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ABSTRACT 

Iron-sulfur (Fe-S) clusters are ubiquitous protein cofactors that are required for 

important biological processes including oxidative respiration, nitrogen fixation, and 

photosynthesis. Defects on Fe-S cluster assembly lead to lethal diseases such as 

Friedreich’s Ataxia. Despite extensive research on Fe-S cluster biogenesis, key molecular 

mechanisms remain elusive due to the complicated nature of the system. This dissertation 

contains pioneering works employing advanced mass spectrometry (MS) methods, 

especially native ion-mobility MS (native IM-MS), to interrogate Fe-S cluster biogenesis. 

Recent advances in native IM-MS have allowed proteins to be preserved in native-like 

structures and support applications in the investigation of protein structure, dynamics, 

ligand interactions, and the identification of protein-associated intermediates. In our 

mechanistic study of E. coli ISC Fe-S cluster assembly, samples were prepared under 

anaerobic conditions and high-resolution native MS methods were applied to probe the 

intermediates. This approach was validated by the agreement between native MS and 

circular dichroism spectroscopic assays. Time-dependent native MS experiments revealed 

potential iron- and sulfur-based intermediates that decay as the [2Fe–2S] cluster signal 

developed. Additional experiments establish that Fe(II) ions bind to the scaffold protein 

IscU active site cysteine residues and promote the intermolecular sulfur transfer reaction 

from the cysteine desulfurase IscS to the Fe-S scaffold protein IscU. These results together 

support an iron-first model for Fe-S cluster synthesis. In addition, to elaborate the 

controversial role of the bacterial frataxin CyaY and its relation to cell antioxidation, acid-
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quench denaturing MS and native IM-MS were utilized to respectively monitor sulfur 

trafficking and protein-protein interactions. A thorough stepwise analysis of CyaY effect 

on the ISC machinery suggests CyaY specifically inhibits the sulfur transfer step from 

IscS to IscU. Investigation of sulfur trafficking from IscS to protein acceptors IscU and 

TusA and glutathione indicates CyaY switches sulfur transfer from protein acceptors to 

GSH, leading to generation of antioxidant GSSH which helps relieve oxidative stress. 

Native IM-MS methods were also employed for monitoring the conformation landscape 

of the human ISC machinery. IM results suggest the NFS1-ISD11-ACP complex is 

converted from an inactive extended architecture into an active compact architecture upon 

binding of the allosteric activator FXN in a morpheein-like mechanism. Overall, the 

crucial insights shown in this dissertation highlight the power and potential of mass 

spectrometry methods in exploring enzyme mechanisms. 
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1. INTRODUCTION 

Fe−S clusters have been proposed to play a critical role in the origin of life on earth. Studies 

on photosynthetic organisms1 and nitrogen-fixing bacteria2 suggest Fe-S proteins were involved 

in early oxidoreduction reactions. Nowadays, Fe-S clusters have become protein cofactors that are 

ubiquitous in all life forms and necessary for essential cellular processes such as oxidative 

respiration, photosynthesis, nitrogen fixation, and DNA replication/repair. Due to the essentialness 

of Fe-S cofactors, significant effort has been invested in understanding Fe-S cluster biogenesis 

over the past three decades. The aim of this dissertation is to provide new mechanistic insights into 

Fe-S cluster biosynthesis using pioneering applications of native ion mobility mass spectrometry, 

a powerful biophysical technique that reveals binding, structural, and/or sequence information of 

biomolecules (Figure 1.1).  

 

Figure 1.1 An example of native ion mobility mass spectra. The membrane protein (Aqpz) binds 

with 0-5 lipids (POPC). Different envelopes in the mass spectra correspond to different charge 

states; the envelope with ~8200-8500 m/z has a charge state of +12. The upper part of the figure 

shows the arrival time from IM. The collisional cross-section (CCS) calculated from the IM-MS 

arrival times agree with the CCS calculated from the crystal structure. Reprint with permission 

from Nature 2014, 510, 172-175. Copyright 2014 Nature Publication Group. 



 

2 

 

 

 

 

1.1. Native Ion Mobility Mass Spectrometry 

1.1.1. Soft Ionization Enables “Native”  Mass Spectrometry 

Mass spectrometry (MS) has emerged as a powerful bioanalytical tool. MS measures the 

mass to charge ratio (m/z) of ions, which can be readily converted to the mass of ions to identify 

analytes. Recent advancement of MS instrumentation and data processing has extended the 

application of MS to heterogeneous and/or high molecular weight biomolecules, such as 

metabolites,3, 4 peptides,5, 6 proteins,7-9 DNAs/RNAs,10 and non-covalent biological complexes.11-

14 A key factor of successfully transfering these usually large and fragile biomolecules from the 

solution phase into the gas phase is using soft ionization methods. Electrospray ionization (ESI) 

has been utilized as one of the most common and robust methods for ionizing non-volatile 

molecules and is especially useful for the ionization of large biomolecules.15, 16 While earlier 

ionization methods often lead to fragmentation or loss of non-covalent interactions, ESI is a “soft” 

technique that usually generates intact protonated ions including large biomolecules.15, 17 Larger 

ions generated from ESI often show multiple charge states, as the protonation sites on the 

molecules generally increase with molecular weight. To assist desolvation, ESI usually requires a 

drying gas flow, a heating source capillary, and high desolvation energy. Recently, 

nanoelectrospray ionization (nanoESI) has emerged as an ultra-soft ionization method. Comparing 

to conventional ESI, nanoESI follows the same ionization principle but utilizes a capillary with a 

smaller diameter (100 µm for regular ESI and a few µm for nanoESI). This small orifice size not 

only allows a very low flow rate and sample consumption but also produces smaller droplets 

(Figure 1.2). These smaller droplets require limited heating or energy to assist desolvation and thus 
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non-covalent interactions can be better preserved. Another important aspect of nanoESI is the 

increased sensitivity, which allows the usage of higher concentrations of salts, such as volatile 

ammonium acetate solutions, for solubilizing proteins at neutral pH11. The successful application 

of nanoESI on probing the solution properties of large biomolecules is recognized as the new 

powerful bioanalytical technique “native mass spectrometry” (native MS). The success of native 

MS on enhanced sensitivity, high salt tolerance, and better preservation of non-covalent 

interactions have been demonstrated by studies showing comparable binding affinity using ITC, 

SPR, and native MS.18-20 

 

Figure 1.2 Comparison of traditional electrospray ionization and nanoelectrospray 

ionization. NanoESI produces smaller droplets comparing to traditional ESI. Only a limited 

amount of activation energy is required for the desolvation of the small droplet, which leads to 

better-preserved structures of protein ions and non-covalent interactions. Reprint with permission 

from Talanta 2018, 182, 380-390. Copyright 2018 Europe PMC Publication Group. 

 

1.1.2. Ion Mobility Spectrometry 

Ion mobility (IM) spectrometry is a gas-phase technique that separates ions based on their 

mass, charge, and shape. The separation is carried out by using a drift tube filled with an inert drift 

gas and conducted in an electric field. Ions with higher charges fly through the drift tube faster due 



 

4 

 

 

 

to the higher kinetic energy in the electric field. Ions with lower masses fly through the drift tube 

faster as the square of velocity and mass are inversely proportional at a given kinetic energy. For 

ions with the same m/z but different shapes, the more compact molecule collides with fewer drift 

gas molecules and traverses the drift cell more rapidly. The structural information obtained by IM 

is described as collisional cross-section (CCS), which is an "effective area" that quantifies the 

likelihood of a scattering event when drift gas molecules strike ions. In most cases, a drift tube is 

a part of the mass spectrometer for IM-MS analysis. Comparing to only MS analysis, IM-MS 

analysis provides an extra dimension of separation based on the conformation of the ions. When 

doing native MS under IM-MS mode, native IM-MS serves as a powerful biophysical technique 

that reveals thermodynamic, kinetic, and structural information at the same time (Figure 1-3). One 

important aspect of native IM-MS is the validation of the “native” state of protein ions by IM. 

Theoretically, the proteins could be transferred into the gas phase in native-like conformations 

with careful tuning of instrument conditions.21, 22 A variety of ion mobility and simulation studies 

have been performed to confirm the preservation of native solution structures of the proteins in the 

gas phase within the timescale of MS analysis,11, 23-26 and identify cases in which proteins may 

have rearranged into non-native conformations after being transferred into the gas phase.27, 28 In 

this dissertation, we further utilize solution techniques to validify our native IM-MS results. Native 

IM-MS is now widely applied to study biological questions that are challenging for traditional 

techniques such as aggregation mechanism,29 membrane protein characterization,30, 31 biomolecule 

topology,25 and more recently, Fe-S protein characterization.32 
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Figure 1.3 Principle and applications of ion mobility. IM- MS experiments include a drift tube 

inside a mass spectrometer that is filled with drift gas and also under an electric field in the opposite 

direction. Flying through the drift tube, ions are push by the electric field and collide with drift gas 

molecules, and the arrival time of the ions to pass through the drift tube is measured. IM-MS 

measurements give structural properties, adds the third dimension of separation to native MS, and 

resolves heterogeneous samples that contain closely related species. The arrival time distribution 

information reveals the conformational range of the ions and can be further converted to CCS. By 

doing IM-MS experiments over different collision energies, the collisional induced unfolding 

experiment illustrates the stabilities of ions and the structural information of unfolded 

intermediates. Reprint with permission from Current Opinion in Chemical Biology 2018, 42, 25-

33. Copyright 2017 Elsevier Ltd. 

 

1.2. E. coli ISC Fe-S Cluster Biogenesis Pathway 

Fe-S cofactors assist various biological processes by exhibiting a range of functional roles 

including electron transfer, substrate binding and activation, small molecule sensing, and 
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controlling activity through regulation at the DNA, RNA, and protein levels.33, 34 To carry out these 

diverse functions, Fe-S clusters have a variety of iron-to-sulfur stoichiometries, ligands, and are 

sometimes coupled to other metal cofactors (Figure 1.4).35-37 The most common species found in 

proteins are the rhombic [2Fe−2S] and cubic [4Fe−4S] forms, which may be the building blocks 

for other Fe-S cofactors. Other forms of Fe-S clusters including [2Fe−2S], [3Fe−4S], [4Fe−4S], 

[Ni−4Fe−4S], [8Fe−7S], and [7Fe−9S−Mo] complexes have also been discovered.35 Fe-S clusters 

are usually ligated to the protein with cysteine residues but can also bind to other amino acids. The 

most common alternative ligand is histidine, while aspartate, arginine, and threonine have also 

been revealed.38  

 

Figure 1.4 Selected Fe–S cluster cofactors found in biological systems. (A) [2Fe–2S] and (B) 

[4Fe–4S] clusters are coordinated to cysteine ligands of their respective protein binding partners. 

Higher nuclearity clusters such as (C) [8Fe-7S] P cluster and (D) [Mo-7Fe-9S] FeMo-cofactor 

have been identified in nitrogenase. (Iron is represented in green, sulfur is yellow, and 
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molybdenum is magenta) Reprint with permission from Curr. Opin. Chem. Biol. 2003, 7, 166-173. 

Copyright 2003 Elsevier Science Ltd. 

 

Due to the physiological importance of Fe-S clusters, extensive efforts have been invested 

in understanding Fe-S cluster biogenesis. While Fe-S clusters normally consist of ferrous ion, 

ferric ion, and sulfide, their biosynthetic pathways are surprisingly complicated. Without enzymes, 

iron ions and sulfide combine to form [2Fe–2S] or more complex clusters through a self-assembly 

process.37 However, this self-assembly process is problematic for cells due to the toxicity of the 

substrates.  Ferrous ions are prone to Fenton chemistry that generates reactive oxygen species and 

sulfide is a potent inhibitor of heme enzymes. Therefore, biological systems utilize highly 

controlled Fe-S cluster biogenesis machinery to control the rate of cluster assembly and sequester 

reactive ingredients. So far, three independent prokaryotic Fe-S cluster biogenesis systems have 

been discovered. The nitrogen-fixation (NIF) machinery39 synthesizes Fe-S clusters for 

nitrogenase. The sulfur-mobilization (SUF) machinery40 synthesizes Fe-S clusters using a highly 

protected molecular machinery that often operates under iron-limiting or oxidative stress 

conditions.41 The Iron-Sulfur Cluster (ISC) machinery is considered the “housekeeping” 

machinery for Fe-S cluster biogenesis under normal physiological conditions for many bacteria 

such as E. coli. This ISC pathway is also present in the eukaryotic mitochondria of organisms such 

as yeast and humans (Figure 1.5). These different pathways share similar working principles and 

molecular machinery, which synthesize and then insert Fe-S cofactors into appropriate 

apoproteins. Here, we will first focus on the prokaryotic ISC machinery (Figure 1-6). The cysteine 

desulfurase IscS converts the substrate L-cysteine into L-alanine and generates a persulfide 

intermediate on a mobile S-transfer loop cysteine residue.40, 41 Sulfur is transferred from IscS to 
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the scaffold protein IscU for Fe-S cluster assembly.42 The requirement of an iron donor protein 

and the source of iron are not clear43-46. The IscS-IscU complex can build [2Fe–2S] and, possibly, 

[4Fe–4S] cluster from ferrous iron, cysteine, and an electron source.47-49 Ferredoxin is reported to 

be the electron donor50, 51 but is not essential and can be substituted with reagents such as DTT or 

glutathione for in vitro Fe-S cluster synthesis assays. To complete the catalytic cycle for the 

assembly complex, the Fe−S cluster intermediates are transferred intact to the recipient proteins 

with the assistance of chaperone and/or carrier proteins.52-55  

 

Figure 1.5 Fe-S cluster biogenesis machinery in various organisms. Bacteria have ISC (iron-

sulfur cluster), NIF (nitrogen fixation), and SUF (sulfur mobilization) systems. The NIF system 

synthesizes Fe-S cluster for nitrogenase in azototrophic bacteria. The housekeeping ISC and 

oxidative stress-resistant SUF systems are distributed in different bacteria and eukaryotes. The ISC 

machinery in the mitochondria of eukaryotes is likely from an ancestor of α-proteobacteria, the 

evolutionary origin of the organelles. The SUF machinery in plastids of plants is likely from the 

endosymbiosis of a photosynthetic bacterium. The cytosolic iron-sulfur protein assembly (CIA) 

machinery is involved in the maturation of cytosolic and nuclear Fe-S proteins. Reprinted with 

permission (open access) from Inorganics 2020, 8(7), 43. Copyright 2020 by the authors. Licensee 

MDPI, Basel, Switzerland. 
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Figure 1.6 E. coli ISC Fe-S assembly machinery. The sulfur source is from L-cysteine, which is 

turned over by the cysteine desulfurase IscS to generate sulfane sulfur. IscS further transfer the 

sulfane sulfur to the scaffold IscU, where the Fe-S clusters are assembled. The iron source is from 

proposed carriers IscX, CyaY, and/or IscA. The electron source is from the proposed donor Fdx. 

 

The cluster assembly mechanism on IscU is poorly understood. IscU has three conserved 

active site cysteine residues, which have been shown to form persulfide or polysulfide species by 

accepting sulfur from IscS.56-59 Crystal structures of IscU indicate that both Zn2+ and [2Fe–2S] 

clusters ligate to the three active site cysteine residues, suggesting mutually exclusive binding of 

these cofactors (Figure 1.7).60, 61 Metal or cluster binding is important for the overall protein fold 

of IscU. Studies using multiple biophysical techniques including NMR and SAXS suggest IscU 

exists in disordered (D) and structured (S) states.62, 63 Apo-IscU mostly exists in disordered states, 

which is reported as the binding state with IscS, and the equilibrium shifts toward structured states 

upon binding of either Zn2+ or Fe2+.64-66  While studies from the Markley group suggest IscU exists 

primarily in the D state when bound to IscS, results from the Pastore group indicate the opposite.62, 

67 Extra studies are required to further illustrate the conformation landscape of IscU with regard to 
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cluster assembly. In addition to the conformational ambiguity for IscU, the order in which the 

sulfur and iron substrates are incorporated into IscU for cluster assembly also remains elusive. 

 

Figure 1.7 Structures of bacterial IscU. (A) Apo- (B) Zn bound (C) [2Fe–2S] bound IscU are 

shown in green cartoon images, and the three conserved active site cysteine residues are shown as 

sticks. The three cysteines are far from each other in apo state and come together to ligate Zn2+ or 

[2Fe–2S] cofactor. 

 

 

Figure 1.8 Structures of E. Coli IscS. Determined structures of (A) IscS2 and (B) (IscS-IscU)2. 

IscS monomers are shown in yellow and orange, PLP as green spheres (buried in IscS monomers), 

the mobile sulfur transfer loops in blue, and IscU in green. 
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The cysteine desulfurase IscS exists as a stable homodimer. The C-terminus of each IscS 

subunit binds IscU with a 5’-pyridoxal phosphate (PLP) cofactor and a mobile S-transfer loop 

cysteine residue near the IscU active site (Figure 1.8). Studies using site-directed mutation, X-ray 

crystallographic structures, hydrogen-deuterium exchange, and stopped-flow spectroscopy have 

established a detailed mechanism of PLP-dependent conversion from cysteine to alanine (Figure 

1.9).68-73  

 

Figure 1.9 Cysteine desulfurase mechanism. Reprint with permission from Biochemistry 2009, 

48, 12014-12023. Copyright 2009 American Chemical Society. This figure was adapted from 

Zheng et al. and requires additional permission. Reprinted (adapted) with permission from 

Biochemistry 1994, 33, 4714-4720. Copyright 1994 American Chemical Society. 
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Key insights into the Fe-S cluster biosynthetic mechanism were provided fromcrystal 

structures. The IscS-IscU complex with and without a [2Fe–2S] cluster reveal protein-protein 

interactions and provide insight into the intermolecular sulfur transfer reaction.60, 74 Although 

different models for the Fe-S cluster biosynthesis mechanism have been proposed,51, 75-79 the lack 

of characterized Fe-S enzyme-associated intermediates limits mechanistic insight. One major 

difference in these proposed mechanisms is the order of sulfur and iron incorporation events 

(Figure 1-10). In the iron-first model, the first step of [2Fe–2S] assembly is ligation of Fe2+ to 

cysteine residues on the scaffold protein, after iron binds, sulfane sulfur is transferred from the 

cysteine desulfurase. Four electrons are required to reduce the two sulfane sulfurs to sulfides; two 

electrons come from oxidation of the two Fe2+ to Fe3+, and the other two electrons come from an 

external source. In comparison, the first step of the sulfur-first mechanism is the sulfane sulfur 

transfer. Earlier studies are more consistent with the sulfur-first model,75-77 as scaffold proteins can 

accept sulfane sulfur from cysteine desulfurases without Fe2+. However, these persulfide species 

on the scaffold protein have not been shown to form at kinetically competent rates or be viable in 

generating a Fe-S cluster. The argument in support of an iron-first model was mainly from the 

iron-binding affinity of the scaffold protein.80 Recently, a study on the human ISC system revealed 

the stimulation of sulfur transfer to the scaffold protein in the presence of Fe2+, which is consistent 

with the iron-first model.51 Overall, the characterization of intermediates is still necessary to 

establish the the order of events during Fe-S cluster biogenesis.  
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Figure 1.10 Models for Fe-S cluster biogenesis. (A) Iron-first and (B) Sulfur-first model for Fe-

S cluster assembly. Reprinted with permission from J. Biol, Inorg. Chem. 2005, 276 (25): 22604-

22607. Copyright 2005 Springer/Heidelberg. 

 

1.3. Human ISC Fe-S Cluster Biogenesis Pathway 

The ISC Fe-S cluster assembly machinery in eukaryotes is located in the matrix of 

mitochondria. The understanding of the eukaryotic ISC pathway was supplemented by the studies 

on the prokaryotic system introduced above. Similar to the prokaryotic ISC machinery, the human 

ISC machinery contains proteins with analogous roles in the controlled assembly of Fe-S clusters 

and subsequent transfer of the clusters to target apo-proteins. Parallel experiments on the 

eukaryotic and prokaryotic ISC pathways have provided valuable insights into the similarities and 

differences in functions of the respective proteins in the pathways.81 

Here, we focus on the essential eukaryotic cysteine desulfurase NFS1, which has been 

identified in both the cytosol and mitochondria.82 The primary function of NFS1 is to convert 

cysteine into alanine and provide sulfur for the biosynthesis of sulfur-containing biomolecules. 

Interestingly, although NFS1 has been identified in the cytosol it appears to only function in Fe-S 
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cluster biogenesis in the mitochondria.83 Despite a common PLP-based mechanism for all 

characterized cysteine desulfurases, the eukaryotic cysteine desulfurase complex is substantially 

different from its prokaryotic homologs. The comparison between E. coli IscS and human NFS1 

suggests significant differences that may be related to a regulatory mechanism. IscS and NFS1 

share a 60 % sequence identity but different complex topologies. IscS is a strong homodimer84, 85 

and in α2β2 complex when binding IscU.74, 86 The oligomeric state of NFS1 is more dynamic. Early 

analytical SEC studies suggest NFS1 as a homodimer,87 while more recent experiments on S. 

cerevisiae NFS1 and human NFS1 indicate that NFS1 also have monomeric fractions.88-90 

Additionally, the activity profiles of IscS and NFS1 complexes are significantly different. The 

most common method of measuring cysteine desulfurase activity is the methylene blue assay. 

Persulfide species are cleaved by dithiothreitol (DTT) to generate sulfide, which is then used to 

synthesizes methylene blue by adding N,N-dimethyl-p-phenylenediamine (DPD) and ferric 

chloride. The product methylene blue is quantitated by its absorbance at 670 nm. While E. coli 

IscS shows a kcat of 7.5 ± 0.1 min-1 and a KM for cysteine of 17 ± 2 µM, human NFS1 could only 

perform single turnover and easily precipitates.81 87 In short, NFS1 itself is unstable and inactive.  

ISD11, an LYRM superfamily protein containing the conserved Leu-Tyr-Arg motif, was 

discovered as an adaptor protein for NFS1. All of the LYRM proteins bind acyl-carrier protein 

(ACP), which is introduced below.91-97 ISD11 seems to be incorporated into the complex with the 

α-proteobacteria endosymbiotic event, which is consistent with the acquisition of ISC proteins in 

the mitochondria.98 In vivo knockout and siRNA suppression of ISD11 in yeast lead to growth 

defects and low aconitase activity, which is a Fe-S enzyme typically used for reporting the cellular 

Fe-S cluster level.88, 99, 100 In vitro characterization using pull-down and SEC indicates that ISD11 
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binds with NFS1 tightly and forms a stable α2β2 complex.87, 88, 100 Recently, crystal structures of 

NFS1 in complex with ISD11 further shed light on how structurally ISD11 together with another 

adaptor protein ACP stablizes NFS1.101, 102 Despite higher stability, NFS1-ISD11 complex still 

exhibits low activity (a kcat of 1.9 ± 0.1 min-1 and a KM for cysteine of 340 ± 60 µM) comparing to 

E. coli IscS (a kcat of 7.5 ± 0.1 min-1 and a KM for cysteine of 17 ± 2 µM).87, 103 Specific residues, 

including a clinical R68L mutation, on ISD11 have been shown to be required for the activity.89, 

104  

Another adaptor protein, the mitochondrial ACP, has also been discovered. Mitochondrial 

ACP conjugates with its 4’-phosphopantetheine cofactor through a thioester bond, which reacts 

with acetyl-CoA for lipoic acid biosynthesis.105, 106 The in vivo evidence of ACP playing a direct 

role in Fe-S cluster biosynthesis is demonstrated by S. cerevisiae studies. ACP knockdown of S. 

cerevisiae resulted in the loss of the NFS1-ISD11 complex and diminished aconitase activity. 

Further structural studies demonstrated ACP directly binds and stablizes the NFS1-ISD11 

complex.101, 102, 107 When recombinantly co-expressing NFS1 and ISD11 in E. coli, E. coli ACP is 

incorporated to form the NFS1-ISD11-ACPec complex. Herein, the NFS1-ISD11-ACP human 

cysteine desulfurase complex is noted as SDAec. SDAec has been widely used for in vitro studies 

in the field, as ACPec appears to have no functional difference to the complex with human ACP.108 

In all the determined structures of SDAec, the NFS1 fold is highly similar to E. coli IscS.86  

ISD11 forms two different interfaces with NFS1 that stabilize SDAec. A hydrophobic 

pocket between specific residues on ISD11 and NFS1 is formed, which helps prevent self-

aggregation of NFS1 through intermolecular NFS1 hydrophobic interaction. The ACP-Lipid-

ISD11 motif is also revealed, which includes a 3-helix bundle fold for ISD11 that contains most 
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of the highly conserved residues. A lipid-bound 4′-PPT inserts into the hydrophobic core of ISD11. 

ACPec binds ISD11 using interactions with the LYR motif and electrostatic contacts. ACPec 

structure in the complex is similar to both uncomplexed bacterial ACP109 and human ACP.110 

While the incorporation of ISD11 and ACP significantly increases the stability of NFS1, SDAec 

still exhibits low activities (a kcat of 0.6 ± 0.04 in1 and a KM for cysteine of 1.3 ± 0.3 µM). 

Similar to other ISC machinery, the human ISC machinery also contains the scaffold 

protein for cluster assembly. The human scaffold ISCU2 is similar to E. coli IscU in terms of 

function and structure. Like IscU, ISCU2 also requires two Fe2+, two sulfane sulfur from the 

cysteine desulfurase, and two electrons likely from the human ferredoxin FDX1/FDX2 to 

synthesize a [2Fe–2S] cluster. ISCU2 also possesses the three conserved active site cysteine 

residues that bind either Zn2+ or a Fe-S cluster, as well as accept sulfur from the cysteine 

desulfurase. Both IscU and ISCU2 interact with the C-terminus of their respective cysteine 

desulfurase. ISCU2 binding to the SDAec complex generates the SDAecU complex. 

Another essential protein in the human ISC machinery is frataxin (FXN). FXN locates in 

the mitochondria with the major function of activating the human cysteine desulfurase complex. 

Mutations on the frataxin gene lead to lethal neurodegenerative disease Friedreich’s Ataxia 

(FDRA). FRDA results primarily from the GAA triplet nucleotide expansions in the first intron of 

the FXN gene, which produce lower levels of the protein.111 Given the prevalence of this disease, 

extensive efforts have been invested to understand the function of FXN. In this dissertation, we 

focus on the mature functional form of FXN in mitochondria (81-210).112, 113 In vivo studies 

suggest that FXN levels directly correlate with Fe-S cluster biosynthesis.114, 115 FXN and its 

bacterial homolog CyaY have been proposed as the iron donor due to their iron-binding 
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properties.116, 117  As recent studies show the iron-binding acidic patch on FXN discretely binds an 

arginine-rich region at the dimer interface of NFS1 that is far from the cluster synthesis site of 

ISCU2.107, 118 Thus, the iron-binding properties of FXN are likely unrelated to iron donation for 

Fe-S cluster synthesis. Extensive studies on FXN illustrate the role of FXN in the ISC pathway. 

FXN binds to the complex of SDAec and ISCU and promotes cluster synthesis by enhancing the 

cysteine desulfurase activity.51, 56, 119 Recent studies from the Barondeau group shows that FXN 

stimulates the activity of the complex not only by promoting the PLP and sulfur transfer chemistry 

119, but also by functioning as an allosteric modulator and driving a structural rearrangement.120 

Interestingly, the human ISC system has some key functional differences compared to the bacterial 

ISC machinery. The human system requires FXN binding to the SDAecU complex to generate the 

SDAecUF complex for a comparable activity to the stand-alone bacterial IscS enzyme. 

Surprisingly, CyaY does not affect IscS activity but can activate SDAecU complex similar to 

FXN.81, 121 Vice versa, FXN fails to activate IscS. Together, the exchangeable role of FXN and 

CyaY suggests the difference between human and bacterial ISC systems primarily originate from 

differences in the cysteine desulfurases. So far, two different structures of the SDA complex,101, 

102 one additional structure of SDAU,102  and one structure of the SDAUF complex107 have been 

determined. Notably, these solved structures exist in vastly different “architectures” that 

potentially regulate the activity of the human ISC machinery (Figure 1.11). Findings regarding 

these different architectures and their implications will be discussed in Chapter IV.  
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Figure 1.11 Comparison of different SDAec architectures. (A) Overlay of the subunits from one 

protomer for NFS1 (green, yellow, and wheat), ISD11 (cyan, blue, and purple), and ACP (red, 

orange, and pink) of the ready, closed, and open forms, respectfully. Protein cofactors are shown 

in magenta. Structure of the SDAec complex in the (B) open, (C) closed, and (D) ready forms. 

NFS1 is shown in yellow and green, ISD11 in blue and cyan, and ACPec in red. The green/cyan/red 

protomer is shown in the same orientation for the different architectures.  

 

1.4. The Putative Roles of Bacterial Frataxin CyaY 

Bacterial frataxin CyaY is a small (~14 kDa) monomeric protein. Similar to FXN, 

structures of CyaY show an acidic ridge, which can bind iron.79, 122-124 Interaction of CyaY with 

IscS was first characterized by ITC, showing a 1:1 stoichiometry complex with medium affinity 

(Kd: 18.5 M).125 Site-directed mutagenesis and NMR studies suggested that the IscS residues 

R220, R223, and R225 interact with the CyaY acidic ridge.126 While IscU monomer binds at the 

periphery site of IscS, CyaY monomer binds at a site near the IscS dimer interface.126 Chemical 
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cross-linking experiments capture an IscS-IscU-CyaY complex50, and a model of the 1:1:1 ternary 

complex was built using SAXS, X-ray structures of the single proteins, and NMR data126 (Figure 

1.12). Further in vitro experiments demonstrated that CyaY promotes IscU-IscS binding, changing 

the Kd for IscS–IscU interaction from low M to hundreds of nM. Additionally, the Kd of IscS-

CyaY interaction changes from 35 nM to 23 μM with the presence of IscU. Together, IscU and 

CyaY enhance their mutual binding to IscS, forming a tight ternary complex. 

 

Figure 1.12 Model of (IscS-IscU-CyaY)2 complex. Model built from combined NMR and small-

angle X-ray scattering studies shown as a surface representation. IscS protomers are shown in blue 

and cyan, IscU in red and orange, CyaY in gold and yellow. Reprinted with permission from Nat. 

Commun. 2010, 1, 95. Copyright 2010 Nature Publication Group. 

 

The physiological role of CyaY is unclear. While genetic and bioinformatic information 

suggests a direct role for FXN in the human ISC pathway,114, 127, 128 the genetic studies of CyaY 

showed cyaY does not belong to the isc operon. As mentioned above, mutations in the fxn gene 

lead to a fatal neurodegenerative disease FRDA 129 in human, as well as compromised Fe-S protein 

activity and survival in other eukaryotic systems.130 To understand the pathology role of FXN in 

FRDA, the role of FXN in activating the ISC pathway has been intensively characterized. These 

studies show enhanced cysteine desulfurase activity, persulfide formation and transfer, and Fe-S 
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cluster formation on ISCU2, which support the positive role of FXN in the early stages of the 

human ISC pathway.56, 57, 103, 118, 131-136  Contrastingly, the role of CyaY on the bacterial ISC system 

is unclear. Neither E. coli nor Salmonella enterica single cyaY mutants showed a significant loss 

in Fe-S enzyme activities.123, 137, 138 Interestingly, while mutated Salmonella enterica lacking both 

CyaY and Yggx show no phenotypic change under normal physiological conditions, major growth 

defects and impaired survival is observed under oxidative stress conditions.139, 140 Salmonella 

enterica CyaY and Yggx are also reported to be involved in Fe-S cluster repair.140 Also, direct 

evidence of the involvement of bacterial frataxin in Fe-S metabolism was found in Bacillus 

subtilis, in which inactivation of the frataxin homologue gene leads to a decrease in Fe-S enzyme 

activity.141 Early in vitro studies lead to the proposal that CyaY functions as an iron donor due to 

its ability to bind Fe2+ with moderate affinity and Fe3+ with high affinity.142, 143 FXN has similar 

iron binding affinities, and both FXN and CyaY oligomerize in an iron-dependent fashion, 

consistent with the iron donor role.79, 144, 145 Nevertheless, no evidence of the iron carried by FXN 

or CyaY being incorporated into the cluster has been shown. Later studies are against this iron 

donor role, as the deletion of yeast FXN gene could be compensated for by a frataxin variant with 

defects in iron-induced oligomerization.146 Also, CyaY exhibits an inhibitory effect on Fe-S cluster 

biogenesis.81, 138 Due to this inhibitory effect, CyaY has also been proposed as a “gatekeeper” of 

Fe-S cluster assembly, preventing excess Fe-S assembly under iron overload conditions.122 

However, the mechanism of CyaY inhibition on the prokaryotic ISC pathway has not been fully 

elucidated. While FXN clearly benefits Fe-S cluster assembly, the seemingly contradictory effects 

and roles of CyaY have yet to be resolved. 
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1.5. Oxidative Stress, Sulfur Trafficking, and CyaY 

Since CyaY has been implicated in oxidative stress response (see above), the fundamentals 

of oxidative stress and the relationship to sulfur metabolism will be discussed in this section. 

Oxidative stress is a phenomenon caused by an imbalance between the production and 

accumulation of reactive oxygen species (ROS) in cells and the ability of a biological system to 

detoxify these reactive products.147 ROS are highly reactive and toxic species that disrupt cellular 

functions by damaging essential protein cofactors including Fe-S clusters and oxidizing functional 

groups such as thiols. Therefore, limiting the amount of ROS such as H2O2 is crucial for cells to 

maintain normal function. Bacteria use many enzymes and systems to scavenge H2O2 including 

catalases, NADH peroxidase, the thioredoxin (Trx) antioxidant system, and the glutathione (GSH) 

antioxidant system.148 In E. coli, the Trx and GSH systems are the major cellular redox regulation 

systems that maintain a reduced redox environment by catalyzing electron flux from NADPH 

(Figure 1.13).149-151 These two systems both utilize thiols to carry out their function and thus are 

central to the regulation of the cysteine proteome (Figure 1.14). The oxidation state of biological 

active thiol groups affects their function; therefore, cysteines act as redox molecular switches and 

targets of disease.150, 152, 153 For example, glutathione (GSH), comprising of glutamine, glycine, 

and cysteine, is the most common antioxidant in cells and often exists in low mM 

concentrations.150, 152, 154, 155 The thiol group of GSH has a pKa ~8156, 157 and can reduce oxidized 

thiol groups or directly quench ROS. When the cell is under high ROS concentration, GSH will 

also be oxidized and fail to maintain its function. Thus, the ratio of reduced to oxidized GSH is an 

index of whether the cell is under oxidative stress. GSH has also been proposed as one of the 

substrates of sulfide quinone reductase, which catalyzes the generation of glutathione persulfide 
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(GSSH). GSSH is a stronger antioxidant than GSH due to the low pKa (~6.2) of persulfide and 

usually exists in low μM in cell.156, 157 Reactive persulfide species such as GSSH have been 

proposed to protect E. coli from H2O2.
158 Due to the toxic nature of ferrous iron and sulfide, Fe-S 

clusters have a close relationship to oxidative stress.159-161 For example, labile [4Fe–4S] clusters 

and [2Fe–2S]2+ clusters could be easily damaged by ROS and release labile iron and sulfide ions 

upon degradation, which subsequently leads to the propagation of ROS.32, 162-164 To avoid this 

vicious cycle, bacteria utilize strategies such as sequestering labile irons, repairing [4Fe–4S] 

clusters, and switch the assembly pathway to the protected SUF pathway.139, 140, 142, 148, 164, 165 

Interestingly, CyaY has been reported to involve in sequestering iron and repairing [4Fe–4S].123, 

139, 140, 142  

 

Figure 1.13 Antioxidant systems in E. coli. In E. coli, GSH, Trx antioxidant systems, and catalase 

are present. The Trx system is consists of TrxR, Trxs (Trx1 and Trx2), and three major peroxidases 

(BCP, Tpx, and AhpC). OxyR acts as the transcription factor which regulates the expression of 
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antioxidant enzymes including catalase, GR, AhpC, Trx2, and Grx1. Reprinted with permission 

from Free Radic Biol Med 2014, 66, 75-87. Copyright 2013 Elsevier Inc. 

 

 

Figure 1.14 Major modifications of cysteine residues. In general, disulfide bonds are caused by 

oxidation events. Intermolecular disulfide bonds could be formed with another protein or small 

molecule such as GSH. Intramolecular disulfide bonds could be inserted into a reduced protein by 

disulfide exchanges. The disulfide bonds would be reduced by GSH under a reduced environment. 

Under oxidative stress, ROS reaction would first produce reversible sulfenylation and sulfinylation 

and finally to irreversible sulfonylation. Reprinted with permission (open access) from Front Mol 

Neurosci 2017, 10, 167. Copyright 2017 Fra, Yoboue and Sitia. 

 

The effects of CyaY on benefiting Fe-S level and relieve oxidative stress are demonstrated 

in cell studies described above in Section 1.4. Aside from participating in Fe-S cluster assembly, 

CyaY has also been proposed to influence IscS-based sulfur trafficking.123 As mentioned, the 

cysteine desulfurase converts cysteine into alanine and generates a persulfide on its mobile transfer 
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loop cysteine residue. This sulfane sulfur is further transferred to the scaffold protein for Fe-S 

cluster assembly.42 However, the scaffold protein is often not the only sulfur acceptor of the 

cysteine desulfurase. The E. coli cysteine desulfurase IscS belongs to class I cysteine desulfurase, 

which contains a longer mobile transfer loop with a twelve-residue sequence insertion following 

the active site Cys residue.166 The flexibility of this longer loop has been proposed to allow the 

enzyme to interact with a variety of sulfur acceptors. For E.coli IscS, three sulfur acceptors have 

been discovered.74, 167-170  The first one is IscU as discussed above. The second one is Thil, a dual 

sulfur acceptor for the biosynthesis of thiamin and 4-thiouridine. The third one is TusA, a dual 

sulfur acceptor for the biosynthesis of 2-thiouridine tRNA and molybdenum cofactor. The diverse 

sulfur acceptors and downstream pathways implies the requirement of regulation on sulfur 

trafficking. The effect of sulfur acceptors and other binding partners on the activity of IscS provide 

insights into chemical steps of sulfur transfer and the hierarchy of physiological related sulfur 

trafficking. Recently, the IscS binding footprint for sulfur acceptors and interacting partners 

including IscU, TusA, Thil, CyaY, and IscX have been revealed by NMR and site-directed 

mutagenesis.74 Different sulfur acceptors have overlaid footprint lines except for IscU and TusA. 

Nevertheless, additional structural studies suggest the competition between IscU and TusA. The 

X-ray crystallographic structures of IscS-TusA complex and IscS-IscU complex demonstrate a 

steric conflict between TusA and IscU on binding IscS. In addition, IscS pulldown experiments 

suggest IscU and TusA binding on IscS are mutually exclusive.74 Together, these studies suggest 

one IscS active site can only accommodate and transfer sulfur to one sulfur acceptor at a time. 

Notably, CyaY and IscX binds IscS-IscU complex and enhance IscS-IscU binding affinity.74, 75 

Potential CyaY and IscX regulation on sulfur trafficking to different acceptors could be 
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physiologically important. Overall, in vivo studies support a positive effect of CyaY on Fe-S 

cluster level and antioxidation in the cell. While FXN clearly benefits Fe-S cluster assembly, the 

seemingly contradictory effects of CyaY in vivo and in vitro have yet to be resolved. 

So far, traditional bioinorganic techniques haven’t been successful on answering the 

questions brought up in this introduction. In this dissertation, examples of employing native IM-

MS on providing mechanistic insights on these questions are demonstrated. In Chapter II, enzyme-

bound Fe-S intermediates of the ISC pathway are monitored by high-resolution native MS; in 

Chapter III, the effects of CyaY on competitive sulfur acceptor binding and sulfur trafficking are 

revealed using native IM-MS; in Chapter IV, the conformation landscape of human ISC machinery 

is probed by using IM-MS. 
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2. AN IRON-FRIST MECHANISM OF E. COLI ISC FE-S ASSEMBLY REVEALED BY 

HIGH-RESOLUTION NATIVE MASS SPECTROMETRY* 

2.1. Introduction 

Iron-sulfur (Fe−S) clusters are protein cofactors that are necessary for critical cellular processes 

such as oxidative respiration, photosynthesis, nitrogen fixation, and DNA replication/repair. Fe-S 

cluster cofactors exhibit a range of functional roles including electron transfer, substrate binding 

and activation, small molecule sensing, and controlling activity through regulation at the DNA, 

RNA, and protein levels.171, 172 Fe-S clusters have a variety of iron-to-sulfur stoichiometries and 

are sometimes coupled to other metal cofactors.173-175 The most common species found in proteins 

are the rhombic [2Fe−2S] and cubic [4Fe−4S] forms, which may be the building blocks for other 

Fe-S cofactors. Despite their physiological importance, few mechanistic details are known about 

intermediates in the formation and transformation of these Fe-S species. 

The ISC (iron-sulfur cluster) biosynthetic pathway is found in many bacteria and in the 

mitochondria of eukaryotes.176-178 In the bacterial pathway, the cysteine desulfurase IscS converts 

the substrate L-cysteine into L-alanine and provides the sulfur to the scaffold protein IscU for Fe-

S cluster assembly.68, 76, 86 The requirement of an iron donor protein and the source of iron are not 

clear.75, 116, 179, 180 The IscU-IscS complex can build [2Fe–2S] and, possibly, [4Fe–4S] cluster 

intermediates from Fe2+, L-cysteine and an electron source.181-183 Ferredoxin is reported to be the 

electron donor184 but is not essential and can be substituted with reagents such as glutathione 

 

*Reprinted with permission from “Molecular Mechanism of ISC Iron–Sulfur Cluster Biogenesis Revealed by High-

Resolution Native Mass Spectrometry” by Lin, C.-W.;  McCabe, J. W.;  Russell, D. H.; Barondeau, D. P. Journal of 

the American Chemical Society 2020, 142 (13), 6018-6029. Copyright 2020 American Chemical Society. 



 

27 

 

 

 

(GSH) for in vitro Fe-S cluster synthesis assays.185 To complete the catalytic cycle for the assembly 

complex, the Fe−S cluster intermediates are transferred intact to the recipient proteins by the 

assistance of chaperone and/or carrier proteins.186-191   

Crystal structures of the IscU-IscS complex with and without a [2Fe–2S] cluster reveal key 

protein-protein interactions and provide insight into the intermolecular sulfur transfer reaction.60, 

74 IscS exists as a stable homodimer with each subunit containing a 5’-pyridoxal phosphate (PLP) 

cofactor and a mobile S-transfer loop cysteine residue. IscU subunits bind to opposite ends of the 

IscS dimer to form an overall α2β2 IscU-IscS quaternary structure. Sulfur can be transferred as a 

persulfide species from IscS to IscU.76 To transfer sulfur, the mobile loop of IscS oscillates a 

distance of ~14 Å between the PLP and conserved cysteine residues on IscU.60, 74 IscU is often 

referred to as a metamorphic protein and exists as an equilibrium mixture of structured and 

disordered states.66 This equilibrium can be shifted toward the structured state upon binding of 

either Zn2+ or Fe2+.64-66 Structural studies reveal that both Zn2+ and [2Fe–2S] clusters are ligated 

to IscU by its three cysteine residues.60, 61 Early studies also revealed that IscU can dimerize and 

undergo a cluster synthesis sequence with one [2Fe−2S]2+, two [2Fe−2S]2+, and then one 

[4Fe−4S]2+ cluster bound per dimeric protein.181 Finally, aerobically grown crystals of the IscU-

IscS complex revealed an oxidized Fe2S-S species in which one sulfur both bridges the two iron 

atoms and also forms a disulfide bond with a second dangling sulfur atom.60 It is unclear if this 

species represents an intermediate in cluster formation or is simply an oxidative degradation 

product. Overall, the lack of characterized intermediates or even the order of sulfur and iron 

incorporation events have limited our mechanistic understanding of Fe-S cluster biosynthesis. 
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In this study, we applied time-resolved native mass spectrometry (MS) to probe the formation of 

intermediate species in the synthesis of Fe-S clusters on the scaffold protein IscU. Visible circular 

dichroism (CD) spectroscopy is the current state-of-the-art method of monitoring [2Fe–2S] cluster 

formation in biosynthetic assays.192-194 However, this technique and other spectroscopic 

approaches have offered few details into the formation and decay of intermediates in this Fe-S 

cluster assembly process. Native MS has been used for studying protein structure, dynamics, 

ligand interactions, and, more recently, the time-dependent tracking of protein-associated Fe-S 

intermediates for the oxygen sensing protein FNR.195-204 Native MS takes advantage of soft 

ionization techniques and careful instrument tuning to minimize collisional activation and preserve 

proteins in their folded native-like structure.200, 201, 205 Here, we show that the kinetics of [2Fe–2S]-

IscU formation monitored by native MS coincides well with that from a traditional CD 

spectroscopic assay. In addition, we provide evidence for potential intermediates and a long-sought 

mechanism for the synthesis of Fe-S clusters by the ISC system. 

2.2. Experimental procedures 

Preparation of proteins. Escherichia coli proteins IscS and IscU were expressed and 

purified as previously described.81 A pET-16a plasmid containing the cysteine synthase (CysK1) 

gene from Mycobacterium tuberculosis (gift of T. Begley, Texas A&M University) was 

transformed into E. coli BL21 (DE3) cells. The expressed CysK1 contained an N-terminal 6-His 

affinity tag and a Factor Xa protease site. CysK1 was purified using the same Ni-NTA and size 

exclusion chromatography columns and procedures used for the IscS purification. An extinction 

coefficient of 6.6 mM-1cm-1 at 388 nm (in 0.1 M NaOH) was used to estimate the concentration 

of the PLP cofactor,206 which represents the concentration of active IscS. Extinction coefficients 
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of 11,460 M-1cm-1 at 280 nm was used to estimate the concentrations of both IscU and CysK1. 

IscS, IscU, and CysK1 were estimated to be >95% pure based on SDS-PAGE analysis. Aliquots 

of IscS (605 M; 50 mM HEPES, 250 mM NaCl, pH = 7.5), IscU (301 M; 50 mM HEPES, 150 

mM NaCl, pH = 8.0), and CysK1 (1078 M; 50 mM HEPES, 150 mM NaCl, pH = 8.0) stock 

solutions were flash-frozen and stored at -80 °C. All samples were prepared in an anaerobic 

Mbraun glovebox (<1 ppm O2 monitored by a Teledyne model 310 analyzer) unless otherwise 

indicated. 

Sample preparation for MS experiments. Protein samples were desalted by two passes 

through Micro Bio-spin columns with Bio-gel P-6 (Bio-Rad) equilibrated with target MS-

compatible ammonium acetate buffers. Under standard conditions, IscU co-purified with Zn2+ 

(Zn-IscU) and was prepared for native MS by desalting the IscU stock solution after purification. 

Apo-IscU was prepared by treating the IscU stock solution with 10 mM DTPA for 30 mins and 

then desalting the sample. To minimize potential oxidation during MS analysis, all samples were 

prepared and incubated in 0.2 mL PCR tubes in the glovebox. The reaction mixtures were then 

sealed in the PCR tubes, removed from the glovebox, and infused within approximately 1 min 

into the mass spectrometer.  

Monitoring Fe-IscU and [2Fe–2S]-IscU by CD spectroscopy. For CD measurements, 

the samples were prepared in a 1 cm path length anaerobic cuvette and sealed with a rubber 

septum and parafilm in the glovebox. The sealed cuvette containing the sample was recorded at 

ambient conditions and room temperature on a CD spectrometer (Applied Photophysics 

Chirascan). To evaluate Fe2+ binding to IscU, a 50 M apo-IscU or Zn-IscU sample was mixed 

with 500 M ferrous acetate in buffer A (200 mM ammonium acetate, pH = 6.8) at room 
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temperature for 30 min prior to measuring the CD signal. To monitor [2Fe–2S]-IscU cluster 

formation, either 100 M Zn-IscU or apo-IscU was mixed with 3 M IscS, 200 M L-cysteine, 

100 M GSH, and 500 M ferrous acetate in buffer A. The change in ellipticity at 330 nm was 

measured at room temperature. 

Native MS experiments to monitor metal binding to IscU. A titration of IscU with 

Fe2+ was monitored by native MS experiments. Mixtures of either 10 M apo-IscU or Zn-IscU 

were mixed with different concentrations of ferrous acetate (50, 100, 200, 400, or 800 M) in 

buffer B (900 mM ammonium acetate, 20 mM ammonium bicarbonate, pH = 6.8), incubated for 

30 mins, and then analyzed by native MS.  

Native MS experiments to monitor IscU dimerization. 10 M apo-IscU or Zn-IscU 

were mixed with either 1 mM D,L-DTT, 200 M GSH, or 1 mM TCEP in buffer B. A sample 

was immediately removed (labeled initial) for MS analysis. Additional samples were incubated 

for 36 h at 25 C in the glovebox or under aerobic conditions prior to MS analysis.  

Native MS experiments to monitor IscU-IscS complex formation. To assess the 

formation and stoichiometry of IscU-IscS complexes, 50 M IscS was mixed with 50 M apo-

IscU, 50 M Zn-IscU, 25 M apo-IscU and 25 M Zn-IscU, 50 M apo-IscU and 100 M Fe2+, 

or 50 M Zn-IscU and 100 M Fe2+ in buffer B. The mixtures were incubated for 30 mins before 

the native MS measurement. 

Native MS experiments to monitor Zn2+ displacement. To monitor Zn2+ removal from 

IscU, 10 M Zn-IscU was mixed with 1 mM L-cysteine, 1 mM D,L-DTT, 1 mM GSH, or 800 

M ferrous acetate in buffer A, incubated for 30 mins, and analyzed by native MS. In addition, 
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40 M Zn-IscU was mixed with 40 M IscS, 40 M IscS and 200 M Fe2+, or 40 M IscS and 

200 M L-cysteine in buffer A, incubated for 5 mins, and then diluted 4 fold before analysis by 

native MS experiments.  

Time-dependent acid-quench denaturing MS experiments. To determine whether Fe2+ 

influences sulfur transfer from IscS to IscU, mixtures of 75 M apo-IscU, 15 M IscS, and 

different concentrations (0, 100, or 400 M) of ferrous acetate were incubated in 200 mM 

ammonium acetate (pH = 7.5) for 30 mins at 22 °C. The reaction was then initiated by adding 

300 M L-cysteine. At each time point, the assay mixture was quenched by 10-fold dilution into 

1% formic acid. The 0.2 mL PCR tubes containing the quenched samples were removed from the 

glovebox and infused into the mass spectrometer. Linear regression fits were used to determine 

the initial rates for the sulfur transfer reactions.  

Time-dependent native MS monitoring of Fe–S cluster assembly. A mixture (220 L) 

of 3 M IscS and 100 M IscU in buffer A was first incubated in the glovebox for 30 mins at 22 

°C. The reaction was then initiated by adding 200 M L-cysteine, 100 M GSH, and 250 M 

ferrous acetate. Fe–S cluster formation was monitored by native MS or by CD spectroscopy as a 

function of time. For time-dependent native MS experiments, the assay mixture was diluted 10-

fold by buffer B and placed into 0.2 mL PCR tubes, removed from the glovebox, and 

immediately infused into an EMR Orbitrap instrument using a commercial nano-ESI source. The 

MS spectrum was collected for 30 seconds. The entire process from the dilution of the assay 

mixture to spraying the sample into the MS instrument was completed within approximately 1 

min. In addition, the assay sample was transferred to an anaerobic cuvette in the glovebox, sealed 

with a cap, and brought out of the glovebox for CD measurements. 
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Isotope labeling to identify sulfur-containing intermediates. An isotope labeling 

experiment was performed to confirm the identity of the sulfur-containing intermediates. 34S-L-

cysteine was synthesized by reacting O-acetyl-L-serine and 34S2- with M. tuberculosis CysK1 

using slight modifications of a previous procedure.207 Na2
34S was prepared by using sodium 

metal to reduce 34S (CIL Inc) in dry THF with a catalytic amount (7.5 mol%) of naphthalene.208 

34S-L-cysteine was synthesized by mixing 70 μM CysK1 with 20 mM O-acetyl-L-serine 

hydrochloride (SigmaAldrich) and ~10 mM Na2
34S at 37 °C overnight in the glovebox. A 3 kDa 

mass spin concentrator was used to separate 34S-L-cysteine from CysK. The 34S-L-cysteine 

concentration in the flow-through was determined by an acid-ninhydrin assay.209  The 34S-L-

cysteine solution, which contained some unreacted o-acetylserine, was directly used for Fe–S 

cluster formation assays. For the isotope labeling experiment, mixtures of 100 M apo-IscU, 3 

M IscS, 200 M 34S-L-cysteine, 100 M GSH, and 250 M ferrous acetate in buffer A were 

reacted for 40 mins in a glovebox. At the targeted reaction time, the isotope labeling Fe–S cluster 

formation assay mixture was quenched and cleaned by a Micro Bio-spin column with Bio-gel P-

6 previously equilibrated with buffer A. Samples were then removed from the glovebox for 

native MS measurements. For a peak containing N sulfur atoms, the expected mass shift would 

be [34(mass of 34S) - 32.1(average mass of natural-abundance sulfur)]*N = 1.9N. 

Native MS description and settings. Gold-coated borosilicate glass capillaries were 

prepared in house for use in the nano-ESI experiments. The sample solution was back-filled into 

a gold-coated glass capillary tip and sprayed into the mass spectrometer. Native MS experiments 

were performed by an Exactive Plus with extended mass range (EMR) Orbitrap MS (Thermo 

Fisher Scientific, San Jose, CA). Instrument parameters were tuned to minimize collisional 
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activation while retaining reasonable signal to noise. The ion mobility experiments were 

performed on a homemade instrument, Fourier transform-ion mobility-EMR (FT-IMS-EMR), 

with previously described experimental conditions.210, 211 Specifically, the measurements were 

conducted with a frequency sweep of 5-5005 Hz in 8 mins at approximately 1.725 Torr He in the 

drift tube. 

Reasonable simultaneous transmission for monomeric and dimeric IscU was obtained by 

tuning the DC voltages on the ion lenses and transport multipoles and using a lower resolution 

setting (R = 8750). The parameters used for the native MS analysis of IscU include: m/z range 

1000–5000, spray voltage 1.5 kV, capillary temperature 50–100 °C, S-Lens RF level 200, source 

DC offset 25 V, injection flatapole DC 16 V, inter flatapole lens DC 12 V, bent flatapole DC 8 

V, transfer multipole DC offset 4 V, C-trap entrance lens tune offset 0 V, trapping gas pressure 

setting 7, in-source dissociation voltage 0 eV, HCD collision energy 10 eV, FT resolution 8750, 

positive ion mode, and ion maximum injection time 200 ms.  

The acid-quench denaturing MS parameters used for the analysis of the persulfide IscU 

species include: m/z range 500–5000, spray voltage 1.3 kV, capillary temperature 250 °C, S-

Lens RF level 200, source DC offset 25 V, injection flatapole DC 16 V, inter flatapole lens DC 

12 V, bent flatapole DC 8 V, transfer multipole DC offset 2 V, C-trap entrance lens tune offset 0 

V, trapping gas pressure setting 2, in-source dissociation voltage 0 eV, HCD collision energy 0 

eV, FT resolution 70000, positive ion mode, and ion maximum injection time 50 ms.  

The native MS parameters used for the analysis of the IscU–IscS complex include: m/z 

range 4000–9000, spray voltage 1.5 kV, capillary temperature 125 °C, S-Lens RF level 200, 

source DC offset 25 V, injection flatapole DC 16 V, inter flatapole lens DC 12 V, bent flatapole 
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DC 8 V, transfer multipole DC offset 9 V, C-trap entrance lens tune offset 0 V, trapping gas 

pressure setting 7, in-source dissociation voltage 160 eV, HCD collision energy 10 eV, FT 

resolution 35000, positive ion mode, and ion maximum injection time 200 ms. 

MS data processing. The initial MS data were collected using the Thermo Exactive 

software as RAW format. The Raw data were converted into text files using a Python script making 

use of Multiplierz. The intensity of the protein and protein–adduct species were deconvoluted and 

converted into normalized intensity by processing the text files with the software program 

UniDec.212 The reported intact mass were obtained from processing native MS spectrum, and the 

errors were calculated from FWHM of the highest intensity peak with Unidec. Lower charge states 

(higher m/z) of IscU showed native-like conformations in ion mobility experiments. Ranges that 

were chosen for further data processing include m/z of 2300–2400 (native monomeric IscU), m/z 

of 3080–4000 (native dimeric IscU), m/z 1500–4000 (both native monomeric and dimeric IscU), 

m/z of 800–3500 (denaturing IscU), and m/z of 4000-9000 (native IscU-IscS complexes). For the 

time-dependent native MS experiments,  intensity of individual monomeric/dimeric IscU species 

per monomeric/dimeric IscU was further converted to the normalized intensity of individual 

monomeric or dimeric IscU relative to the total amount of IscU. 

2.3. Results 

Characterization of IscU and IscS. High-resolution native MS was implemented to 

investigate the sequence of events in the assembly of Fe-S clusters by the ISC biosynthetic 

pathway. The IscS and IscU proteins were exchanged into a volatile ammonium acetate buffer 

that is compatible with native MS experiments. The E. coli cysteine desulfurase IscS, which is a 

homodimer with an expected molecular mass of 97,032.3 Da including the His6-tags and PLP 
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cofactors, was purified to homogeneity. IscS exhibited a mass of 97,029.0 ± 20.3 Da and had 

typical activity in a sulfide generation assay (8.6 ± 0.2 µM sulfide/min•µM IscS). The E. coli 

scaffold protein IscU had an observed molecular mass of 13,976.0 ± 7.0 Da in the apo form 

(expected mass of 13,976.7 Da) and could form an IscU2IscS2 species with IscS (observed 

molecular mass of 124,972.6 ± 23.6 Da; expected total mass of 124,985.7 Da). Both IscS 

(cysteine desulfurase activity = 2.0 ± 0.1 µM sulfide /min•µM IscS) and IscU (in a Fe-S cluster 

assembly assay; see below) were functional under the native MS buffer conditions. 

 

Figure 2.1 The binding of Zn2+ and Fe2+ ions to IscU. (A) The raw native MS spectrum of 

apo-IscU (black) overlaid with as-isolated (Zn-bound) IscU (red). The +6, +7, and +8 charge 

states for monomeric IscU and the +9 and +10 charge states for dimeric IscU are shown (M: 

monomeric IscU, D: dimeric IscU). The inset shows the raw MS spectrum for the +6 charge state 

of monomeric IscU. (B) Deconvoluted zero charge MS spectrum for the +6 charge state of 

monomeric IscU. (C) Deconvoluted zero charge MS spectrum of 10 M apo-IscU mixed with 

800 M Fe2+. Titration of Fe2+ to 10 M apo-IscU (D) or Zn-IscU (E) monitored by native MS 

revealed up to two metal binding sites per IscU subunit. Both monomeric (apo-M or Zn-M) and 

dimeric (apo-D or 2Zn-D) forms of IscU were identified. The error bars are replicate errors (n = 

3). (F) A CD spectroscopic feature at 315 nm develops upon the addition of 500 M Fe2+ to apo-

IscU (50 M; black) but not to Zn-IscU (50 M; red). 
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Zn2+ and Fe2+ binding to IscU. Native MS analysis of as-isolated IscU revealed a 

predominantly monomeric form (>95%) with a mass of 14,038.9 ± 7.9 Da, which is consistent 

with one Zn2+ bound to IscU (Figure 2.1A, B; red trace). Moreover, treatment with the DTPA 

chelator resulted in a mass reduction of 62.9 Da (Zn2+ - 2H+, expected mass reduction of 63.4 

Da), indicating conversion to apo-IscU (Figure 2.1A, B; black trace). Mixtures of apo-IscU and 

Zn-IscU (1:2, 1:1, and 2:1) monitored by native MS showed good match between the relative 

abundance of peaks and the amount of corresponding species, suggesting that the abundance of 

species detected by MS could reflect the abundance of species in solution. Ion-mobility MS 

revealed that apo-IscU exhibited single compact peaks for charge states, which indicates native-

like protein folds. Exposure to aerobic conditions slowly converted apo-IscU from a monomeric 

to a dimeric form (Figure 2.2). Titration of IscU samples exhibiting mixed oligomeric states 

(approximate monomer-to-dimer ratio of 78:22 for apo-IscU and 86:14 for Zn-IscU) with Fe2+ 

revealed that apo-IscU binds a single Fe2+ at lower concentrations and a second Fe2+ at higher (≥ 

20-fold molar excess) concentrations (Figure 2.1C, D). The relative normalized intensities of 

unbound and Fe-bound IscU suggests that monomeric IscU has a higher binding affinity for Fe2+ 

than dimeric IscU (Figure 2.1D). Zn-IscU bound one Zn2+ per subunit, which was not displaced 

by the addition of Fe2+ (Figure 2.1E), suggesting that Fe2+ cannot readily displace IscU-bound 

Zn2+. The addition of excess iron (≥ 20-fold molar excess) to Zn-IscU generated a species 

containing both Zn2+ and Fe2+. The addition of Fe2+ resulted in the development of a positive 

ellipticity feature at 315 nm in CD spectra when added to apo-IscU, but not Zn-IscU (Figure 1F), 

consistent with the native MS results (Figure 2.1D, E). Overall, these results indicate that each 
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IscU molecule is capable of binding up to two metal ions and that Fe2+ cannot readily displace 

the Zn2+ under these conditions.  

 

Figure 2.2 Probing IscU dimerization with native MS. Apo/Zn-IscU (10 M) was mixed with 

different reducing agents for 36 hrs at 25 C and then probed by native MS. Reagents included 1 

mM D-L-DTT, 200 M GSH, or 1 mM TCEP. 

 

Dimerization of IscU is promoted by oxidation of the active site cysteine residues. 

Next, we used native MS to determine the amount of dimeric IscU after incubation of either apo-

IscU or Zn-IscU under anaerobic or aerobic conditions and in the presence or absence of 

reducing agents (Figure 2.2). Aerobic conditions induced dimerization of both apo-IscU and Zn-

IscU, consistent with disulfide formation involving one of the three IscU cysteines located in the 

[2Fe–2S] cluster assembly active site. Dimerization through intermolecular disulfide formation is 

supported by the ability of cysteine-ligated Zn2+ to reduce the propensity to dimerize under both 

anaerobic and aerobic conditions and by the ability of the reducing agent TCEP to dramatically 

lower the formation of dimeric IscU under both anaerobic and aerobic conditions (Figure 2.2). 

We also observed that both DTT and GSH inhibited the dimerization of apo-IscU and Zn-IscU 

under anaerobic conditions but promoted dimerization in an aerobic environment. In addition, 
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non-reducing SDS-PAGE analysis demonstrated that dimeric IscU was diminished after 

treatment with TCEP. The increase in dimerization under aerobic conditions may be linked to the 

ability of the oxidized form of these sulfur-containing reagents to facilitate disulfide bond 

formation. Thus, IscU dimers are mediated by intermolecular disulfide bonds between active site 

cysteine residues. The formation of disulfide-linked IscU dimers imply the potential 

physiological role of Zn2+ binding on stabilizing IscU. 

 

Figure 2.3 Formation of apo and metal bound IscU complexes with IscS. Apo, Zn-bound and 

a 1:1 mixture of the two forms of IscU (final concentration of 50 M) were separately combined 

with IscS (50 M) in either the presence or absence of Fe2+ (100 M). (A) Deconvoluted zero 

charge MS spectra for mass ranges that correspond to IscS2 (~97,000 Da), IscU-IscS2 (~111,000 

Da), and IscU2-IscS2 (~125,000 Da) complexes. (B) A comparison of the different protein 
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complex stoichiometries between IscU and IscS for the five experiments. Protein complexes with 

apo and metal bound forms of IscU are combined to determine the normalized intensity. The 

error bars are replicate errors (n = 3). 

 

IscU–IscS binding affinity is influenced by Zn2+ and Fe2+. We next investigated the 

effect of metal binding on the formation of the IscU2-IscS2 complex using native MS (Figure 

2.3). Combining apo-IscU with IscS resulted in a predominant fraction (94%) of the IscU2-IscS2 

complex and a small fraction (6%) of an IscU-IscS2 species (Figure 2.3B). The addition of a 2-

fold molar excess of Fe2+ resulted in the binding of two Fe2+ per IscU2-IscS2 complex and 

slightly decreased the fraction (86%) of IscU2-IscS2 species (Figure 2A; apo-IscU + IscS + Fe2+). 

In contrast, combining Zn-IscU with IscS resulted in a much larger fraction (47%) of 

incompletely associated IscU-IscS2 complex with a moderate fraction (11%) of IscS2 entirely 

lacking IscU (Figures 2B, S5). The Zn2+ remained bound upon the formation of the complex 

with IscS (Figure 2A; Zn-IscU + IscS). The addition of Fe2+ resulted in the binding of an extra 

Fe2+ per IscU without displacing the Zn2+ ion (Figure 2A, Zn-IscU + IscS + Fe2+). Adding a 

mixture of apo and Zn-bound IscU to IscS generated an intermediate amount of the IscU-IscS2 

complex with slightly enhanced binding of Zn-IscU to IscS (Figure 2.3B). Overall, our results 

reveal that IscU-IscS complexes are capable of uptaking two metal ions per IscU with different 

affinities, Zn2+ binds tighter than Fe2+ to IscU, Zn2+ decreases the binding affinity of IscU to 

IscS, and Fe2+ has a minor effect on the binding affinity of IscU to IscS. 
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Figure 2.4 Zn2+ inhibits Fe-S assembly activity and is removed by IscS-mediated cysteine 

turnover. Parallel cluster formation reactions using (A) Apo-IscU or (B) Zn-IscU were 

monitored by CD spectroscopy. Experimental conditions: 100 M IscU, 3 M IscS, 200 M L-

cysteine, 100 M GSH, and 500 M ferrous acetate. (C) Deconvoluted zero charge spectra for 

removal of Zn2+ from Zn-IscU (10 M) monitored by native MS after incubations with L-

cysteine (1 mM), D,L-DTT (1 mM), and GSH (200 M). Similar experiments were performed 

after incubation of Zn-IscU (40 M) with IscS (40 M), ferrous acetate (800 M), IscS (40 M) 

plus Fe2+ (200 M), and IscS (40 M) plus L-cysteine (200 M). All reactions were incubated 

for 30 min at room temperature except for the combination of Zn-IscU with IscS and L-cysteine, 

which was reacted for 5 min. All experiments were repeated at least twice, and similar results 

were obtained. 

 

Zn2+ binding inhibits cluster formation on IscU. To investigate the effect of Zn2+ 

binding to IscU on [2Fe–2S] cluster formation, cluster assembly under the conditions of low 

IscS, L-cysteine, and GSH was monitored by CD spectroscopy. A characteristic CD signal for 

[2Fe–2S]-IscU was observed with apo-IscU (Figure 2.4A), but not Zn-IscU (Figure 2.4B). 

Consistently, the apo-IscU sample developed a [2Fe−2S]-IscU signal when monitored by native 
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MS, but the Zn-IscU sample showed neither Zn2+ displacement nor simultaneous binding of both 

Zn2+ and a [2Fe–2S] cluster (data not shown; see additional experiments below). 

Since Zn2+ could function as a physiological inhibitor, we investigated how Zn2+ might 

be displaced from IscU using native MS (Figure 2.4C). The Zn2+ ion was not removed by a 30 

min incubation of Zn-IscU with L-cysteine, DTT, GSH, IscS, Fe2+, or IscS plus Fe2+ (Figure 

2.4C).  In contrast, a 5 min incubation of Zn-IscU with IscS and L-cysteine resulted in the loss of 

the Zn2+ ion and formation of a persulfide species on IscU. Note that the concentration of IscS 

(equimolar with IscU) and the resulting cysteine desulfurase activity was much higher in the Zn-

removal experiment than in the CD [2Fe–2S] cluster assembly assay (Figure 2.4B). Thus, Zn2+ is 

an inhibitor of Fe-S cluster assembly on IscU and is not readily displaced by Fe2+ but can be 

removed with either a Zn chelator or by cysteine turnover using an equimolar IscS concentration. 
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Figure 2.5 Fe2+ enhances sulfur transfer from IscS to IscU. Time-resolved acid-quench (1% 

formic acid) denaturing MS experiments were used to track sulfur accumulation on IscU after 

mixing apo-IscU (75 µM) with IscS (15 µM), L-cysteine (300 µM) and various concentrations of 

ferrous acetate. Deconvoluted zero charge MS spectra are shown for monomeric IscU using (A) 

0 µM and (B) 400 µM ferrous acetate after a reaction time of 3 min. (C) The total accumulated 

sulfur adducts per IscU are displayed as a function of time. The inset shows the early time points 

overlaid with linear regression fits (dashed lines). The error bars represent replicate errors (n = 

3). 

 

Fe2+ promotes sulfur transfer to IscU. Here, we evaluated the influence of Fe2+ on the 

transfer of sulfur from IscS to IscU using time-dependent acid-quench MS experiments. 

Previously published studies establish that the addition of acid quenches sulfur transfer reactions 

and locks the persulfide label in place for subsequent analysis.213, 214 Apo-IscU, IscS, L-cysteine, 

and various concentrations of Fe2+ were reacted, quenched with acid at different reaction times, 
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and analyzed by MS. In a 3 min reaction, very little persulfide formation was detected on IscU in 

the absence of Fe2+ (Figure 2.5A), whereas multiple persulfide species were observed upon the 

addition of Fe2+ (Figure 2.5B). After a 1-hour reaction, samples with and without Fe2+ had about 

the same amount of persulfide label (~1.3) per IscU (Figure 2.5C). However, the initial rate of 

sulfur accumulation on IscU increased by approximately 6-fold in the presence of 400 μM Fe2+ 

ions. These experiments indicate that the addition of Fe2+ promotes sulfur transfer from IscS to 

IscU. 

 

Figure 2.6 Time-dependent tracking of intermediates in Fe-S cluster formation by native 

MS. (A) Representative raw and (B) deconvoluted zero charge MS spectra collected during 

cluster formation reactions. The inset of (A) shows the raw MS spectrum for the +6 charge state 

of monomeric IscU (M: monomeric IscU, D: dimeric IscU).  Experimental conditions: 100 M 

apo-IscU, 3 M IscS, 200 M L-cysteine, 100 M GSH, and 250 M ferrous acetate. (C) 

Comparison of the kinetics of [2Fe–2S]-IscU formation from native MS (normalized intensity; 
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orange) and the CD spectroscopic signature at 330 nm (ellipticity; blue). The decay of the native 

MS [2Fe–2S] cluster signal corresponded to the development of four iron species (gray). The 

error bars are replicate errors (n = 2). (D) Normalized intensity of iron (left panel), non-iron 

monomeric IscU (middle panel), and non-iron dimeric IscU (right panel) related species 

displayed as a function of time. Proposed intermediates on the main pathway (see Fig. 6) are 

shown with connecting solid lines. Additional proposed intermediates for viable secondary 

pathways are displayed with connecting dotted lines, whereas proposed off pathway species are 

shown without lines.    

 

Mechanism of cluster formation. Next, we used time-dependent native MS experiments 

to track the formation and decay of Fe-S cluster assembly intermediates. The Fe-S biosynthetic 

reaction was initiated in an anaerobic glovebox by combining apo-IscU, IscS, L-cysteine, Fe2+, 

and GSH. Representative raw MS spectra collected during cluster formation revealed peaks 

associated with monomeric (1,500–2500 m/z window) and dimeric (2500–4000 m/z window) 

IscU (Figure 2.6A). The raw MS spectra were deconvoluted to generate normalized intensities 

and assign intermediates (Figure 2.6B). Well-resolved peaks were observed in all of the collected 

native MS spectra with low amounts of sodium adducts, which enabled unambiguous 

assignment. The predicted masses and observed mass shifts matched well for the assigned 

species (Table 2-1). Further evidence for the assignment of sulfur-based species was provided by 

repeating the Fe-S assembly reactions with 34S-labeled L-cysteine and comparing the difference 

in the mass shifts for the normal and isotope-labeled reactions (Table 2-2). A nearly identical 

time course for the development and decay of the [2Fe–2S] cluster was observed for a reaction 

monitored by both native MS and CD spectroscopy (Figure 2.6C). 

In the first two minutes of the reaction, the amounts of monomeric Fe-IscU, Fe-S-IscU, 

and 2Fe-IscU species increased dramatically and decreased in concentration at later times as the 

amount of monomeric [2Fe–2S]-IscU increased (Figure 2.6D, left), consistent with being cluster 
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assembly intermediates. Similarly, the concentrations of S-IscU and 2S-IscU species also 

increased rapidly to a concentration that only gradually decreased over the remaining 165 min of 

the reaction (Figure 2.6D, middle). The lack of rapid decay of these one and two sulfur-bound 

species either suggests that they are off-pathway products or that they are intermediates that 

reach a steady state during the reaction. Low levels of IscU containing three and four sulfur 

atoms were also observed at longer reaction times. 
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Table 2-1 Predicted and observed mass of IscU intermediates during cluster formation. 
Monomeric IscU species Predicted mass shift from apo (Da) Average observed mass shift from 

apo (Da) 

M+OH 17.0 17.0 ± 0.4 

M+S 32.11 32.2 ± 0.4 

M+S+OH 49.11 49.1 ± 0.4 

M+Fe 53.82 53.7 ± 0.6 

M+2S 64.11 65.0 ± 0.6 

M+2S+OH 81.11 81.8 ± 0.7 

M+FeS 85.91, 2 85.9 ± 0.6 

M+3S 96.21 97.0 ± 0.2 

M+2Fe 107.62 110.0 ± 2.3 

M+4S 128.31 129.8 ± 0.9 

M+2Fe1S 141.72, 4 143.3 ± 0.4 

M+Cys+S 151.21 151.0 ± 0.5 

M+[2Fe−2S] 173.83 176.0 ± 0.5 

M+2Fe3S 209.82, 4 208.6 ± 0.2 

M+GSH 305.3 304.8 ± 0.6 

M+GSH+S 337.41 337.1 ± 0.7 

M+GSH+2S 369.41 370.1 ± 0.4 

D+S 32.11 31.2 ± 1.0 

D+2S 64.11 64.3 ± 1.0 

D+3S 96.21 96.1 ± 1.8 

D+2Fe6S 308.0 307.7 ± 0.5 

D+4Fe6S 415.62, 4 418.1 ± 0.5 

D+4Fe7S 449.72, 4 450.5 ± 0.8 

D+4Fe8S 483.82, 4 482.6 ± 0.6 

Predicted mass shifts from apo were estimated using the following assumptions: 1S is annotated as S0, 2Fe is 

annotated as Fe2+; 3[2Fe−2S] is annotated as [2Fe−2S]2+; 4S is annotated as S2-. Errors are replicate errors (n = 3). A 

lower overall charge of the protein-associated small molecule will lead to more protons bound to the protein ion to 

compensate the overall charge of the protein ion, and these protons are also account for in the mass shifts. 
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The monomeric [2Fe–2S]-IscU reached a maximum after 75 min and then decreased, and 

similar kinetics were also observed for the low levels of monomeric 2Fe-IscU and 2Fe1S-IscU 

species (Figure 2.6D, left).  As the [2Fe–2S]-IscU concentration decreased at longer reaction times, 

we observed the development of monomeric 2Fe3S-IscU and dimeric 4FeXS-IscU (X = 6-8) 

species (Figure 2.6C, D; Table 2-1, Table 2-2). Interestingly, a separate reaction using excess 

substrates and the non-physiological reductant DTT generated traditional [4Fe–4S] clusters and 

not the 4FeXS-IscU species. In general, dimers of IscU both bound to and lacking Fe-S clusters 

accumulated at later time points (Figure 2.6D, right). Overall, these native MS experiments suggest 

a iron-first pathway for the development of [2Fe–2S] clusters on IscU with additional conversion 

chemistry generating clusters with larger stoichiometries at longer reaction times. 

 

Table 2-2 Mass shifts observed for IscU species during cluster formation using 34S-L-

cysteine. 
Assigned 

Intermediate 

Mass shift from apo 

(using natural Cys) 

Mass shift from apo 

(using [
34

S]-Cys) 

Number of S 

(experimental) 

Number of S 

(theoretical) 

M+S* 32.2 33.6 0.7 1 

M+2S* 64.4 67.0 1.4 2 

M+3S* 96.6 100.5 2.1 3 

M+4S* 129.2 135.1 3.1 4 

M+Cys+S 150.3 154.4 2.2 2 

M+[2Fe–2S] 175.6 179.5 2.1 2 

D+S* 32.7 34.4 0.9 1 

D+2S* 65.3 68.4 1.6 2 

D+3S* 96.9 102.0 2.7 3 

D+4Fe6S 418.3 429.9 6.1 6 

D+4Fe7S 451.1 464.4 7.0 7 

*The experimental calculated numbers of sulfur atoms for M+nS (n = 1-4) and D+mS (m = 1-3) are ~70-80 

% of that of theoretical values. This might be due to the formation of low abundance sulfinic acid modifications that 

would have the same mass as persulfide containing species. 
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Figure 2.7 vT-ESI source design and performance. (A) Solidworks rendering of the VT-ESI 

assembly with labels to identify the significant components. The fan mounted to the top of the 

device prevents overheating and reduces atmospheric moisture condensation for experiments 

performed below ~15 °C. The top stage of the thermoelectric chip (TEC) makes direct contact with 

a 40 mm x 40mm x 13mm heatsink (CTS Electronic Components APF40-40-13CB) with the fan; 

a 40 mm x 15 mm 24 VDC fan with 14.83 CFM rated airflow (Delta Electronics AFB0424SHB). 

The vT-ESI assembly using custom machined PEEK parts that mount to a commercial Thermo 

Nanospray Flex source. See supplemental information for additional information about the 

electronics control system. (B) Temperature calibration of the vT-ESI emitter solution is 

performed using thermocouples inserted into the static spray capillary and the SS heat exchanger 

(as shown in inset). The temperature variations ranged from ~ +/- 5 °C at the highest and lowest 

temperature and ~ +/- 2 in the range of 5 – 98 °C. Reprint with permission from Analytical 

Chemistry 2021. (Articles ASAP) Copyright 2021 ACS Publications.  

 

Pilot structural study of IscU using variable-temperature electrospray ionization 

(vT-ESI). IscU has been reported to be a metamorphic protein that exists in disordered (D) and 

structured (S) states.62, 63, 65, 215 Apo-IscU is more populated in D states, while Zn and Fe binding 

shifts the equilibrium towards S states.215 The biological functions of these different states 

remain elusive and debatable. Results from the Markley group suggest D states to be the binding 

substrate for IscS62, while results from the Pastore group indicate the opposite215. Additionally, 

IscU has also been shown to have cold denaturation characteristic by CD spectroscopy and 
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NMR.63, 215, 216 To further illustrate the conformation landscape of IscU under different 

conditions, we employed native MS with a home-built vT-ESI source (Fig).217 The concept here 

is that protein ions in relative higher charge states has larger solvent accessible area, which in 

most cases should also correspond to more disordered and/or extended conformation. The 

preliminary results first demonstrate the cold denaturation of IscU could be probed by vT-ESI. 

As the abundance of higher charge state and the overall average charge state of monomer IscU 

increases in lower temperatures (Figure 2.8A). Apo-IscU has more significant increase in 

average charge state than Zn-IscU under low teamperature, implying apo-IscU has a higher 

increase of population in D states in lower temperatures than Zn-IscU. Interestingly, when IscS is 

also present in the sample, the abundance of higher charge state and the overall average charge 

state of monomer Zn-IscU under low and high temperatures increases even more significantly 

(Figure 2.8B) while apo-IscU does not change significantly (Figure 2.8C). This result is 

consistent with D states being the substrate of binding IscS, as most likely IscS binding shifts the 

equilibrium of Zn-IscU towards D states, which should be theoretically more susceptible to cold 

denaturation. In comparison, apo-IscU is already mostly in D states and thus does not change 

much when IscS is present. Also, under higher temperature, Zn-IscU lost zinc more easily when 

IscS is present (Figure 2.8D). This again is consistent with IscU binds IscS in D states, which is 

expected to ligate Zn with lower affinity comparing to S states. One hypothesis of the purpose of 

D states binding IscS is that this opens the active site to enable sulfur transfer, Zn removal, and 

Fe incorporation. Further studies on the effect of CyaY and employing ion mobility will provide 

further insights. 
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Figure 2.8 vT-ESI experiments of IscU. vT-ESI experiments are done in 3 µM IscU 

concentration in 200 mM ammonium acetate (pH = 6.8), the temperature is scan from low (1 °C) 

to high (> 80 °C) temperature with 5 °C increments. MS spectra is collected for 30s with 

instrument parameters described above. The y-axis is shown in Δ average charge, which is the 

charge difference with the lowest charge in the experiment.  Δ average charge of Zn-IscU vs apo-

IscU is shown in (A), Zn-IscU with or without IscS in (B), apo-IscU with or without IscS in (C). 

(D) shows the abundance of Zn-IscU lost zinc over temperature (become apo-IscU). 

 

2.4. Discussion   

Elaborate biosynthetic pathways are responsible for assembling Fe-S clusters and 

delivering the appropriate cluster form to clientele proteins. Although there are decades of 

excellent studies of the self-assembly of Fe-S clusters and the associated enzymatic process,218, 

219 key mechanistic questions remain. Here, we implemented high-resolution time-dependent 
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native MS experiments to define intermediates and provide insight into the assembly of Fe–S 

clusters for the bacterial ISC biosynthetic system. 

Native MS experiments separate unreacted substrates from iron and sulfur-based 

intermediates, which can be identified without relying on model compounds or samples that are 

chiral, labeled, or paramagnetic. To ensure that the protein ions were not collisionally activated, 

which might result in the loss of labile intermediates, and that the proteins remained in native-

like conformations,205, 220, 221 ion mobility measurements were performed using a homemade 

source and a drift tube coupled to an EMR instrument.210, 211 These experiments revealed protein 

ions that were in a compact native-like conformation and charge state distributions that were 

suitable for further data processing. Additional evidence that native MS is appropriate for 

deciphering solution Fe-S cluster chemistry is provided by the high agreement for the formation 

and decay of [2Fe–2S]-IscU monitored by native MS and CD spectroscopy (Figure 2.6C-D). The 

predominant [2Fe–2S]-IscU signal in a cluster reconstitution experiment using excess substrates 

shows the majority of [2Fe–2S] cluster survives after the sample handling and nano-ESI process 

(Figure S7). We also provide evidence supporting the correlation of species abundances in 

solution (mole fraction) with that detected by native MS (normalized intensity). The monomer to 

dimer ratio of an oxidized IscU sample investigated by native MS (59 ± 5% dimer) or non-

reducing SDS-PAGE followed by densitometry (65 ± 6% dimer) are in agreement. Also, 

different ratios (1:2, 1:1, and 2:1) of apo-IscU and Zn-IscU mixtures match with the relative 

abundances in the native MS spectrum (Figure S1). Moreover, the highly purified proteins, high 

mass resolution, and 34S isotope labeling experiments enable unambiguous assignment of the 

intermediate species associated with IscU (Figure 2.6; Table 2-1, Table 2-2). Collectively, the 
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data presented in this study highlight the power of native MS in defining protein-associated 

intermediates and elucidating details of enzymatic reactions.    

Native MS experiments revealed that the as-isolated IscU has one Zn2+ bound per protein 

(Figure 2.1B) and is able to form a Zn-bound IscU2-IscS2 complex (Figure 2.3B). Zn2+ also 

inhibited [2Fe–2S] cluster formation on IscU (Figure 2.4), consistent with previous studies that 

Zn2+ stabilizes IscU by binding to the same cysteine residues that are used to ligate [2Fe–2S] 

cluster intermediates.60, 61, 102, 107, 222, 223 Zn2+ binding stabilizes uncomplexed IscU223 and, in our 

experiments, decreases the propensity of the IscU subunits to dimerize (Figure S3). Reductants 

also decrease IscU dimerization (Figure 2.2) indicating that cysteine residues are being oxidized 

to form an intermolecular disulfide bond. The ability of Zn2+ to protect cysteine residues from 

oxidation has been reported for other proteins.224 Although uncomplexed IscU co-purifies with 

Zn2+, the cellular metal-binding status of IscU under in vivo conditions is unclear as E. coli is 

reported to have extremely low free Zn2+ concentrations.225 Moreover, native MS results indicate 

apo-IscU binds tighter than the Zn-bound form to IscS (Figure 2.3B). Regardless, Zn2+ can be 

removed from Zn-IscU with the chelating agent DTPA (Figure 2.1B)223, 226 or by reactions that 

include both L-cysteine and a stoichiometric amount of IscS (Figure 2.4C), which might remove 

the Zn2+ either by generating a persulfide species on IscU that decreases the Zn2+ binding affinity 

or by precipitating the Zn2+ with generated sulfide. Overall, the Zn2+ stabilizes and protects IscU 

from oxidation and remains bound until the IscS-dependent turnover of L-cysteine promotes the 

loss of Zn2+ and initiates the Fe-S cluster assembly reaction.  

Native MS experiments revealed that apo-IscU can bind two Fe2+ ions with different 

affinities (Figure 1.1D), consistent with recent Mössbauer spectroscopic studies that show two 
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Fe2+ binding sites for human ISCU with distinct chemical environments.226 Moreover, Fe-IscU 

exhibited a positive ellipticity peak in the CD spectrum at 315 nm that is characteristic of an 

S→Fe charge transfer band (Figure 2.1F). Recent studies on human Fe-ISCU describe a similar 

spectroscopic feature and provide mutagenesis experiments that support cysteine ligation for the 

Fe2+ ion.226 In addition, we provide evidence that Fe2+ is unable to displace the Zn2+ (Figures 1C, 

3C) but can bind simultaneously with Zn2+ to IscU (Figure 1E), likely to the lower affinity site. 

Notably, the three cysteine residues on IscU are located in the [2Fe–2S] cluster assembly active 

site. These combined results indicate that IscU has two metal-binding sites: a higher affinity site 

that binds Zn2+ and Fe2+ using the active site cysteines and a lower affinity site that binds Fe2+. It 

is unclear if both iron-binding sites are functionally relevant, but it is important to note that two 

Fe2+ ions are required to synthesize a [2Fe–2S] cluster. 

We also found that the addition of Fe2+ stimulates the reactivity of the cysteine residues 

on IscU. Acid-quench denaturing MS experiments revealed that Fe2+ accelerates sulfur 

accumulation on apo-IscU (Figure 2.5), consistent with a recent study for the human assembly 

system.226 Previous experiments using the bacterial IscU-IscS complex indicate that Fe2+ has no 

effect on the PLP chemistry or cysteine desulfurase activity,81 suggesting that Fe2+ instead 

promotes the intermolecular sulfur transfer reaction. The stimulatory role of Fe2+ in sulfur 

transfer might be explained by (i) decreasing the pKa of an IscU sulfur-accepting cysteine ligand 

to increase its nucleophilicity; (ii) functioning as a Lewis acid to increase the electrophilicity of 

the sulfane sulfur of the IscS persulfide; and (iii) inducing a local conformational change to 

properly position the sulfur donor and acceptor residues. Also, native MS experiments revealed 

that reactions that include Fe2+ incorporated oxygen to generate low levels of sulfenic acid 
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(Table 2-1). Notably, the formation of small amounts of sulfinic acid, which would have the 

same mass as a persulfide species, might explain the lower than expected mass shifts for 

reactions with 34S-L-cysteine (Table 2-2). These results are consistent with the ability of redox-

active metals such as iron to enhance the reactivity of cysteine ligands.224, 227, 228 

 

 

Figure 2.9 Proposed mechanism for iron-sulfur cluster assembly on IscU. The primary route 

is highlighted in bold with additional secondary pathways shown as dashed lines. The proposed 

mechanism is based on the assumption that the resulting iron and sulfur bound species of IscU 

are a readout of intermediates on the IscU-IscS complex. 

 

Model for Fe-S cluster assembly.  The Fe-S cluster assembly reaction likely occurs in 

the context of the IscU-IscS complex. Substrates for the synthesis of Fe-S clusters on IscU are 

delivered through IscS or proteins that bind with the IscU2-IscS2 complex.74, 75, 86, 179, 184 One of 

the challenges in using native MS to investigate intermediates in Fe-S cluster assembly is the 

22 nature of the IscU-IscS complex; i.e., two Fe-S species bound to separate IscU subunits 
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would have the same total mass as the IscU2-IscS2 complex with one bound [2Fe–2S] cluster. 

We, therefore, designed experiments to probe uncomplexed IscU in the reaction with the 

underlying assumption that the resulting iron and sulfur bound species are a readout of 

intermediates on the IscU-IscS complex. Fe-S assembly reactions were initiated by mixing apo-

IscU, Fe2+, L-cysteine, IscS, and GSH, and the reactions were monitored by measuring changes 

in the mass of uncomplexed IscU as a function of time.  

The MS data suggest an “iron-first” mechanism for [2Fe–2S] cluster synthesis. Our results 

reveal a [2Fe–2S] cluster bound to monomeric IscU developed, maximized after 75 min, and then 

decreased in intensity (Figure 2.6D). This trace coincided well with the positive ellipticity at 330 

nm associated with [2Fe–2S]-IscU in a parallel assay monitored by CD spectroscopy (Figure 

2.6C). Monomeric IscU with shifts in mass consistent with Fe and Fe-S species were observed in 

the earliest time points that then decayed as the intensity of this [2Fe–2S] cluster peak increased. 

This behavior is consistent with the Fe-IscU and Fe-S-IscU species being intermediates in the 

[2Fe–2S] cluster assembly reaction (Figure 2.9).  The Fe-IscU peak decayed before the Fe-S-IscU 

species, suggesting a major route to a [2Fe–2S] cluster is through an iron-first mechanism. This 

hypothesis is also supported by the acceleration of the intermolecular sulfur transfer reaction from 

IscS to IscU in the presence of Fe2+ (Figure 2.5). As the Fe-S-IscU species decays, signals for both 

2Fe-1S-IscU and [2Fe–2S]-IscU develop. Therefore, we propose that an iron atom binds to the Fe-

S-IscU species prior to the second intermolecular sulfur transfer reaction. The two iron atoms are 

likely oxidized from Fe2+ to Fe3+ to provide the two electrons to break the S-S bond of the 

persulfide,229 generate a bridging sulfide intermediate, and freeing the cysteine residue on IscU to 

accept another persulfide from IscS (Figure 6). We propose an oxidized 2Fe–2S species is then 
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generated after a second intermolecular sulfur transfer reaction. This species may be reminiscent 

of the Fe2S-S oxidized cluster observed in a crystal structure of the IscU-IscS complex60 and needs 

to be reduced by two electrons to complete the [2Fe–2S]2+ assembly process. These electrons 

appear to be provided through the oxidation of ferredoxin in vivo and glutathione in our in vitro 

assay. We include GSH because it is a physiological reagent that promotes in vitro [2Fe–2S] cluster 

synthesis and transfer reactions to cluster carrier and target proteins.185 Although ferredoxin clearly 

has a role in [2Fe–2S] and/or [4Fe–4S] cluster biogenesis in vivo,230 the ability of bacterial Fdx to 

compete with IscU for binding to IscS and also generate a persulfide radical anion on IscS184 appear 

counterproductive to a role in [2Fe–2S] cluster synthesis and require further study. 
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3. REDIRECTION OF SULFUR TRANSFER TO GLUTATHIONE BY CYAY LEADS TO 

RELIEVAL OF OXIDATIVE STRESS 

3.1. Introduction 

Iron-sulfur (Fe-S) clusters are essential cofactors for life processes such as oxidative 

respiration, photosynthesis, DNA modification, etc.231, 232 These cofactors are ubiquitous for 

most organisms, from prokaryotes (such as E. coli) to eukaryotes (such as human).233 Fe-S 

clusters exist in different stoichiometry, for example, rhombic [2Fe–2S] clusters and cubic [4Fe–

4S] clusters.173-175 As essential enzymes bind to various Fe-S clusters to fulfill their functions, a 

profound understanding of how organisms assemble and transport Fe-S clusters becomes crucial. 

In prokaryotes, three Fe-S cluster biosynthesis pathways are known: 1) Nitrogen Fixation 

(NIF)234, 235, 2) Iron-Sulfur Cluster (ISC)236-238 and 3) Sulfur Formation (SUF)239. ISC pathway 

also operates in eukaryotic mitochondria and is highly conserved between the two systems. In E. 

coli, the ISC pathway is the house-keeping pathway under ‘normal’ growth conditions. In this 

study, we focus on E. coli ISC pathway. The cysteine desulfurase IscS converts its substrate L-

cysteine into L-alanine and generate a sulfane sulfur on the mobile loop cysteine residue through 

persulfide bond.68, 76, 86 This sulfane sulfur is subsequently transferred to the scaffold protein 

IscU, where [2Fe–2S] clusters are generated.181-183 It’s generally considered that an iron donor is 

required due to the toxicity of  Fe2+, but the source of Fe2+ remains putative.75, 116, 179, 180 The 

source of electrons was proposed to be ferredoxin (Fdx).184 IscU further transfers the cluster to 

Grx4 in a reaction accelerated by HscA-HscB pair in an ATP dependent manner240-

242_ENREF_15. Grx4 subsequently transfers the clusters downstream to terminal acceptors. 
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Despite decades of extensive research on the ISC pathway, certain mechanistic details remain 

elusive. 

The physiological role of bacterial frataxin CyaY is putative. Although CyaY and its 

eukaryotic homolog frataxin (FXN) share similar sequence, overall structure, and iron binding 

affinity243, CyaY behaves differently in the bacterial ISC machinery. In the eukaryotic system, 

frataxin (FXN) promotes Fe-S assembly as an allosteric activator of the cysteine desulfurase 

complex.119, 244 In contrast, E. coli CyaY inhibits Fe-S cluster assembly but has no effect on the 

IscS activity with the presence of IscU.81, 122, 183, 245 Mutation of human FXN gene causes lethal 

neurodegenerative disease Friedriech’s ataxia. Depletion of FXN results in iron overload, 

oxidative stress and ultimately cell death.246-248 On the other hand, E. coli CyaY knockout did not 

directly lead to growth defects under normal aerobic growth conditions.123, 249 Interestingly, Fe-S 

enzyme activities were compromised in CyaY knockout strains especially under iron-overload 

conditions. Also, wildtype E. coli strains outcompeted CyaY knockout strains when growing 

together.123 Studies of Salmonella enterica revealed knockout of CyaY with Fe-S repairing 

enzyme Yggx further decreased cell viability and Fe-S enzyme activities under oxidative 

stress.140 Overall, these in vivo studies support positive effect of CyaY on Fe-S cluster level and 

antioxidation in cell. While FXN clearly benefits Fe-S cluster assembly, the seemingly 

contradictory effects of CyaY in vivo and in vitro have yet to be resolved. 

We sought to find the missing link between the antioxdative effect and ISC regulation by 

CyaY. Peroxidases are one of the major H2O2 scavenging enzymes. The thioredoxin (Trx) redox 

system helps transfer electrons from NADPH to thiol-dependent peroxidases for H2O2 

scavenging.149 Glutathione (GSH) is the major thiol-containing small molecule involving in 
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regulation of enzyme activities and redox sensing. GSH assists the glutaredoxin (Grx) redox 

system, which works similarly as the Trx system.149 Also, small molecule persulfides such as 

glutathione persulfide (GSSH) and cysteine persulfdie (Cys-SSH) have been proposed as 

effective antioxidants.158 Notably, IscS is effective in generating persulfides and potentially 

serves as a source of GSSH. Three sulfur protein acceptors of IscS, including IscU, TusA, and 

Thil, have been reported. IscU utilizes the sulfur for Fe-S assembly as mentioned, TusA transfers 

sulfur to MoCo biogenesis and tRNA thiolation pathways, and Thil delivers sulfur to thiamine 

biosynthesis and tRNA thiolation pathways. For in vitro assays, small molecules containing thiol 

groups such as dithiothreitol (DTT) are widely used to accept sulfur from IscS. Thus, GSH (~1-

10 mM) likely acts as a small molecule sulfur acceptor for IscS under physiological conditions. 

Another interesting study on CyaY and FXN is on a mutant of the scaffold protein. 

M107I was identified as a spontaneous mutation on Isu1 (yeast homolog of IscU) that could 

suppress the effect of FXN deletion in yeast, thereby making it FXN independent.250 Recently, 

the reverse scenario was tested where a single point mutation (I108M) on IscU was shown to 

make the E. coli dependent on CyaY.251 An in vitro study showed that Fe-S cluster biosynthesis 

is slower for IscUI108M without CyaY.136 However, a more detailed in vitro study interrogating 

what happens when CyaY is added and these effects explained the in vivo observation was not 

addressed. 

In this study, the mechanism of CyaY inhibition on Fe-S cluster assembly and how in vitro 

behavior of CyaY leads to the in vivo antioxidation effect are interrogated. Details in sulfur 

transfer, sulfur trafficking, and protein-protein interactions were obtained through mass 

spectrometry-based methodologies. The footprint of sulfur was tracked by acid-quench denaturing 
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MS. Acid-quench has been reported as an effective methodology to stop reactions by denaturing 

proteins, and lock persulfides in space by preventing disulfide exchanges in low pH. After acid-

quench, the current state-of-the-art method in the field is by separating and detecting isotope-

labeled sulfur (35S) species using high-performance liquid chromatography (HPLC).119 Isotope-

labeling method has been successful in qualitative assessment between species but not 

quantitatively accurate due to the instability nature of radioactive elements. Here, we changed the 

analyzation method into high-resolution nano-electrospray ionization (nano-ESI) MS. The high-

resolution of MS clearly resolved sulfur adducts on macromolecules, and the soft nano-ESI method 

prevents disulfide bond cleavage. Therefore, accurate quantitation of sulfur adducts on proteins 

was achieved using MS without isotope labeling. The effect of CyaY on the protein interaction 

network of IscS with sulfur acceptors IscU and TusA was analyzed by native ion mobility mass 

spectrometry (IM-MS). The protein interaction network and competition of IscS (~91kDa dimer) 

with IscU (~13kDa), TusA (~9kDa), and CyaY (~12kDa) is challenging for traditional biophysical 

techniques such as analytical size exclusion, ITC, and SPR due to insufficient resolution. The 

higher resolution and third dimensional separation of native IM-MS clearly resolved all species 

formed and enabled quantification of protein interactions in complex protein mixtures. With the 

soft nano-ESI method and proper instrument tuning, native IM-MS has been shown to preserve 

protein structure and interactions in the gas phase.200, 201, 205 Protein ions in native-like folded 

compacted structure retain smaller and more compact drift time and collisional cross section (CCS) 

compared to denaturing or activated protein ions. Using drift time and CCS to evaluate whether 

protein ions are in “native-like” structure preserving non-covalent interactions with other proteins 

or ligands enhances reliability. Furthermore, we compared metal binding of protein complexes by 
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performing native MS on a high resolution orbitrap mass spectrometer. Overall, this study 

highlights the capability of various MS methods in studying challenging biochemical mechanisms, 

and a mechanism of CyaY inhibition on the ISC pathway and the relation with the antioxidative 

effect was proposed. 

 

3.2. Experimental procedures 

Preparation of proteins. Escherichia coli proteins IscS, IscU, CyaY and TusA were 

expressed and purified as previously described (for TusA ref monomer-dimer).81 An extinction 

coefficient of 6.6 mM-1cm-1 at 388 nm (in 0.1 M NaOH) was used to estimate the concentration 

of the PLP cofactor,206 which represents the concentration of active IscS. Extinction coefficients 

of 11,460, 28990, and 2560 M-1cm-1 at 280 nm was used to estimate the concentrations of IscU, 

CyaY, and TusA, respectively. IscS, IscU, CyaY, and TusA were estimated to be >95% pure 

based on SDS-PAGE analysis. Aliquots of IscS (50 mM HEPES, 250 mM NaCl, pH = 7.5), IscU 

(50 mM HEPES, 150 mM NaCl, pH = 7.5), CyaY (50 mM HEPES, 150 mM NaCl, pH = 7.5), 

and TusA (50 mM HEPES, 150 mM NaCl, pH = 7.5) stock solutions were flash-frozen and 

stored at -80 °C. All samples were prepared in an anaerobic Mbraun glovebox (<1 ppm O2 

monitored by a Teledyne model 310 analyzer) unless otherwise indicated.  

Methylene blue assay for cysteine desulfurase activity. Cysteine desulfurase activities 

were measured for each complex (SU and SUC) according to the published procedure.136 In 

short, a heating block was used to bring the temperature to 37°C. The proteins were mixed to a 

final concentration of 0.5 µM IscS, 2.5 µM IscU, 0 or 5 µM CyaY and 4 mM D,L-DTT followed 

by incubation for 15 minutes on heating block already at 37°C. 1 mM L-cysteine were added, 
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incubated 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) and absorbance at 670 nm was measured. The 

amount of sulfide produced was determined for each data point using a standard curve.  

CD spectroscopy. CD spectra were recorded on a Chirascan CD spectrometer (Applied 

Photophysics) using a 1 cm path length cuvette. Cuvettes were sealed with a rubber septa and 

electrical tape in a glove box (O2 < 1 ppm). The assays were run in 50 mM HEPES and 150 mM 

NaCl (pH =  7.5) at 22ºC. 

Cluster assembly assay on IscU and one-pot cluster synthesis assay on Grx4. The 

assay mixtures constituted 8 µM IscS, 40 μM IscU, 0 or 50 μM CyaY, 200 μM Fe(NH4)2(SO4)2, 

and was initiated with addition of 10 mM GSH and 100 µM cysteine using air tight syringes. 

Cluster assembly rates on IscU were measured for SU, SUC, SUI108M, SUI108MC by monitoring 

the ellipticity change at 330 nm over time and fitting the initial data points using Kaleidagraph 

(synergy software) to linear equation (y=m1x+m2), where m1 gives the initial rate of cluster 

synthesis (Figure 1B). [R2 values: SU (0.99), SUC (0.96)]. For one-pot cluster synthesis on Grx4, 

40 μM apo-Grx4 was also added into the assay mixtures then measured for SU, SUC, SUI108M, 

SUI108MC by monitoring the change of ellipticity at 450 nm over time and fitting the initial time 

points using Kaleida graph (synergy software) to linear equation (y=m1x+m2), where m1 gives 

the initial rate of cluster formation on Grx4 (Figure 1A). [R2 values: SU (0.99), SUC (0.94), 

SUI108M (0.99), SUI108MC (0.62)]. 

Cluster transfer assay from holo-IscU to apo-Grx4. 20 μM IscU was re-constituted 

using 1 μM IscS, 40 µM CyaY, 400 μM Fe(NH4)2(SO4)2 and 40 μM L-cysteine with L-cysteine 

being the limiting reagent to inhibit any further cluster-synthesis. 40 μM Grx4 was then injected 
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into the cuvette anaerobically using an air-tight syringe and the cluster transfer to the latter was 

followed by monitoring the ellipticity change at 450 nm over time and fitting the initial data 

using Kaleidagraph (synergy software) to linear equation (y=m1x+m2), where m1 gives the initial 

rate of cluster transfer from Holo-IscU to apo-Grx4. 450 nm was chosen as the wavelength to 

monitor the transfer due to minimal contribution from holo-IscU at that wavelength. The rates 

were compared for SU, SUC (Figure 1C). [R2 values: SU (0.93), SUC (0.93)]. 

Sample preparation for MS experiments. Protein samples were treated with 5 mM 

TCEP, incubated for 30 mins, and desalted by two passes through Micro Bio-spin columns with 

Bio-gel P-6 (Bio-Rad) equilibrated with target MS-compatible ammonium acetate buffers (buffer 

A: 200 mM ammonium acetate, pH = 7.5). Under standard conditions, Apo-IscU was prepared 

by treating the as-isolated IscU stock solution with 10 mM DTPA for 30 mins and then desalting 

the sample. All the IscU samples used in MS experiments were in apo form, otherwise in Zn 

bound form. To minimize potential oxidation during MS analysis, samples were prepared and 

incubated in 0.2 mL PCR tubes in the glovebox. The mixtures were then sealed in the PCR tubes, 

removed from the glovebox, and infused immediately (< 5 mins) into the mass spectrometer.  

Time-dependent acid-quench denaturing MS experiments to determine whether 

Fe2+ and CyaY influences sulfur transfer from IscS to IscU.  Mixtures of 15 M IscS, 75 M 

apo-IscU, and different concentrations of ferrous acetate (0 or 400 M) were incubated in buffer 

A for 30 mins at 22 °C. The reaction was then initiated by adding 300 M L-cysteine. At each 

time point, the assay mixture was quenched by 10-fold dilution into 1% formic acid before MS 

analysis on EMR. Linear regression fits were used to determine the initial rates for the sulfur 

transfer reactions.  
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Native MS experiments to monitor metal binding to IscS-IscU or IscS-IscU-CyaY. 

Titrations of IscS-apo-IscU or IscS-apo-IscU-CyaY with Fe2+ were monitored by high-resolution 

native MS experiments using EMR. SU (1.5 M IscS and 4.5 M apo-IscU) and SUC (1.5 M 

IscS, 4.5 M apo-IscU, and 4.5 M CyaY) samples were mixed with different concentrations of 

ferrous acetate (5, 15, or 45 M) in buffer A, incubated for 30 mins, and then analyzed.  

Native IM-MS experiments to assess the effect of Fe2+ on formation of CyaY 

complexes. Mixtures of (i) 1.5 M IscS and 12 M CyaY (ii) 1.5 M IscS, 1.5 M apo-IscU and 

1.5 M CyaY (iii) 1.5 M IscS, 1.5 M apo-IscU, 1.5 M CyaY and 12 M TusA were mixed 

with 0 or 100 M ferrous acetate in buffer A, incubated for 30 mins, and then analyzed by IM-

MS using Synapt G2. 

Acid-quench denaturing MS experiments to determine whether Fe2+ and CyaY 

influences sulfur transfer from IscS to IscU and/or TusA.  Mixtures of 5 M IscS, 50 M 

apo-IscU and/or TusA, and different concentrations of ferrous acetate (0 or 400 M) and/or 

CyaY (0 or 15 M) were incubated in buffer A for 30 mins at 22 °C. The reaction was then 

initiated by adding 200 M L-cysteine. At 10 min time point, the assay mixture was quenched by 

10-fold dilution into 1% formic acid before MS analysis on EMR.  

Native IM-MS experiments to monitor competition of CyaY and TusA on binding 

IscS. Titrations of either IscS-TusA complex with CyaY or IscS-CyaY complex with TusA were 

monitored by IM-MS using Synapt G2. Mixtures of 1.5 M IscS and 1.5 M TusA were mixed 

with different concentrations of CyaY (0, 3, 6, 12 M), incubated for 30 mins, and then 

analyzed. On the other hand, mixtures of 1.5 M IscS and 12 M CyaY were mixed with 
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different concentrations of TusA (0, 1.5, 3, 6 M) incubated for 30 mins, and then analyzed by 

IM-MS using Synapt G2. 

Native IM-MS experiments to monitor competition of IscU and TusA on binding 

IscS. Titrations of either IscS-TusA complex with apo-IscU or IscS-apo-IscU complex with 

TusA were monitored by IM-MS using Synapt G2. Mixtures of 1.5 M IscS and 12 M TusA 

were mixed with different concentrations of apo-IscU (0, 1.5, 3, 6 M), incubated for 30 mins, 

and then analyzed. On the other hand, mixtures of 1.5 M IscS and 1.5 M apo-IscU were mixed 

with different concentrations of TusA (0, 3, 6, 12 M) incubated for 30 mins, and then analyzed 

by IM-MS using Synapt G2. 

Native IM-MS experiments to assess the effect of CyaY on formation of IscS-IscU 

complexes. Mixtures of 1.5 M IscS and 1.5 M apo-IscU were mixed with 0 or 1.5 M CyaY 

in buffer A, incubated for 30 mins, and then analyzed. To determine the effect of apo-IscU on SC 

binding as well, mixture of 1.5 M IscS and 12 M CyaY were incubated for 30 mins and 

analyzed using Synapt G2.. Titrations of SUT complex with CyaY were performed to study the 

effect of CyaY on competition of apo-IscU and TusA on binding IscS. Mixtures of 1.5 M IscS 

and 1.5 M apo-IscU, 12 M TusA were mixed with different concentrations of CyaY (0, 0.75, 

1.5, 3 M), incubated for 30 mins, and then analyzed by IM-MS using Synapt G2. 

Alanine detection assay. In a procedure adapted from Selbach and colleagues, alanine 

production was observed in terms of its reaction with naphthalene 2,3-dicarboxaldehyde (NDA) 

to generate a stable fluorescent product.252 Mixtures of IscS (0.5 µM), IscU (50 µM), L-cysteine 

(150 µM), Fe2+ (250 µM), GSH (2.5 mM), with or without CyaY (0 or 5 µM) were prepared in 
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50 µL aliquots and quenched after 7 minutes with 70 µL 2.86% trichloroacetic acid (TCA). The 

samples were then added to 1 mL borate buffer (115 mM sodium borate, 6 mM KCN, 100 µM 

NDA, pH 9.0) and incubated in darkness for 45 min. Following injection of 100 µL onto a 

Restek Raptor C18 column, the fluorescence of the mixtures was evaluated at excitation and 

emission wavelengths 390 and 440 nm, respectively. Samples were separated using an isocratic 

solvent system of 60% acetonitrile, 40% water, and 0.1% trifluoroacetic acid (TFA) for three 

min with a flow rate of 1.0 mL/min. The alanine-NDA peaks eluted at 30 s and peak areas 

integrated. Alanine concentration was determined from peak area by a standard curve using the 

same procedure and concentration of GSH as samples with corresponding 0, 10, 20, 50, 100, 

150, or 200 µM alanine in the initial 50 µL aliquots. 

MS experiments to probe generation of GSSH. Mixtures of 20 M IscS, 50 M apo-

IscU and, 30 M CyaY, 200 M ferrous acetate, and 150 M GSH were incubated in buffer A 

for 12 mins at 37 °C in the glovebox. The reaction was then initiated by adding 150 M L-

cysteine. At 12 min time point, the assay mixture was quenched by 2-fold dilution into 5 mM 

NEM. After 10 minutes, the assay mixture was diluted 7.5-folds into 1% formic acid before MS 

analysis on EMR. 

H2O2 detection assays to monitor the antioxidation effect of CyaY. Mixtures of 16 L 

volume containing 312.5 M Fe2+, 1.25 mM GSH, and 500 M L-cysteine with neither IscS, 

IscU, and CyaY (control), with 25 M IscS and 100 M IscU (SU), or with 25 M IscS, 100 M 

IscU, and 100 M CyaY (SUC) were reacted for 30 seconds, followed by adding 4 L of 5 mM 

H2O2. Upon adding H2O2, the concentrations of present components in the reaction mixtures 

were 250 µM Fe2+, 1 mM GSH, 400 µM L-cysteine, 20 µM IscS, 80 µM IscU, 80 µM CyaY and 
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1 mM H2O2. Five seconds after adding H2O2, 20 L of 100 mM NEM were added to the reaction 

mixtures. The concentration of the remained H2O2 in the mixtures were analyzed by tracking 

absorption at 571 nm following manufacturer’s protocol of the Amplex™ Red Hydrogen 

Peroxide/Peroxidase Assay. The NEM-quenched samples reacted with working solution (125 

µM 10-Acetyl-3,7-dihydroxyphenoxazine and 0.25 U Horseradish peroxidase) in 1:4 ratio for 30 

minutes, and diluted for five folds before measuring absorbance at 571 nm. A linear standard 

curve with initial concentration of 200 µM, 300 µM, 500 µM, 750 µM, 1.25 mM, 2.5 mM and 5 

mM H2O2 following the exact same procedure was used (R2 > 0.99) for determining H2O2 

concentrations. 

MS description and settings. Gold-coated borosilicate glass capillaries were prepared in 

house for use in the nano-ESI experiments. The sample solution was back-filled into a gold-

coated glass capillary tip and sprayed into the mass spectrometer.  

High-resolution MS experiments were performed by an Exactive Plus with extended 

mass range (EMR) Orbitrap MS (Thermo Fisher Scientific, San Jose, CA). For native MS 

experiments using EMR, instrument parameters were tuned to minimize collisional activation 

while retaining reasonable signal to noise. The parameters used for the native MS analysis of 

IscS-IscU and IscS-IscU-CyaY complexes include: m/z range 4000–10000, spray voltage 1.2 

kV, capillary temperature 350 °C, S-Lens RF level 200, source DC offset 3 V, injection flatapole 

DC 15 V, inter flatapole lens DC 12 V, bent flatapole DC 13–25 V, transfer multipole DC offset 

8 V, C-trap entrance lens tune offset 0 V, trapping gas pressure setting 7, in-source dissociation 

voltage 98 eV, HCD collision energy 0 eV, FT resolution 35000, positive ion mode, and ion 

maximum injection time 50 ms. For acid-quench denaturing MS experiments using EMR, 
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instrument parameters were tuned to prevent cleavage of persulfide bonds while maximizing 

signal. The parameters used for the acid-quench denaturing MS analysis of IscU and/or TusA 

include: m/z range 200–4000, spray voltage 1.3 kV, capillary temperature 150 °C, S-Lens RF 

level 200, source DC offset 3 V, injection flatapole DC 15 V, inter flatapole lens DC 12 V, bent 

flatapole DC 2 V, transfer multipole DC offset 2 V, C-trap entrance lens tune offset 0 V, trapping 

gas pressure setting 7, in-source dissociation voltage 0 eV, HCD collision energy 10 eV, FT 

resolution 8750, positive ion mode, and ion maximum injection time 50 ms. The initial MS data 

from EMR were collected using the Thermo Exactive software as RAW format. The Raw data 

were converted into text files using a Python script making use of Multiplierz. The intensity of 

the protein and protein–adduct species were deconvoluted and converted into normalized 

intensity by processing the text files with the software program UniDec.212 The reported intact 

mass were obtained from processing native MS spectrum, and the errors were calculated from 

FWHM of the highest intensity peak with Unidec. Ranges that were chosen for further data 

processing include m/z of 1000–4000 (denaturing IscU and TusA), m/z of 5500–6800 (native 

IscU-IscS complexes), m/z 5500–8000 (native IscU-IscS-CyaY complexes). 

Native ion-mobility mass spectrometry (Native IM-MS) was performed on a Synapt G2 

instrument. Instrument parameters were tuned to maximize ion intensity but simultaneously 

preserve the native-like state of proteins as determined by IM. The instrument was set to a 

capillary voltage of 1.3 kV, source temperature (30 °C), sampling cone voltage of 20 V, 

extraction cone voltage of 1 V, trap collision energy 4 V, transfer collision energy off, and 

backing pressure ~5 mbar, trap flow rate at 8 ml/min, He cell flow rate at 120 ml/min, IMS flow 

rate at 60 ml/min. The T-wave settings for trap (310 ms-1/6.0 V), IMS (250 ms-1/9–12 V) and 
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transfer (65 ms-1/2 V), and trap bias (30.0 V). Mass spectra were calibrated externally using a 

sodium iodide solution. Recorded spectra were deconvoluted using MassLynx 4.1 (Waters). 

Quantitation of individual species in complex samples was done using Driftscope v2.1 (Waters), 

Corresponding IMS species were manually recognized through matching m/z and IMS trend 

line, extracted by the selection tool, and saved as new spectra to obtain total ion current (TIC). 

Relative TIC of individual species was processed normalized intensities. 

MS data processing. The initial MS data from EMR were collected using the Thermo 

Exactive software as RAW format. The Raw data were converted into text files using a Python 

script making use of Multiplierz. The intensity of the protein and protein–adduct species were 

deconvoluted and converted into normalized intensity by processing the text files with the software 

program UniDec.212 The reported intact mass were obtained from processing native MS spectrum, 

and the errors were calculated from FWHM of the highest intensity peak with Unidec. Ranges that 

were chosen for further data processing include m/z of 1000–4000 (denaturing IscU and TusA), 

m/z of 5500–6800 (native IscU-IscS complexes), m/z 5500–8000 (native IscU-IscS-CyaY 

complexes). 

3.3. Results 

CyaY inhibits cluster assembly on IscU and one-pot cluster synthesis on Grx4. Fe-S 

cluster formation rates on IscU in the presence and absence of CyaY were determined using CD 

spectroscopy by monitoring the ellipticity change at 330, respectively. Consistent with 

previously published results, CyaY was observed to strongly inhibit iron sulfur cluster formation 

on scaffold protein (Figure 3.1B). We further tested whether the inhibitory effect of CyaY on Fe-

S cluster assembly on scaffold protein results in inhibition of holo-Grx4 synthesis in a one-pot 
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reaction where holo-IscU is not pre-formed. Cluster synthesis on Grx4 was monitored by 

recording ellipticity change at 450 nm. CyaY strongly inhibited cluster formation on Grx4 

(Figure 3.1A). 

 

 

Figure 3.1 CyaY effects on cluster assembly, cluster transfer, and cysteine desulfurase 

activity. (A) One-pot cluster synthesis on Grx4 started from cluster assembly on IscU or 

IscUI108M, (B) cluster assembly on IscU or IscUI108M, and (C) cluster transfer from holo-IscU or 

holo-IscUI108M to Grx4 was monitored by the change of ellipticity at 450, 330, and 450 nm using 

CD spectroscopy, respectively. For (A), samples initially consists of 0.5 µM IscS, 20 µM IscU, 0 

or 40 µM CyaY, 200 µM Fe2(NH4)2SO4 and 40 µM Grx4, and the the reaction was initiated by 
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adding 100 µM cysteine and 10 mM GSH. For (B), samples initially consist of 8 µM IscS, 40 

µM IscU, 0 or 50 µM CyaY, 200 µM Fe2(NH4)2SO4, and the the reaction was initiated by adding 

100 µM cysteine and 10 mM GSH. For (C), samples initially consist of 0.5 µM IscS, 20 µM 

holo-IscU, 10 mM GSH, 0 or 40 µM CyaY, and initiated by adding 40 µM apo-Grx4. The initial 

rates were obtained by fitting the data to linear equations and plotted. (D) The cysteine 

desulfurase activity were assessed by a sulfide detection assay described in Methods. The 

reactions contained 0.5 µM IscS, 0 or 2.5 µM IscU/IscUI108M, 0 or 5 µM CyaY, 4 mM D,L-DTT, 

and initiated by L-cysteine. 

CyaY does not affect iron sulfur cluster transfer from IscU to Grx4. Next, we wanted 

to explore if CyaY has any effect on the cluster transfer step. We reconstituted [2Fe–2S] on the 

scaffold protein IscU (see methods) followed by addition of apo-Grx4 to initiate the transfer 

reaction. The cluster transfer reaction was monitored using CD spectroscopy by monitoring 

ellipticity change at 450 nm (where holo-Grx4 has much larger contribution compared to holo-

IscU). The rates were found to be comparable with and without CyaY (Figure 3.1C). This shows 

that CyaY does not affect cluster transfer from holo-IscU to apo-Grx4. 

CyaY does not affect cysteine desulfurase activity. We next investigated whether the 

inhibition effect of CyaY on cluster assembly was a result of inhibited cysteine desulfurase 

activity. Cysteine desulfurase activity of IscS with presence of IscU (SU) or presence of both 

IscU and CyaY (SUC) were measured using a methylene blue assay (Figure 3.1D) or an alanine 

detection assay. Cysteine desulfurase activities were comparable for SU and SUC complexes in 

both assays, suggesting CyaY has no effect on IscS activity.  
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Figure 3.2 CyaY inhibits sulfur transfer from IscS to IscU under the presence of Fe2+,while 

CyaY and Fe have no effect on binding affinity of each other to IscS-IscU complex. Time-

dependent acid-quench denaturing MS was utilized to monitor sulfur accumulation on IscU after 

mixing apo-IscU (75 µM) with IscS (15 µM), L-cysteine (300 µM), ferrous acetate (0 or 400 

µM) and CyaY (0 or 75 µM). (A) Deconvoluted zero charge MS spectra of monomeric IscU 

(upper left) and total accumulated sulfur adducts per IscU (lower left) at an initial (3 min) 

reaction time. Total accumulated sulfur adducts per IscU as a function of time (right panel) 

revealed an initial rate increase (~6 fold) by adding Fe2+ (red) is inhibited when CyaY is also 

present (blue). The inset shows the early time points overlaid with linear regression fits. The 

error bars represent replicate errors (n = 3). (B) deconvoluted zero charge native MS spectra 
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(left) of SU (mixture of 1.5 µM IscS and 4.5 µM apo-IscU) or SUC (mixture of 1.5 µM IscS, 4.5 

µM apo-IscU and 4.5 µM CyaY) mixed with 45 µM Fe2+. Titration of Fe2+ to SU or SUC 

monitored by native MS (right) indicated similar binding affinity of Fe2+ to SU or SUC. (C) 

CyaY binding per IscS dimer of mixtures of C (1.5 µM CyaY) with S (1.5 µM IscS, left panel) 

or SU (1.5 µM IscS and 1.5 µM IscU, right panel) with 0 or 100 µM Fe2+ monitored by native 

IM-MS revealed that Fe2+ has no effect on CyaY binding to S or SU. (D) Depiction of CyaY 

effect on ISC cluster assembly and transfer. 

 

CyaY inhibits sulfur transfer from IscS to apo-IscU under presence of Fe2+.  

Notably, as Zn2+ binding on active site of IscU inhibits sulfur transfer from IscS, Fe2+ binding, 

and IscS-IscU binding253, apo-IscU was specifically used in sulfur transfer and protein complex 

formation experiments in this study (Figure 3.2, 3, 4, and 5B). In these MS-based experiments, 

apo-IscU was necessary for studying Fe2+ interaction with IscU active site. Other non-MS based 

experiment, such as cysteine desulfurase activity and cluster assembly experiment, were 

performed with as-isolated IscU (Zn-IscU for Figure 3.1, Figure 3.2, 5A, and 5C-D) since 

complete removal of zinc contamination in our normal assay environments was not achievable. 

The outcomes of these experiments should be independent of Zn2+ binding on IscU, as Zn2+ on 

IscU could be effectively removed when IscS, L-cysteine and low mM concentrations of GSH 

are present, which enable efficient cluster assembly on IscU.253   To evaluate the effect of CyaY 

on sulfur transfer from IscS to IscU, we monitored the sulfur adducts on IscU using time-

dependent acid-quench denaturing MS. Previously published studies establish that the addition of 

acid quenches sulfur transfer reactions and locks the persulfide in place for subsequent 

analysis.213, 214 Apo-IscU, IscS, L-cysteine, and various concentrations of Fe2+ and CyaY were 

reacted, quenched with acid at different reaction times, and analyzed by MS. In a 3 minute 

reaction (initial time), little persulfide formation was detected on IscU in the absence of Fe2+, 

whereas multiple persulfide species were observed upon the addition of Fe2+. We already 
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reported this Fe promotion effect on sulfur transfer from IscS to IscU. Upon adding CyaY, the 

persulfide formation on IscU without Fe2+ was not affected, while the persulfide formation on 

IscU with Fe2+ was inhibited (Figure 3A, left panel). After a 1-hour reaction, samples with and 

without Fe2+ and CyaY had similar amount of sulfur adducts (~0.9-1.3) per IscU (Figure 3A, 

right panel). The initial rate of sulfur accumulation on IscU was similar upon adding CyaY (~1.3 

fold), increased ~6 fold when adding Fe2+, and dropped back when Fe2+ and CyaY and both 

present (~1.9 fold). These experiments indicate that the addition of CyaY inhibits the Fe2+ 

promotion effect on sulfur transfer from IscS to IscU. 

CyaY does not affect Fe2+ binding to IscS-(apo-IscU) complex, and Fe2+ does not 

affect CyaY binding to IscS-(apo-IscU) complex. We next investigate whether CyaY and Fe2+ 

affect binding of each other to IscS-(apo-IscU) complex. To investigate whether CyaY affect 

Fe2+ binding to SU complex, titration of Fe2+ with SU or SUC was analyzed by high-resolution 

native MS. SU and SUC exhibited comparable binding to Fe2+ under different concentrations of 

Fe2+ (Figure 3.2B), suggesting CyaY did not affect Fe2+ binding to SU complex . On the other 

hand, we also evaluated the effect of Fe2+ on CyaY binding to S or SU. SC and SUC samples 

with or without Fe2+ were analyzed by native IM-MS. Both SC and SUC showed comparable 

binding to CyaY with or without Fe2+ (Figure 3.2C), indicating that Fe2+ did not influence CyaY 

binding to S or SU complex. 

CyaY does not significantly affect sulfur transfer from IscS to TusA. Knowing the 

inhibitory effect of CyaY on sulfur transfer from IscS to IscU, we wondered if CyaY also 

affected sulfur transfer from IscS to TusA. Thus, we monitored the sulfur adducts on TusA using 

time-dependent acid-quench denaturing MS. TusA, IscS, L-cysteine, and various concentrations 
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of Fe2+ and CyaY were reacted, quenched with acid at different reaction times, and analyzed by 

MS. Sulfur adducts for all the samples after a 10 min reaction are comparable with samples 

containing CyaY and Fe2+ a little lower (difference < 7%, Figure 3.3A), suggesting that CyaY 

and Fe2+ have no significant effect on sulfur transfer from IscS to TusA.  

 

Figure 3.3 Figure 3. CyaY has no effect on sulfur transfer from IscS to TusA and competes 

against TusA on IscS binding with relative low affinity. Acid-quench denaturing MS was 

utilized to monitor sulfur accumulation on TusA after mixing TusA (50 µM) with IscS (5 µM), 

L-cysteine (200 µM), ferrous acetate (0 or 200 µM) and CyaY (0 or 15 µM) at a 10 min time 

point. (A) Total accumulated sulfur adducts per TusA revealed no effect of CyaY and Fe2+ on 

sulfur transfer from IscS to TusA. (B) Binding partners per IscS dimer of mixtures of CyaY, 

TusA and IscS was monitored by native IM-MS. Titration of CyaY to ST (1.5 µM IscS and 1.5 

µM TusA, upper panel) indicated that excess CyaY (up to 8 fold) was unable to decrease TusA 

binding on IscS dimer. In comparison, titration of TusA to SC (1.5 µM IscS and 12 µM TusA, 

lower panel) revealed that binding of CyaY to IscS decreased as binding of TusA to IscS 

increased. 

 

CyaY competes with TusA on binding IscS with lower affinity. We next investigate 

whether CyaY affects binding of TusA to IscS. Titration of CyaY to equimolar of ST mixture 

showed increasing CyaY binding (up to ~0.4 C per S2) but no change in TusA binding (remained 
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~0.9 T per S2) as CyaY concentration elevated (Figure 3.3B, upper panel). On the other hand, 

titration of TusA to SC mixture (IscS:CyaY = 1:8) revealed increased TusA binding (up to ~1.5 

TusA per S2) and decreased CyaY binding (from ~0.9 C to ~0.3 C per S2) as TusA concentration 

elevated (Figure 3.3B, lower panel). Also, in a SCT mixture (S:C:T = 1:8:1), 1 equivalent of 

TusA (~0.9 T per S2)  binds IscS better than 8 equivalent of CyaY (~0.4 C per S2). These results 

clearly suggest CyaY and TusA binds with IscS competitively, and CyaY has lower affinity than 

TusA. Notably, the total amount of TusA plus CyaY binding on a IscS dimer was lower than 2 

even with excess TusA and CyaY (~1.8 for a SCT mixture of 1:8:4 = S:C:T). In the SCT mixture 

spectra, IscS dimer could bind up to total two CyaY or TusA (S2C2, S2T2, and S2CT were 

observed). Together, these evidence support that CyaY and TusA have 2 overlapped binding 

sites on IscS. 

CyaY inhibits sulfur trafficking from IscS to protein acceptors. To evaluate the effect 

of CyaY on sulfur trafficking from IscS to apo-IscU and TusA, we monitored the sulfur adducts 

on proteins using time-dependent acid-quench denaturing MS (Figure 3.4A, B). Mixtures of IscS 

(5 µM), L-cysteine (200 µM), apo-IscU (0 or 50 µM), TusA (0 or 50 µM), Fe2+ (0 or 200 µM), 

and CyaY (0 or 15 µM) were reacted, quenched with acid at 10 minutes, and analyzed by MS. 

First, we performed control experiments of sulfur transfer to individual sulfur acceptors (Figure 

4A, left panel). Sulfur adducts on apo-IscU was higher after adding Fe2+ (increased from ~0.4 to 

~0.6 per IscU) and dropped down when CyaY was also present (~0.2 per IscU), which are 

similar results as previously shown in Figure 2A. Sulfur adducts on TusA (~0.8 per TusA) were 

higher than that on IscU under same experimental conditions. Next, we analyzed samples with 

equimolar apo-IscU and TusA (Figure 4A, right panel). Without CyaY and Fe2+, sulfur adducts 
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on apo-IscU and TusA are similar (~0.5 per IscU/TusA).  After adding Fe2+, sulfur adducts on 

TusA slightly increased (from ~0.5 to ~0.6 per TusA) and sulfur adducts on apo-IscU apparently 

elevated (from ~0.5 to ~0.8 per IscU). When both Fe2+ and CyaY were present, sulfur adducts on 

apo-IscU decreased as expected (~0.2 per IscU) while surprisingly sulfur adducts on TusA 

disappeared.  

 

Figure 3.4 CyaY inhibits sulfur transfer from IscS to binding partners under the presence 

of Fe2+. (A) Acid-quench denaturing MS was utilized to monitor sulfur accumulation on apo-

IscU and/or TusA after mixing apo-IscU and/or TusA (50 µM) with IscS (5 µM), L-cysteine 

(200 µM), Fe2+ (0 or 200 µM) and CyaY (0 or 15 µM) at a 10 min time point. Representative 

spectra and zoom in of TusA 5+ and IscU 7+ of T, U and T, U, C, Fe samples are shown in (B). 

Relative binding affinities of IscS binding partners were were monitored by native IM-MS. (C) 

Titration of apo-IscU to IscS-TusA (ST) complex (1.5 µM IscS and 12 µM TusA, left panel) 

indicated that apo-IscU was able to decrease TusA binding on IscS dimer even with lower 

concentrations. In comparison, titration of TusA to SU (1.5 µM IscS and 1.5 µM apo-IscU, right 

panel) revealed that binding of apo-IscU to IscS decreased slightly when using excess (8 fold) 
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TusA. (D) The left panel shows mixture of IscS-IscU CyaY (SUC) complex (1.5 µM IscS, 1.5 

µM apo-IscU and 1.5 µM CyaY) demonstrated higher IscU binding per IscS than SU (1.5 µM 

IscS and 1.5 µM apo-IscU), and similar amount of CyaY binding per IscS with SC (1.5 µM IscS 

and 12 µM CyaY, note that CyaY is in excess in SC compare to SUC). Titration of CyaY to SUT 

(1.5 µM IscS, 1.5 µM apo-IscU and 12 µM TusA) revealed that CyaY enhanced apo-IscU 

binding while decreased TusA binding. (E) SUCT complex formation (mixture of 1.5 µM IscS, 

1.5 µM apo-IscU, 12 µM TusA and 1.5 µM CyaY) with 0 or 100 µM Fe2+ remained the same.  

 

CyaY assists IscU to compete off TusA on binding IscS. To better understand the 

inhibition effect of CyaY on sulfur trafficking to protein acceptors, we monitored complex 

formation of apo-IscU, TusA, IscS, Fe2+, and CyaY mixtures by native IM-MS using Synapt G2.  

Titration of TusA into SU mixture revealed competition between apo-IscU and TusA on 

binding IscS. As the concentration of apo-IscU and IscU binding on IscS increased, TusA 

binding on IscS decreased (Figure 3.4C, left panel). Titration of TusA into SU mixture showed 

similar results (Figure 3.4C, right panel). IscU binding (~1.1U per S2) was slightly higher than 

TusA binding on IscS for SUT mixture with excess TusA (S:U:T = 1:1:8), suggesting apo-IscU 

has higher affinity than TusA on binding IscS. Notably, the total amount of apo-IscU plus TusA 

binding on a IscS dimer was equal or lower than 2 even with excess apo-IscU and TusA. In the 

SUT mixture spectra, IscS dimer could bind up to two apo-IscU or TusA (S2U2, S2T2, and S2UT 

were observed). Together the evidence support that CyaY and TusA have 2 overlapped binding 

sites on IscS.  

Next, we examine the effect of CyaY on apo-IscU binding. Binding of apo-IscU on IscS 

for a SU sample (S:U = 1:1, ~1.5U per S2) enhanced after adding CyaY (S:U:C = 1:1:1, ~2.0U 

per S2), suggesting the presence of CyaY promoted IscU-IscS binding (Figure 3.4D, left panel). 

On the other hand, binding of CyaY on IscS were similar (~1.0C per S2) for a SUC sample 

(S:U:C = 1:1:1) and a SC sample (S:C = 1:8) (Figure 3.4D, left panel). Much less CyaY was 
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required to reach the same level CyaY-IscS binding when IscU was present, indicating the 

presence of IscU enhanced CyaY binding. Titration of CyaY into a SUT mixture revealed 

increasing apo-IscU binding and decreasing TusA binding as CyaY concentration increased 

(Figure 3.4D, middle panel). Clearly, CyaY assisted IscU to compete off TusA on binding IscS. 

We also investigated if Fe2+ affects binding of SUCT mixtures. A SUCT sample 

(S:U:C:T = 1:1:8:1) showed no difference in complex formation after adding excess Fe2+ (Figure 

3.4D, right panel), which matches with other results demonstrating Fe2+ had no effect on CyaY 

and apo-IscU binding (Figure 3.2C). 

 

 

Figure 3.5 Redirection of sulfur trafficking to small molecules by CyaY under the presence 

of Fe2+ results in accelerated consumption of H2O2. (A) The effect of CyaY on overall 

cysteine turnover was further investigated by an alanine detection assay. The reaction mixtures 

contain IscS (0.5 µM), IscU (50 µM), Fe2+ (250 µM), GSH (1 mM), and cysteine (150 µM) with 

or without CyaY (5 µM). (B) Probing the small molecule species accepted sulfur using MS. The 

assay mixture containing IscS (20 µM), IscU (50 µM), CyaY (30 µM), Fe2+ (200 µM), GSH 

(150 µM), and cysteine (150 µM) were reacted in NaOAc buffer (200 mM, pH = 7.5) for 12 

minutes before quenched by 5 mM NEM. The final assay mixture was diluted 15-folds in 1% 
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formic acid for MS analysis. Consumption of H2O2 with or without CyaY was monitored using 

Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit. In Brief, mixtures contain Fe2+, GSH, 

and cysteine with no IscS, IscU, and CyaY (control), with IscS and IscU (SU), or with IscS, 

IscU, and CyaY (SUC) reacted with H2O2 and were quenched by excess NEM. The 

concentrations of H2O2 remained in the NEM-quenched mixtures were determined by 

monitoring UV-Vis absorbance at 571 nm from the reaction product of H2O2, Amplex Red 

reagent and HRP with a standard curve. Representative UV-Vis spectra are shown in (C) and a 

bar graph showing enhanced H2O2 consumption with presence of CyaY is in (D). Student’s t test 

(two-tailed) was used for statistical analysis (**P < 0.01) with the remained H2O2 percentages 

used for comparison. 

 

CyaY redirects IscS sulfur transfer from protein acceptors to small molecules under 

presence of Fe2+. By knowing CyaY inhibits sulfur transfer to protein acceptors under presence 

of Fe2+ and CyaY has no effect on IscS activity using the methylene blue assay, we hypothesized 

that the sulfur should be instead transferred to small molecules with thiol groups such as GSH in 

cell. However, the methylene blue assay wouldn’t be a proper assay for probing cysteine 

turnover in physiological conditions as the assay utilizes excess non-physiological reductant 

DTT to rapidly cleave persulfide on IscS and generate sulfide. To further examine whether 

cysteine turnover by IscS are similar with or without presence of CyaY in a physiological-like 

condition containing low mM of GSH, we monitored concentration of the turnover product 

alanine instead. As one cysteine turns into alanine by IscS, the production rate of alanine 

represents the turnover rate of cysteine. Mixtures of IscS (0.5 µM), apo-IscU (50 µM), L-

cysteine (150 µM), Fe2+ (250 µM), GSH (2.5 mM), with or without CyaY (0 or 5 µM) were 

reacted for 7 minutes before quenching with acid. The production rates of alanine are similar 

with (~4.96 ± 1.02 µM/min) or without (~4.26 ± 1.09 µM/min) CyaY (Figure 3.5A), suggesting 

CyaY has no significant effect on the overall cysteine turnover. As CyaY inhibits sulfur 

trafficking to protein acceptors, the only remain option for sulfur trafficking was GSH. When 

persulfide is transferred to GSH, the product should be GSSH. We confirmed the production of 
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GSSH by MS. A mixture of IscS (20 µM), IscU (50 µM), CyaY (30 µM), L-cysteine (150 µM), 

Fe2+ (200 µM), and GSH (150 µM) reacted for 12 minutes before quenching with NEM and 

analyzed by MS (Figure 3.5B). Aside from GSSH, reaction product of GSSH such as GSSG and 

GSSSG were also detected. 

CyaY promotes antioxidation through generation of small molecule persulfide 

species. By knowing promotion of sulfur transfer to small molecules by CyaY, we further 

investigated if higher level of small molecule persulfide species by CyaY results in antioxidation. 

The effectiveness of antioxidation is dictated by the rate of H2O2 consumption. Mixtures contained 

Fe2+, GSH, and L-cysteine without IscS, IscU, and CyaY (control), with IscS and IscU (SU), or 

with IscS, IscU, and CyaY (SUC) were incubated for 30 seconds under 37℃, followed by addition 

of H2O2. Upon adding H2O2, the concentrations of present components in the reaction mixtures 

were 250 µM Fe2+, 1 mM GSH, 400 µM L-cysteine, 20 µM IscS, 80 µM IscU, 80 µM CyaY and 

1 mM H2O2. H2O2 rapidly reacted with molecules with free thiols such as L-cysteine, GSH, and 

GSSH for 5 seconds. To quench the reaction, equal volume of 100 mM NEM were added to the 

reaction mixtures. The concentration of the remain H2O2 in the mixtures were analyzed by using 

the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit and tracking absorption at 571 nm. 

The results revealed that the remained H2O2 in SUC (222 ± 26 µM) was lower than SU (306 ± 17 

µM)( Figure 3.5C-D), consistent with higher level of small molecule persulfide species by CyaY 

resulting in faster consumption of H2O2. 
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3.4. Discussion 

Role of CyaY in Fe-S cluster assembly. Inhibition of Fe-S cluster assembly on IscU by 

CyaY in vitro was shown in literatures81, 122, 183, 245. Here, we reconfirmed the CyaY inhibition 

effect using CD spectroscopy (Figure 3.1).  In literature, simultaneous binding of IscU and CyaY 

on IscS was demonstrated by SAXS and pull-down experiments74, 126, while the NMR 

experiment indicated competition between IscU and CyaY on binding IscS50. Our native IM-MS 

results clearly demonstrated simultaneous binding of IscU and CyaY on IscS forming maximum 

S2U2C2 complex. Also, our results are consistent with mutual binding promotion between IscU 

and CyaY to IscS (Figure 3.4D) and no effect of Fe2+ on the binding of S2U2C2 (Figure 3.2C, 

right panel). To understand the molecular basis of CyaY inhibition, stepwise analysis from 

generation of sulfur adducts on IscS, sulfur transfer from IscS to IscU, [2Fe–2S] formation on 

IscU, and [2Fe–2S] formation on Grx4 were performed. At first, the sulfide detection cystiene 

desulfurase activity assay suggest insignificant effect of CyaY on IscS activity with the presence 

of IscU (Figure 3.1D, Figure 3.5A), consistent with previous reported results81, 183 Also, stopped-

flow spectroscopy results reveal CyaY have no effect on quinonoid decay, the rate limiting step 

in IscS PLP-chemistry, with the presence of IscU. Together, CyaY has no apparent effect on 

generation of sulfane sulfur on IscS. For the sulfur transfer step from IscS to IscU, we recently 

reported accelerated accumulation of sulfur adducts on apo-IscU when Fe2+ was present (~6 

folds initial rate). Fe2+ binding on IscU active site stimulates sulfur transfer towards IscU and Fe-

S cluster assembly253. When CyaY was added into the mixture of Fe2+, IscS, apo-IscU, and L-

cysteine, the sulfur accumulation on IscU significantly dropped (~0.3 fold initial rate, Figure 

3.2A). Since CyaY had insignificant effect on generation of sulfur on IscS, the decrease of sulfur 
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accumulation on IscU should have been the result of decreased sulfur transfer from IscS to IscU. 

This inhibitory effect of CyaY on iron-stimulated sulfur transfer could be explained by either 

CyaY blocks Fe2+ binding on IscU active site or CyaY interfers sulfur transfer trajectory from 

IscS mobile loop cysteine to IscU active site. High resolution native MS results reveal similar 

binding stoichiometries of Fe2+ per SU or SUC complex, suggesting CyaY has no effect on Fe2+ 

binding on the IscU active site. Thus, the inhibitory effect was most likely from CyaY interferes 

the sulfur transfer trajectory. The inhibitory effect of CyaY on iron-stimulated sulfur transfer, 

which is an early step in an iron-first mechanism model we recently proposed253, is consistent 

with literature results revealing CyaY reduced the initial reaction rate of cluster assembly126.  

CyaY was initially proposed as an iron donor due to its low to mid binding affinity for 

Fe2+ (Kd = 3-55 μM) and high binding affinity for Fe3+ (Kass = 1017 M-1).46, 143, 254 CyaY has been 

shown to oligomerize in the presence of iron, especially Fe3+.79, 142 In vitro studies show viable 

Fe-S cluster assembly when using iron-loaded CyaY.46, 79 Yet no evidence clearly suggests iron-

loaded CyaY directly transfer iron to IscU active site for cluster assembly as iron-loaded CyaY 

could also release  free iron ions to solution for cluster assembly. On the other hand, the 

inhibition effect of CyaY on cluster assembly is against the iron donor role81, 122, 183, 245. In vivo 

studies show deletion of CyaY gene didn’t cause major defect on Fe-S proteins under normal 

physiological conditions123, 140, implying the major source of iron was not solely from CyaY. In 

this study, another result arguing against CyaY as the iron donor is provided. Presumably, an 

iron donor is supposed to enhance iron binding on IscS-IscU complex or deliver iron by binding 

IscS-IscU complex with higher affinity in iron-loaded form than apo form, but CyaY behaved 

neither of these characteristics. High resolution native MS analysis demonstrates similar binding 
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of iron on S2U2 and S2U2C2 (Figure 3.2B). Native IM-MS analysis shows similar binding of 

CyaY on S2 or S2U2 with or without iron (Figure 3.C). Overall, our results support CyaY’s role 

in ISC machinery as restraining Fe-S cluster assembly instead of the iron donor. 

I108M variant of IscU behaves like wild type. It had been shown by Dancis and co-

workers that a single point mutation (M → I) on the scaffold protein ISCU in yeast can rescue all 

FXN deletion phenotypes via bypassing FXN i.e. M → I mutation on scaffold protein in 

eukaryotes can make the organism FXN independent255, 256. As deletion of CyaY has no effect 

under normal growth condition, E. coli is CyaY independent. This led to study by Roche et al. to 

determine if the reverse mutation I → M would render E. coli CyaY-dependent257. They showed 

that cellular iron sulfur cluster level decreased for I → M mutation in E. coli and was even worse 

in absence of CyaY. Recently we determined that ISCU2M106I bypasses FXN by accelerating 

cluster transfer to GRX5 in human system. Here, we did a similar step-wise analysis to study the 

effect of IscUI108M on each step in the presence and absence of CyaY. More specifically, we 

tested if IscUI108M slows down any step and whether CyaY rescues the rate. We found that 

IscUI108M variant behaved just like wild type in all the steps and the effect of CyaY on cluster 

assembly of scaffold protein was also similar for IscUI108M and wt-IscU, in other words, 

inhibitory rather than accelerating. Therefore, at present we still don’t have a mechanism that 

explains the effect of I → M mutation on scaffold protein of E. coli in vivo. 

The enigma: why CyaY restraining ISC Fe-S cluster assembly turns into increased 

Fe-S enzyme activities and alleviation of oxidative stress? CyaY benefits Fe-S enzyme 

activity of E. coli in rich media (such as LB) under aerobic conditions and decrease cell 

susceptibility of S. enterica under H2O2 stress.123, 140 The effect of CyaY involves complex 
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interplay among Fe-S clusters, sulfur metabolism, iron metabolism, and oxidative stress. Here we 

discuss several major factors. 

At first, CyaY redirects sulfur trafficking from IscS to reactive sulfane sulfur molecules. 

Enzymes utilize cysteine residues to catalyze protein-protein interactions, protein-DNA 

interactions, protein-lipid interactions, and permit binding of cofactors.150 Oxidation of cysteine 

residues in enzymes (e.g., disulfide bond formation) leads to inactivation. Hence, organisms 

utilize two major redox regulation systems, Trx and GSH, to maintain an overall reduced 

environment for cysteine residues. Aside from scavenging H2O2, GSH also directly rescues 

oxidized cysteine residues.150, 153 GSH gradually fails to keep cysteine residues reduced as 

oxidative stress enhances. Reactive sulfane sulfur on small molecules such as GSSH are 

proposed as strong antioxidants.158 GSSH (persulfide thiol pKa ~ 6.2)258 is significantly more 

deprotonated and more reactive than GSH (thiol pKa ~8.3)259 in reducing disulfides and 

scavenging H2O2.
260, 261 Our results demonstrate CyaY redirects sulfur trafficking from protein 

acceptors to GSH and generates GSSH (Figure 3.5A-B), and thus accelerated the consumption of 

H2O2 (Figure 3.5C-D). Interestingly, the inhibition of sulfur transfer to TusA is consistent with 

an in vivo study on E. coli showing deletion of CyaY leads to thiolated-tRNA promoted lambda 

phage infection.123 

Next, CyaY prevents generation of toxic labile iron ions from degradation of excess Fe-S 

clusters. The overall Fe-S cluster amount is determined by Fe-S cluster assembly and 

degradation. Oxidative stress and Fe-S cluster degradation promote each other as a vicious cycle. 

[4Fe–4S] clusters, which is often utilized as oxygen-sensing cofactors, are highly reactive to 

oxygen and reactive oxygen species (ROS).162, 262 Oxidative degradation of [4Fe–4S] generates 
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[3Fe–4S] and Fe2+, and [3Fe–4S] can further degrade to generate more free iron ions.162 Free 

iron ions generated from cluster degradation catalyze propagation of ROS.263, 264 To minimize 

ROS propagation by cluster degradation under oxidative stress, regulation of ISC pathway to 

prevent excess clusters is required. IscR, the transcription regulator of ISC pathway, suppresses 

isc operon when binding [2Fe–2S].265, 266 In vivo studies demonstrating deletion strain of IscR, 

the transcription regulator of the ISC pathway which inhibits isc translation when binds [2Fe–

2S], being hypersensitive to oxidative stress is consistent with the need of restraining ISC 

pathway to prevent oxidative stress propagation.159, 267 Notably, the SUF pathway, which 

assembles Fe-S clusters under a protective mechanism and exists in part of bacteria such as E. 

coli and S. enterica, is activated by IscR under oxidative stress.268 Under iron-replete conditions 

with oxidative stress, propagation of ROS is catalyzed and inhibition of IscR on isc transcription 

would likely not be as effective if Fe-S clusters degrade before [2Fe–2S] is transferred to IscR. 

Thus, direct inhibition of the ISC machinery is most likely required for preventing ROS 

propagation under iron-replete conditions. Our results clearly demonstrate CyaY inhibits ISC 

pathway from assembly to cluster maturation on Grx4 by blocking iron-induced sulfur transfer 

from IscS to IscU. As a result, we propose CyaY acts as an allosteric inhibitor of ISC machinery 

under iron-replete conditions, favoring Fe-S cluster maturation by alleviating cluster degradation 

and ROS propagation.  

CyaY is also proposed to sequester toxic labile iron ions and potentially repair Fe-S 

clusters. Regulation of iron transportation and storage is crucial for organisms to keep labile iron 

ions under toxic threshold. The toxic threshold of iron ions decreases as ROS increases under 

oxidative stress, while essential need of iron still needs to be fulfilled. Thus, proteins store or 
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sequester iron ions for ROS protection and physiological usage are crucial for cell function under 

oxidative stress. In vivo studies on S. enterica suggests CyaY and Yggx bind iron ions and are 

involve in Fe-S cluster repair.139, 140 CyaY deletion strain of S. enterica inhibited growth under 

H2O2 growth conditions, which was exacerbated when Yggx was also deleted.140 Also, E. coli 

CyaY prevents the iron-mediated production of hydroxyl free radicals in the presence of H2O2 in 

vitro.142 Notably, as wildtype E. coli favors Fe-S cluster maturation under iron-replete and 

aerobic condition compared to the CyaY deletion strain, a CyaY mutant strain lost interaction 

with IscS behaved similar to the CyaY deletion strain.123 The same study also demonstrates that 

deletion of CyaY as well as iron storage proteins Dps, FtnA, FtnB, and Bfr leads to defect of Fe-

S enzyme activities. This activity lost were partially compensated when only the iron storage 

proteins are deleted (CyaY still present) but compensated when only CyaY is deleted (iron 

storage protein still present, implying that CyaY partially substitute the function of iron storage 

proteins but not the other way. Together, literature evidence suggest CyaY sequestering iron ions 

contributes to part of its in vivo role, but the major effect comes from the involvement in ISC 

pathway. 



 

88 

 

 

 

 

Figure 3.6 Model for the CyaY regulation of iron and sulfur trafficking. Sulfur trafficking 

(left side) and iron trafficking (right side) with (red thin arrow) or without (blue thin arrow) 

presence of CyaY are shown. The red wide arrows suggest the effect of CyaY (upwards: 

increase, downwards: decrease). Overall, CyaY regulation of sulfur and iron trafficking leads to 

alleviation of oxidative stress, thus benefits Fe-S clusters. 

 

Here, we proposed a model explaining how CyaY regulates iron and sulfur trafficking to 

overall favor Fe-S clusters and alleviate oxidative stress in iron-replete environments (Figure 3.6). 

The major function of CyaY is restraining iron and sulfur being utilized by the ISC pathway. For 

sulfur trafficking from IscS, CyaY inhibited sulfur transfer to IscU and TusA (Figure 3.4A). Sulfur 

transfer to another acceptor Thil is likely also inhibited as Thil binding site on IscS also overlaps 

with IscU and CyaY.170 Instead of transfer to protein acceptors, sulfane sulfur on IscS is transferred 

to GSH to generate antioxidant GSSH (Figure 3.5A-B). For intracellular iron utilization, CyaY 

inhibited iron being utilized by ISC pathway. Instead, iron can be stored, utilized by biosynthesis 

of heme, which is the prosthetic group of antioxidative enzymes such as catalases and peroxidases, 

or used by SUF pathway under oxidative stress. Interestingly, mitochondria-targeted E. coli CyaY 
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was able to complement the lost of Fe-S cluster enzyme activities and heme deficiencies of a yeast 

frataxin deletion, implying CyaY might favor heme biosynthesis.269 Also, Vibrio cholerae CyaY 

binds heme.270 Whether CyaY actually influences heme biogenesis in E. coli is unclear and further 

investigation is required. The free iron ions are overall decreased by CyaY, since CyaY sequesters 

iron ions and restrains ISC pathway to prevent generation of iron ions from damage of unprotected 

Fe-S cluster biosynthesis (ISC pathway) and excess [4Fe–4S]. The outcome of CyaY regulation 

as an allosteric inhibitor under iron-replete conditions overall increases antioxidants and decreases 

toxic labile irons, leading to alleviation of oxidative damage and protection of Fe-S clusters. 
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4. CONFORMATION LANDSCAPE OF HUMAN ISC MACHINERY REVEALED BY ION 

MOBILITY  

4.1. Introduction 

Iron-sulfur (Fe-S) clusters are essential inorganic cofactors found in proteins and enzymes 

amongst all domains of life. These cofactors function in processes such as oxidative respiration, 

DNA replication and repair, and catalytic transformations of substrates. Pathways for Fe-S cluster 

synthesis are often found in the cytosol of prokaryotic cells and mitochondria of eukaryotes 219, 271. 

Although these cofactors are essential, the substrates required for their synthesis, S2- and Fe2+, 

contribute to oxidative stress through inhibition of respiratory complex IV 272 and escalation of 

Fenton chemistry 273, respectively. Consistently, there is emerging evidence that multiple layers of 

control regulate eukaryotic Fe-S cluster biosynthesis and that defects in this pathway lead to 

disease 274. These regulatory mechanisms are still poorly understood and include the use of the 

allosteric activator protein frataxin (FXN) 56, 103, 136, 214, 226, 275, the metabolite sensing acyl-carrier 

protein (ACP) 101, 102, 276, 277, and post-translational control 278-280. Elucidating the details of these 

mechanisms is critical for a holistic understanding of Fe-S cluster biosynthesis and may provide 

insights into therapeutic interventions for human disease. 

Fe-S cluster synthesis within the eukaryotic mitochondrial matrix is facilitated by a multi-

protein assembly complex. The sulfur-hub of the assembly complex exists as a stable subcomplex 

consisting of the pyridoxal 5’-phosphate (PLP) dependent cysteine desulfurase (NFS1) 281-283, a 

member of the eukaryotic-specific LYRM superfamily (ISD11) 88, 99, 100, and ACP 101, 102, 276. This 

subcomplex generates a persulfide intermediate to transfer sulfane sulfur to the scaffold protein, 

ISCU2, where it is combined with Fe2+ and 2 electrons, provided by FDX1 or FDX2 131, 284, 285, to 
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synthesize a [2Fe–2S]2+ cluster 286. The cysteine desulfurase complex is also implicated in sulfur 

trafficking for molybdenum cofactor biosynthesis and tRNA modifications 169. A central focus for 

studies of the eukaryotic Fe-S cluster biosynthetic pathway has been to determine the mechanisms 

by which the Friedreich's ataxia protein FXN 111 accelerates Fe-S cluster assembly 56, 81, 103, 131, 133, 

135, 136, 214, 226, 275, 286. Although much is now known about the individual chemical steps that are 

accelerated by FXN, there is still much to learn about the structural basis and physiological purpose 

for this apparent FXN-based regulation. 

 

Figure 4.1 Comparison of different SDAec architectures. Structure of the SDAec complex in the 

(A) open, (B) closed, and (C) ready forms. NFS1 is shown in yellow and green, ISD11 in blue and 

cyan, and ACPec in red. The green/cyan/red protomer is shown in the same orientation for the 

different architectures. (D) Overlay of the subunits from one protomer for NFS1 (green, yellow, 

and wheat), ISD11 (cyan, blue, and purple), and ACP (red, orange, and pink) of the ready, closed, 

and open forms, respectfully. Protein cofactors are shown in magenta. 

  

The first X-ray crystal structure of the human Fe-S cluster assembly subcomplex consisting 

of NFS1-ISD11 in complex with E. coli ACP (ACPec) revealed an architecture that was unexpected 

based on the prokaryotic IscS dimer (Figure 4.1A) and a possible explanation for the modest 

activity and requirement for FXN activation 101. This “open” NFS1-ISD11-ACPec (herein called 

SDAec) assembly exhibited an α2β22 quaternary structure with ISD11 molecules mediating 
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interactions between two NFS1-ISD11-ACP protomers (αβ). Unlike the dimer interface in the 

prokaryotic IscS structure 74, 86 there were few direct interactions between the NFS1 subunits. A 

subsequent crystal structure revealed the SDAec complex can use an NFS1-NFS1 rather than an 

ISD11-ISD11 interface to generate a second, distinct, α2β22 quaternary structure (Figure 4.1B) 

102. However, the NFS1-NFS1 dimer interface in this "closed" SDAec architecture differs from the 

IscS-IscS dimer interface; when the two-fold axes of the dimers are aligned, each NFS1 subunit is 

rotated by ~10 relative to the corresponding IscS subunit. Additional X-ray crystallography and 

cryo-electron microscopy (cryo-EM) studies revealed that the SDAec complex can also form a third 

“ready” architecture (Figure 4.1C) upon binding of ISCU2 (SDAecU) 102 or both ISCU2 and FXN 

(SDAecUF) 107; the ready architecture uses the same interface between NFS1 subunits as is 

observed in the IscS dimer (Figure 4.2). Overall, the NFS1-ISD11-ACPec protomers are 

superimposable for the three forms (Figure 4.1D) but use different protein-protein interactions to 

generate the open, closed, and ready SDAec architectures.  
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Figure 4.2 Comparison of the ready SDAec architecture with IscS. Structure of the SDAec in 

the ready form (oriented as in Figure 1C; NFS1 colored in green and yellow, ISD11 in blue and 

cyan, and ACPec in red) overlaid with IscS (subunits in orange and purple). Protein cofactors 

shown in magenta. 

 

These different assemblies have raised questions regarding which quaternary structures are 

physiologically relevant. The similarity of the ready architecture with the prokaryotic system 

suggests that this may be the functional form for Fe-S cluster biosynthesis 60, 74, 102, 107. However, 

the ready architecture provides no clear explanation for the functional requirement of ISD11, 

unlike the open architecture that depends on ISD11 for its association (Figure 4.1A). Moreover, 

the ready architecture does not easily explain the low activity and requirement of an activator for 

the eukaryotic Fe-S assembly system. It also does not explain additional differences from the 

prokaryotic system such as the distinct binding characteristics of accessory proteins with the 

respective cysteine desulfurases and opposing activation/inhibition effects of FXN homologs 81, 

101, 121, 131, 132, 184, 287. Interestingly, negative stain electron microscopy studies suggest the open 
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architecture is the predominant form of the SDAec complex 101. In contrast, small-angle X-ray 

scattering (SAXS) and crosslinking mass spectrometry studies support the closed or ready form as 

the SDAec architecture in solution 102, 288; notably, these studies did not evaluate the presence of 

the open form in their SDAec samples.  

More recently, stopped-flow and radiolabeling studies revealed that the mobile S-transfer 

loop of NFS1 is functionally linked to FXN activation 214, which led to the hypothesis that FXN 

binding activates the complex by inducing a switch between different architectures that are in 

equilibrium. However, there is currently no evidence that multiple architectures exist 

simultaneously in solution, that they are in equilibrium, or that this equilibrium can be shifted by 

FXN binding. The lack of understanding of the conformational landscape for the SDAec complex 

warrants additional studies to determine the functional significance and relationship between the 

open, closed, and ready architectures, which is necessary to provide a clear picture of accessory 

protein interactions and mechanistic steps in Fe-S cluster biosynthesis. Here we use a variety of 

functional and biophysical approaches to interrogate solution states of the SDAec complex and 

provide key results that point towards architectural swapping as an additional regulatory 

mechanism that appears to be linked to FXN activation of the human Fe-S cluster biosynthetic 

complex. 

 

4.2. Experimental procedures 

Protein and Purification 

Preparation of SDAec. The NFS1(Δ1-55)-ISD11(S11A)-ACPec (SDAec) was prepared 

following the published procedures describing the open 101 and closed 102 architectures. The two 
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procedures used identical expression constructs that encode an N-terminal His6 tag on NFS1, 

which was not cleaved unless indicated. The two preparation methods differed in expression 

conditions, using auto-induction (AI conditions) 101 or Terrific broth (TB conditions) 102 media, 

and slightly different purification procedures. A tobacco etch virus (TEV) protease cleavage site 

was introduced by mutagenesis into the original NFS1 plasmid to generate material with a 

cleavable His6 tag. To generate cleaved SDAec, the purification was conducted as previously 

described 101 with a 4 C overnight TEV cleavage step introduced after the cation exchange 

column. The digested product, which contained a single glycine residue before residue 56, was 

loaded onto a Ni-NTA column (5 mL; GE Healthcare) to remove the TEV protease. To generate 

15N-labeled SDAec,   2 – 6 liters of N-5052 auto-induction media 289 were inoculated with 8 mL 

of an overnight LB starter culture. The 15N-SDAec complex was purified as previously described 

101 except that supplemental pyridoxal 5’-phosphate was not added during the preparation. The 

QuikChange protocol (Agilent) was used to separately introduce the R68L substitution into the 

ISD11 plasmid (pACYDuet-1) and the Q64S L299H P300Q substitutions into the NFS1 plasmid 

(pet-15b) 101. SDAec variants were purified using the same protocol as the native enzyme 

complex. The concentrations for the SDAec complexes were determined using an extinction 

coefficient of 10.9 mM-1 cm-1 at 420 nm.  

Preparation of ISCU2. A MEGAWHOP protocol 290 was used to incorporate a TEV 

protease site and glutathione S-transferase (GST) into a pET-30a(+) vector containing ISCU2 

(Δ1-35) and generate the C-terminally tagged construct ISCU2-TEV-GST. Further mutagenesis 

was used to incorporate a C-terminal His6 tag to generate the ISCU2-TEV-GST-His6 construct. 

The ISCU2-TEV-GST plasmid was transformed into the E. coli strain BL21(DE3) for expression. 



 

96 

 

 

 

Cells were grown at 37 C to an OD600 of 0.5. Protein expression was induced with 0.1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) at 18 C. Cells were grown overnight, harvested 

by centrifugation the following morning, and stored in a -80 C freezer until use. The cell pellet 

from a 9 L culture was thawed and resuspended in GST buffer A (50 mM Hepes, 150 mM NaCl, 

pH = 7.8). Lysozyme (20 mg, Sigma-Aldrich) and protease inhibitor cocktail (20 mg, Sigma-

Aldrich) were added to the suspension. The cells were lysed by 2 cycles of French press at 

18,500 psi. Cell debris was cleared by centrifugation at 16,420 RCF for 30 min. The clarified 

lysate was loaded onto a manually packed GST-column (Prometheus) at 4 C. Bound protein 

was eluted with GST buffer B (50 mM Hepes, 150 mM NaCl, 10 mM glutathione (GSH), pH = 

7.8). The TEV digestion was conducted overnight at 4 C and the products were loaded onto a 

Ni-NTA column (5 mL; GE Healthcare) to remove the TEV protease. The flow-through from the 

Ni-NTA column was concentrated to 20 mL, diluted to 150 mL with cation A buffer (50 mM 

Hepes, pH = 7.8), and loaded onto a cation exchange column (27 mL; POROS 50HS, Applied 

Biosystems) and eluted with a linear gradient of NaCl (0 – 1 M). The fractions containing ISCU2 

were concentrated, brought into an anaerobic Mbraun glovebox (~12  C, <1 ppm O2 as 

monitored by a Teledyne model 310 analyzer), and supplemented with 5 mM D,L-dithiothreitol 

(DTT) before loading onto a HiPrep 26/60 Sephacryl S100 HR column (GE Healthcare Life 

Sciences) equilibrated in size exclusion buffer (50 mM Hepes, 150 mM NaCl, pH = 7.5). The 

fractions corresponding to monomeric ISCU2 were collected, concentrated, and flash-frozen in 

liquid nitrogen for storage at -80  C until use. For the ISCU2-TEV-GST-His6 construct, the same 

procedure was used except that the cation exchange step was skipped. Concentration was 
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determined using an extinction coefficient of 9970 M-1cm-1 at 280 nm as estimated by ExPASy 

ProtParam 291.  

Preparation of FXN. The FXN (Δ1-81) gene was subcloned into a pET-28a(+) vector 

containing His6-GST-TEV-CyaY 81 using the MEGAWHOP 290 protocol to generate a His6-GST-

TEV-FXN construct. Protein expression was conducted similar to that used for the ISCU2-TEV-

GST-His6 construct. The cell pellet from a 3 L culture was thawed and resuspended in GST 

buffer A. Cell lysis and the initial GST column, TEV cleavage, and Ni-NTA column clean-up 

steps were performed similarly to the ISCU2 preparation. The flow-through fractions were 

collected, concentrated, and loaded onto a HiPrep 26/60 Sephacryl S100 HR column equilibrated 

in size exclusion buffer. Fractions containing FXN were pooled, concentrated, frozen in liquid 

nitrogen, and stored at -80 C until use. Concentration was determined using an extinction 

coefficient of 26,930 M-1 cm-1 at 280 nm as estimated by ExPASy ProtParam 291. 

Preparation of IscU and IscS. The E. coli proteins IscU and IscS were expressed and 

purified as previously described 81. The extinction coefficient of 6.6 mM-1 cm-1 at 388 nm was 

used to estimate the concentration of the PLP cofactor, which represented the concentration of 

active IscS, in 0.1 M NaOH. The extinction coefficient of 11,460 M-1 cm-1 at 280 nm was used to 

estimate the concentration of IscU. 

 

Activity Measurements of Purified Complexes 

To determine the cysteine desulfurase activity, the methylene blue assay was conducted 

as previously described 101 in assay buffer (50 mM Hepes, 250 mM NaCl, pH = 7.5). Reaction 

mixtures of 800 µL containing the following components: 0.5 µM SDAec (or the SHQ variant), 
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1.5 µM ISCU2, 1.5 µM FXN, 4 mM D,L-DTT, and 5 µM (NH4)2Fe(SO4)2 were incubated at 37 

C for 15 min before the addition of varying amounts of L-cysteine. Reactions were quenched 

after 6 mins and the sulfide was quantified as previously described.  The sulfide formation rate 

for each L-cysteine concentration was measured at least in triplicate. Data were fit using 

KaleidaGraph (Synergy Software) to a traditional Michaelis-Menten equation. The errors in the 

Michaelis-Menten parameters represent errors in the fit to the experimental data. FXN binding 

was evaluated as previously described 292. 

 

Preparation of the SDAec Complex for Small-Angle X-ray Scattering  

Purified AI-prepared SDAec was injected onto a Superdex 200 10/300 GL column (S200, 

GE Healthcare Life Sciences) equilibrated in 50 mM Hepes, 250 mM NaCl, pH = 7.2 to remove 

any aggregates from the freeze/thaw cycle of the sample. Yellow fractions were collected, 

pooled, and concentrated to approximately 10 mg/mL. Dialysis buttons (Hampton Research) 

were loaded with 50 µL of sample and sealed with a 3.5 kDa dialysis membrane disc (Hampton 

Research, Spectrum) that had been washed thoroughly with Milli-Q H2O. Samples were then 

dialyzed in a variety of buffers within 50 mL falcon tubes overnight at 4 oC before dilution 

within a 96-well plate. High salt conditions were defined as 100 mM sodium phosphate, 500 mM 

NaCl, 2% glycerol, 2 mM TCEP, pH = 8.0. Low salt conditions were defined as 50 mM Hepes, 

250 mM NaCl, 2 % glycerol, 2 mM TCEP, pH = 7.5. The 96-well plate containing samples was 

sealed and shipped wrapped in ice packs to the SIBYLS beamline (12.3.1) at the Advanced Light 

Source (ALS). The plate was stored at 4 oC and was centrifuged at 3700 rpm for 10 minutes 

before data collection. Data collection parameters can be found in Table 4-1. 
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Table 4-1 Small-angle X-ray scattering data collection parameters. 

 

 

Small-Angle X-ray Scattering Data Collection and Analysis 

Individual buffers and frames were analyzed for consistency. Buffers with the same 

composition and scattering profile were averaged using the ATSAS 2.8.4 293 package to generate 

an average buffer scattering curve. Sample frames were then individually subtracted from the 

averaged buffer in the RAW 1.5.1 package 294, 295. Subtracted frames were then averaged in 

RAW at different time points to determine the onset of radiation damage. Exposure times which 

included the least amount of radiation damage were used for further analysis. The low q region 

was truncated based on Guinier analysis, and the high q region was truncated to 8/Rg prior to the 

pair distribution analysis. Additional information regarding Guinier analysis, pair-distribution 

function analysis, and curve fitting can be found in Table 4-2 and Table 4-3. We used the same 

SDAec

Organism H. sapiens , E . coli

Source Recombinant 

Source of Data This work

Theoretical Mw, excluding cofactors (kDa) 133 kDa

Sample concentrations (mg/mL) 1, 2, 4

Sample buffer

100 mM phosphate

500 mM NaCl

2% glycerol

2 mM TCEP

pH = 8.0

Instrument/data processing SIBYLS ALS 12.3.1

q range (Å
-1

) 0.011-0.565

Wavelength (Å) 1.27

Cell thickness (mm) 1.5

Sample to detector distance (m) 1.5

Temperature (
o
C) 10

Exposure time (sec) 10

Delta/time slicing Every 0.3 seconds

Total frames 32
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procedure for the reanalysis of the Markley and Cygler/Lill SAXS data except that the scattering 

curve was truncated in the Guinier region due to significant aggregation 102 or interference from 

the beamstop 288. Because the crystal structures of the open 101 and closed 102 SDAec architectures 

lacked a significant number of non-hydrogen protein scatterers due to disordered regions in 

crystal structures (17.2% and 31.6%, respectively), we generated more complete models for 

calculating SAXS profiles by overlaying the NFS1-ISD11-ACP protomers (αβ) of the cryo-EM 

ready form 107 onto the open and closed architectures. The model for the ready architecture was 

generated by removing the ISCU2 and FXN subunits from the cryo-EM SDAecUF structure 107. 

 

Table 4-2 SAXS parameters for the AI-prepared SDAec under high salt conditions 

compared to previous data. 
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Table 4-3 SAXS parameters for the AI-prepared SDAec under low salt conditions 

compared to previous data. 

 

 

Crystallization of SDAec from Different Preparation Methods 

The open and closed forms of SDAec were crystallized as previously described 101, 102 

using the AI-preparation and TB-preparation methods, respectively. A hanging-drop vapor 

diffusion method was used that included 500 µL of crystallization solutions in the well and a 4 

µL drop (2µL protein: 2µL crystallization solution) on the coverslip. To crystallize AI-prepared 

SDAec in the closed form, the protein complex was buffer exchanged into 10 mM BIS-TRIS (pH 

5.5), 200 mM NaCl, 20 mM KCl, 2 mM NaH2PO4, 2 mM Na2HPO4, 5 % (vol/vol) glycerol, 1 

mM D,L-DTT, and 75 mM imidazole by multiple rounds of concentration and dilution using a 

Vivaspin 500 100 kDa spin concentrator (GE Healthcare). To crystallize TB-prepared SDAec in 

the open form, the protein complex was either buffer exchanged into 50 mM Hepes, 250 mM 

NaCl, 10 % glycerol, pH = 7.5 or injected onto a Superdex 200 10/300 GL column (S200, GE 

Healthcare Life Sciences) equilibrated in 50 mM Hepes, 250 mM NaCl, 10 % glycerol, pH = 7.5. 

The AI-prepared SDAec (177 M) was crystallized in the open architecture at 22 C with 
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crystallization conditions generated by adding 5 mL of 40% acetone to 11.25 mL of 0.1 M CBTP 

(pH = 6.4), 0.3 M CsCl, 0.2 M D,L-allylglycine, 5 mM TCEP, and 8% PEG 3350.  The AI-

prepared SDAec (177 M) without D,L-allylglycine was crystallized in the open architecture at 

22 C with crystallization conditions generated by adding 1.25 mL of 40 % acetone to 11.25 mL 

of 0.1 M CBTP (pH = 6.4), 0.3 M CsCl, 5 mM TCEP, and 8 % PEG 3350. The AI-prepared 

SDAec (220 M) and the TB-prepared SDAec (226 M) were crystallized in the closed 

architecture at 12 C using a crystallization solution of 0.1 M MES (pH = 6.5), 0.3 M ammonium 

acetate, 0.02 M calcium acetate hydrate, 0.02 M calcium chloride dihydrate, and 15% 

isopropanol. The TB-prepared SDAec (177 M) was crystallized in the open architecture at 22 C 

using a crystallization solution of 0.1 M CBTP (pH = 6.4), 0.2 M CsCl, 0.2 M D,L-allylglycine, 

5 mM TCEP, 10 % PEG 3350, and 4 % acetone.  

  

X-ray Data Collection, Indexing, and Unit Cell Determinations 

Single crystals of SDAec in the open architecture were harvested and cryo-protected as 

previously described 101 using a final concentration of 20 % (vol/vol)  PEG 400. Crystal trays of 

SDAec in the closed architecture were transferred to a 17 oC room where single crystals were 

harvested and cryo-protected as previously described 102.  Diffraction data were collected using a 

rotating anode Cu K-α source and a Rigaku R-AXIS IV detector. Specifically, two images for 

each crystal form were collected at 2ϴ = 0o and 90o at a temperature of 120 K with an exposure 

time of 6 minutes, detector distance ranging from 200 to 250 mm, and an oscillation angle 

ranging from 0.5o to 0.2o depending on the diffraction quality. Indexing was performed with 
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iMosflm 296 version 7.2.2 from the CCP4 297 package. The unit cell parameters were 

automatically chosen by iMosflm.   

 

Activity Analysis of Single Crystals 

Crystals of SDAec, in either form, were harvested from four separate drops. Wash 

solution (10 µL of assay buffer) was first added to each drop and then the crystals were 

transferred to a 200 µL solution of assay buffer. Single crystals from the 200 µL drop were 

transferred to a seeding tool where the crystals were crushed to generate a slurry. The slurry was 

brought into an anaerobic glovebox where the activity measurements were conducted. A total of 

six alternating reactions (150 µL) with and without the additional subunits and Fe2+ were 

performed by mixing 20 µL of crystal slurry, additional subunits (3 µM), Fe2+ (10 µM), and D,L-

DTT (4 mM) together and incubating at 37 oC for 15 minutes. The reactions were initiated by the 

addition of L-cysteine to a final concentration of 1 mM. A quench solution of 37.5 µL of a 1:1 

mixture of 20 mM N,N-dimethyl-p-phenylenediamine in 7.2 N HCl and 30 mM FeCl3 in 1.2 N 

HCl was added to the mixture after 10 minutes. Sulfide concentration was determined as 

described above. A total of two independent triplicate runs were conducted totaling six 

measurements for each sample.  

 

Native Mass Spectrometry Experiments 

Native mass spectrometry (Native MS) was performed on two instruments for different 

purposes: an Exactive Plus with extended mass range (EMR) Orbitrap MS (Thermo Fisher 

Scientific, San Jose, CA) for high-resolution measurements or a Synapt G2 instrument (Waters 
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Corporation, U.K.) equipped with an 8k RF generator for ion mobility measurements. Gold-

coated tips prepared using a Sutter 1000 were used for nano-electrospray ionization experiments 

298. Fresh protein samples including SDAec, ISCU2, FXN, IscS, and IscU were buffer exchanged 

into 200 mM ammonium acetate (pH = 8.5) using Micro Bio-Spin 6 Columns (Bio-Rad). 

Experimental and expected masses can be found in Table 4-4. All calculated masses excluded 

the N-terminal methionine (if present in the sequence). The calculated masses of SDAec and 

SDAec complexes included the mass of the covalently attached PLP and the assumed mass of the 

acyl-4’PPT ACPec was 523 Da. Masses of SDAec/SDAecU/SDAecUF/ISCU2/FXN were 

measured under native conditions (200 mM ammonium acetate, pH = 8.5). Masses of SDAec 

subunits were also measured under denaturing conditions (1% formic acid). All masses are 

measured using EMR. 

 

Table 4-4 Calculated and measured masses for SDAec species. 

Species Calculated Mass (Da) Measured Mass (Da) Measured Mass range 

14N-untagged SDAec 129097 129265 ± 64 129201−129329 

15N-untagged SDAec 130693 130838 ± 70 130768−130908 

14N-untagged SDAecU 159521 159708 ± 99 159609−159807 

15N-untagged SDAecU 161117 161285 ± 130 161155−161415 

14N-untagged SDAecUF 187997 188175 ± 97 188078−188272 

15N-untagged SDAecUF 189593 189770 ± 124 189646−189894 

14N-tagged SDAec 134135 134235 ± 76 134159−134311 

15N-tagged SDAec 135809 135892 ± 72 135820−135964 

14N-tagged SDAecU 164559 164880 ± 193 164687−165073 

15N-tagged SDAecU 166233 166596 ± 181 166415−166777 

14N-tagged SDAecUF 193035 193329 ± 212 193117−193541 

15N-tagged SDAecUF 194709 195004 ± 155 194849−195159 

SDAec_SHQ 134149 134259 ± 69 15203−15219 

ISCU2-Zn 15212 15211 ± 8 14231−14245 

FXN 14238 14238 ± 7 134190−134328 

Species Subunit    
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14N-untagged SDAec S 44717 44716 ± 17 44700−44734 

 D 10611 10610 ± 12 10599−10623 

15N-untagged SDAec S 45273 45262 ± 18 45255−45291 

 D 10760 10757 ± 11 10749−10771 

14N-tagged SDAec S 47197 47194 ± 18 47179−47215 

 D 10611 10610 ± 12 10599−10623 

15N-tagged SDAec S 47792 47785 ± 18 47774−47810 

 D 10760 10758 ± 11 10749−10771 

SDAec_SHQ S 47211 47208 ± 28 47183−47239 

 D 10611 10611 ± 13 10598−10624 

*Errors of masses are estimated from full width at half maximum. 

 

 

Protomer Exchange Experiment Using Native Mass Spectrometry 

Protomer exchange experiments were performed on an EMR Orbitrap MS. The high 

resolution of EMR gives resolved peaks between subunit mixtures for quantification purposes. 

Instrument parameters were tuned to minimize collisional activation while retaining reasonable 

signal to noise. The mass spectrometer parameters used were set as: m/z range 3000-10000, 

capillary temperature 200-300 °C, S-Lens RF level 200, source DC offset 25 V, injection 

flatapole DC 16 V, inter flatapole lens DC 12 V, bent flatapole DC 7-12 V, transfer multipole 

DC offset 7-10 V, C-trap entrance lens tune offset 0 V, trapping gas pressure setting 7, in-source 

dissociation voltage 0 eV, HCD collision energy 10 eV, FT resolution 8750–35000, positive ion 

mode, and ion maximum injection time 50–200 ms. For SDAec exchange experiments, a 1:1 ratio 

of 15N-SDAec and 14N-SDAec were mixed to initiate the exchange reaction. For subunit exchange 

of SDAecU, 15N-SDAec and 14N-SDAec were incubated with ISCU2 distinctly using a 1:3 ratio for 

30 min to form 15N-SDAecU and 14N-SDAecU complexes (α2β2γ2δ2). These complexes were 

mixed in a 1:1 ratio to initiate the exchange reaction. For exchange of SDAecUF, 15N-SDAec and 
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14N-SDAec were incubated with ISCU2 and FXN distinctly using a 1:3:3 ratio for 30 minutes to 

form 15N-SDAecUF and 14N-SDAecUF complexes (α2β2γ2δ2ε2). 
14N-SDAecUF and 15N-SDAecUF 

were mixed in a 1:1 ratio to initiate the exchange reactions. Exchange of tagged IscS and 

untagged IscS was also investigated using a 1:1 ratioFor subunit exchange of IscS-IscU, tagged 

IscS and untagged IscS were incubated with IscU distinctly using a 1:3 ratio for 30 minutes to 

form untagged IscS-IscU and tagged IscS-IscU complexes (α2β2). The exchange react90j was 

initiated by mixing untagged IscS-IscU and tagged IscS-IscU complexes at a 1:1 ratio. At 

various time points, aliquots (4 uL) were taken for native MS analysis. Each spectrum was taken 

for 20 seconds. The initial MS data were collected using the Thermo Exactive software under the 

RAW format. The protein species were deconvoluted using the software program UniDec 212. All 

the exchange experiments were performed under room temperature.  

 

Cation Exchange Column Separation of SDAec Species. 

For untreated samples, the protein was thawed rapidly and diluted to 60 µM with 50 mM 

HEPES, 250 mM NaCl, 10 % glycerol, pH 7.5. The sample was diluted in half with cation buffer 

A (50 mM HEPES, 20 mM NaCl, 2 % glycerol, pH 8.0) to a final concentration of 30 µM. For 

samples containing L-cysteine (Sigma-Aldrich), a 100 mM stock solution of L-cysteine was 

prepared by dilution of 12.1 mg of powder in 1 mL of cation buffer A. A portion of this stock 

was used to dilute a 60 µM protein sample along with additional buffer A to produce a sample 

containing 30 µM protein and 10 mM L-cysteine. The substrate treated sample was allowed to 

incubate for approximately 10 minutes before analysis. 
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Samples (1 mL) were injected onto a Mono S 5/50 GL (GE Healthcare) column using 

either a BioRad Quest or an AKTA FPLC (at the BioCAT (18ID) beamline at Advanced Photon 

Source) and eluted using a step gradient of cation buffer B (50 mM Hepes, 1 M NaCl, 2 % 

glycerol, pH 8) with steps at 15 %, 30 %, and 100 %. For equilibrium experiments, the peak 

selected for isolation was concentrated to ~400 – 500 µL using a 100 kDa cutoff Vivaspin 500 

(GE Healthcare) by centrifugation at 10,000 RCF. The remaining sample was diluted to 1 mL 

with cation buffer A and reinjected and eluted using the same procedure. All experiments were 

performed at room temperature.  

 

Ion-mobility Mass Spectrometry of SDAec/SDAecU/SDAecUF  

Native ion-mobility mass spectrometry (Native IM-MS) was performed on a Synapt G2 

instrument. Instrument parameters were tuned to maximize ion intensity but simultaneously 

preserve the native-like state of proteins as determined by IM. The instrument was set to a capillary 

voltage of 1-1.5 kV, source temperature of 30 °C, sampling cone voltage of 10 V, extraction cone 

voltage of 1 V, trap and transfer collision energy off, and backing pressure (5 mbar), trap flow rate 

at 8 ml/min, He cell flow rate at 200 ml/min, IMS flow rate at 50 ml/min. The T-wave settings for 

trap (310 ms-1/6.0 V), IMS (250 ms-1/9-12 V) and transfer (65 ms-1/2 V), and trap bias (25.0 V). 

MassLynx 4.1 (Waters) and Pulsar were used to deconvolute all recorded mass spectra 299. A 

sodium iodide solution was used to externally calibrate mass spectra. Experimental collisional 

cross-section (CCS) of 14N tagged SDAec (134.2 kDa), 14N untagged SDAec (129.3 kDa), SDAecU 

(using 14N tagged SDAec, 164.9 kDa), SDAecUF (using 14N tagged SDAec, 193.3 kDa) were 

determined following a well-documented protocol and a CCS database 300, 301. Calibration curves 
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(R2 >0.978) were generated by using solutions of transthyretin (55.6 kDa), concanavalin A (103.0 

kDa), and pyruvate kinase (237 kDa). Parameters for calculating the CCS using the online 

projected superposition approximation (PSA) webserver (psa.chem.fsu.edu) were set as follows: 

buffer gas of nitrogen, a temperature of 298 K, projection accuracy of 0.01, projection integration 

accuracy as 0.009, shape accuracy as 0.01, shape maxiter as 25, and shape meshfactor as 1 302-304. 

The models used for calculating the CCS were generated as described above. 

 

4.3. Results 

The SDAec Preparation Method Does Not Affect Activity. We first investigated if 

different preparation methods for the SDAec complex affected the activity profile of the enzyme. 

Identical constructs but slightly different expression and purification conditions were used to 

produce the SDAec complex that was previously crystallized in the open and closed forms 101, 102. 

The open form was expressed in cells growing in an auto-induction media (herein named AI) 101, 

whereas the closed-form was induced in cells growing in a rich Terrific broth media (herein 

named TB) 102. The purification of the AI-prepared SDAec complex also includes additional 

steps. The SDAec samples prepared by these different methods did not have major differences in 

catalytic properties when assayed under activated conditions (Figure 4.3). SDAec prepared under 

the AI conditions had a kcat of 9.3 ± 0.5 min-1 and a KM for cysteine of 22 ± 5 µM. When 

prepared under the TB conditions, SDAec had a kcat of 11 ± 0.4 min-1 and a KM for cysteine of 20 

± 3 µM. These kinetic constants were consistent with each other and with previous reports 81, 101, 

103, suggesting that the method of preparation does not influence the activity profile of the SDAec 

sample. 
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Figure 4.3 SDAec complexes prepared using different expression conditions exhibit similar 

kinetics for cysteine turnover. SDAec (0.5 M) prepared using the (A) AI and (B) TB 

conditions was assayed in the presence of ISCU2 (1.5 M), FXN (1.5 M), Fe2+ (5 M) and D-

L-DTT (4 mM). Error bars are replicate errors (n = 3). The dashed lines through the data are the 

fits to the Michaelis-Menten equation. 

 

Small-angle X-ray Scattering of SDAec. We then investigated if the different SDAec 

preparation methods affected the solution conformation. SAXS curves of the AI-prepared SDAec 

sample were collected, evaluated, and then compared with previously analyzed SAXS samples 

generated with different preparation methods 102, 288. We found that a high ionic strength buffer 

containing glycerol and TCEP maximized the stability of the complex and reduced 

concentration-dependent aggregation (Figure 4.4A). Kratky plots of the scattering indicated that 

the samples were folded (Figure 4.4B); however, we still observed minor concentration-

dependent aggregation based on the behavior of the low q region of the scattering curve (Figure 

4.4A, inset) and the Guinier analysis (Figure 4.4B, inset), as well as a concentration-dependent 

increase in Dmax in the pair distribution function (Figure 4.4C). Due to these observations, we 

analyzed the lowest concentration sample, which provided a smooth pair distribution function, a 

Dmax approximately the diameter of all three SDAec architectures (100-110 Å), and a calculated 
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305 molecular weight that matched the expected molecular mass of 134 kDa. Calculated 

scattering curves from the ready architecture, models of the open and closed forms, and mixtures 

of the different structures fit the experimental data similarly (Figure 4.4D). Overall, fitting 

calculated scattering curves or SAXS ab initio reconstructions from these and additional models 

that included limited molecular dynamic simulations failed to be sufficiently deterministic to 

assign an architecture for the AI-prepared SDAec. 

 

Figure 4.4 Small-angle X-ray scattering data for AI-prepared SDAec. The SDAec complex 

was prepared using the AI method and examined under high salt conditions. (A) Overlay of 

buffer-subtracted scattering curves. Inset: concentration dependent aggregation revealed by 

overlay of low q region. Negative intensities are not shown. (B) Kratky plots for SDAec at 

multiple concentrations. Inset: concentration dependent aggregation shown by Guinier plot 

analysis. (C) Pair distribution functions for SDAec samples. (D) Fits to the experimental data for 

the calculated scattering curves from the ready SDAec structure (yellow; 2 = 1.2), open model 

(green; 2 = 2.1) and closed model (blue; 2 = 2.1). The best two state model included the open 

(68%) and closed (32%) forms but did not improve the fit (red; 2 = 2.0). 
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To compare our SAXS data with data from other preparation methods, we reprocessed 

the scattering curves published by the Markley group 288, obtained from SASBDB 306, and the 

Cygler/Lill groups 102, which were kindly provided. The data collected by the Markley group 288 

closely resembled the data for our AI-prepared SDAec complex (Figure 4.5A); the Rg from 

Guinier analysis was 36.3 Å and 36.9 Å (Table 4-5), respectively. The data collected by the 

Cygler/Lill groups 102 exhibited some concentration-dependent aggregation in the low q region 

(Figure 4.5). Our reanalysis of the Cygler/Lill data (Table 4-5) is consistent with their reported 

Rg of 54.7 Å and Dmax of approximately 180 Å 102. Interestingly, when we collected SAXS data 

with a lower ionic strength buffer comparable to that used by the Cygler/Lill groups, we obtained 

very similar scattering curves for our AI-prepared SDAec sample, an Rg of 51.5 Å and a Dmax of 

approximately 189 Å (Figure 4.5 and Table S2). Overall, the matching activity profiles and 

SAXS curves (Figure 4.5, Table S1, and Table S2) 85, 102, 288 suggest that SDAec complexes 

prepared by the different methods have very similar structure-function and solution properties. 
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Figure 4.5 Comparisons of scattering curves for AI-prepared SDAec and previously 

published data. Intensities are plotted on a logarithmic scale. (A) Scattering curves for the AI-

prepared SDAec complex under high salt conditions (100 mM sodium phosphate, 500 mM NaCl, 

2 % glycerol, 2 mM TCEP, pH = 8.0) and the SASDDB3 data from the Markley group (B) 

Scattering curves from the Cygler/Lill groups at different protein concentrations. The highest 

concentration sample appears to have been utilized in their manuscript. (C) Scattering curves 

from the AI-prepared SDAec complex under low salt conditions (250 mM NaCl, 2 % glycerol, 2 

mM TCEP, pH = 7.5) compared to those from the Cygler/Lill groups. (D) Overlay of the 

scattering curve for the AI-prepared SDAec sample under high ionic strength conditions with the 

scattering curves from the Cygler/Lill and Markley data. 
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Table 4-5 SAXS parameters for the AI-prepared SDAec under high salt conditions 

compared to previous data. 

 

 

Table 4-6 SAXS parameters for the AI-prepared SDAec under low salt conditions 

compared to previous data. 

 

Different SDAec Preparations can be Crystallized in Both Open and Closed Forms. 

X-ray crystallography has provided the strongest evidence for the presence of different SDAec 
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architectures. We therefore investigated if the AI-prepared SDAec samples, used to generate 

crystals of the open architecture 101, and TB-prepared SDAec samples, used to generate crystals 

of the closed architecture 102, could be used to generate both types of crystals. We buffer 

exchanged SDAec samples generated by the two methods and determined that each could be 

crystallized in the conditions for both the open and closed architectures (Figure 4.6). We further 

verified the presence of both crystal forms by screening the crystals on an X-ray diffractometer. 

After indexing the screened images (Table 4-7), it was clear that regardless of the preparation 

method, the SDAec complex could be crystallized into forms corresponding to both the open and 

closed architectures, indicating that both architectures exist in solution and/or that the two 

architectures can interchange. Next, we tested the activity of samples generated from the crystals 

of the open and closed forms as a mechanism to “freeze-out” the individual architectures. We 

selected single crystals of each architecture, washed them to remove any residual protein, and 

then dissolved them in assay buffer to measure activity with and without the activator subunit 

FXN. Interestingly, samples generated from both open and closed crystals exhibit the 

characteristic order of magnitude activation by FXN (Figure 4.7). Together, these data indicate 

that the SDAec complex can exchange between both open and closed forms and/or that both exist 

in solution. Moreover, these data suggest that the addition of FXN either activates both forms 

equally or, more likely, activates a single architecture generated by an exchange reaction. 
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Figure 4.6 AI and TB prepared SDAec samples form crystals in both open and closed 

architectures.  AI and TB prepared SDAec samples were crystallized using trials similar to the 

published conditions. The unit cell parameters were consistent with the open and closed forms. 

 

Table 4-7 Indexing of open (space group P212121) and closed (space group H32) crystal 

forms from AI and TB prepared SDAec samples. 
 Unit Cell Parameters 

Crystal Form Preparation a (Å) b (Å) c (Å) α () β ()  () 

Open (5USR)* AI-method 125.5 147.8 168.5 90 90 90 

Open AI-method 125.8 147.9 168.1 90 90 90 

Open (-allylglycine) AI-method 122.1 144.1 163.6 90 90 90 

Open TB-method 125.2 146.8 166.7 90 90 90 

Closed (5WGB)* TB-method 140.8 140.8 203.3 90 90 120 

Closed TB-method 139.8 139.8 200.6 90 90 120 

Closed AI-method 139.2 139.2 200.5 90 90 120 

*Published unit cell parameters. 
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Figure 4.7 Cysteine desulfurase activities from isolated crystals in the open and closed 

forms. Single crystals of both open and closed architectures were isolated, rinsed, and crystal 

slurries were dissolved by incubating with assay buffer at 37 C for 15 min. The cysteine 

desulfurase activities of the open and closed samples were evaluated in the presence and absence 

of ISCU2, FXN, and Fe2+. Error bars are replicate errors (n = 6). 

 

The SDAec Complex Disassembles into Protomers that can Undergo Exchange 

Reactions. Based on the ability of SDAec samples to crystallize into both open and closed 

architectures, we hypothesized that the distinct SDAec α2β2γ2 quaternary structures are in 

equilibrium. Based on the structures of the different architectures, interchange could occur via 

dissociation and reassociation of αβγ protomers or individual subunits. To test this hypothesis, 

we separately generated SDAec samples in which all three subunits were uniformly labeled with 

either 15N or 14N and used native mass spectrometry to monitor if these complexes underwent 

exchange reactions when mixed. Upon combining equimolar amounts of 15N- and 14N-labeled 

SDAec, an intermediate-mass species consistent with the exchange of entire αβγ protomers to 

generate a 15N-SDAec-
14N-SDAec mixed complex was observed (Figure 4.8). In contrast, masses 

that would suggest the exchange of individual subunits were not observed. The protomer 
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exchange for SDAec reached an exchanged-to-unexchanged ratio of 0.83 at 120 min (Figure 4.9); 

the theoretical maximum for this ratio is 1.0, which corresponds to a completely exchanged 

equimolar mixture. Similar native MS control experiments using the E. coli cysteine desulfurase 

IscS dimer either with or without a His-tag revealed a somewhat slower exchange process 

(reaching an exchanged-to-unexchanged ratio of 0.31 at 120 min). Strikingly, the pre-incubation 

of saturating amounts of ISCU2 or ISCU2 plus FXN with the SDAec complex or IscU with IscS 

completely inhibited these exchange reactions (Figure 4.9). Together, these results indicate that 

the interaction between protomers is dynamic enough for complete protomer dissociation and 

reassembly, However, the protomer dissociation and reassembly of the SDAec complex occurs on 

a slower time course than the FXN activation process and is inhibited by ISCU2/FXN binding. 

Overall, these experiments indicate that protomers, but not individual subunits, can exchange and 

that the FXN-activated sample does not undergo a complete protomer dissociation process. 

 

Figure 4.8 Native MS spectra showing protomer exchange for cysteine desulfurase 

complexes. Representative native MS spectra (2 hr time point from Fig 4) for the reaction of a 

1:1 ratio of His-tagged 14N-SDAec and 15N-SDAec complexes to form a mixed structure 
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containing 14N and 15N labeled protomers. The charge states +25 to +21 are shown  for the three 

complexes. 

 

Figure 4.9 Protomer exchange for cysteine desulfurase complexes. Kinetics of an exchange 

reaction monitored by native mass spectrometry using a 1:1 ratio of His-tagged 14N-SDAec 

(14N14N) and 15N-SDAec (
15N15N) complexes (blue). The Y axis is shown as the ratio of the 

amount of exchanged dimer (15N14N) divided by the sum of unexchanged dimer (14N14N and 
15N15N). His-tagged and untagged versions of IscS undergo a similar exchange reaction 

monitored by native MS (green). Preincubation of 14N-SDAec and 15N-SDAec samples with 

ISCU2 completely inhibited the subsequent exchange reaction (orange). Error bars are replicate 

errors (n = 3). 

 

SDAec Exists in Interconvertible Forms in Solution. . We discovered that different 

forms of AI-prepared SDAec could be separated using a high-resolution cation exchange column. 

Three peaks were observed (Figure 4.10A). Peak 1 is a minor species that may result from the 

premature elution of peak 2 due to the inability to remove all the salt from the injected sample 

for stability purposes. Native SDAec reproducibly separated into a minor species (peak 2) and 

major species (peak 3). Overall, these results suggest multiple SDAec species in solution, likely 

corresponding to different architectures, can be separated by cation exchange chromatography 
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and undergo interchange through a dynamic equilibrium process that might be linked to 

activation. 

 

Figure 4.10 Separation of different SDAec forms. Different species were eluted for cysteine 

desulfurase samples from a cation exchange column using a step salt gradient. (A) SDAec (30 

M) shows the predominant peak 3 and low abundance peak 2. (B) The SHQ (30 M) variant 

shows a larger initial population of peak 2 than SDAec. 

 

A Designed SDAec Variant that Alters the Distribution of Architectures. We 

hypothesized that if the multiple species observed in cation exchange chromatography 

corresponded to the different architectures observed by X-ray crystallography, then variants that 

stabilized a specific architecture could alter the distribution of species in solution. We therefore 

generated the Q64S, P299H, L300Q NFS1 variant (herein designated as SHQ) to shift the 

population from the open to the ready architecture. These introduced SHQ residues are 

conserved in prokaryotic cysteine desulfurases and were expected to reduce steric clashes near 

the N-terminus and form new hydrogen bonds across the protein-protein interface of the ready 

form of the SDAec complex (Figure 4.11Figure 4.12). The SHQ variant had a 3-fold greater 

cysteine desulfurase activity than the native SDAec complex in the absence of FXN ((Figure 

4.13). Although the SHQ variant had a 17-fold weaker FXN binding affinity, it still shared a 
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similar FXN-stimulated activity (8 µM S2-/min · µM NFS1) with the SDAec complex (Figure 

4.13). Moreover, the enhanced amount of peak 2 of the SHQ variant in cation exchange 

chromatography is consistent with the assignment of peak 2 as the compact form, as the SHQ 

variant is designed for enriching the ready architecture.   

 

Figure 4.11 Substituting a hydrogen-bonding pair of residues from IscS to stabilize the ready 

SDAec architecture. In the IscS structure (subunits in orange and purple), the dimer interface is 

stabilized by two hydrogen bonds between residues H247 and Q248 of the two subunits. The 

equivalent residues in human NFS1 are P299 and L300 residues, which can form weaker Vander 

Waals interactions at the dimer interface. The NFS1 variant P299H L300Q is predicted to stabilize 

a ready architecture. 
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Figure 4.12 N-terminal engineering of SDAec to favor the ready architecture. (A) In the ready 

architecture, the NFS1 catalytic subunits (green and yellow) have similar protein interfaces to IscS. 

T66 from the ready architecture forms a hydrogen bond to H257 that, in turn, hydrogen bonds to 

the PLP cofactor (magenta). (B) In the open architecture, Q64 hydrogen bonds to H257, which 

results in a structural rearrangement of the N-terminal residues. Residues, especially M61 and D62, 

from this region of the green NFS1 subunits are shown in wheat and would have steric clashes 

with the second catalytic subunit from the ready form (docked into structure, shown in yellow). 

 

 

Figure 4.13 The SHQ variant has inherently higher activity than SDAec. (A) Michaelis-

Menten kinetics of the SQ64S P99H L300QDAec (SHQ) variant. (B) Variation of the concentration of 

SHQ while keeping the L-cysteine concentration at 1 mM leads to a linear increase (R2 - 0.9977) 

of the activity with a slope of 2.16 ± 0.03, which is very close to the kcat value (2.02 ± 0.02). (C) 

Comparison of kcat of SDAec and the SHQ variant. (D) FXN in the presence of ISCU2 activates 
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the SHQ variant to the SDAecUF level but FXN binds weakly (KD = 3.8 ± 0.6 for SHQ compared 

to 0.22 ± 0.05 the native enzyme). 

 

The SDAec and SDAecU Complex Mainly Exists in the Extended Form and are Driven 

to the Compact Form by FXN. Next, we used native ion-mobility mass spectrometry (IM-MS) 

to investigate the conformational landscape and/or different architectures of the SDAec complex. 

IM-MS measures the arrival time of ions traveling through a drift tube filled with buffer gases 

under an electric field. Ions experience the acceleration by an electric field and are slowed by 

collisions with buffer gases. Therefore, ions with a higher charge, a lower mass, or a compact 

shape travel faster through the drift cell. IM-MS data for the SHQ variant revealed two species 

with the same expected m/z peaks but different arrival times (Figure 4.15). The species with higher 

or lower arrival time theoretically have relative extended or compact conformations. Theoretical 

calculations (Table 4-8) suggested that the ready and closed forms of the SDAec complex have 

similar collisional cross-sectional areas and are more compact than the open form 302-304, 307-309. 

Therefore, we tentatively assigned the higher arrival time (extended) species in IM-MS as the open 

architecture and lower arrival time (compact) species as the closed and/or ready forms. While wild 

type SDAec and SDAecU mainly exist in the extended form, the SHQ variant and SSHQDAecU 

exhibit similar amount of the extended and compact forms. The compact form of SDAec and 

SDAecU is observed to vary slightly in different batches (the compact form is always <30%) or 

incubation temperature, which could be explained by the dynamic interconversion of the different 

species in solution. The similar extended/compact ratios between SDAec and SDAecU or between 

SHQ and SSHQDAecU indicate ISCU2 binds both the extended and the compact forms. In the 

presence of both ISCU2 and FXN, SDAecUF and SSHQDAecUF strikingly demonstrate a conversion 
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to a single species following the compact trendline (Fig. 6). With the presence of FXN but not 

ISCU2, SDAecF and SSHQDAecF also exist in a single compact form (Figure 4.14). These results in 

combination with the activity, protomer exchange, and cation separation assays suggest a dynamic 

interconversion between eukaryotic cysteine desulfurase architectures is a critical part of the FXN 

activation phenomenon. 

 

Table 4-8 Collision cross section (Ω) of tagged SDAec species. 
Sample Mass (kDa) z Form Ω Exp (Å2) Ω PA (Å2) Ω PSA (Å2) 

SDAec 134.2 23 compact* 6928 ± 108 Ready = 7076 Ready = 7721 ± 51 

      extended 7203 ± 160 Closed = 6944 Closed = 7692 ± 48 

    24 compact* 7021 ± 130 Open = 7287 Open = 8031 ± 39 

      extended 7267 ± 111   

SSHQDAec 134.2 23 compact 7048 ± 20   

      extended 7303 ± 29   

    24 compact 7145 ± 18   

      extended 7389 ± 41     

SDAecU 164.9 26 compact* 8194 ± 140 Closed = 8099 Closed = 8854 ± 44 

      extended 8737 ± 48 Ready = 8126 Ready = 8829 ± 51 

    27 compact* 8390 ± 81 Open = 8211 Open = 9251 ± 48 

      extended 8802 ± 21   

SSHQDAecU 164.9 26 compact 8108 ± 20   

      extended 8693 ± 20   

    27 compact 8179 ± 19   

      extended 8827 ± 33     

SDAecF 164.1 26 compact 8041 ± 23 Ready = 7868 Ready = 8964 ± 44 

    27 compact 8051 ± 37   

SSHQDAecF 164.1 26 compact 8107 ± 24   

    27 compact 8107 ± 24     

SDAecUF 193.3 27 compact 9333 ± 22 Ready = 8713 Ready = 9758 ± 75 

    28 compact 9370 ± 52   

SSHQDAecUF 193.3 27 compact 9279 ± 25   

    28 compact 9418 ± 30    
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Figure 4.14 Comparison of SDAecU and SDAecF in IM-MS analysis. (A) IM-MS of native 

and variant SDAec in the presence of ISCU2 or FXN. (B) Arrival time distribution of native and 

variant SDAecU 27+ and SDAecF 27+.  
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Figure 4.15 IM-MS analysis of different SDAec forms. (A) IM-MS spectra of native and 

variant SDAec as isolated complexes, in the presence of ISCU2, and with both ISCU2 plus FXN. 

(B) Overlaid IM-MS spectra in A. The SDAec and SDAecU are predominantly in the slower 

migrating form (extended conformer trend line), whereas the SSHQDAec and SSHQDAecU are 

enriched in the faster migrating species (compact conformer trend line). SDAecUF and 

SSHQDAecUF exist as a single dominant species (compact conformer trend line). (C) Arrival time 

distribution of native and variant SDAec 24+, SDAecU 27+, and SDAecUF 28+. (D) Arrival time 

distribution of SSHQDAec 24+ measured by the high-resolution FT-IMS instrument. 

 

Pilot IM-MS experiments on regulation of SDAec architectures by different binding 

partners. Native IM-MS is also applied to SDAec in presence of ISCU2, wildtype and clinical 
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variants of FXN (Figure 4.16), proposed electron electron donor FDX1/FDX2, potential sulfur 

acceptor TUM1, and/or potential sulfur acceptor MOCS3 (only RLD domain) as well as ISD11 

variants (Figure 4.17) and a NFS1 clinical variant (Figure 4.18). Overall, aside from ISCU2 can 

bind both extended and compact forms, other binding partners of SDA all binds with compact 

forms (Figure 4.19). Further investigation of whether the binding compact form are in closed or 

ready architectures would illustrate the regulation mechanism of the morpheein-like system, in 

which binding of substrates leads to conformational changes that affect binding of oligomers 

(detailed explanation below). In addition, preliminary test on the competition of the binding 

partners on binding SDAec have also been performed. Due to the similar mass of FDX1, FDX2, 

MOCS3 (RLD), ISCU2, and FXN, it is more challenging to get resolved MS spectra and definite 

information. So far, the preliminary experiments suggest FDX2 competes binding with FXN with 

higher affinity (Figure 4.20). Interestingly, when ISCU2 is also present, FXN binds stronger than 

FDX2 (Figure 4.21). Also, MOCS3 (RLD) likely compete binding with ISCU2 + FXN and ISCU2 

+ FDX2 (data not shown). More investigation is required to illustrate these interactions. 

 

Figure 4.16 IM-MS analysis on SDAecUF of FXN variants. 
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Figure 4.17 IM-MS analysis on SDAec of ISD11 variants. (A) Y76C variant, which is 

designed to form a intramolecular disulfide bond between the two ISD11 subunits, and (B) F40 

variants designed to weaken lipid-ISD11 interaction. 
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Figure 4.18 IM-MS analysis on SDAec of a NFS1 variant. The R68L variant is a clinical 

variant, showing arrival time distribution that is even lower than closed/ready architectures. 
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Figure 4.19 IM-MS analysis of SDAec species binding with different binding partners. All 

samples are in 200 mM AmA, pH = 8.5. Sample components include 5 μM of SDAec, 15 μM of 

ISCU2, 40 μM of TUM1, 40 μM of FDX1, and 40 μM of MOCS3 (RLD). 
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Figure 4.20 Native MS analysis of FDX2 and FXN binding on SDAec. All samples are in 200 

mM AmA, pH = 8.5. Sample components include 10 μM of SDAec, 4.5 μM of FDX2, and 40 μM 

of FXN. 
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Figure 4.21 Native MS analysis of FDX2 and FXN binding on SDAecU. All samples are in 

200 mM AmA, pH = 8.5. Sample components include 5 μM of SDAec, 10 μM of ISCU2, 20 μM 

of FDX2, and 10 μM of FXN. 
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4.4. Discussion 

Defining the physiological role and mechanistic details of FXN in the eukaryotic Fe-S 

assembly pathway has received a lot of attention due to its connection to Friedreich’s ataxia 

(FRDA) 111. About 10 years ago in vitro assays revealed a role for FXN in stimulating the 

activity of the eukaryotic cysteine desulfurase complex 103. More recent studies show that FXN 

accelerates chemical steps associated with the mobile S-transfer loop, including the decay of the 

Cys-quinonoid PLP intermediate, the accumulation of a persulfide species on NFS1, and the 

sulfur transfer reaction to ISCU2 214, 226. The analogous prokaryotic cysteine desulfurases, 

including the E. coli IscS that is 60 % identical to NFS1, does not require the FXN-based 

activation and is functional without the additional subunits ISD11 and ACP, suggesting 

fundamental differences between the eukaryotic and prokaryotic cysteine desulfurases. 

The first evidence that these differences manifested as dramatic structural changes in the 

eukaryotic cysteine desulfurases was revealed by the SDAec crystal structure in the open 

architecture 101. The open form features a solvent-exposed PLP, an incomplete substrate binding 

channel, and a quaternary structure that lacks significant NFS1-NFS1 interactions (Figure 4.1A), 

which are a hallmark of prokaryotic IscS cysteine desulfurases (Figure 4.2). A crystal structure 

of the closed architecture soon followed, which revealed a significant NFS1-NFS1 interface 102 

but with different protein-protein interactions than IscS 60, 73, 74, 86. Compared to IscS, the closed 

structure places the PLP cofactors 5 Å closer to one another and positions structural elements to 

potentially inhibit the function of the mobile loop cysteine in the sulfur transfer reaction (Figure 

4.22). Remarkably, a third form, herein called ready, of SDAec was revealed in complex with 

ISCU2 and with ISCU2/FXN 102, 107 that has the same protein interface as IscS (Figure 4.2). The 
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relationship between these different architectures, their connection to FXN activation, and their 

functional roles in sulfur transfer reactions remain poorly understood. 

 

 

Figure 4.22 Differences in the active sites for the three SDAec architectures. (A) Surface 

representation of open SDAec model highlighting the solvent exposed PLP (white) and the C381-

containing mobile S-transfer loop (dark blue). (B) Surface representation of the closed SDAec 

model that also shows a structural element (purple) from the other subunit that may inhibit the 

function of the mobile S-transfer loop. Notably, the structural element and mobile loop are 
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disordered in the closed crystal structure. (C) Surface representation of the ready SDAec model. 

The NFS1 subunits are colored in green and yellow, the ISD11 in cyan and wheat, and ACP in 

red. 

 

Here, we establish that the structure-function properties of SDAec samples are 

independent of the preparation method, that these samples consist of interconvertible equilibrium 

mixtures of different species, and that variant complexes or the binding of additional subunits 

can shift this equilibrium between states. Crystallographic studies reveal SDAec samples exist as 

a mixture or can convert between the open and closed forms (Figure 4.6 and Table 4-7). IM-MS 

and cation exchange chromatography results also indicate multiple components in SDAec 

samples with a qualitative correlation between faster (compact) and slower (extended) migrating 

species in IM-MS with eluting peaks 2 and 3 from the cation exchange column (Figure 4.10). 

The relative lower abundance of peak 2 in chromatography compared to the compact form in 

IM-MS is potentially due to the interconvertible nature among architectures shits the equilibrium 

under different solution conditions, as the effect of solution conditions on the architecture is 

already demonstrated by the different crystal forms of SDAec. We assigned the slower migrating 

species in IM-MS as the open form and the faster migrating species as the closed and/or ready 

form based on their relative calculated collisional cross-sectional areas (Table 4-8). This 

assignment is consistent with the enrichment of the open form for SDAec samples in negative 

stain electron microscopy studies 101. IM-MS data also indicates that ISCU2 can bind to both 

extended and compact species of the SDAec complex and does not significantly shift the 

population between forms (Figure 4.15). Although there are no structural snapshots of the open 

or closed SDAec forms bound to ISCU2, the ISCU2 binding sites in the ready architecture 102, 107 
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are distant from the αβ protomer interaction sites, suggesting that each architecture can bind 

ISCU2.  

 

Figure 4.23 Morpheein model for the Fe-S cluster biosynthetic subcomplex. The open, 

closed, and ready architectures are in equilibrium and interconvert through a tethered exchange 

complex. FXN binding stabilizes the ready form to activate the complex. The SDA but not 

SDAU complex undergoes complete protomer dissociation. NFS1 (green and yellow), ISD11 

(wheat and cyan), ACP (red), ISCU2 (orange) and FXN (dark teal) subunits shown as surfaces. 

 

Our results provide support and extend an architectural switch model in which FXN 

drives a change in the quaternary structure to activate the cysteine desulfurase and Fe-S cluster 

assembly activities 214. We propose the SDAecU sample exists as an equilibrium mixture of open, 

closed, and ready forms (Figure 4.23). These forms likely interconvert through a tethered 

exchange complex rather than complete protomer dissociation as the SDAecU sample does not 

swap protomers in exchange assays (Figure 4.9). Such a tethered exchange complex would 

require the ability to rotate one protomer relative to the other and sample the different open, 
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closed, and ready conformations. Our IM-MS data reveals the addition of FXN converts the 

sample from existing as multiple species to one form, almost certainly the SDAecUF observed in 

the cryo-EM structure 107. Binding at the protomer interface and interact with both NFS1, the 

FXN subunit acts as a “molecular lock” that stitches the two protomers together in the ready 

form; whereas, FXN would be expected to be sterically precluded by the relative rotation of the 

two protomers in the closed architecture and would lose much of its binding interactions in the 

open form (Figure 4.24). Driving the complex to the ready form would change the mobile S-

transfer loop from a primarily disordered (open form) and potentially inhibited (closed form) to a 

functional trajectory (ready form) that promotes the PLP and sulfur transfer chemistry (Figure 

4.22). The inability of the sulfur acceptor protein ISCU2 to shift the population of these different 

architectures is consistent with its inability to activate the SDAec complex 103. The SDAec 

complex likely also exists as an equilibrium mixture of open, closed, and ready forms that 

interchange through a tethered exchange complex (Figure 4.23). However, with the SDAec 

complex, there must be occasional complete dissociation into protomers to explain the slow 

exchange reaction (Figure 4.9).  
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Figure 4.24 Comparison of FXN binding to the different architecture models. (A) Structure 

of the SDAecU complex with one FXN bound in the ready (A), closed (B), and open (C) forms. 

NFS1 surfaces colored in green and yellow, ISD11 in wheat and cyan, ACPec in red, ISCU2 in 

orange, and FXN as a teal ribbon diagram. The closed and open forms are based on the binding 

interaction in the SDAecUF cryo-EM structure in the ready form. FXN binding has either 

significant steric clash (closed) or loses interactions (open) with the NFS1 subunit (yellow) from 

the other protomer. 

 

This type of global structural re-arrangement is, to our knowledge, uncommon. The 

closest system that describes this process is the morpheein model. Morpheeins are enzymatic 

systems that are in a dynamic equilibrium with a variety of different oligomeric or architectural 

states. The equilibrium between states is allosterically regulated, and for one oligomer or 

architecture to convert to the other, the system must dissociate, undergo a conformational 
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change, and then re-associate 310. Similarly, we propose the population of the open, closed, and 

ready architectures of the SDAecU complex are determined by conformational differences in the 

SDAecU protomers of the exchange complex and then interactions that stabilize the different 

α2β22 quaternary structures (Figure 4.23). We tested this hypothesis by designing the SHQ 

variant, which showed enhanced activity and changes in IM-MS and cation exchange results 

consistent with a shifted population away from the open form and towards a closed or ready 

form. Examples of human morpheeins are phenylalanine hydroxylase 311, porphobilinogen 

synthase 312, and cystathionine β-synthase 313. These systems are typically regulated by small-

molecule effectors. In the human Fe-S assembly system, the mechanism of architectural control 

is through stabilization of the active form by the “molecular lock” FXN. Interestingly, clinical 

mutations can affect oligomeric distributions and activities for morpheein systems 311, 313, 314. It 

will be interesting to evaluate whether clinical variants of NFS1, ISD11, ISCU, and FXN 89, 292, 

315-318 alter the equilibrium between different architectures or potentially fail to lock the complex 

in the active form.  

In summary, these and previous studies provide substantial evidence that the eukaryotic 

cysteine desulfurase is a morpheein-like system that controls activity by its oligomeric form (Table 

1). Determining additional details for the mechanistic relationship and functional roles of the 

different architectures will require thoughtfully designed biochemical probes and high-resolution 

structural analysis. One possibility is that these architectures are part of a protein assembly based 

regulatory mechanism that controls sulfur transfer from the SDAec complex to acceptor proteins 

for Fe-S cluster assembly, molybdenum cofactor biosynthesis, and tRNA modifications. Overall, 

we have provided new insights into the relationship between the eukaryotic cysteine desulfurase 
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architectures and the mechanism of FXN activation that have implications for the regulation of Fe-

S cluster assembly. Finally, the ability of the SHQ variant to partially replace FXN function by 

shifting the population of quaternary structures suggests that molecules that drive a similar 

architectural switch may have potential applications as FRDA therapeutics. 
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5. CONCLUSION 

Due to the essential functions Fe-S clusters among organisms, significant efforts have been 

invested to reveal the mechanism of Fe-S cluster biogenesis. Dysfunction of ISC Fe-S cluster 

biogenesis pathway leads to severe diseases.274 Mutations on the scaffold protein ISCU leads to 

hereditary mitochondrial myopathy.319 Infantile mitochondrial complex II/III deficiency has been 

reported to be caused by NFS1 deficiency.320 The most prominent disease, Friedreich’s Ataxia, is 

a result of a GAA triplet repeat expansion or point mutations in the FXN gene.111 Comprehensive 

understanding of the Fe-S cluster biogenesis mechanism has been long desired to better 

understand the pathology of these diseases for therapeutic development. Through extensive 

genetic, bioinformatic, in vivo, and in vitro studies, a good overview of how the ISC pathway 

assembles Fe-S clusters has been provided. While current techniques and methodologies provide 

wealth information, certain key mechanistic questions remain elusive. To resolve these 

challenges, new techniques that could go beyond the limitation of current bioinorganic 

techniques are required. 

Native ion-mobility mass spectrometry (IM-MS) has been developed into a new powerful 

technique for getting binding, structural and sequencing information simultaneously. This unique 

aspect of getting multi-dimension information in a single analysis leads to increased popularity 

of native IM-MS in both the biophysical society and the pharmaceutical industry. For example, 

native IM-MS is arguably the most effective technique for characterization of membrane protein 

acceptors. The ever improvement on the mass spectrometers is the key for expanding the 

application of native IM-MS. High resolution orbitrap instruments with optimized ion optics for 

transmission enable the analysis of mega Dalton large biomolecules such as ribosome. Improved 
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theoretical calculation of collisional cross section and resolution on ion mobility allow more 

confidential analysis of small molecule positional isomers and protein structural isomers. Further 

comprehensive structural information could be obtained when native IM-MS couples with other 

biophysical mass spectrometry techniques, such as cross-linking mass spectrometry (XL-MS) for 

identifying adjacent residues, as well as hydrogen-deuterium exchange mass spectrometry 

(HDX-MS) and hydroxyl radical footprinting-mass spectrometry (HRF-MS) for mapping solvent 

accessible residues. As the power of native IM-MS on revealing Fe-S cluster biosynthesis 

mechanism is highlighted in this dissertation, development on the technique and complement 

with other MS methodologies would further deepen our understanding on these complicated 

enzyme systems. 

Our understanding of how the ISC pathway assemble Fe-S cluster on the scaffold protein has 

been long limited by the lack of intermediate information. Bioinorganic spectroscopic techniques 

including Mossbauer spectroscopy, electron paramagnetic spectroscopy (EPR), and CD 

spectroscopy are unable to resolve the overlapping signals from mixture of Fe-S species. Here, 

we tracked and resolved these Fe-S intermediates using high-resolution native MS under an 

experimental condition using a biological relevant reductant GSH. Our pioneer application 

successfully revealed long-sought intermediates and suggest iron binding on the scaffold protein 

as the key early step of promoting the sulfur transfer step. Despite this initial success, the current 

methodology is limited by the low time-resolution for kinetic studies. The low time-resolution 

requires longer time scale reaction, which was deliberately achieved by using low reductant 

concentration and high scaffold protein concentration. Also, the current methodology is not 

strictly anaerobic, which limits our ability of probing potential reduction events by Fdx. Herein, 
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a tailored nano-electrospray source design is proposed for improving the time-resolution and 

anaerobicity of the source. A gas-tight syringe containing the sample will be directly connected 

to the nano-spray source for direct infusion. Two gas-tight syringes will be initially kept in a 

glove box. One will contain rinsing buffer and the other will contain the sample. The gas-tight 

syringe will be brought out of the box, and the nano-spray source will be first rinsed by the 

syringe containing anaerobic buffer before loading the syringe containing the sample. This whole 

process will help maintain the MS analyzing process to be as anaerobic as possible. Furthermore, 

this source will also be adaptive to a T-shape connector containing three outlets. Two outlets will 

be connected to two sample-containing syringes and the other one will be fused into the mass 

spectrometer. With the ability to probe short time kinetics (second scale) using the T-junction 

connector, this application enables us to change the assay conditions into overall more 

physiologically resembled conditions with faster rate and anaerobic-like setup.  

The solved structures of the human cysteine desulfurase complexes largely enhanced our 

understanding on the biophysical characteristics of the human ISC system. By employing native 

IM-MS, we illustrate the regulation mechanism of the human ISC system on the structural level. 

Nevertheless, further investigation on this morpheein-like system and its potential regulation on 

sulfur trafficking to other pathways, including molybdenum cofactor biosynthesis and tRNA 

thiolation pathways, is desired. Currently, IM-MS is able to resolve open architecture and 

closed/ready architecture. Closed and ready architecture could not be resolved due to their 

similar overall conformation and CCS. One way to resolve this challenge is by enhancing the IM 

resolution. The home-built high-resolution FT-IMS in the Russell group could potentially 

distinguish closed and ready architectures when both co-exists. In addition, MS-based 
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biophysical methodologies such as XL-MS, HDX-MS, and HFR-MS could potentially resolve 

and quantitate these different architectures. A common challenge on using these MS methods to 

probe the human ISC complexes is the exchange nature among the architectures. The dynamic 

solvent accessible area and residue interactions could easily lead to unresolvable results. 

Therefore, methodologies that can “lock” these architectures from exchanging are crucial for 

these advanced biophysical characterizations. One potential way to achieve this is by designing 

“clickable” non-canonical amino acids on unique adjacent residues in each architecture. 

Characterizations on activity, binding, and sulfur trafficking to different pathways of human ISC 

complex materials with single pure architecture would largely enhance our understanding on the 

regulation of this perplex system. 

The putative roles and the inhibition mechanism of CyaY on the bacterial ISC system were 

one of the most perplexing enigmas in the Fe-S cluster biogenesis field. By studying complicated 

competitive binding of sulfur acceptors and sulfur trafficking, we managed to reveal the missing 

links among CyaY regulation on sulfur trafficking and oxidative stress. Despite our thorough in 

vitro studies, further in vivo experiments are desired to validate our model. Comparing the GSSH 

level of wildtype E. coli and CyaY knockout using chemical proteomics, in which maleimide 

serves as the thiol quenching reagent to compare normal physiological condition with iron rich 

and/or high H2O2 conditions would be good future experiments. In addition, the employment of 

native IM-MS on resolving and quantitating complicated binding species of sulfur acceptor and 

cysteine desulfurase mixtures might also arguably be the only techniques that would illustrate the 

same question on other organisms such as yeast and human. Similar complicated binding and 
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sulfur trafficking studies on the proposed CyaY equivalence IscX and the proposed electron 

donor Fdx would also potentially reveal other regulation mechanisms on the ISC system. 

Together, there is tremendous potential for application of MS-based biophysical 

characterization on interrogating the regulation on the ISC machinery and sulfur trafficking. 

Employment and development of new methods is the key for the interrogation of challenging and 

detailed fundamental questions on the ISC system, including mechanism of cluster assembly and 

transfer under physiological-like conditions, regulation and the purpose of different human ISC 

architectures, as well as the mechanism of action of different effectors on the ISC machinery. 

This dissertation highlights the implement of advanced MS-based methods in a classic biological 

field, which would also be beneficial for the investigation on other biological questions.  
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