS1 

residues that are highly conserved in eukaryotes, different than the equivalent residues 

in IscS, and have the potential to weaken the interface between NFS1 subunits in the 
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SDAec complex. The search resulted in the identification of two sets of substitutions in the 

eukaryotic cysteine desulfurases. 

The first substitution set replaces E. coli IscS residue S10 with NFS1 residue Q64. 

In some of the NFS1 subunits in the open architecture, Q64 mediates a hydrogen bond 

to a conserved histidine residue H257 (equivalent to IscS H205) that also hydrogen bonds 

to the PLP moiety (Figs. 1E and 1F). In contrast, IscS S10 cannot make this interaction, 

and a conserved threonine (T12 in IscS and T66 in NFS1) from an N-terminal motif in 

IscS and the closed and ready SDAec architectures (L59-T66 in NFS1; Fig. S1) makes 

this interaction instead (Figs. 1E and 1F). The different position in the N-terminal motif of 

the SDAec open architecture due to the Q64-H257 hydrogen bond sterically precludes the 

second NFS1 subunit from generating the ready SDAec architecture (Fig. 1E). Thus, the 

highly conserved Q64 (Fig. S2A) allows the N-terminal motif to adopt two conformations: 

one that allows and one that disfavors an IscS-like ready architecture. Most, if not all, 

eukaryotic cysteine desulfurases contain glutamine at this position. In the α-

proteobacteria clade, which shares ancestry with eukaryotic mitochondria, this position is 

primarily glutamine, although some IscS homologs have asparagine or histidine residues 

at this position (Fig. S2B). The glutamine, asparagine, and histidine side-chains share the 

hydrogen-bonding ability of NFS1 Q64 and may also trigger a dimer-destabilizing 

structural rearrangement. Conversely, IscS paralogs from β-proteobacteria and -

proteobacteria, which includes E. coli, contain residues at this position with small aliphatic 

side-chains, such as serine, alanine, or glycine, that are unable to interact with the 

conserved histidine and would not be expected to facilitate the N-terminal structural 

rearrangement of the open SDAec architecture (Figs. S2A and S2B). 
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The second substitution set replaces E. coli IscS H247 and Q248 with NFS1 P299 

and L300. IscS H247 and Q248 are at the dimeric interface of IscS and form hydrogen 

bonds with their counterparts from the second IscS subunit in the dimer (Fig. 1G). The 

corresponding residues in NFS1 (Fig. S1), P299 and L300, cannot form these hydrogen 

bonds and should weaken the homodimeric protein-protein interactions of the ready 

architecture. Phylogenetic analysis revealed that the NFS1 residues are highly conserved 

among eukaryotes and mostly conserved in α-proteobacteria (Fig. S2A). In contrast, the 

analogous E. coli residues (H247 and Q248) are highly conserved in the β-proteobacteria 

and -proteobacteria clades (Fig. S2C). Overall, three invariant human residues, Q64, 

P299, and L300, were identified that may contribute to a weaker interface between NFS1 

catalytic subunits of the human SDAec complex. 

 

The S10Q, H247P, and Q248L Substitutions Favor Monomeric IscS. We tested 

whether transplanting the three identified eukaryotic residues into the equivalent positions 

of E. coli IscS would weaken the dimer interface and allow the prokaryotic enzyme to 

recapitulate functional properties of NFS1. Substitutions were incorporated with site-

directed mutagenesis and the resulting IscS variants were purified to homogeneity. Size 

exclusion chromatography (SEC) experiments were used to assess monomeric and 

dimeric fractions for the IscS variants. At a concentration of 1 M, native IscS was mostly 

dimeric, the S10Q variant (IscSS10Q) was a roughly equal mixture of monomeric and 

dimeric species, the H247P Q248L variant (IscSPL) had a larger population of monomer 

than dimer, and the S10Q, H247P, Q248L variant (IscSQPL) was mostly monomeric (Fig. 

2). SEC analysis of these variants at concentrations ranging from 0.5 M to 10 M 
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demonstrated some concentration-dependent effects (Fig. S3). Native IscS was primarily 

a dimer at all concentrations tested. The IscSS10Q and IscSPL variants exhibited a mixture 

of monomeric and dimeric peaks at lower concentrations, whereas they existed as mostly 

dimeric species when the concentration was increased. In contrast, the IscSQPL variant 

was mostly monomeric and only exhibited roughly equimolar amounts of monomer and 

dimer when the concentration was increased to ~50 M (Figs. S3 and S4).  

We also tested the impact of the S10N and S10H substitutions on the oligomeric 

state of the IscSPL variant. These substitutions are found in IscS enzymes from α-

proteobacteria lineages (Fig. S2B) and could potentially form hydrogen bonds and 

promote dimer-destabilizing rearrangements similar to NFS1 Q64. The S10N, H247P, 

Q248L variant (IscSNPL) was predominantly dimeric, whereas the S10H, H247P, Q248L 

variant (IscSHPL) was mostly monomeric but exhibited a larger proportion of dimer than 

the IscSQPL variant (Figs. 2 and S3). In summary, substitutions at the three positions of 

IscS all weakened the protein-protein interactions, but the greatest effect was observed 

for the IscSQPL variant, which mimics the conserved eukaryotic residues. 

 

The Cysteine Desulfurase Activity of IscSQPL is Stimulated by the Scaffold Proteins, 

FXN/CyaY, and Fe2+. We then sought to determine whether these dimer-weakening 

substitutions affected the cysteine desulfurase activity of IscS. When assayed under 

standard conditions, the IscSS10Q (kcat = 1.9 min-1), IscSPL (kcat = 4.1 min-1), IscSHPL (kcat = 

1.5 min-1), and IscSQPL (kcat = 0.22 min-1) variants had activities significantly lower than 

IscS (kcat = 8.2 min-1) (Table S1 and Fig. S5). The activity of the IscSQPL variant was 

comparable to the human cysteine desulfurase complex SDAec (kcat = 0.6 min-1) (5). In 
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contrast, the IscSNPL variant had a cysteine desulfurase activity (kcat = 8.9 min-1) similar 

to native IscS. The IscSNPL and IscSHPL variants were best fit to a Michaelis-Menten 

equation that included positive cooperativity with a Hill coefficient between 1.4 and 1.6, 

unlike native IscS or the other variants (Table S1 and Fig. S5). The activities for the 

different variants were also determined as a function of protein concentration with a 

constant amount of substrate (Fig. S6). Notably, variants with the highest cysteine 

desulfurase activities (native IscS plus the IscSPL and IscSNPL variants) exhibited 

substrate inhibition at higher protein concentrations. Overall, a clear correlation was found 

between the percentage of dimer from the analytical SEC experiments and the relative 

cysteine desulfurase activities for the different IscS variants (Fig. 3).  

 

Substitutions Have Varied Effects on the Dimeric Binding Constant and Dimeric 

Activity. Under the assumption that only the dimeric IscS was functional, we determined 

the dimer dissociation constant (Kd) and activity of the dimer (As) from fits of the plots of 

observed cysteine desulfurase rates vs. enzyme concentration (Fig. S6). Native IscS was 

determined to have a relatively tight binding affinity between subunits (Kd = 0.008 µM) 

and a dimeric activity of 18.7 min-1 (Table S1 and Fig. 4). The IscSPL variant had two 

orders of magnitude lower dimerization affinity (Kd = 1.4 µM) but very similar dimeric 

activity (As = 18.8 min-1), suggesting the effect of H247P and Q248L substitutions on 

activity is primarily due to reduced levels of the dimer.  

Substitutions at position 10 exhibit more complex behavior. The IscSNPL variant 

had a similar dimeric binding constant (Kd = 0.8 µM) to the IscSPL variant, indicating that 

the S10N substitution does not have a large effect on dimerization. However, the dimeric 
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activity for the IscSNPL variant was ~150% of native IscS, which indicates the S10N 

substitution enhances the activity and explains the similar kcat to IscS despite the weaker 

dimer binding constant (Table S1 and Fig. 4). The IscSHPL variant had an 8 µM dimeric 

binding constant and 75% of the dimeric activity of the IscSPL variant, indicating that the 

S10H substitution both weakened the dimer interface and lowered enzymatic activity. 

Finally, the S10Q substitution further weakened the dimeric binding constant (Kd = 1 µM 

for IscSS10Q; Kd = 32 µM for IscSQPL) and had the largest negative effect on the dimeric 

activity (As = 9.4 min-1 for IscSS10Q; As = 5.8 min-1 for IscSQPL). These fitted dissociation 

constants accurately predicted the dimer percentages for the variants as measured by 

analytical SEC (Fig. S7). Overall, the substitutions at H247P and Q248L weakened the 

dimer interface, S10N enhanced the dimeric activity, and the S10H moderately and the 

S10Q greatly weakened the subunit interactions and lowered the dimeric activity. 

 

The Cysteine Desulfurase Activity of IscSQPL is Stimulated by the Scaffold Proteins, 

FXN/CyaY, and Fe2+. The IscSQPL variant is primarily monomeric and has a low cysteine 

desulfurase activity, which is comparable to that of the SDAec complex. We therefore 

tested whether CyaY/FXN could stimulate the activity of the IscSQPL variant similar to the 

activation of the eukaryotic SDAec complex (5). Combining the IscSQPL variant with the E. 

coli scaffold protein IscU (SQPLU) or the human scaffold protein ISCU2 (SQPLUhs) resulted 

in an approximately threefold enhancement of the cysteine desulfurase activity (Figs. 5 

and S8). This result was unexpected, as the addition of the scaffold protein to either native 

IscS or the SDAec complex results in a slight reduction of cysteine desulfurase activity (9). 

The addition of either CyaY or FXN resulted in a further rate enhancement in a scaffold 
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protein-dependent manner, similar to the FXN-based activation of the SDAec complex. 

The extent of the rate enhancement was dependent on the combination of IscU/ISCU2 

and CyaY/FXN, with the E. coli protein complex (IscSQPL + IscU + CyaY or SQPLUC) 

exhibiting the maximum rate (Fig. 5). The addition of ferrous iron resulted in a modest 

additional increase in activity (Fig. S9). Interestingly, the iron-based stimulation and 

overall ~10 fold rate enhancement for the SQPLUC complex relative to the IscSQPL variant 

is highly reminiscent of the ~10 fold FXN-based stimulation for the human system (18).  

 

Both the Scaffold Protein and CyaY/FXN Promote Dimerization to Activate IscSQPL. 

In the architectural switch model, the human cysteine desulfurase complex exists as an 

equilibrium mixture of species dominated by low activity forms; FXN binding shifts this 

equilibrium toward the IscS-like dimer of the ready form and positions the NFS1 mobile 

S-transfer loop to function as an acid, nucleophile, and sulfur-transfer species to activate 

the complex (5,24). Here, we tested if the activity stimulation of the IscSQPL variant 

operates through a similar mechanism.  First, we used SEC to test if binding IscU shifted 

the equilibrium of the IscSQPL variant toward the dimeric form. The IscSQPL sample 

exhibited a major peak associated with the monomer form and a minor peak consistent 

with the dimeric form (Fig. 6A). The addition of IscU decreased the amount of monomer 

with a concomitant increase in the dimer. IscU also shifted both the monomeric and 

dimeric peaks to smaller elution volumes, consistent with IscU binding both monomeric 

and dimeric IscS. To confirm this, we analyzed both IscSQPL and SQPLU samples by native 

ion mobility mass spectrometry (IM-MS). The native IM-MS data for IscSQPL revealed 

more monomer than dimer, consistent with the SEC data (Figs. 6B and S10A). In contrast, 
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after adding IscU the total amount of dimeric IscS, including both uncomplexed and IscU-

bound species, was greater than the total amount of monomeric IscS (Figs. 6B and 

S10B). Moreover, monomeric IscSQPL exists as equal populations of IscSQPL and SQPLU, 

whereas most of the dimeric IscSQPL is in a heterotetrameric SQPLU assembly (Fig. 6C). 

Overall, the native MS and SEC results established that both monomeric and dimeric 

forms of the IscSQPL variant can bind to the scaffold protein but that IscU binding favors 

the dimeric form.  

 We then tested whether CyaY also promotes the dimerization of the IscSQPL 

variant. Initial experiments revealed that the binding of CyaY to the native IscS-IscU 

complex is dynamic and not appropriate for SEC analysis. Therefore, native IM-MS was 

used to monitor the species in solution. The IscSQPL variant exhibited a high monomer-

to-dimer ratio that shifted slightly toward the dimeric species upon the addition of a 1.5-

fold molar excess of IscU (Fig. 6D). A titration of the SQPLU complex with CyaY resulted 

in a further shift from monomeric to dimeric complexes (Figs. 6D and S10C). Further 

analysis of the distribution of species reveals CyaY binds to both monomeric (with and 

without IscU) and dimeric forms of the IscSQPL variant and that the dimeric form is 

enriched in complexes that include CyaY (Fig. 6E).  

 

Both IscU and CyaY Accelerate Cys-quinonoid Decay Kinetics. In the human system, 

the addition of FXN accelerates the decay of the Cys-quinonoid PLP intermediate, likely 

by positioning the mobile S-transfer loop cysteine to function as a proton donor (24). 

Therefore, we tested whether there was also a link between the formation of the dimeric 

form of IscS and the rate of Cys-quinonoid decay using stopped-flow experiments. First, 
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we determined that the rate of quinonoid decay for native IscS and the IscSS10Q, IscSPL, 

and IscSQPL variants correlates well with the dimeric binding affinity (IscS > IscSPL, 

IscSS10Q > IscSQPL) (Figs. 7A and S11; Table S1). Second, we determined that the 

quinonoid decay kinetics of native IscS were not affected by the addition of IscU (SU 

complex), CyaY (SC complex), or both IscU and CyaY (SUC complex) (Figs. 7B and 

S11). Third, in contrast to native IscS, the quinonoid decay rate for the IscSQPL variant 

was stimulated by the addition of IscU (SQPLU complex) and then further accelerated by 

the addition of CyaY (SQPLUC complex) (Figs. 7C and S11), again correlating with the 

amount of dimeric enzyme. Overall, we were able to recapitulate key biochemical and 

functional properties of the human cysteine desulfurase complex in the bacterial system 

by transplanting conserved residues that weakened the dimer interface of IscS and 

resulted in an enriched population of monomeric species.  

 

 

DISCUSSION 

Although many details of the Fe-S cluster biosynthetic pathway have been 

elucidated, critical questions remain unresolved that center around differences in the 

assembly and regulation of the prokaryotic and eukaryotic cysteine desulfurases. 

Prokaryotic cysteine desulfurases are stable as stand-alone homodimeric enzymes that 

exhibit similar overall architectures and interactions between subunits (10,27-34). In 

contrast, structural snapshots of the human cysteine desulfurase complex revealed three 

distinct quaternary structures that have the same subunit stoichiometry, superimposable 

NFS1-ISD11-ACP protomers, but use different protein-protein interfaces to generate the 
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open, closed, and ready architectures (Fig. 1) (5,10,22). The biochemical logic for having 

three different cysteine desulfurase architectures in eukaryotes, and the relative 

population, interconversion, and physiological functions of the different forms are still 

poorly understood.  

There are also key differences in activity between the prokaryotic and eukaryotic 

enzymes that are likely linked to the different structural properties. The prokaryotic 

cysteine desulfurase is a modestly active enzyme; whereas, the eukaryotic complex is a 

low activity system that requires FXN activation to meet cellular Fe-S cluster biosynthetic 

demands (5,18,35-37). There is strong evidence that FXN has a role in stimulating the 

cysteine desulfurase and sulfur transfer chemistry for Fe-S cluster assembly (18-20,23-

26,38).  

Three competing models have been proposed to explain the origin and relevance 

of the distinct architectures of the human cysteine desulfurase complex, the differences 

in activity between the prokaryotic and eukaryotic enzymes in the absence of FXN, and 

the mechanism of FXN activation. In one proposed model, the Fe-S assembly complex 

is primarily in the ready architecture both with and without FXN, and the role of FXN is to 

promote the sulfur transfer reaction from NFS1 to ISCU2 (38,39). However, this model 

does not take into consideration the open architecture of the SDAec complex, which has 

been structurally characterized and shown to be present as a dominant solution 

component using negative stain electron microscopy (5,22). Moreover, the supporting 

SAXS and chemical crosslinking studies were not tested for the presence of the open 

form or appropriately evaluated for their ability to distinguish the closed and ready 

architectures (22,40,41). This model also fails to explain (i) the inherently low cysteine 
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desulfurase activity of the SDAec complex; (ii) the FXN dependent acceleration of both 

the decay of the Cys-quinonoid intermediate and the formation of the NFS1 persulfide 

intermediate; and (iii) the lack of activity enhancement of IscS by FXN/CyaY (5,18,24). 

A second model was proposed based on the cryo-electron microscopy structure 

of the SDAecUF complex (23) in which FXN induces a conformational change in the 

mobile S-transfer loop bearing the catalytic cysteine and removes the Zn2+ from the 

ISCU2 active site, thereby activating the eukaryotic cysteine desulfurase (23,42). 

However, when Zn2+ was removed by EDTA, the activity enhancement was modest and 

to a lower extent compared to the activating effect of FXN (43). Again, this model also 

neither considers the open architecture, which has been demonstrated to be the dominant 

SDAec species in solution, nor explains the inherently low cysteine desulfurase activity of 

the SDAec complex (5,18,24). Overall, these models fail to satisfactorily account for all 

aspects of the activity and regulation for the eukaryotic Fe-S cluster assembly system. 

 

Architectural switch model. Recently, an architectural switch model has been proposed 

that can adequately explain the differential activities of the prokaryotic and eukaryotic 

cysteine desulfurases, the mechanism of FXN-based stimulation, and takes both the open 

and the ready architectures into account (24). In this model, the eukaryotic cysteine 

desulfurase complex primarily exists in the low-activity open form in the absence of FXN 

and is switched to the active ready architecture upon FXN binding. Consistent with this 

model, a significant population of human NFS1 has been reported to be monomeric (44), 

which is distinct from E. coli IscS that exists almost exclusively as a dimer under 

physiological conditions (Figs. 2 and S5). Furthermore, this model was also supported by 
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recent studies that show the SDAec complex exists as an equilibrium mixture of 

architectures enriched in the open form that can be converted to a single species upon 

FXN binding (41). We propose that substitutions incorporated during the evolution of the 

eukaryotic cysteine desulfurase weakened the interactions between the catalytic subunits 

of the IscS-like ready form and allow the formation of the alternate open SDAec 

architecture (Fig. 8). We further propose FXN activates the complex by preferentially 

stabilizing the ready form to compensate for lost NFS1 subunit interactions that occurred 

during evolution.  

To test this model, a structure and sequence guided approach identified two amino 

acid motifs that might contribute to weaker interactions between the catalytic subunits of 

the human cysteine desulfurase complex. Transplanting the human residues from these 

motifs into E. coli IscS generated the IscSQPL variant that exhibited a 4000-fold weaker 

dimer interface and was primarily monomeric. The IscSQPL variant also exhibited very low 

cysteine desulfurase activity that was similar to that of the SDAec complex (5). A strong 

correlation was also observed between the dimer-to-monomer ratio and the activity for 

IscS variants (Fig. 3), indicating that dimerization is critical for activity.  This is consistent 

with the proposal that the second subunit, when it occupies the adjacent position to the 

first subunit of the IscS-like ready SDAec architecture, guides the catalytic cysteine on the 

mobile S-transfer loop towards the active site PLP cofactor and enhances all of the 

chemical steps involving the catalytic cysteine that lead to high cysteine desulfurase 

activity (24). 

Consistently, we also observe a correlation between the amount of dimeric IscS 

and the rate of decay of the Cys-quinonoid intermediate (Fig. 7A), which is dependent on 
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the ability of the mobile S-transfer loop to function as a proton donor (45-47). Moreover, 

CyaY induced dimerization of the IscSQPL variant accelerated the decay of the Cys-

quinonoid intermediate and induced a ~10-fold stimulation of the cysteine desulfurase 

activity. These results for the IscSQPL variant closely mimic the effects upon FXN binding 

to the SDAecU complex (9,18,24) and the proposed subunit rearrangement and 

stabilization of the ready architecture (24,41). Taken together, these results show that the 

open and ready forms of the SDAec complex are functionally equivalent to the monomeric 

and dimeric IscS, respectively (Fig. 8). Both the ready form and dimeric IscS have a 

properly positioned second subunit that facilitates faster Cys-quinonoid decay kinetics, 

persulfide formation on the catalytic cysteine, and sulfur transfer to the scaffold protein. 

In contrast, both the open architecture and the monomeric IscS lack a properly positioned 

second subunit and have decreased cysteine desulfurase activity and slower Cys-

quinonoid decay kinetics. 

 

Evolution of a weaker interface between cysteine desulfurase catalytic subunits. 

This work also points towards a likely scenario for the evolution of the eukaryotic cysteine 

desulfurase and the FXN-based activation mechanism. Analysis of the prevalence of the 

dimer-weakening residues for IscS in proteobacteria (Fig. S2) suggests that the last 

common ancestor of the α-, β-, and -proteobacteria likely contained a non-Q residue in 

its N-terminal motif (position 10 in E. coli IscS) and a pair of non-HQ residues at the 

homodimeric interface (Figs. S2 and S12). During evolution, the β-proteobacteria and -

proteobacteria acquired the dimer-stabilizing HQ motif. These additional hydrogen 

bonding interactions at the dimer interface likely increased the affinity between the IscS 
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subunits and increased the proportion of the active dimeric form. As aerobic conditions 

inhibit Fe-S cluster assembly and degrade Fe-S clusters, an increase in cysteine 

desulfurase activity as a result of increased dimer fraction may have been a critical 

adaptation to the aerobic lifestyle after the great oxidation event (48). A stabilized dimeric 

form of IscS would not require CyaY to further increase the dimeric fraction, consistent 

with the lack of CyaY stimulation for native E. coli IscS (9), which suggests that CyaY 

either has lost its function or has some other role in these organisms. 

In contrast, most of the α-proteobacteria, especially the Rickettsiales order (49), 

acquired the dimer-destabilizing glutamine residue, which in NFS1 allows a structural 

rearrangement of the N-terminus that disfavors the ready form. We propose that this 

substitution, in combination with the lack of the dimer-stabilizing HQ hydrogen-bonding 

pair, would have significantly weakened the homodimeric interface resulting in a high 

degree of monomer and low inherent activity of the enzyme, similar to the IscSQPL variant 

(Fig. 8). This would have posed a challenge to take advantage of the increased oxygen 

level and adopt an aerobic lifestyle after the great oxidation event (48). The presence of 

CyaY, which can enhance the activity of the cysteine desulfurase monomer by facilitating 

dimerization, might have been critical in overcoming this deleterious situation and meet 

the cellular biosynthetic demands.  

We hypothesize, after the evolution of mitochondria, eukaryotes acquired ISD11, 

which with the help of the already present ACP could form a complex with NFS1. The 

NFS1 monomers predominantly gave rise to the functionally equivalent open architecture 

along with maybe a small fraction of the closed architecture, whereas the NFS1 dimers 

resulted in the functionally equivalent ready architecture. We further propose that the 
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incorporation of ISD11 and ACP did not significantly affect the monomer-dimer 

equilibrium of NFS1 (Fig. 8). Consequently, the low-activity open architecture was the 

predominant species in the absence of FXN. FXN was also able to shift the equilibrium 

to the high-activity ready architecture resulting in activity enhancement. This is consistent 

with FXN being a critical component of the eukaryotic Fe-S cluster assembly machinery 

under aerobic growth conditions but being dispensable at lower oxygen levels (37). 

Interesting future studies include evaluating whether IscS enzymes in the α-

proteobacteria clade do indeed have weaker homodimeric interfaces and functional 

dependence on CyaY under aerobic conditions. 

In summary, this study identified three highly conserved residues in eukaryotic 

NFS1 that when transplanted into E. coli IscS resulted in a 4000-fold weaker dimer 

interface. The resultant IscSQPL variant was predominantly monomeric at physiological 

concentration, had similar biochemical properties to that of SDAec, and reproduced the 

FXN activation phenomena of the human system (9,18,24). A link between the quaternary 

structure and the mobile S-transfer loop trajectory explains the different Cys-quinonoid 

decay kinetics and cysteine desulfurase activities and the correlation of the SDAec ready 

form with dimeric IscS and the SDAec open form with monomeric IscS. Our results also 

provided a likely scenario for the origin of the eukaryotic cysteine desulfurase complex, 

its low activity, and the activity enhancement by FXN. Overall, these results suggest that 

the weakening of the homodimeric interface was a key development during the evolution 

of the eukaryotic system that further support the architectural switch model (24,41), and 

provide additional insight into the role of FXN with implications in potential therapeutics 

for the incurable neurodegenerative disease Friedreich’s Ataxia.  
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MATERIALS AND METHODS 

Protein Expression and Purification. The SDAec complex (5), ISCU2 (9), FXN (9), IscS 

(9), IscU (9), and CyaY (9) were expressed and purified as previously described. The 

Quick-change protocol (Agilent) was used to introduce point mutations. IscS variants 

were purified similarly to the native enzyme. Protein concentrations for the SDAec 

complex, IscS, and IscS variants were estimated using an extinction coefficient of 6.6 

mM-1cm-1 at 388 nm (in 0.1 M NaOH) (50). Protein concentrations for IscU, ISCU2, CyaY 

and FXN were estimated in Buffer A (50 mM HEPES, 250 mM NaCl, pH 7.5) using 

extinction coefficients at 280 nm of 11460 M-1cm-1, 8490 M-1cm-1, 28990 M-1cm-1 and 

26030 M-1cm-1, respectively. Unless otherwise stated, all reactions were carried out in an 

anaerobic glove box (MBRAUN; maintained at ~14 °C with O2 < 1 ppm). 

 

Determination of Diversity of Residues Across Different Proteobacterial Lineages. 

To identify the diversity of residues equivalent to positions 10, 247, and 248 of E. coli 

IscS, homologous sequences were manually curated for each genus within the phylum 

proteobacteria. The homology decreased as the phylogenetic distance increased making 

it difficult to classify the sequence as IscS or NifS, the cysteine desulfurase from the NIF 

Fe-S biosynthetic pathway. Therefore, we used the highly conserved IscS GGG motif 

(position 232-234 of E. coli IscS) compared to the NifS GGHQ sequence as a marker. 

We analyzed 60 α-proteobacterial, 103 β-proteobacterial, and 189 -proteobacterial IscS 

sequences. The frequency of a residue at a given position was calculated by dividing the 

number of sequences with the residue at the given position by the total number of 
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sequences in that lineage. The sequence logos were generated using WebLogo (51) after 

aligning the protein sequences using Clustal Omega (52). 

 

Analytical Size-Exclusion Chromatography. IscS variants were diluted in Buffer A to 

final concentrations of 0.5, 1.0, 2.5, 5.0, and 10 µM in the presence of 2.5 mM TCEP (at 

pH 8.0). 500 µL of each sample was individually injected into an S200 column (Superdex 

200 10/300 GL, GE Healthcare Life Sciences) equilibrated in Buffer A and eluted with a 

flow rate of 0.5 mL/min. A standard curve was generated using thyroglobulin (669 kDa), 

apo-ferritin (443 kDa), β-Amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin 

(66 kDa), carbonic anhydrase (29 kDa) as molecular weight standards and blue dextran 

(~2000 kDa) for determining the void volume (Fig. S13). Kav was calculated using the 

formula Kav = (Ve – Vv)/(Vc – Vv), where Ve, Vv and Vc are elution volume, void volume, 

and column volume, respectively. A standard curve was generated by plotting the Kav 

values for the different standards against the log of the molecular weights and the 

resulting data was fit with a linear equation (y = mx + c). The percent monomer was 

determined by dividing the estimated area under the monomer peak (elution volume of 

~15.4 to 17 mL) with the total area (monomer + dimer) using UNICORN software (default 

software of AKTA FPLC, GE Healthcare Life Science), followed by multiplication by 100.  

 

Cysteine Desulfurase Activity Measurements. Cysteine desulfurase activities were 

measured for each complex using a slightly modified methylene blue assay (18,53). The 

800 µL reaction mixture contained 0.5 µM of native IscS or IscS variants, 4 mM D, L-DTT 

(final concentration) in Buffer A. The reaction mixture was first incubated for 15 min 
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anaerobically on a heating block at 37 °C. Different concentrations of L-cysteine (0 – 800 

µM) were then added, incubated at 37 °C for 6 min and quenched with 20 mM N, N'-

diphenyl-p-phenylenediamine (DPD) (in 7.2 M HCl) and 30 mM FeCl3 (in 1.2 M HCl). The 

samples were incubated for another 20 min, centrifuged at 10000g for 5 min and the 

absorbance at 670 nm was measured. The amount of sulfide produced was determined 

using a standard curve made from known amounts of sulfide. Rates ([HS-]/([cysteine 

desulfurase]*min)) were plotted against cysteine concentration and fitted to the Michaelis-

Menten equation with cooperativity (below) using Origin software (OriginLab) to obtain 

the kcat, KM, and Hill coefficient (n). Hill coefficients with n > 1, n < 1 and n = 1 implies 

positive, negative and no cooperativity, respectively. The Michaelis-Menten equation that 

includes cooperativity is 𝑦 = (𝑘 × 𝑥 )/(𝐾 + 𝑥 ), where y is the activity, x is the 

substrate concentration, and n is the Hill coefficient. 

 

Determination of Dimer Dissociation Constants and Dimeric Activities. The dimer 

dissociation constants and dimeric activities were calculated based on a fit of the activity 

at different protein concentrations (54). Cysteine desulfurase activities were determined 

at final concentrations of 0.5, 1, 2.5, 5, and 10 µM for the IscS variants in the presence of 

4 mM D, L-DTT, and 1 mM L-cysteine using the methylene blue assay. We were unable 

to determine the rate at higher protein concentrations for native IscS and the most active 

variants as under those conditions increasing the L-cysteine or D, L-DTT concentrations 

inhibited the reaction. Samples with A670 > 1 were diluted 10-fold with a blank solution, 

800 µL assay buffer + 100 µL of 20 mM N,N'-diphenyl-p-phenylenediamine (DPD) (in 7.2 

M HCl) + 100 µL of 30 mM FeCl3 (in 1.2 M HCl), and remeasured. The equilibrium 
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between the dimer (D) and monomer (M) (D ⇄ 2M) leads to the expression of the dimer 

dissociation constant (𝐾 =
[ ]

[ ]
), and the total amount of enzyme (𝐸 = 2[𝐷] + [𝑀]). 

Substitution leads to monomer, [𝑀] =  
 ( )( )

, and dimer, [𝐷] =

 
   ( )( )

, expressions. An initial assumption was made that the monomeric 

form has no activity and all the activity is due to the dimeric species. Therefore, the 

observed rate can be described as As  [D], where As the dimeric activity (i.e., the activity 

of the enzyme when present as 100% dimer) and an expression for the observed rate 

can be generated, 𝑟𝑎𝑡𝑒 = A  × [D] = A  ×  
   ( )( )

; the observed rates 

were plotted against total enzyme concentration (Et) and fit using Origin software 

(OriginLab) to generate the dimer dissociation constant (Kd) as well as the dimeric activity 

(As). The binding constant and the above monomer and dimer concentration expressions 

were used to calculate the amount of monomer and dimer at a given protein 

concentration.  

 

Native Ion Mobility Mass Spectrometry (IM-MS). Native IM-MS experiments were 

performed on a Synapt G2 instrument (Waters Corporation, U.K.) equipped with an 8k 

RF generator for ion mobility measurements. Nano-electrospray ionization was 

performed using a Pt wire inserted into borosilicate tips prepared in house (Sutter 1000) 

(55). Fresh protein samples including IscS, IscU, and CyaY were buffer exchanged into 

200 mM ammonium acetate (pH = 7.5) using Micro Bio-Spin 6 Columns (Bio-Rad). 

Instrument parameters were tuned to maximize transmission but simultaneously preserve 
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the native-like state of proteins as determined by ion mobility. The instrument was set to 

a capillary voltage of 1.1 kV, source temperature (30 °C), sampling cone voltage of 20 V, 

extraction cone voltage of 1 V, trap and transfer collision energy off, and backing pressure 

(5.07 mbar), trap flow rate at 8 ml/min (3.71 × 10−2 mbar), He cell flow rate at 120 ml/min 

(1.36 × 103 mbar), IMS flow rate at 60 ml/min (2.25 mbar). The T-wave settings for trap 

(310 ms-1/6.0 V), IMS (300 ms-1/9-12 V), transfer (65 ms-1/2 V), and trap bias (30.0 V). 

Recorded spectra were deconvoluted MassLynx 4.1 (Waters) and DriftScope v2.1 

(Waters). Mass spectra were calibrated externally using a sodium iodide solution and 

displayed after using the mean smooth method (20 smooth windows, 5 smooths). 

Quantitation of monomer/dimer intensity was done by extracting corresponding IMS 

species using DriftScope. 

 

Stopped-Flow Kinetics for the Cysteine Desulfurase Reaction. Individual 30 µM 

samples (final concentration) of the native IscS with and without IscU (30 M; SU 

complex), CyaY (30 M; SC complex), and both IscU and CyaY (30 M of each; SUC 

complex), IscS variants (IscSS10Q, IscSPL, and IscSQPL), and the IscSQPL variant with IscU 

(30 M; SQPLU complex), and IscU plus CyaY (30 M each, SQPLUC complex) in assay 

buffer (50 mM HEPES, 250 mM NaCl, pH 7.5) were combined with 5 mM L-cysteine (final 

concentration) using a stopped-flow apparatus (KinTek Corporation). Formation and 

decay of the quinonoid intermediates were followed by monitoring changes in absorbance 

at 508 nm (24). Traces were fitted with Origin software (OriginLab) to the equation [y = y0 

+ (k1*[A]0/(k2-k1))*(exp(-k1*t)-exp(-k2*t))], where k1 and k2 are rate constants of the 

formation and decay of intermediates, respectively.  
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Figure Legends 

Figure 1. Comparison of the different human cysteine desulfurase architectures 

and identification of residues that may destabilize interactions between catalytic 

subunits of the ready form. The human cysteine desulfurase complex (SDAec) in the 

(A) open (pdb code: 5USR), (B) closed (pdb code: 5WGB), and (C) ready (pdb code: 

6NZU) α2β22 architectures. (D) Overlay of the E. coli IscS (pdb code: 3LVM) with the 

NFS1 subunits in the ready form. (E) Overlay of the region near the PLP cofactor for the 

open and ready forms of NFS1. The residues Q64 and T66 form hydrogen bonds with 

H257 in the open and ready forms, respectively. The resulting conformation of this region 

in the open form sterically occludes the second subunit of NFS1 from forming the ready 

architecture. (F) Overlay of the region near the PLP cofactor for the open form with IscS. 

Notably, the conformation of the N-terminal region of IscS closely resembles that of NFS1 

subunits in the ready form.  (G) Overlay of IscS with the ready form of NFS1 shows the 

hydrogen bonds between the IscS H247 Q248 pair with their counterparts from the 

second subunit. Color scheme: open NFS1 (salmon), closed NFS1 (blue and sierra 

brown), ready NFS1 (sky blue and plum), ISD11 (green), ACP (magenta), IscS (dark cyan 

and tan), PLP (yellow), acylated 4’-phosphopantetheine (red). 

 

Figure 2. Effect of substitutions on the oligomeric state of IscS. Size-exclusion 

chromatographic (SEC) analysis of (A) native IscS and the (B) IscSS10Q, (C) IscSPL, (D) 

IscSQPL, (E) IscSNPL, and (F) IscSHPL variants. Proteins were prepared at a concentration 

of 1 µM in the presence of 2.5 mM TCEP under anaerobic conditions. The peaks with 

elution volumes of ~14 and 15.8 mL were estimated to have molecular masses of 91 
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(dimer) and 45 (monomer) kDa, respectively. SEC analyses at different protein 

concentrations are shown in Figure S3. 

 

Figure 3. Correlation between the percent dimer and activity for IscS variants. The 

percent dimer was estimated from SEC data and plotted with the activity of the (A) native 

IscS and the (B) IscSS10Q, (C) IscSPL, (D) IscSQPL, (E) IscSNPL, and (F) IscSHPL variants at 

different protein concentrations. The activity was determined by dividing the rate of sulfide 

produced under saturating conditions of L-cysteine (1 mM) by the enzyme concentration. 

The activity is directly proportional to the percent dimer at the different variant 

concentrations except at high protein concentrations for the most active variants. In these 

cases, the substrate becomes a limiting factor in the rate of sulfide generation and 

increasing the substrate concentration results in an inhibitory effect. Error bars are 

replicate errors (n=3). 

 

Figure 4. Comparison of the dimeric binding affinity, dimeric activity, and kcat for 

native IscS and IscS variants. The dimeric binding affinity (1/Kd) values are shown on 

the left Y-axis and the normalized activity (both As and kcat) values are shown on the right 

Y-axis for native IscS and the IscSPL, IscSNPL, IscSHPL, IscSS10Q, and IscSQPL variants. The 

Kd, As, and kcat values are also listed in Table S1. Error bars are replicate errors (n = 3).  

 

Figure 5. The scaffold protein and CyaY/FXN enhance the cysteine desulfurase 

activity of the IscSQPL variant. Complexes of the IscSQPL (SQPL) variant (0.5 µM) were 

generated by combining with either 30 µM of the scaffold protein, IscU (U) or ISCU2 (Uhs), 
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and/or 20 µM of CyaY (C) or FXN (F). Cysteine desulfurase activities were conducted 

with 1 mM L-cysteine and 4 mM D, L-DTT. The red dotted line is the activity of the IscSQPL 

variant alone. Error bars represent replicate errors (n=3). 

 

Figure 6. The IscSQPL variant dimerizes in the presence of IscU and CyaY. (A) The 

IscSQPL variant (10 µM) was mixed with IscU (10 or 25 µM) in the presence of 2.5 mM 

TCEP and analyzed using analytical size exclusion chromatography. The presence of 

IscU increased the population of the dimer and shifted both the monomer and dimer peaks 

towards an elution time consistent with larger species. (B) Native IM-MS analysis shows 

the IscSQPL variant (10 µM) exists predominantly as a monomer in the absence of IscU 

and as a dimer in the presence of IscU (25 µM). (C) Detailed analysis of the IscSQPL 

variant plus the IscU sample in panel B shows that about half of the IscSQPL monomer (S) 

and almost all the IscSQPL dimer (S2) binds IscU. (D) Native IM-MS analysis revealed that 

CyaY also promoted dimerization. Experimental conditions: 4 µM IscSQPL variant, 6 µM 

IscU, and 0 – 12 µM CyaY. (E) The relative abundance of different species detected by 

native MS for the highest concentration CyaY sample from panel D. The error bars 

represent replicate errors (n = 3). Abbreviations: IscSQPL = S; IscU = U; CyaY = C. 

 

Figure 7. The decay rate of the Cys-quinonoid intermediate is correlated with the 

amount of dimeric IscS. A comparison of the rates of the Cys-quinonoid decay rates, 

which were obtained from the fit of the curves in Fig. S11. (A) The decrease in the rate of 

Cys-quinonoid decay positively correlates with the dimer weakening ability of the variants. 

(B) The Cys-quinonoid decay rates for IscS are unaffected by the addition of IscU and 
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CyaY, which do not alter the amount of dimer for native IscS. (C) Cys-quinonoid decay of 

IscSQPL is enhanced by both IscU and CyaY as both increase the dimer proportion of the 

predominately monomeric IscSQPL. Error bars are error in the fit. Abbreviations: IscS = S; 

IscU = U; CyaY = C. 

 

Figure 8. The architectural switch model depicting the mechanism of activation of 

the eukaryotic cysteine desulfurase by FXN. (A) IscS paralogs from the β-

proteobacteria and -proteobacteria (which includes E. coli) exist predominately as a 

dimer with high activity and are unaffected by the addition of CyaY/FXN. (B) Engineering 

the E. coli IscS to incorporate the dimer weakening residues (the Q residue in the N-

terminal motif and the HQ pair) that are predominantly found in α-proteobacteria and 

eukaryotes produced the IscSQPL variant that is primarily monomeric and requires 

CyaY/FXN to stabilize the high-activity dimeric form and enhance activity. (C) During the 

evolution of eukaryotic NFS1, ISD11 and ACP were incorporated that allowed the 

generation of the open and ready architectures, which are functionally equivalent to 

monomeric and dimeric IscS, respectively. Analogous to IscSQPL, the SDA complex 

predominantly exist in the open form, has low activity, and requires CyaY/FXN binding to 

activate the complex by shifting the equilibrium to the high-activity ready form. 
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Figure 1. Comparison of the different human cysteine desulfurase architectures and identification of residues that may 
destabilize interactions between catalytic subunits of the ready form. The human cysteine desulfurase complex (SDAec) in 
the (A) open (pdb code: 5USR), (B) closed (pdb code: 5WGB), and (C) ready (pdb code: 6NZU) α2β22 architectures. (D) Overlay 
of the E. coli IscS (pdb code: 3LVM) with the NFS1 subunits in the ready form. (E) Overlay of the region near the PLP cofactor 
for the open and ready forms of NFS1. The residues Q64 and T66 form hydrogen bonds with H257 in the open and ready forms, 
respectively. The resulting conformation of this region in the open form sterically occludes the second subunit of NFS1 from 
forming the ready architecture. (F) Overlay of the region near the PLP cofactor for the open form with IscS. Notably, the 
conformation of the N-terminal region of IscS closely resembles that of NFS1 subunits in the ready form.  (G) Overlay of IscS with 
the ready form of NFS1 shows the hydrogen bonds between the IscS H247 Q248 pair with their counterparts from the second 
subunit. Color scheme: open NFS1 (salmon), closed NFS1 (blue and sierra brown), ready NFS1 (sky blue and plum), ISD11 
(green), ACP (magenta), IscS (dark cyan and tan), PLP (yellow), acylated 4’-phosphopantetheine (red). 
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Figure 2. Effect of substitutions on the oligomeric state of 
IscS. Size-exclusion chromatographic (SEC) analysis of (A) 
native IscS and the (B) IscSS10Q, (C) IscSPL, (D) IscSQPL, (E) 
IscSNPL, and (F) IscSHPL variants. Proteins were prepared at a 
concentration of 1 µM in the presence of 2.5 mM TCEP under 
anaerobic conditions. The peaks with elution volumes of ~14 and 
15.8 mL were estimated to have molecular masses of 91 (dimer) 
and 45 (monomer) kDa, respectively. SEC analyses at different 
protein concentrations are shown in Figure S3. 
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Figure 3. Correlation between the percent dimer and activity for IscS variants. The 
percent dimer was estimated from SEC data and plotted with the activity of the (A) native 
IscS and the (B) IscSS10Q, (C) IscSPL, (D) IscSQPL, (E) IscSNPL, and (F) IscSHPL variants at 
different protein concentrations. The activity was determined by dividing the rate of sulfide 
produced under saturating conditions of L-cysteine (1 mM) by the enzyme concentration. The 
activity is directly proportional to the percent dimer at the different variant concentrations 
except at high protein concentrations for the most active variants. In these cases, the 
substrate becomes a limiting factor in the rate of sulfide generation and increasing the 
substrate concentration results in an inhibitory effect. Error bars are replicate errors (n=3). 
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Figure 4. Comparison of the dimeric binding affinity, dimeric activity, and kcat for 
native IscS and IscS variants. The dimeric binding affinity (1/Kd) values are shown on the 
left Y-axis and the normalized activity (both As and kcat) values are shown on the right Y-
axis for native IscS and the IscSPL, IscSNPL, IscSHPL, IscSS10Q, and IscSQPL variants. The Kd, 
As, and kcat values are also listed in Table S1. Error bars are replicate errors (n = 3).  
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Figure 5. The scaffold protein and CyaY/FXN 
enhance the cysteine desulfurase activity of the 
IscSQPL variant. Complexes of the IscSQPL (SQPL) 
variant (0.5 µM) were generated by combining with 
either 30 µM of the scaffold protein, IscU (U) or 
ISCU2 (Uhs), and/or 20 µM of CyaY (C) or FXN (F). 
Cysteine desulfurase activities were conducted with 
1 mM L-cysteine and 4 mM D, L-DTT. The red dotted 
line is the activity of the IscSQPL variant alone. Error 
bars represent replicate errors (n=3). 
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Figure 6. The IscSQPL variant dimerizes in the presence of IscU and CyaY. (A) The 
IscSQPL variant (10 µM) was mixed with IscU (10 or 25 µM) in the presence of 2.5 mM TCEP 
and analyzed using analytical size exclusion chromatography. The presence of IscU 
increased the population of the dimer and shifted both the monomer and dimer peaks 
towards an elution time consistent with larger species. (B) Native IM-MS analysis shows 
the IscSQPL variant (10 µM) exists predominantly as a monomer in the absence of IscU and 
as a dimer in the presence of IscU (25 µM). (C) Detailed analysis of the IscSQPL variant plus 
the IscU sample in panel B shows that about half of the IscSQPL monomer (S) and almost 
all the IscSQPL dimer (S2) binds IscU. (D) Native IM-MS analysis revealed that CyaY also 
promoted dimerization. Experimental conditions: 4 µM IscSQPL variant, 6 µM IscU, and 0 – 
12 µM CyaY. (E) The relative abundance of different species detected by native MS for the 
highest concentration CyaY sample from panel D. The error bars represent replicate errors 
(n = 3). Abbreviations: IscSQPL = S; IscU = U; CyaY = C. 
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Figure 7. The decay rate of the Cys-quinonoid intermediate is correlated with the amount of dimeric IscS. A comparison of 
the rates of the Cys-quinonoid decay rates, which were obtained from the fit of the curves in Fig. S11. (A) The decrease in the rate 
of Cys-quinonoid decay positively correlates with the dimer weakening ability of the variants. (B) The Cys-quinonoid decay rates 
for IscS are unaffected by the addition of IscU and CyaY, which do not alter the amount of dimer for native IscS. (C) Cys-quinonoid 
decay of IscSQPL is enhanced by both IscU and CyaY as both increase the dimer proportion of the predominately monomeric 
IscSQPL. Error bars are error in the fit. Abbreviations: IscS = S; IscU = U; CyaY = C. 
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Figure 8. The architectural switch model depicting the mechanism of activation of the eukaryotic cysteine desulfurase by 
FXN. (A) IscS paralogs from the β-proteobacteria and -proteobacteria (which includes E. coli) exist predominately as a dimer with 
high activity and are unaffected by the addition of CyaY/FXN. (B) Engineering the E. coli IscS to incorporate the dimer weakening 
residues (the Q residue in the N-terminal motif and the HQ pair) that are predominantly found in α-proteobacteria and eukaryotes 
produced the IscSQPL variant that is primarily monomeric and requires CyaY/FXN to stabilize the high-activity dimeric form and enhance 
activity. (C) During the evolution of eukaryotic NFS1, ISD11 and ACP were incorporated that allowed the generation of the open and 
ready architectures, which are functionally equivalent to monomeric and dimeric IscS, respectively. Analogous to IscSQPL, the SDA 
complex predominantly exist in the open form, has low activity, and requires CyaY/FXN binding to activate the complex by shifting the 
equilibrium to the high-activity ready form. 
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