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Abstract 

Metal ions are commonly found as protein co-factors in biology, and it is 

estimated that over a quarter of all proteins require a metal cofactor. The 

distribution and utilization of metals in biology has changed over time. As 

the earth evolved, the atmosphere became increasingly oxygen rich which 

affected the bioavailability of certain metals such as iron, which in the 

oxidized ferric form is significantly less soluble than its reduced ferrous 

counterpart. Additionally, proteins that utilize metal cofactors for structural 

purposes grew in abundance, necessitating the use of metal co-factors that 

are not redox active, such as zinc. One common class of Zn co-factored 

proteins are zinc finger proteins (ZFs). ZFs bind zinc utilizing cysteine and 

histidine ligands to promote structure and function. Bioinformatics has 

annotated 5% of the human genome as ZFs; however, many of these proteins 

have not been studied empirically. In recent years, examples of annotated 

ZFs that instead harbor Fe-S clusters have been reported. In this review we 

highlight four examples of mis-annotated ZFs: mitoNEET, CPSF30, nsp12, 

and Fep1 and describe methods that can be utilized to differentiate the 

metal-cofactor. 
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1. Introduction 

 Metal ions play an important role in biology. One major role for metals 

is as a protein cofactor, and at least 25% of all proteins are predicted to contain 

metal co-factors [1-6]. In recent years, new roles for metals in regulation and 

homeostasis have been identified. Here, metal binding to cognate proteins can 

be transient, and as a result these proteins are not always annotated as 

metalloproteins [3, 7-12]. As such, we may be under-estimating the number of 

‘metalloproteins’ in biology. 

The distribution and utilization of metals in biology has changed over 

time. For metalloproteins, as the earth evolved from an anaerobic to an aerobic 

environment, the introduction of oxygen altered the availability of metals to 

serve as protein cofactors [4, 13-16]. Ferrous iron (Fe2+), a common co-factor, 

was now susceptible to oxidation to ferric iron (Fe3+) and to higher order 

oxidized species (e.g., iron oxy-hydroxides) in the newly O2-rich aerobic 

environment. These oxidized forms of iron are less soluble in biological 

solvents (i.e., buffer, water) making iron less bioavailable [13, 15, 17-20]. 

Concomitantly, zinc, which is redox inert and therefore not oxygen sensitive, 

became more prevalent as a co-factor in the aerobic environment [18-20]. A 

whole class of structural zinc proteins, called zinc finger proteins (ZFs), 

emerged during this transition [21-23]. One prediction is that these new ZF 

proteins evolved from iron-co-factored proteins to obviate the reactivity 

problem of O2. 

The discovery of ZF proteins illustrates how eukaryotic 

metalloproteins may have evolved by adapting prokaryotic metalloprotein 

sites. One of the earliest ZFs to be identified in the mid 1980s- was 
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transcription factor IIIA (TFIIIA) from Xenopus oocytes [24-28]. TFIIIA 

contains nine repeated domains each of which has two conserved cysteine and 

histidine residues. The domains have an overall consensus sequence of (Tyr, 

Phe)-X-Cys-X2-4-Cys-X3-Phe-X5-Leu-X2-His-X3-4-His-Xl-6 [29]. TFIIIA was 

found to be functional only when zinc is present, suggesting that it was a zinc 

co-factored protein [26]. Zinc is a borderline metal (acid), defined by the hard-

soft acid-base theory, and can bind to both hard and soft bases, including 

cysteinate thiolate (soft) ligands and histidine imidazole (hard) ligands [30-

33]. Thus, it was predicted that zinc would bind to the conserved Cys and His 

ligands within TFIIIA [26, 28, 29]. How zinc binding to these ligands would 

affect protein structure was not clear. In the mid-1980s, the number of 

structurally characterized proteins was still fairly low; however, the motif 

found in TFIIIA did have some counterparts in structurally characterized 

prokaryotic proteins. As such, the structure of TFIIIA was presciently 

predicted by Jeremy Berg, who had recently completed his PhD under the 

tutelage of Richard Holm (Figure 1).* Berg recognized that the X2-Cys-X3-

Cys-X4 half of the conserved CCHH domain present in TFIIIA, was 

homologous to a sequence found in two structurally characterized proteins: 

rubredoxin, an iron-cofactored prokaryotic protein, and aspartate 

transcarbamoylase, a zinc-co-factored prokaryotic protein [34]. In these 

structures an anti-parallel beta sheet was formed upon metal coordination to 

the two conserved cysteines. Similarly, Berg recognized that the X4-His-X3-

His-X5 half of the CCHH domain of TFIIIA was homologous to sequences 

found in thermolysin, a prokaryotic zinc-cofactored protein, hemerythrin, an 

 
* PhD Richard Holm 1980-1984 
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iron co-factored protein found in marine invertebrates and hemocyanin, a 

copper co-factored protein, also found in marine invertebrates. Structures of 

these proteins revealed an alpha helical fold mediated by the two His ligands 

and their cognate metal [34]. This was also supported by independent 

structural prediction models [35]. Based upon these observations, Berg 

predicted that the TFIIIA ZF would adopt an anti-parallel beta-sheet followed 

by an alpha helix fold via the CC and HH domains upon zinc binding [27, 28, 

34]. This prediction was confirmed by the X-ray structure of ZIF-268 (a 

homologous ZF protein) and subsequent structures of other CCHH ZFs 

revealing that this a common fold for CCHH type ZFs [36-38]. 

At the same time that ZF protein structures were being predicted, 

efforts to predict structures of other metalloproteins, including zinc 

metalloenzymes, were underway. It was recognized that while ZFs require 

four ligands to bind Zn in a tetrahedral geometry, zinc metalloenzymes utilize 

3 ligands such that a fourth ‘open’ site for substrate binding is available. This 

site is typically occupied by H2O. Once a handful of zinc metalloenzymes 

were structurally characterized, it was possible to predict that newly 

sequenced proteins were zinc metalloenzymes. From the structures coupled 

with sequence alignments, it was recognized that zinc metalloenzymes utilize 

a combination of His, Glu, Asp and Cys as ligands and specific spacing 

between the ligands were identified. These properties were predicted to 

translate to specific secondary structural features (e.g., alpha helix, beta 

strand) and specific domain folds. As with all predictions, experimental 

verification was needed, and subsequent studies focused on this. As this 

‘focused review’ is on ZF proteins with Fe-S sites, we refer the reader to this 
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excellent Perspectives article in Biochemistry along with its large number of 

citations, for more insight regarding how zinc metalloenzyme structures can 

be predicted [39].  

Since their initial discovery, ZFs have been identified in simple (e.g., 

yeast) and complex (e.g., human) eukaryotes, where they have been found to 

be involved in a myriad of biological processes, ranging from transcription to 

translation to protein regulation [40-43]. These roles are accomplished via a 

macromolecular binding interaction. The ZF binds to another macromolecule 

(e.g., DNA) to promote or repress a function (e.g., transcription). ZFs are 

present in higher numbers the farther you move up the evolutionary tree, 

which may reflect the increased complexity of these biological systems and 

increased need for regulation [44]. As more proteins have been identified, new 

types of ZFs have been discovered. These new ZFs contain variations of 

cysteine and histidine residues within their domains [40, 41, 45, 46]. The 

common feature of all ZF proteins is the presence of domains that include four 

cysteine (Cys) and/or histidine (His) ligands. The Cys/His ligands coordinate 

zinc in a tetrahedral geometry which results in a folded domain. Today, ZFs 

are classed based upon their amino acid sequence, cysteine/histidine ratio, 

spacing of cysteine/histidine residues, fold, and/or binding partners. At least 

30 classes have been identified to date [41, 45-50]. The original type of ZF 

identified by Berg (e.g TFIIIA), is now called a “classical” ZF and the 

remaining are “nonclassical” [41, 50].  

 After the human genome was sequenced in the early 2000s, 

bioinformatics analysis estimated that 5% of the human genome encodes for 

ZF proteins and that 10% of all human proteins utilize zinc as either a 
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structural or catalytic co-factor [21, 44, 51-53]. In most cases, these 

predictions were based upon the protein’s amino acid sequence, the presence 

of specific sequence domains already attributed to ZFs, and crystal and NMR 

structures, when available [21, 44, 51, 52]. In table 1, we provide a count of 

the annotated ZF proteins reported in studies by Andreni, Decaria, and 

Passerini, along with a tally of the annotated ZF proteins for which empirical 

data are available. We also report the number of proteins that are annotated as 

ZFs when the online databases uniport and geneontology are used to query for 

ZFs, in order to illustrate the variability in numbers of annotated ZFs. 

Although some of these proteins have subsequently been studied 

empirically and validated as bona fide ZFs, many remain putative ZFs. For 

example, in humans, it is estimated that between 903-3472 human proteins are 

zinc binding proteins (estimates differ due to different bioinformatics 

approaches) [21, 44, 51, 52]. Less than 300 of these predicted ZFs have been 

characterized experimentally, therefore we only have a partial picture of the 

zinc-finger-ome (Table 1). Notably, not all of the proteins annotated as ZFs 

have been found to be bona fide ZFs when studied empirically. In some 

instances, annotated ‘ZFs’ have been found to be Fe-S co-factored 

proteins[54-57]. Unlike ZFs, proteins that contain Fe-S cluster co-factors do 

not have a well-defined sequence motif, but many contain a peptide motif, 

LYR, that interacts directly with the cochaperone involved in Fe-S cluster 

delivery [58-61]. Like ZFs, proteins with Fe-S cofactors also favor cysteine 

and histidine ligands, perhaps explaining why some Fe-S co-factored proteins 

are annotated as ZFs (Figure 2) [62, 63]. This is not the first time that the 

limitations of the prediction of metal co-factors from amino sequence have 
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been brought to light. For example, as part of the NIH funded protein structure 

initiative, Prestergard and Adams structurally characterized PF0610, a protein 

with a helix-turn-helix motif and predicted zinc ribbon domain, that was found 

to bind both zinc and iron in vitro, with the latter being the proposed in vivo 

cofactor. Similarly, Eklund and co-workers noted that the zinc binding domain 

of horse liver alcohol dehydrogenase resembled ferredoxins in 1976 [64, 65]. 

Together, these findings underscore the importance of empirically validating 

annotated ZFs.  

This review focusses on four examples of proteins that were annotated 

as ZF proteins but were discovered to have Fe-S cofactors when studied 

empirically. These proteins are mitoNEET, CPSF30, nsp12, and Fep1. 

MitoNEET and CPSF30 are eukaryotic proteins, while nsp12 is a viral protein 

that utilizes the mammalian Fe-S cluster machinery during infection. Fep1 is a 

fungal protein that belongs to the GATA family of transcription factors, and 

has homologs in many organisms including slime mold, plants, nematodes, 

insects, echinoderms, and vertebrates [66]. We describe the work that led to 

the discoveries that these proteins are Fe-S co-factored proteins, as ‘case 

studies,’ after which we provide an overview of experimental methods that 

were important for the delineation of these proteins’ functions.  
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Figure 1. The X-ray structure of rubredoxin (PDB: 3KYY) and thermolysin 
(PDB: 5TMN) with a focus on the metal centers. The anti-parallel beta 
sheet from rubredoxin and the alpha helix from thermolysin are shown in 
red coming together to form the structure of the classical CCHH type ZF, 
TFIIIA, predicted by Berg. Both proteins were modeled in pymol as 
cartoons with the cysteines from rubredoxin and the histidines from 
thermolysin shown as sticks.  
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Figure 2. The metal centers of Zn vs Fe-S cluster co-factored proteins with 
CCCC, CCCH, and CCHH ligand sets. Protein structures of ZRANB2 
(PDB:2K1P), ferredoxin (5AUI), CPSF30 (6BLL), mitoNEET (2R13), 
ZIF268 (1A1L), and Rieske (2NVF) were obtained from the PDB. Pymol 
was utilized to generate snapshots of each metal center.  
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Table 1. Summary of papers and databases designed to annotate human zinc 

binding proteins.  

Source 
Paper or web 

database 

# of human zinc 

binding proteins 

annotated 

# of human zinc 

binding proteins 

annotated with 

empirical evidence 

Andreini et 

al, 2006 

[51] 

Both 3207 N.D. 

Andreini et 

al, 2006 

[21] 

Paper 3472 N.D. 

This work, 

2021 

Uniprot.org 

(Swiss-Prot) 
24121 2022  

This work, 

2021 

Uniprot.org 

(TrEMBL) 
1743  N.D. 

This work, 

2021 
Geneontology.org 9024  2185 

Decaria et 

al, 2010 

[44] 

Paper 1830 ZFs N.D. 

ZincBind 

[67] 

Database used to 

query PDB 
N.D. 267 
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Passerini et 

al, 2007 

[52] 

Both 2833 N.D. 

1Database search of Uniprot.com Swiss-Prot with keyword: “Zinc [KW-

0862]” AND reviewed:yes AND organism: “Homo sapiens (Human) [9606]” 

settings. As of December 2021. 

2Database search of Uniprot.com Swiss-Prot with keyword: “Zinc [KW-

0862]” annotation type:metal evidence: “Inferred from experiment 

[ECO:0000269]”) AND reviewed:yes AND organism: “Homo sapiens 

(Human) [9606]”. As of December 2021. 

3Database search of Uniprot.com TrEMBL keyword: “Zinc [KW-0862]" 

annotation:(type:metal) AND reviewed:no AND organism: “Homo sapiens 

(Human) [9606]” As of December 2021.  

4Database search of Geneontology.org utilizing “zinc ion binding” as the 

search term and “Homo Sapiens” as an “Organism” filter . As of December 

2021.  

5 Database search of Geneontology.org utilizing “zinc ion binding” as the 

search term and “Homo Sapiens” as an “Organism” filter and “Experimental 

evidence” as an “Evidence” filter. As of December 2021.  
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2. Case study #1: MitoNEET 

 MitoNEET is a 108 amino acid protein that was first discovered in 

2004 as a target for pioglitazone. Pioglitazone is a member of the 

thiazolidinediones (TZD) family of drugs which are used to treat type 2 

diabetes by increasing sensitivity to insulin [68]. MitoNEET was named based 

upon its site of cellular localization - the mitochondria – and a conserved Asn-

Glu-Glu-Thr or NEET sequence. MitoNEET was annotated as a ZF because it 

contains a singular ‘Cys3His’ or CCCH sequence which is a type of “non-

classical” ZF domain (C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H). Two 

homologs, named Miner1 and Miner2 (i.e., MitoNEET-related proteins 1 and 

2, Miner2 is now also called MiNT) were also found to contain this putative 

ZF domain [69, 70]. When recombinant mitoNEET was isolated after 

expression in E. coli, the protein was observed to be a brownish red color 

which suggested the presence of iron. The metal content measurement of the 

isolated mitoNEET protein confirmed this prediction: mitoNEET was found to 

be loaded with 1.6 equivalents of Fe per protein and no Zn [69]. Similarly, 

when Miner 1 and 2 were recombinantly expressed and purified, analogous Fe 

and Zn stoichiometry was reported [57]. These findings were unexpected, 

because the CCCH site present in all three proteins was annotated as a ZF site. 

Efforts to favor zinc loading by adding excess Zn (5 μM) were unsuccessful: 

mitoNEET was still isolated with only iron bound [69]. Together, these data 

provided evidence that mitoNEET is an iron co-factored protein and not a ZF 

as annotated. The optical spectrum of the isolated mitoNEET exhibited 

absorbances centered at 458 nm and 530 nm [57]. These absorption peaks are 

indicative of a [2Fe-2S] cluster, and are observed in established [2Fe-2S] 
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cluster co-factored proteins such as ferredoxin (CCCC ligand set) and Rieske 

(CCHH ligand set) proteins [57]. While this biochemical characterization of 

mitoNEET was in progress, studies in COS-7 cells (a primate cell line) 

revealed that mitoNEET associates to the outer mitochondrial matrix with the 

CCCH domain facing towards the cytoplasm. This is associated with the 

protein’s ability to regulate the oxidative capacity of the mitochondria 

suggesting a potential redox role [69]. Taken together, the iron stoichiometry, 

the optical spectrum, and the association of mitoNEET with oxidative capacity 

of the mitochondria, led the Dixon and Jennings laboratories, to propose that 

the co-factor of mitoNEET was an Fe-S cluster and suggested a role in 

regulation via redox chemistry [57, 69].  

To determine if the Fe-S cluster of mitoNEET could support redox 

chemistry, the protein was treated with the reductant dithionite. This treatment 

resulted in a loss of the absorbance peak centered at 458 nm indicative of 

reduction of one of the ferric centers [57]. Addition of oxygen reversed this 

signal loss, indicating redox cycling at the Fe-S cluster. This work supports a 

role for mitoNEET in redox sensing [57]. To confirm redox activity, electron 

paramagnetic resonance (EPR) spectra of the reduced and oxidized mitoNEET 

proteins were obtained. The spectrum of the oxidized protein showed no 

signal, as expected for the Fe(III)-Fe(III) species; while the reduced protein 

exhibited a rhombic signal which is consistent with an Fe(II)-Fe(III) species 

[57]. Native mass spectrometry which reports on the folded, metal-bound 

protein was utilized to determine metal stoichiometry. Mass shifts 

corresponding to the presence of a singular [2Fe-2S] cluster were present [57].  
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 To identify the ligands for this new Fe-S cluster, the amino acids that 

are conserved in mitoNEET, Miner1 and Miner2 - Cys-72, Cys-74, Cys-83, 

His-87, and Asp-84 – were systematically mutated with serine (for cysteine), 

glutamine (for histidine) and asparagine (for aspartate). The effects of the 

mutations were measured by UV-visible spectroscopy and a loss of signal for 

the Fe-S cluster was observed in all of the mutants except the D84N mutation. 

These data offer support for the CCCH ligand set. This was the first time that a 

native [2Fe-2S] cluster co-factored protein was observed to contain a CCCH 

ligand set instead of a CCCC or CCHH ligand set. MitoNEET is also pH 

sensitive; the optical spectrum of the WT protein lost signal upon lowering the 

pH, which was not observed in the CCCC mutant. This was attributed to the 

sole histidine ligand, which is likely protonated when the pH is lowered, 

leading to the dissociation of the cluster and the inactivation of the protein 

[57]. 

The CCCH domain present in mitoNEET and related homologs has 

been further classed as a CDGSH domain to reflect the conservation of 

additional amino acids. Notably, this domain is conserved from bacteria to 

humans, suggesting that the site may have been present in a pre-oxygen time 

period [57]. As organisms evolved to survive in an oxygen rich environment, 

this site may have been retained to fulfill an important function.  

This seminal work on mitoNEET came forty years after the discovery 

of the now well-established Ferredoxin (CCCC) and Rieske (CCHH) type Fe-

S cluster proteins (Figure 3). The identification of a third type of [2Fe-2S] 

cluster has resulted in a surge in research on mitoNEET itself. Advances have 

been made in understanding the protein’s roles in redox control as well as the 
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role of the protein in disease [68, 70-82]. Altogether, the work on mitoNEET 

underscores the need to empirically define metal co-factors and to not solely 

rely on bioinformatic annotations. 

 

 

3. Case study #2: CPSF30 

 Cleavage and polyadenylation specificity factor 30 (CPSF30) is a 

protein involved in pre-mRNA processing [54, 83-87] (Figure 4A). Pre-

mRNA processing is an important step in eukaryotic gene expression and 

subsequent protein translation to maintain cellular homeostasis. A key step in 

pre-mRNA processing is the 3’ end maturation step. Here, the pre-mRNA is 

cleaved, and poly(A) polymerase is recruited to add an elongated poly 

adenosine (poly A) motif resulting in mature mRNA (Figure 4B). Defects in 

polyadenylation are associated with several disease states including α/β 

thalassemia, lupus, and fabry disease [88-95]. Due to the processes’ essential 

 

Figure 3. The structures of ferredoxin, Rieske, and mitoNEET, with a focus 
on the [2Fe-2S] clusters and associated ligands. Ferredoxin (PDB: 5AUI) 
utilizes 4 cysteines as ligands. Rieske (PDB: 2NVF) type Fe-S clusters 
contain 2 cysteine and 2 histidine ligands. MitoNEET (PDB: 2R13) 
contains 3 cysteine and 1 histidine ligands.  
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role in alternative polyadenylation, gene regulation, disease, and maintenance 

of cellular health, pre-mRNA processing is of high importance for 

fundamental research and as a therapeutic target.   

A main protein complex that regulates pre-mRNA processing is the 

cleavage and polyadenylation specificity factor (CPSF) complex. CPSF is 

composed of 6 different proteins that participate in the recognition of the 

highly conserved polyadenylation signal (PAS) AAUAAA, cleavage of the 3’ 

end of pre-mRNA, and the recruitment of additional polyadenylation 

machinery (Figure 4B). Our laboratory, which has a research program focused 

on ‘CCCH’ type ZF proteins, became interested in studying CPSF30 because 

it contained five CCCH domains. We had previously investigated another 

‘CCCH’ type ZF called tristetraprolin (TTP or Nup475), and demonstrated 

that when it is bound to zinc, it recognizes AU rich RNA [96, 97]. CPSF30 is 

part of a complex that recognizes an AU rich target (AAUAAA), therefore we 

hypothesized that CPSF30 was the protein responsible for binding this target. 

However, when we isolated and purified a construct of CPSF30 that contained 

all five CCCH domains using a standard ZF approach that involved expressing 

the protein, purifying in the apo-form, and titrating with zinc to fold, the 

protein was found to be highly insoluble. MBP fusions are often utilized to 

increase recombinantly expressed protein solubility. This method has been 

utilized successfully for many ZFs and metalloproteins as well as mitoNEET 

[57, 69]. This fusion approach was also pursued for CPSF30 [54, 98-101]. 

Remarkably, when the fusion construct was expressed, the cell pellet turned a 

brownish red color (MBP alone does not show this color). This color persisted 

upon purification, and the optical spectrum of the purified holo-protein 
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exhibited peaks centered at 420 nm, 456 nm, and 583 nm which are suggestive 

of a [2Fe-2S] cluster, much like what was observed for mitoNEET [54, 102]. 

X-ray absorption spectroscopy (XAS) and inductively coupled plasma mass 

spectrometry (ICP-MS) were then conducted to verify this prediction of a 

[2Fe-2S] cluster. ICP-MS revealed that 0.51 and 3.78 equivalents of Fe and Zn 

were present per protein, respectively [54]. XAS showed that Zn was bound 

tetrahedrally by a CCCH ligand set similar to other ZF domains and the 

presence of a [2Fe-2S] cluster was observed bound by a CCCH ligand set as 

well. The [2Fe-2S] cofactor was identified to have an Fe-Fe vector of 2.67 Å, 

a Fe-S length of 2.26 Å (average), and a Fe-N (or O) length of 2.03 Å, 

consistent with bond lengths reported for other [2Fe-2S] clusters [103]. Once 

we had identified the metal co-factors of CPSF30, functional assays using 

fluorescence anisotropy (FA) were performed. We determined that Zn/[2Fe-

2S] cluster loaded CPSF30 selectively recognized the AAUAAA motif, as 

predicted. Chelation studies showed that both metals were needed for full 

binding affinity, underscoring the importance of the iron sulfur cluster in 

CPSF30 function [54]. Mutagenesis studies to locate the site of the Fe-S 

cluster revealed flexibility in site loading. In these studies, each CCCH 

domain was sequentially mutated to AAAA, and the proteins were isolated 

and metal content assessed by ICP-MS. Iron was present in all of the mutant 

proteins, suggesting that CPSF30 has redundant sites for iron binding, and that 

the cluster can be loaded in another site when the “preferred” site is mutated 

[54]. We proposed that the essential role of CPSF30 in pre-mRNA processing 

requires this built-in redundancy. These data added CPSF30 to the growing list 

of proteins that were annotated as ZF proteins but were found to harbor a 
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[2Fe-2S] cluster co-factor. The role of the Fe-S cluster in mammalian CPSF30 

remains under study. Notably, CPSF30 been shown to associate with HSC20, 

which is the eukaryotic (human) Fe-S chaperone protein suggesting a source 

for the Fe-S co-factor. In addition, regulation of redox control mechanisms 

have been observed in some CPSF30 homologs. The yeast homolog, YTH1, 

has been observed to translocate from the nucleus to the cytoplasm under 

hypoxic stress mediated by an unknown mechanism [104]. Additionally, the 

Arabidopsis thaliana homolog is known to be regulated under oxidative stress 

mediated by a disulfide bond forming in one of its ZF domains [105-107]. 

Therefore, the Fe-S cluster cofactor may be required by the mammalian 

CPSF30 homolog for oxidative stress sensing and regulation.  
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Figure 4. Overview of pre-mRNA processing and the role of CPSF30. (A) 
General overview of pre-mRNA processing. DNA is transcribed into pre-
mRNA, processed in to mature mRNA where a 5’ cap is added, introns and 
exons are then spliced, and a polyA tail is added. (B) An overview of the role of 
CPSF30 in pre-mRNA site selection mediated by the CPSF complex. Reprinted 
(adapted) with permission from Biochemistry 2021, 60, 10, 780-790. Copyright 
2021 American Chemical Society. 
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4. Case study #3: nsp12 

In 2020, the severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2 which leads to the disease COVID-19) spread rapidly causing a global 

pandemic. Although vaccines with high efficacy for SARS-CoV-2 have been 

developed, small molecule drugs to inhibit the virus are still needed [55]. Such 

drugs can protect from breakthrough infections and target new variants for 

which vaccines are not yet available [55]. RNA-dependent RNA polymerase 

(RdRp) plays an integral role in the synthesis of viral RNA and subsequently 

the life cycle and virulence of SARS-CoV-2, making it a prime drug target 

[55]. RdRp is a complex of proteins comprised of a main cofactor nsp12 and 

accessory factors nsp7 and nsp8. Nsp12 was predicted to contain two ZF 

domains. This prediction was based upon primary sequence analysis and 

modeling studies of a SARS-CoV homolog which had 2 ZFs (HCCC and 

CHCC) [55]. Cryo-EM structures of nsp12 alone and nsp12 with nsp7 and 

nsp8 modeled zinc in these sites as a co-factor [108-111] (Figure 5). The 

Rouault laboratory sought to characterize the nsp12, nsp7 and nsp8 protein 

complex to determine its suitability as a druggable target. While investigating 

this complex, they made the interesting discovery that the ‘ZF’ co-factors are 

Fe-S clusters [55]. 

 The Rouault laboratory had previously identified a specific LYR motif 

that is present in proteins to which the Fe-S cluster chaperone HSC20 protein 

transfers its cluster [58-61]. They proposed that this motif is a general 

sequence ‘signal’ associated with proteins that harbor an Fe-S cluster. Nsp12 

has 2 LYR-like motifs (VYR and LYR) within its primary sequence 

suggesting it can accept an Fe-S cluster from HSC20. Rouault and co-workers, 
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teamed up with the Bollinger and Krebs laboratories and demonstrated that 

purified nsp12 and HSC20 exhibit a strong binding interaction, and that when 

the LYR motif was mutated to AAA, the binding interaction was abrogated. 

The finding of the nsp12/HSC20 protein-protein interaction supported the 

hypothesis that nsp12 can accept an Fe-S cluster and requires the ‘LYR’ motif 

signal sequence. Subsequent coimmunoprecipitation (Co-IP) studies in 

mammalian cells confirmed the nsp12/HSC20 interaction and also revealed 

that nsp12 associated with other parts of the Fe-S cluster machinery. Together, 

these data suggest that nsp12 is an Fe-S cluster protein instead of a ZF.  

To directly confirm that nsp12 has an Fe-S cluster co-factor, the 

protein was expressed in mammalian cells grown with 55Fe [55]. Upon 

purification the Fe incorporation into nsp12 was measured via scintillation 

counting and significant iron incorporation was observed. The optical 

spectrum of the isolated nsp12 included an absorbance centered at 420 nm, 

suggesting that the iron was incorporated as an Fe-S cluster [58, 63]. When the 

LYR motifs were mutated, less Fe was incorporated and when ISCU (an 

important protein in Fe-S cluster synthesis) was downregulated, no iron was 

detected bound to nsp12. Subsequent Mössbauer spectroscopy revealed that 

the cluster is a [4Fe-4S] cluster. Altogether, this work on the ‘ZF’ protein 

nsp12 revealed that it binds two [4Fe-4S] clusters in previously annotated 

metal binding sites. 

The functional significance of the Fe-S cofactor in nsp12 function was 

determined using an RNA elongation assay. This assay measures the activity 

of RNA polymerase. When the protein was loaded with the Fe-S cluster, 

significant elongation was measured. However, the Zn loaded protein 
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exhibited lower activity. These data support a role for the Fe-S co-factor in 

nsp12 function. 

The overarching goal of this work was to determine if nsp12 is a drug 

target. As such, the effect of TEMPOL on activity was investigated. TEMPOL 

is a stable nitroxide that has been shown in animal models to disassemble Fe-S 

clusters [112, 113]. The hypothesis was that if TEMPOL targeted nsp12 at its 

Fe-S cluster, it would lower RdRp activity and diminish virulence. Rouault 

and co-workers determined that TEMPOL disassembled the Fe-S cluster in 

nsp12. Moreover, little to no cytotoxicity was observed in mammalian cell 

cultures, suggesting it may be a viable lead for drug screening. TEMPOL was 

found to have high activity towards inhibition of SARS-CoV-2 replication and 

synergized with remdesivir, which is used to treat COVID-19 [55]. Together, 

these findings provide another example of the importance of empirically 

determining the co-factor in annotated ‘ZFs’ [55].  
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5. Case study #4: Fep1 

 Iron-sensing transcriptional repressor (Fep1) is part of a family of 

regulatory proteins referred to as GATA factors. GATA factors bind and 

regulate 5’-(A/T)GATAA-3’ sequences in yeast and fungi [56]. These proteins 

contain two canonical CCCC ZF domains (Cys-X2-Cys-X17-18-Cys-X2-Cys) as 

well as a non-canonical CCCC ZF domain (Cys-X5-Cys-X8-Cys-X2-Cys) 

 

Figure 5. Cryo-EM structure of RdRp with the nsp12 metal 
binding sites modeled with zinc. Nsp12 is shown in green, 
nsp7 is shown in orange and 2 monomers of nsp8 are shown 
in cyan and magenta. Zoom in of the annotated ‘ZF’ sites of 
nsp12 are shown with 3 cys and 1 his ligands. The RdRp 
structure was obtained from the PDB (7BTF) and modeled in 
Pymol.  
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located between the two canonical domains [56, 66]. The function of the Fep1 

protein is to sense and regulate Fe, but its complete mechanism has not been 

determined. It is not known whether the sensing mechanism involves direct 

iron binding to the protein. Interestingly, SRE-1, a GATA homolog from 

Histoplasma capsulatum, was isolated with iron present, suggesting a potential 

role for an iron co-factor [56, 114]. These findings led Bonaccorsi di Patti and 

co-workers to hypothesize that Pichia pastoris Fep1 may also bind iron 

directly. Studies in cells that compared the iron sensing capabilities of WT 

Fep1 protein versus mutant Fep1 proteins in which the non-canonical CCCC 

domain had been modified, showed that iron sensing was disrupted when the 

non-canonical CCCC domain was mutated. This suggested that this domain 

may serve as the site of iron binding. Fep1 protein was then isolated in vitro 

and was observed to be a reddish color and contain iron (via ICP-AES) 

offering further evidence that Fep1 has an Fe co-factor.  

Subsequent mutagenesis studies of Fep1 revealed that the iron 

recognition is complex. A series of mutants, starting with the non-canonical 

CCCC domain modified to SSSS (4S) were prepared and the effects on iron 

binding were evaluated. When the non-canonical domain was knocked out 

(4S), the protein was still brownish-red upon purification, like WT. This 

indicated the presence of an Fe binding domain. UV-visible absorption spectra 

of the 4S mutant exhibited peaks centered around 410, 325, and 455 nm, 

which are indicative of an Fe-S cluster, and which are similar to but not 

identical to those observed for WT Fep1 (peaks centered at 413, 325, 455 nm).  

Resonance Raman data collected for the mutant and WT constructs were 

consistent with the Fe-S cluster binding to a CCCC ligand site in both cases. 



27 
 

Together, these data suggest that the Fe-S cluster is loading elsewhere when 

its presumed binding site is mutated. The only other cysteine ligands present 

in the Fep1 sequence are those that make up the two canonical CCCC ZF 

domains. This suggests these may be the sites of iron binding. Bonaccorsi di 

Patti and co-workers proposed that one or more of these ZF domains serve as 

‘rescue sites’ for the [2Fe-2S] cluster.  

The ‘rescue site’ hypothesis was then tested via a series of mutants in 

which each of the two canonical CCCC ZF domains (ZF1 and ZF2) were 

modified. ZF1 could ‘rescue’ the Fe-S site, whereas, Fe-S binding to ZF2 was 

never observed in any mutants. The effect of oxygen on iron loading was also 

investigated with a series of mutants. It was discovered that under aerobic 

conditions, the Fe-S cluster was not air stable in the non-canonical site and 

instead bound to a new site made up of two C ligands from the non-canonical 

ZF site and two C ligands from the canonical ZF1 site (Figure 6). 

Additionally, in the anaerobically purified protein, the Fe-S cluster was 

present at the non-canonical site. This finding connects with the biological 

 function of the protein, which is an oxygen and iron sensor [56]. As with the 

other misannotated ZFs, the experimental data collected for Fep1 underscore 

the importance of verifying ZF sites.  

This is not the first time that Fe-S cluster redundancy has been 

observed. Similar redundancy was reported for the mutants of CPSF30. When 

specific CCCH ZFs in CPSF30 are mutated to AAAA, iron is still detected 

suggesting that the Fe-S cluster is loaded at an alternate CCCH site when the 

“preferred” site is compromised. This may be a mechanism for regulating Fe-S 

cluster protein activity or it may provide an auxiliary site to prevent full loss of 
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activity under conditions such as stress.

 

 

6. Lessons learned from studying annotated ZFs  

 Although ZF proteins are ubiquitous in eukaryotes, many are only 

known at the sequence level and/or have been characterized in cells and have 

been presumed to be ZFs based upon their sequence. Ideally, one should be 

able to study a ZF in vitro and in vivo, and directly correlate the data obtained; 

however, this remains a challenge [115]. We can isolate individual ZF proteins 

to determine their metal co-factors and identify macromolecular targets in 

vitro. We can also study ZF protein activity in cells and detect responses to 

changes in other proteins or global metal levels, but we do not yet have the 

technology to directly measure metalation of single ZFs in cells. As such, one 

 

Figure 6. Cartoon diagram of the three CCCC domains present in Fep1 
with the sites of Fe-S binding under anaerobic and aerobic conditions 
shown at the top and bottom respectively.  
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must take in vitro data along with indirect cellular data to draw conclusions 

about the metal:protein pairing in vivo. As such, the conclusions that we draw 

from these studies may not be the complete story in vivo. With advances in 

cell biology methods and the increased sensitivity of analytical 

instrumentation, we may be able to better correlate these data in the future. 

With this caveat in mind, direct analysis of isolated proteins in vitro coupled 

with cellular data can be informative, as is described in this focused review. 

The biochemical data of the four annotated ZFs, mitoNEET, CPSF30, Fep1 

and nsp12, revealed that these specific ‘ZF’ proteins are isolated with Fe-S co-

factors. Cellular data were then utilized to correlate these in vitro findings with 

potential biological roles: the Fe-S cluster of mitoNEET regulates the 

oxidative capacity of the mitochondria via a redox change, CPSF30 associates 

with the Fe-S chaperone HSC20 and its homologs are involved in regulation 

of oxidative stress, the Fe-S cluster in nsp12 promotes RNA elongation as part 

of the RNA dependent RNA polymerase (RdRp) and Fep1 plays a role in 

iron/oxygen sensing [55, 56, 61, 69, 104-107].  

As well as the importance of considering in vitro results in terms of a 

protein’s in vivo role, there are additional hurdles that accompany isolating 

proteins in vitro and identifying the metal co-factor that must be considered. 

Ideally, proteins should be isolated in their native hosts; however, this can be 

prohibitively difficult as metal analysis and protein characterization requires 

higher concentrations of the protein than are present under native conditions. 

This is especially true for eukaryotic proteins, such as ZFs, which can be 

present at very low concentrations in cells [116, 117]. Thus, isolation of 

metalloproteins typically relies on the over-expression of the protein in a host 
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cell to obtain sufficient yields for analysis. Overexpression of proteins can 

affect metal loading because the protein is being produced at higher levels in 

the cell than the native proteins. Moreover, overexpression often requires a 

heterologous expression system, especially for eukaryotic proteins, and this 

can lead to mismetallation because the native protein loading machinery is not 

present  [115]. One approach to favor correct metal loading is to incorporate 

the proteins that are involved in metal assembly in the native host in the over-

expression system. For instance, the ISCU system which promotes Fe-S 

cluster assembly in eukaryotic proteins has been utilized with success in some 

instances [118-120]. However, the machinery for metal incorporation is not 

always known and/or does not always impact metal loading [56, 57]. If the 

function of the protein has been determined, e.g., it is an enzyme that catalyzes 

a specific reaction or it is a transcription factor that binds to a specific DNA 

target, studying the protein’s function in the context of its metal co-factor can 

provide data that supports the in vitro metal co-factor assignment. Here too, a 

limitation is that the function of the protein may not be known, or the protein 

may be active with more than one type of metal co-factor. Taken together, an 

approach in which in vitro characterization is one puzzle piece that is 

correlated with other puzzle pieces - cellular and biological data – allows for a 

more comprehensive understanding of the protein of interest.  
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7.0. Experimental approaches to characterize newly isolated ZF proteins 

In the next section, we present a primer on methods that are useful for 

the characterization of ZF proteins in vitro, including those with potential ‘Fe-

S’ co-factors. While those in the field may be intimately involved in these 

methods, this primer is intended to provide guidance for those who do not 

work in this area. 

 

7.1. Common Ligands for ZFs and Fe-S Centers  

Metalloproteins commonly utilize amino acids that have sulfur, oxygen 

and nitrogen as ligands [30, 121]. Cysteine, histidine, glutamate and aspartate 

are the most frequently utilized ligands, although serine, tyrosine, threonine, 

glutamine and asparagine have also been identified in a small number of 

proteins [121]. Proteins with zinc (ZFs) and iron-sulfur cluster co-factors both 

utilize cysteine and histidine residues as metal binding ligands, often using 

identical sequence motifs (e.g CX2C). This can make it challenging to predict 

whether a newly identified protein will coordinate zinc or an Fe-S cofactor. 

This challenge was underscored in a recent study that aimed to identify 

metalloprotein co-factors using ‘sequence patterns’ rather than sequence 

motifs. In this study, the wealth of structural information available for 

metalloproteins in the PDB was utilized to develop a tool, called pattern 

discovery in PDB structures of metalloproteins (PdPDB). This tool considers 

the complete coordination sphere, including contributions from nucleic acids 

and small molecule ligands to define the ‘sequence pattern’ and the metal 

binding ligands identified in the PDB structures (e.g., sulfur from cysteine) are 

prioritized in the analysis. From PdPDB, ligand patterns for each type of Fe-S 
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cluster, as well as for mononuclear Fe sites, structural Zn sites (ZFs), and 

hydrolytic Zn and Mg sites were identified. The patterns were then compared, 

using Pearson correlation coefficients, and plotted to identify similarities and 

differences. As shown in Figure 7, if two types of sites have a strong Pearson 

correlation, the correlation is indicted by a dark blue box and has a score close 

to or equal to 1. If two types of sites have low correlations, the box is a lighter 

blue or white with a correlation coefficient closer to 0. Notably, mononuclear 

Zn sites (e.g., ZFs) showed a strong correlation with Fe-S sites – both 2Fe-2S 

and 4Fe-4S, as did mononuclear rubredoxin, whereas limited correlations were 

observed between hydrolytic sites with Zn, Fe+2/Fe+3 or Mg. This finding 

revealed that much like using sequence motifs, there are strong similarities 

between ZF sites and Fe-S sites in metalloproteins [62]. 

The structural, electronic, and vibrational environment of a metal 

center can be reflective of oxidation state, metal and ligand identity, and 

stoichiometry [30, 122-124]. Common spectroscopic and analytical techniques 

utilized to characterize these metal centers include UV-visible spectroscopy 

(UV-vis), inductively coupled plasma mass spectrometry (ICP-MS), X-ray 

absorption spectroscopy (XAS), Electron paramagnetic resonance 

spectroscopy (EPR), Mössbauer spectroscopy, resonance Raman spectroscopy 

(RR), circular dichroism (CD), and native electrospray ionization mass 

spectrometry (ESI-MS). When studying new metalloproteins, these techniques 

are often coupled with mutagenesis to allow for the identification of 

coordinating ligands. No singular technique is sufficient to fully characterize a 

metal center so a suite of studies are necessary. Here we focus on methods that 

are relevant to Zn and Fe-S sites, some of which have been pursued in the 
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‘cases’ described in this review and our laboratory [41, 45, 54-57, 69, 85, 86, 

96, 102, 125-130].  

 

7.2. Apo protein metal binding vs holo protein isolation 

Zinc finger proteins are often studied in the apo form (metal-free); this 

is accomplished via either peptide synthesis of constructs that consist of ZF 

domains or via purification of expressed proteins under denaturing conditions 

[40, 50, 97, 131-133]. The apo-ZF domains can then be folded around zinc in 

 

Figure 7. The correlation scores of ligand patterns determined for metal 
cofactors using PdPDB [62]. Enrichment scores of ligand distribution were 
used to calculate Pearson correlation coefficients. Larger coefficients 
indicate a stronger correlation and are shown as dark blue. White indicates 
no correlation and red indicates negative correlations. Rubredoxin (rbx – a 
tetrahedral Fe site), hydrolase (hl – a catalytic Zn site) and RNA 
polymerase (rnap – a structural zinc site) are also shown. Reprinted 
(adapted) with permission from J. Chem. Inf. Model. 2017, 57, 12, 3162-
3171, https://pubs.acs.org/doi/10.1021/acs.jcim.7b00468. Notice to readers: 
Further permissions for this excerpted material should be directed to the 
ACS.  
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vitro via direct addition of a zinc salt (e.g., ZnCl2) under buffered conditions 

(Figure 8). Although this method is very useful, it assumes that the annotated 

ZF is a bona fide zinc binding protein. Per the Irving-Williams series, the apo-

ZF will show a thermodynamic preference for zinc over most other transition 

metals, including iron (vide infra) therefore in this approach zinc will 

preferentially bind as the co-factor. Metal coordination in the cell is not 

always thermodynamically driven, and metal availability can influence metal 

binding leading to mis-assignment of metal cofactors [2, 3, 55, 134]. Another 

approach to identify the metal co-factor for a ZF protein is to express and 

purify the protein in the holo-form (metal bound) [54, 135]. This allows for 

isolation of the protein with its endogenous metal(s) bound. Our laboratory’s 

work on CPSF30, a protein that was annotated as a ZF (vide supra) provides 

an example of this approach. When CPSF30 was isolated in the apo-form 

addition of zinc did not result in a folded, soluble protein, despite various 

approaches to refold. In contrast, when CPSF30 was isolated in the holo-form, 

the protein was readily soluble, and led to the discovery that one of the ZF 

sites contained an Fe-S cluster. Additionally, isolation of proteins in the holo 

form allows for proteins to be expressed with solubility tags, which can also 

aid in characterization. 
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7.3. UV-Visible spectroscopy (Fe-S cluster and Co/Zn titrations) 

 UV-Visible spectroscopy is a ubiquitous technique in biochemistry and 

bioinorganic chemistry laboratories. It is commonly used to determine protein 

concentrations, because theoretical extinction coefficients for proteins that 

contain tryptophan, phenylalanine, and tyrosine can be calculated [136]. These 

extinction coefficients can then be used to convert measured absorbance to 

concentration via Beer’s law [123, 137]. When metals are present as co-

factors, additional optical bands can be observed. These include ligand-to-

metal charge transfer, metal-to-ligand charge transfer, and d-d transitions. 

Electronic absorption spectra for these types of transitions can be found in the 

ultraviolet, visible, and near infrared regions [30, 138]. These unique metal 

centered absorbances can be integral to characterizing metal sites. Iron-sulfur 

clusters often show distinct absorbances in the 400-600 nm range, with 2Fe-2S 

clusters exhibiting a characteristic peak maximum centered between 410-430 

nm [63] (Figure 9A-B). The basis of these absorption spectra is complex. It 

 

Figure 8. Cartoon diagram of the ZF paradigm using the classical ZF 
ZIF268 as an example. In the apo form, the ZF is unfolded, upon addition 
of Zn, the ZF adopts secondary structure that allows for function (e.g., 
DNA, RNA, or protein binding). Note: More than 1 ZF is usually needed to 
recognize its binding partner. (PDB 1A1L) 
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took 20 years from the identification of the first Fe-S cluster from succinic 

DPNH dehydrogenase using EPR by Beinert and Sands for the UV-Vis 

absorbance bands to be assigned as the cysteine to Fe charge transfer 

excitation, by Noodleman and coworkers [139-142]. Around the same time, 

Aizman and Case assigned the absorbance observed in the visible range to 

both d-d and ligand to metal charge transfer transitions [143]. The complexity 

of the electronic structure of 2Fe-2S clusters is due, in part, to the 

antiferromagnetic coupling between the two iron centers, and the ‘non-

innocent’ sulfur atoms in which there is a high degree of electron 

delocalization from the sulfur atoms, contributing to high covalency of the Fe-

S bonds. Recent work has suggested a re-assignment of the optical spectra of 

2Fe-2S centers. Kubas calculated the electronic structure of - [Fe2S2](SMe)2−4 

which is closely related to a 2Fe-2S cluster model complex ([Fe2S2](SEt)2−4) 

that had been previously reported by Holm and co-workers [144, 145]. The 

calculated structure has absorbance bands that match those measured 

experimentally by Holm and co-workers [144, 145]. Notably, in Kubas’ 

calculated structure, the absorbance for the 2Fe-2S cluster that is observed at 

400 nm is attributed to a charge transfer excitation between the bridging µ-

sulfur atom to Fe(III), instead of cysteine to Fe(III) charge transfer as 

previously assigned [144, 145]. Regardless of the assignment of the bands, 

2Fe-2S clusters exhibit unique optical spectra that can aid in the identification 

of newly isolated proteins. Additionally, the Fe-S charge transfer bands are 

sensitive to changes in redox state and exogenous ligand binding (e.g., NO), 

and therefore UV-visible spectroscopy can be used to monitor these changes. 

Once changes are observed by UV-visible spectroscopy, additional 
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spectroscopic methods can then be utilized to confirm and further characterize 

the changes at the iron center.  

Optical spectroscopy is also commonly used to characterize ZFs. 

Although Zn(II) is spectroscopically silent because it is d10, Co(II) can be used 

as a spectroscopic probe [146]. Cobalt readily binds to cysteine and histidine 

ligands in the ZF site in a tetrahedral geometry, like Zn. However, Co(II) has 

the advantage of having an unfilled d shell (d7) and when ligands are 

coordinated in a tetrahedral geometry, distinct d-d transition bands in the 550-

750 nm range are observed (Figure 9C) [85]. Co(II) binds more weakly than 

Zn(II), because of ligand field stabilization energy differences, therefore 

Zn(II) affinities can be determined via competitive Co/Zn titrations [147]. In 

these experiments, first Co(II) is titrated with the apo-ZF and the changes in 

the d-d bands are observed (Figure 9C) [85]. Subsequently, Zn is then titrated 

with the Co-ZF, and the data are fit to a competitive binding model and upper 

limit Kds can be determined (Figure 9E-F) [85]. Zn typically binds in the 

nanomolar to picomolar region (Kd), therefore only an upper limit Kd can be 

reported due to the sensitivity of UV-visible spectrometers. UV-Visible 

spectroscopy is a workhorse technique due to its versatility and ease of use. 
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7.4. ICP-MS (or AES) 

 Inductively coupled plasma mass spectrometry or atomic emission 

spectroscopy (ICP-MS or ICP-AES) are techniques that quantify elements in a 

system such as a protein, tissue, or cell. This technique is extremely sensitive 

and allows for element detection down to parts per trillion. For proteins of 

known concentration, the metal to protein stoichiometry and metal identity can 

be determined. ICP-MS is an excellent complement to techniques such as UV-

Visible spectroscopy, XAS, Mössbauer, EPR, and resonance Raman to 

characterize metal identity, stoichiometry, ligands, and oxidation state. For 

 

Figure 9. The optical spectra of the [2Fe-2S] cluster of CPSF30 the Co/Zn 
spectra for F2+F3 of CPSF30 adapted from reference [85]. The full optical 
spectrum of CPSF30 is shown in (A). A focused optical spectrum of the 
Fe-S center of CPSF30, between 300-650 nm is shown in (B). A titration of 
CPSF30 ZF2+ZF3 with cobalt is shown in (C) and its fit to a 1:1 Binding 
equilibrium is shown in (D). A titration of Zn with Co-CPSF30(ZF2+ZF3) 
is shown in (E) and its fit to a competitive binding model is shown in panel 
(F). For A-B the buffer was 20 mM Tris, 100 mM NaCl, at pH 8. For 
figures C-F the buffer was 200 mM HEPES, 100 mM NaCl at a pH of 7.5. 
Reprinted (adapted) with permission from Biochemistry 2020, 59, 8, 970-
982. Copyright 2020 American Chemical Society. 
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more in depth information on ICP-MS and AES of metalloproteins we direct 

you to these helpful reviews [102, 148-151].  

 

7.5. XAS  

 X-ray absorption spectroscopy (XAS) is a solution-based technique 

that utilizes X-rays to probe metal sites. In this experiment, which is 

conducted at a synchrotron, high energy X-rays cause electrons from core 

orbitals (e.g., S), to be excited. The resultant data provides an indication of 

metal, oxidation state, geometry, coordination number, and ligands. The XAS 

data has three regions of interest: pre-edge, XANES, and EXAFS [152, 153]. 

As shown in figure 10 for CPSF30 which has both a 2Fe-2S co-factor and a 

Zn co-factor, specific differences can be observed in XAS obtained for Fe-S 

clusters versus ZFs. The Fe and Zn excite at different energy levels (~7111-

7150 eV and 9657-9682 eV respectively) which allows for metal 

identification. In figure 10A the pre-edge of the Fe XANES centered at 

~7112.4 eV shows a 1s-3d transition indicating the presence of a 4-coordinate 

tetrahedral ferric iron site. In the rising edge of the Fe XANES (Figure 10A), 

an inflection point at 7120 eV is observed indicating the presence of an 

oxidized 2Fe-2S (Fe(III)-Fe(III)) cluster (Figure 10A) [54]. The Fe EXAFS in 

figure 10B and C are best fit to 3 Fe-S bonds, with an average bond length of 

2.26 Å, 1 O/N bond with a bond length of 2.03 Å, and an Fe-Fe vector at 2.67 

Å. These data were in line with expected values for 2Fe-2S clusters bound to 

3Cys and 1His residues. The XANES data for Zn are given in figure 10D. 

Since Zn has a completely filled d orbital, no pre-edge data are observed. 

However, it can be determined that Zn is present as Zn2+ by the half-height of 
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the normalized fluorescence at 9662.5 eV. In the post-edge region, the 

intensities at 9665.7 eV and 9671 eV are indicative of Zn-S and Zn-O/N 

bonds. The EXAFS data in figure 10E and F are best fit to 1 O/N bond at a 

distance of 2.01 Å and 2.5 S bonds at an average distance of 2.31 Å. Together, 

these data are similar to Zn bound peptides containing 3Cys and 1His residues 

[54]. For more in depth information on XAS of metalloproteins we would like 

to refer the reader to these helpful reviews [102, 152, 154-157].  

 

 

 

 

 

Figure 10. XAS data for the [2Fe-2S] and Zn centers of CPSF30, adapted 
from reference [54]. Fe XANES data is shown in (A), EXAFS and its 
fourier transform is shown in (B) and (C) respectively. Zn XANES data is 
observed in panel (D) while Zn EXAFS and its fourier transform is shown 
in (E) and (F) respectively. Experimental data are shown in black, and 
simulations are depicted in grey. Reprinted (adapted) with permission from 
Proc. Natl. Acad. Sci. U. S. A. 2017, 113, 17, 4700-4705. 
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7.6. EPR 

 Electron paramagnetic resonance spectroscopy is a technique that 

detects unpaired electrons and provides information regarding oxidation state 

and symmetry of the metal site. In this experiment, a sample is placed in a 

magnet with a precise microwave frequency applied. The magnetic field is 

then varied, and unpaired electron transitions can be detected. These 

transitions lead to distinctive spectrum that are used to identify and 

characterize metal-protein complexes. The peaks observed have associated g 

values that are indicative of specific metal centers. Zn contains no unpaired 

electrons and is therefore silent in this technique; however, Fe and Fe-S cluster 

binding proteins have rich spectroscopy. As an example, proteins containing a 

[2Fe-2S] cluster in an oxidized [2Fe-2S]2+ state with Fe(III)-Fe(III), the two 

S=1/2 electrons are coupled, and no signal is observed. However, when 

reduced to a [2Fe-2S]1+ (Fe(II)-Fe(III)) system, the unpaired electron (S = 1/2) 

will show a characteristic signal with a g value of ~1.94 [139]. Figure 11 

shows sample EPR data for [2Fe-2S] clusters. Figure 11A describes the 

difference between [2Fe-2S] cluster binding when Grx3 is present as a 

homodimer utilizing 2 cysteine residues and 2 glutathiones as ligands (top) 

[158]. When Fra2 is present, a change in g values is observed in the spectra 

corresponding to the new ligands in the Grx3-Fra2 heterodimer consisting of 

CC(GSH)H. In figure 11B a similar trend is observed in archaeal Rieske-type 

ferredoxin (ARF) [159]. The wild type protein containing a [2Fe-2S] cluster 

bound by a CCHH ligand set observed g values of 2.02, 1.90, and 1.81 while 

the CCCH mutant exhibited g values of 2.00 and 1.92 (Figure 11B). These 

data can be very useful in conjunction with other techniques to characterize 
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the redox activity and electronic structure of the metal site. For more in depth 

information on EPR of metalloproteins and Fe-S clusters we refer the reader to 

these helpful reviews [160-166].  

 

 

7.7. Mössbauer spectroscopy  

 Mössbauer spectroscopy is specifically utilized for Fe centers in 

biology and is commonly utilized for Fe-S cluster characterization. Mössbauer 

requires the enrichment of 57Fe into the metal site which can be accomplished 

by introducing 57Fe to the media for protein expression or refolding the Fe-S 

 

Figure 11. Example EPR data for [2Fe-2S] cluster cofactored proteins 
adapted from references [158] (A) and [159] (B). The EPR spectra of the 
Grx3 homodimer (Two cysteine and two glutathione ligands) and Fra2-
Grx3 (two cysteine, one glutathione, and one histidine ligands) 
heterodimers are shown in panel A. Panel B shows the EPR spectra of 
[2Fe-2S] wild type ARF (top) with a CCHH ligand set and ARF with a 
mutated CCCH ligand set (bottom).  (A) Reprinted (adapted) with 
permission from Biochemistry 2009, 48, 40, 9569-9581. Copyright 2009 
American Chemical Society. (B) Reprinted (adapted) with permission from 
the Creative Commons CC-BY license (J. Biol. Chem. 2004, 279, 13, 
12519-12528). 
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site using 57Fe metal salts. In the experiment, a gamma photon that is 

generated from the radioactive decay of 57Co is utilized to monitor the 

recoilless resonance absorption and emission of gamma irradiation of the Fe 

site [167]. The absorption and emission spectra of the excited Fe nucleus leads 

to characteristic signals that report on stoichiometry, redox state, geometry, 

and electronic properties of the Fe center. Although [2Fe-2S] and [4Fe-4S] 

clusters both exhibit quadrupole doublets they can be differentiated by their 

isomer shifts with [2Fe-2S] clusters exhibiting narrower splitting than [4Fe-

4S] clusters. In figure 12A-D, a Mössbauer spectrum from NifIscA protein 

reported by Johnson and co-workers is presented [168]. The Mössbauer 

spectrum for NifIscA as isolated is shown in panel A where only a [2Fe-2S]2+ 

spectra is observed. When treated with DTT for 1 (B) and 15 (C) minutes, a 

conversion of the [2Fe-2S] cluster to [4Fe-4S] cluster is detected. Mössbauer 

spectroscopy is exceptionally sensitive in differentiating these two cofactor 

types compared to other spectroscopic methods (e.g., UV-Visible 

spectroscopy). Panel D shows the conversion of the [4Fe-4S] cluster to a [2Fe-

2S] cluster when exposed to oxygen. For more in depth information on 

Mössbauer spectroscopy of metalloproteins and Fe-S proteins we refer the 

reader to these helpful reviews [167, 169-171]. 
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Figure 12. The Mössbauer spectra of NifIscA, adapted from reference [168]. 
The [2Fe-2S] to [4Fe-4S] cluster conversion mediated by DTT addition and 
its reverse conversion by oxygen addition is observed. Panel A shows the 
Fe-S cluster of NifIscA as isolated in the [2Fe-2S]2+ form. Panels B and C 
were recorded 1 min and 15 min after DTT addition respectively. Finally, 
panel D is the observed spectra after sample exposure to air for 5 min after 
DTT reduction. The green spectra is a simulation of individual Fe(II), 
while the [2Fe-2S]2+ spectra is simulated in red, and the [4Fe-4S]2+ cluster 
is simulated in blue. Reprinted (adapted) with permission from reference 
Biochemistry 2012, 51, 41, 8071-8084. Copyright 2012 American 
Chemical Society. 
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7.8. Resonance Raman 

 Resonance Raman (RR) spectroscopy utilizes excitation of vibrational 

bands that are enhanced by the use of a laser to reduce scattering [30]. RR data 

can inform on ligand to metal charge transfer bands (LMCT) and p-

p* transitions from ligands (e.g., porphyrin) in metalloproteins. RR has been 

extensively utilized to characterize Fe-S clusters both in model systems and 

proteins. A key difference in the RR signal for a [2Fe-2S] (CCCC) versus a 

[2Fe-2S] (CCCH) system is found in the 250-310 cm-1 region. This region in 

the RR spectra is sensitive to the [2Fe-2S] cluster breathing mode symmetry. 

[2Fe-2S] clusters with a CCCH ligand set have two bands in this region while 

[2Fe-2S] clusters with a CCCC ligand set have a singular, broad band. These 

differences are related to the symmetry of the Fe-S site, and the resonance 

Raman spectrum can serve as a fingerprint of the ligand set. This method has 

been employed to delineate the ligand set of the Fe-S clusters in mitoNEET 

and Grx3-Fra2 complex, shown in Figure 13 (figure 13A-B) [158, 172]. For 

more in depth information on RR spectroscopy of metalloproteins and more 

specifically Fe-S clusters, we refer the reader to these helpful reviews [173-

175].  
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7.9. Circular Dichroism 

 Circular dichroism (CD) is commonly used to characterize secondary 

structure (alpha helices and beta sheets) of proteins. Here the data are 

collected in the ultraviolet regime. CD can also inform on Fe-S cluster charge 

transfer bands when the spectrum is measured in the far-ultraviolet to visible 

regime. Here, specific bands are observed, as shown in the spectra of [2Fe-2S] 

clusters of the Grx3 homodimer and the Fra2-Grx3 heterodimer (Figure 14). 

 

Figure 13. Resonance Raman spectra of mitoNEET, Grx3 homodimer, and 
Fra2-Grx2 heterodimer adapted from references [158] and [172]. The 
resonance Raman spectra of wildtype mitoNEET (top A), a 4 cys mutant 
(middle A), and Mastigocladus laminosus ferredoxin (bottom A) are 
shown. The RR spectra of the Grx3 homodimer and Fra2-Grx3 heterodimer 
are shown in panel B (top and bottom respectively). The region of the 
spectrum that is sensitive to CCCH vs CCCC ligation is denoted by a red 
box. (A) Reprinted (adapted) with permission from Biochemistry 2009, 48, 
22, 4747-4752. Copyright 2009 American Chemical Society. (B) Reprinted 
(adapted) with permission from Biochemistry 2009, 48, 40, 9569-9581. 
Copyright 2009 American Chemical Society. 
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This far-UV to visible region of the CD spectra is sensitive to electronic 

structure differences in the ligation and/or chirality of the protein’s [2Fe-2S] 

cofactor. These data can be challenging to interpret and are typically reported 

in tandem with other techniques (commonly the ones described in this review) 

to confirm the identity and geometry of Fe-S cluster sites. For more in depth 

information on CD of Fe-S clusters we refer the reader to these helpful 

reviews [122, 176].  

 

 

 

 

 

Figure 14. The CD spectra of the Grx3 homodimer bound [2Fe-2S] (grey) 
and the Grx3-Fra2 complex bound [2Fe-2S] cluster (black). Reprinted 
(adapted) with permission from Biochemistry 2009, 48, 40, 9569-9581. 
Copyright 2009 American Chemical Society. 
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7.10. Native Mass spectrometry  

 Mass spectrometry has traditionally been used in biochemical studies 

to determine protein molecular weight, with both MALDI and ESI-MS being 

common approaches. The metal co-factor is not always retained in these 

measurements, because the sample preparation involves denaturants, or the 

technique is necessarily harsh causing the metal to dissociate in the gas phase. 

A milder native electrospray ionization mass spectrometry (ESI-MS) approach 

in which the protein retains the metal cofactor has been developed in recent 

years. Native ESI-MS can be used to identify the metal cofactor, determine 

stoichiometry, and identify intermediates. As an example, in figure 15 the 

native ESI-MS of the protein RirA which has a [4Fe-4S] co-factor is shown 

(figure 15 black line) [177]. Multiple Fe-S co-factors are observed in this 

spectrum likely due to degradation of the [4Fe-4S] cluster during buffer 

exchange and ionization in the gas phase. When treated with EDTA to limit 

iron availability, the apo protein becomes the dominant form (figure 15 red 

line) [177]. These data can be utilized in conjunction with other techniques to 

fully characterize metal cofactors of proteins and we refer the reader to these 

helpful reviews for more information on these techniques [178-181].  
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7.11. Mutagenesis 

 Genetic mutational studies can also be pursued to characterize 

metalloprotein metal centers. When a protein is annotated as a metal binding 

protein and/or observed empirically to bind a metal cofactor one might have 

an educated guess as to which ligands are involved. Mutagenesis can be a 

helpful technique to verify these predictions. In this approach, specific amino 

acid ligands can be replaced, and the resultant mutated protein can be 

characterized to determine the effect on metal binding. A traditional 

mutagenesis approach involves mutating the side chain of interest to alanine, 

which has a methyl functional group; however, this mutation can perturb 

bonding interactions (e.g., hydrogen bonds, electrostatic interactions) that are 

involved in secondary structure but not necessarily metal binding. Another 

 

Figure 15.  Native ESI-MS data of RirA are shown adapted from reference 
[177]. The as isolated RirA form is observed in black while the Fe starved 
(EDTA added) is shown in red. Reprinted (adapted) with permission from 
the Creative Commons Attribution License (eLIFE 2019, 8, e47804). 
Copyright 2019 Pellicer Martinez et al.  



50 
 

approach involves mutating the residue of interest to a similar residue that 

retains the key non-covalent interactions of the residue, while disrupting metal 

binding properties. For instance, instead of alanine for cysteine, a mutation of 

serine for cysteine retains the electrostatic and hydrogen bonding properties of 

cysteine while abrogating metal binding. As such, a cysteine to serine 

mutation is a common modification utilized in ligand identification for Fe-S 

proteins (Figure 16). This type of mutagenesis was integral to the study of 

Fep1 discussed earlier leading to the identification of one of its ZF domains 

acting as a rescue site for its Fe-S cluster cofactor [56]. Similarly, histidine is 

often replaced with glutamine as it can mimic the epsilon nitrogen of histidine 

(Figure 16). Both residues contain 3 carbon atoms followed by a nitrogen 

heteroatom off the peptide backbone. Similarly, asparagine can be utilized to 

mimic the delta nitrogen of histidine (2 carbons and 1 nitrogen) (Figure 16). 

For more in depth information on mutagenesis studies to investigate 

metalloproteins we refer the reader to these helpful reviews [182, 183].  

 

 

Figure 16. Chemical structures of amino acids to indicate how asparagine 
and glutamine can be utilized as mutagenesis mimics for histidine and 
serine can be utilized as a mimic for cysteine instead of alanine.  
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Table 2: Summary of common techniques to study metalloproteins.  

Technique Uses 

Amount 

of 

sample 

needed 

Fe-S, Zn, 

or both 
Pros Cons 

UV-Vis 

-Protein 

concentration 

- Metal 

centered 

optical 

transitions 

(e.g., charge 

transfer, d-d)  

  

μM 

protein 

Both (Zn 

needs Co 

as a 

spectrosc

opic 

probe) 

-Ease of use 

-Common 

laboratory 

instrument 

-Cost effective 

-Low amount of 

training required 

 

-Spectra can 

be 

ambiguous 

-Other 

techniques 

needed to 

confirm 

ICP-MS 

-Metal 

Identity 

-Protein to 

metal 

stoichiometry  

nM-μM 

metal 
Both 

-High accuracy 

 

-Expensive 

instrument 

-Specialized 

training 

required 

 

XAS 

-Oxidation 

state 

-Site 

symmetry 

-Covalency 

High 

μM to 

low mM 

metal 

Both 

-Identifies metal, 

ligands and 

coordination 

geometry 

-Solution based 

-Need 

synchrotron 

access 

-Highly 

specialized 
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-Electronic 

structure 

-Ligands 

-Coordination 

number 

-Ligand 

distances 

 training 

required 

-Large 

amount of 

sample 

needed 

 

EPR 

-Metal 

Identity 

-Redox 

sensitivity 

-Geometry 

High 

μM to 

low mM 

metal 

Fe-S 

-Highly accurate 

-Characteristic 

spectra to 

compare to 

 

 

-Highly 

specialized 

equipment 

-Cryo 

temperatures 

-Large 

amount of 

sample 

needed 

-Highly 

specialized 

training 

required 

 

Mössbauer 

-Nuclearity 

-Redox state 

-Geometry 

Low 

mM 

metal 

Fe-S 

- Clear 

distinction 

between iron 

-Need 

expensive 

57Fe labeling 
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-Electronic 

properties 

sulfur cluster 

types 

 

-Highly 

specialized 

instrument 

-Highly 

specialized 

training 

required 

-Large 

amount of 

sample 

needed 

RR 
-Ligand 

identity 

Low 

mM 

protein 

and 

metal  

Both 

-Characteristic 

spectra to 

compare to 

-Highly 

specialized 

equipment 

-Specialized 

training 

required 

-Large 

amount of 

sample 

needed 

CD -Geometry  

μM 

protein/

Fe-S 

cluster 

Fe-S 

-Characteristic 

spectra to 

compare to 

-Moderately 

Expensive 

instrument 
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-No significant 

training needed 

 

 

Native Mass 

spec 

-Metal 

identity 

-Molecular 

Weight 

-Metal: ligand 

Stoichiometry 

-Detects 

reaction 

intermediates 

Low μM Both 

-Provides 

information on 

native protein 

 

 

-Expensive 

instrument 

-Highly 

specialized 

training 

required 

Mutagenesis 
-Ligand 

identification 
Varies Both 

-Cost effective 

-Not much 

additional 

training required 

in protein 

biochemistry labs 

-Time and 

optimization 

requirements 

 

7.12 Synthetic Model Complexes of Fe-S Clusters  

 While the synthetic model approach is not discussed explicitly in this 

review, it would be remiss not to point out the pioneering work of Dick Holm 

in this area. Starting in the early 1970s, it was recognized that Fe-S centers 

could be prepared synthetically using carefully designed ligands. These 

findings led to a proliferation of publications describing small molecule 
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mimetics of Fe-S centers, much of which was led by Holm [184, 185]. This 

work provided an understanding of the structure and reactivity of numerous 

types of Fe-S clusters from which fundamental principles concerning Fe-S 

cluster reactivity were obtained. Working with small molecule mimetics 

helped circumvent the fragility of protein bound clusters in aqueous buffers 

allowing research to be conducted in organic solvents [186]. Streamlining the 

metal site to the primary coordination sphere allowed for the complex to be 

studied at higher concentrations for spectroscopic measurements and 

simplified the reagents to study catalytic and redox reaction mechanisms. 

These synthetic mimetics were extremely helpful in identifying reaction 

intermediates, determining how Fe-S clusters can be self-assembled, and 

controlling nuclearity [184, 186]. Additionally, as proteins with Fe-S cluster 

co-factors were isolated, comparisons could be made to data obtained for Fe-S 

cluster model complexes providing deeper insight into these proteins’ 

properties and reactivity [184, 186]. Particularly relevant to this review are 

recent synthetic models of mitoNEET reported by Mayer and Meyer [73]. The 

reported complex was the first example of a model complex of a 2Fe-2S 

cluster with a 3Cys/1His ligand set, and it was demonstrated that the cluster 

could undergo proton coupled electron transfer with TEMPO, suggesting a 

possible biological function [73].  
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8. Additional considerations 

 In this review, we have focused on the in vitro characterization of 

several annotated ZFs that were found to be active with an iron-sulfur cluster 

co-factor. The characterization of singular proteins teaches us which metals 

can serve as co-factors on the molecular level. These data provide us a piece 

of the puzzle of metal:protein pairing, which can be complemented by studies 

of proteins directly in cells. In the cell, the metal:protein pairing paradigm is 

more complex as metal availability is regulated by additional factors (other 

proteins, signaling pathways, etc.). As such, we are just beginning to unravel 

the complexities of metal homeostasis in cells. Work by a number of 

laboratories has shown that metal homeostasis is impacted by metal 

availability and an emerging concept is that of metallostasis, whereby a suite 

of proteins (importers, exporters, sensors, and storage proteins) control levels 

of available metals in specific cellular locations and compartments. This 

allows for metal levels to be finely tuned to ensure that mis-metallation does 

not occur [2, 3, 9, 187-189]. One key class of proteins that play a role in metal 

homeostasis/metallostasis are metallochaperones. Metallochaperones function 

to bind and transport metals to particular protein targets. These types of 

proteins were first identified in copper, (e.g., ATX1, CCS, COPZ), [9, 11] . 

For Fe-S clusters, the metal:protein paradigm includes proteins involved in 

biosynthesis, regulation, and chaperoning Fe-S clusters. In eukaryotes, these 

proteins are found in the mitochondria, cytoplasm, and nucleus of eukaryotic 

cells where they are part of the SUF (sulfur mobilization), ISC (iron-sulfur 

cluster assembly), and CIA (cytosolic iron-sulfur protein assembly) pathways. 

[14, 190, 191]. For zinc, it has been challenging to identify a 
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metallochaperone; however there is new work that has identified a bacterial 

chaperone (e.g., ZigA) [192]. In eukaryotes, the zinc chaperone remains 

elusive, but its presence is hinted at in a compelling study of the protein 

ALAD, which is an Fe-S cluster protein involved in heme biosynthesis. This 

protein can be assembled with a 4Fe-4S cluster or isolated with a zinc co-

factor in vitro, with the Fe-S co-factored protein showing greater enzymatic 

activity. In cells, the protein can only be loaded with the Fe-S cofactor, 

addition of zinc results in increased metallothionein (a zinc binding protein) 

but has no effect on ALAD activity, suggesting that a zinc chaperone to 

deliver zinc to ALAD is not present [58]. Of note is the presence of 

metallothionein, which is known to be regulated by zinc. When cellular zinc 

concentrations are high, thionein (the apo-form of metallothionein) is 

expressed and sequesters zinc. When cellular zinc proteins require zinc, zinc 

dissociates from metallothionein and thionein is regenerated. This paradigm is 

influenced by many factors including other metal ions, cellular localization, 

redox chemistry, and pH, illustrating the complexity of metal regulation in 

cells [193].  A more detailed discussion of the myriad of dynamic roles for 

metallothionein can be found in a recent Chem. Rev. article [193].    

When metal homeostasis is disrupted, proteins are susceptible to 

binding other metals. In isolation, metal binding to proteins is driven by 

thermodynamics, and follows the Irving-Williams series (Mn < Fe < Co < Ni 

< Cu, Zn) [3, 187]. The cell overcomes this thermodynamic preference by 

limiting ‘free metals’ – (free metal concentrations follow Cu < Zn < Ni < Co < 

Fe < Mn < Ca < Mg) and compartmentalizing certain metals [3]. Notably, the 

total metal concentrations in the cell follow Co, Ni < Mn < Cu < Fe, Zn trends 
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[3]. Although Fe and Zn are the most abundant metals, they are also the most 

tightly regulated [3]. Compounding these observations is the finding that metal 

concentrations vary widely between cell types and within species (e.g., liver 

versus heart cells) [3]. 

The examples given in this review speak to the challenge of identifying 

a protein’s ‘correct’ metal co-factor both in vitro and in cells. It is known that 

a number of Fe-S cluster proteins have been mistakenly purified from E. coli 

with Zn in their metal sites [55, 58, 134]. Fe-S cluster sites are more easily 

degraded and lost in protein centers because of their susceptibility to 

oxidation, whereas Zn binds tightly and this thermodynamic preference for 

zinc when isolating proteins may explain why these Fe-S proteins are isolated 

with a Zn co-factor. Strategies to circumvent this issue, and verify the correct 

co-factor include varying the concentrations of zinc and iron present during 

protein expression, upregulating the Fe-S cluster machinery, or expressing the 

protein in its native host. Additionally, when the correct metal cofactor is 

ambiguous, functional assays that test the activity of the protein can inform on 

the functional co-factor. It can be challenging to identify the “correct” metal 

co-factor of a newly isolated metalloprotein; however, for Zn and Fe-S co-

factored proteins, we have a growing arsenal of tools that aid in this 

identification (Table 2). 

 

9. Conclusions  

 The advancement of computer processing and whole genome 

sequencing has led to significant advances in the annotation of genomes. From 

this wealth of information, the number of predicted proteins and their 
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associated functions has increased similarly. However, recent examples of 

incorrect annotations through these in silico methods underscores the need for 

empirical validation of these proteins’ functions and cofactors. In this review, 

we have illustrated this need for empirical validation with the examples of 

mitoNEET, CPSF30, nsp12, and Fep1. These proteins were all annotated as 

zinc binding proteins, but empirically determined to bind Fe-S clusters instead. 

This mis-annotation is not limited to Zn and Fe-S clusters. As an example, 

ATE1 was annotated as a heme binding protein, but was discovered to harbor 

an Fe-S cluster when studied empirically [194]. An awareness of the flexibility 

of metal sites is important as we study new metalloproteins to understand their 

fundamental biological roles.  

 

10. Abbreviations  

Zinc finger proteins, ZFs; Cleavage and Polyadenylation Specificity Factor 30, 

CPSF30, CPSF4; Nonstructural protein 12, nsp12; Iron-sensing transcriptional 

repressor, Fep1; thiazolidinediones, TZD; Iron-sulfur cluster, Fe-S; Electron 

Paramagnetic Resonance, EPR; Polyadenylation signal, PAS; Tristetraprolin, 

TTP; Maltose binding protein, MBP; X-ray absorption spectroscopy, XAS; 

inductively coupled plasma mass spectrometry, ICP-MS; Fluorescence 

anisotropy, FA; Severe acute respiratory syndrome coronavirus 2, SARS-

CoV-2; RNA-dependent RNA polymerase, RdRp; Cryogenic Electron 

Microscopy, Cryo-EM; Heat shock protein cognate 20, HSC-20; 

Coimmunoprecipitation, Co-IP; Iron-sulfur cluster assembly scaffold protein, 

ISCU; 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl, 4-Hydroxy-TEMPO, 

TEMPOL; Sterol regulatory element-binding protein 1, SRE-1; Inductively 
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coupled plasma atomic emission spectroscopy, ICP-AES; UV-visible 

spectroscopy, UV-vis; Resonance Raman, RR; Circular dichroism, CD; 

Electrospray ionization mass spectrometry, ESI-MS; Matrix assisted laser 

desorption ionization mass spectrometry, MALDI-MS;  
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