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Zinc Finger (ZF) proteins utilize zinc as a structural co-factor. ZFs are classed based 

upon the amino acid ligands that coordinate Zn. One class of ZFs is the CCCH class, which 

uses three cysteine and one histidine as zinc coordinating ligands. These proteins regulate 

RNA via a ZF/RNA binding interaction. One member of the CCCH class of ZFs is cleavage 

and polyadenylation specificity factor 30 (CPSF30) which contains 5 CCCH domains. In 

addition, CPSF30 has a ‘CCHC’ or zinc knuckle domain. CPSF30 regulates pre-mRNA 

processing. Experiments to determine the RNA recognition properties of CPSF30 and the 

role of an unusual Fe-S co-factor have been performed. A construct of CPSF30 that 

contains the 5 CCCH domains binds to an RNA sequence – AAUAAA – which is also 

called the polyadenylation signal (PAS) and present in a majority of pre-mRNA. I 

determined that mutations to the PAS, including some associated with human diseases, 

result in binding affinity changes to CPSF30 suggesting a connection between RNA 

binding and disease states.  I isolated and characterized full length CPSF30, which contains 



 
 

the CCHC domain along with the 5 CCCH domains, for the first time. A major finding was 

that the CCHC zinc knuckle domain binds polyU RNA. Thus, CPSF30 appears to have 

bipartite RNA recognition. I determined that RNA recognition to these two distinct RNA 

sequences by CPSF30 is a competitive event and proposed a model of CPSF30/RNA 

binding related to alternative polyadenylation or cytoplasmic polyadenylation. The Fe-S 

cluster of CPSF30 was characterized. Mössbaauer and XAS spectroscopy data support a 

2Fe-2S cluster with a CCCH ligand set. Reduction with dithionite followed by UV-visible 

and EPR spectroscopies demonstrated that the protein is redox active. Metal coupled 

protein oxidation/mass spectrometry indicate that ZF2 of CPSF30 is the site of the Fe-S 

co-factor. 
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Chapter 1 : Fe-S Clusters Masquerading as Zinc Finger Proteins1 
 

1.1. 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. 

 
1 Adapted from publication: Pritts, J.D., Michel, S.L.J., 2022, Journal of Inorganic 
Biochemistry, 230:  
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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 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 1.1). 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 iron co-factored 
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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]. 

 

Figure 1.1. 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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While 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 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 
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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 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 1.1, 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 uniprot and geneontology 

are used to query for ZFs, in order to illustrate the variability in numbers of annotated ZFs. 
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Table 1.1. 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 
[54] 

Database used to 
query PDB N.D. 267 

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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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 1.1). 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 [55-58]. 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 [59-62]. 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 1.2) [63, 64]. This is not the first time that the limitations of the 

prediction of metal co-factors from amino sequence have 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 [65, 66]. 

Together, these findings underscore the importance of empirically validating annotated 

ZFs.  
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Figure 1.2. 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. 
 

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 [67]. 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 
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an overview of experimental methods that were important for the delineation of these 

proteins’ functions.  

 

1.2. 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 

[58]. 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 
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and 530 nm [58]. These absorption peaks are indicative of a [2Fe-2S] cluster, and are 

observed in established [2Fe-2S] cluster co-factored proteins such as ferredoxin (CCCC 

ligand set) and Rieske (CCHH ligand set) proteins [58]. 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 [58, 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 

[58]. 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 [58]. 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 [58]. 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 [58].  
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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 [58]. 

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 [58]. 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 1.3). 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 role of the protein in disease [68, 70-82]. Altogether, 
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the work on mitoNEET underscores the need to empirically define metal co-factors and to 

not solely rely on bioinformatic annotations. 

 
Figure 1.3. 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. 
 

1.3. Case study #2: CPSF30 
 

 Cleavage and polyadenylation specificity factor 30 (CPSF30) is a protein involved 

in pre-mRNA processing [55, 83-87] (Figure 1.4A). 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 1.4B). Defects in 

polyadenylation are associated with several disease states including α/β thalassemia, lupus, 

and fabry disease [88-95]. Due to the processes’ essential 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.   
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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 1.4B). 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 [58, 69]. This fusion approach was also pursued for 

CPSF30 [55, 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 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 [55, 102]. X-ray absorption spectroscopy (XAS) and 

inductively coupled plasma mass spectrometry (ICP-MS) were then conducted to verify 
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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 [55]. 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 [55]. 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 [55]. 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 [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 
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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.  

 

Figure 1.4 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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1.4. 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 [56]. Such drugs can protect from breakthrough 

infections and target new variants for which vaccines are not yet available [56]. 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 [56]. 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) [56]. Cryo-EM structures of nsp12 

alone and nsp12 with nsp7 and nsp8 modeled zinc in these sites as a co-factor [108-111] 

(Figure 1.5). 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 

[56]. 
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Figure 1.5. 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. 

 

 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 

[59-62]. 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, teamed up with the Bollinger and Krebs laboratories and demonstrated that 
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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 [56]. 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 [59, 64]. 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 exhibited lower activity. These data support a role for the 

Fe-S co-factor in nsp12 function. 
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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 [56]. Together, these findings 

provide another example of the importance of empirically determining the co-factor in 

annotated ‘ZFs’ [56].  

 

1.5. 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 [57]. 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) located between the two canonical domains [57, 67]. 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 

[57, 114]. These findings led Bonaccorsi di Patti and co-workers to hypothesize that Pichia 
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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. 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.  
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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 1.6). 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 [57]. As with the other 

misannotated ZFs, the experimental data collected for Fep1 underscore the importance of 

verifying ZF sites.  
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Figure 1.6. 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. 

 

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 activity under conditions such as stress. 
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1.6. 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. 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 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 [56, 57, 62, 69, 104-107].  
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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 [115, 116]. Thus, isolation of metalloproteins 

typically relies on the over-expression of the protein in a host 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. 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 [117-119]. However, the machinery for 

metal incorporation is not always known and/or does not always impact metal loading [57, 

58]. 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 
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piece that is correlated with other puzzle pieces - cellular and biological data – allows for 

a more comprehensive understanding of the protein of interest.  

 

1.7. 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. 

 

1.7.1. Common Ligands for ZFs and Fe-S Centers  
 

Metalloproteins commonly utilize amino acids that have sulfur, oxygen and 

nitrogen as ligands [30, 120]. 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 [120]. 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 metallproteins 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 
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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 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 1.7, 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 [63]. 
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Figure 1.7. 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.  

 

The structural, electronic, and vibrational environment of a metal center can be 

reflective of oxidation state, metal and ligand identity, and stoichiometry [30, 121-123]. 

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 

https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fpubs.acs.org%2Fdoi%2F10.1021%2Facs.jcim.7b00468&data=04%7C01%7Cjdpritts%40pobox.umaryland.edu%7C1711261eac624858d60108d9a0835133%7C3dcdbc4a7e4c407b80f77fb6757182f2%7C0%7C0%7C637717308875042252%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=PqWLA6lO57oGqgr%2F%2FdpEU%2BEXOPyw%2BKz8a36PWh6mHHw%3D&reserved=0
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(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 ‘cases’ described in this review and our laboratory [41, 45, 55-58, 69, 85, 86, 96, 

102, 124-129].  

 

1.7.2. 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, 130-132]. The 

apo-ZF domains can then be folded around zinc in vitro via direct addition of a zinc salt 

(e.g., ZnCl2) under buffered conditions (Figure 1.8). 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, 56, 133]. 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) [55, 134]. 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) 
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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. 

 
Figure 1.8. 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) 
 

1.7.3. 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 [135]. These extinction 

coefficients can then be used to convert measured absorbance to concentration via Beer’s 

law [122, 136]. 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 
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in the ultraviolet, visible, and near infrared regions [30, 137]. 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 [64] (Figure 1.9A-B). The 

basis of these absorption spectra is complex. It 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 [138-141]. 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 [142]. 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 [143, 

144]. The calculated structure has absorbance bands that match those measured 

experimentally by Holm and co-workers [143, 144]. 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 [143, 144]. 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 
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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 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 

[145]. 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 1.9C) [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 [146]. In these experiments, first Co(II) 

is titrated with the apo-ZF and the changes in the d-d bands are observed (Figure 1.9C) 

[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 1.9E-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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Figure 1.9. 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. 
 

1.7.4. 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 more in depth 

information on ICP-MS and AES of metalloproteins we direct you to these helpful reviews 

[102, 147-150].  
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1.7.5. 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 [151, 

152]. As shown in figure 1.10 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 1.10A 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 1.10A), 

an inflection point at 7120 eV is observed indicating the presence of an oxidized 2Fe-2S 

(Fe(III)-Fe(III)) cluster (Figure 1.10A) [55]. The Fe EXAFS in figure 1.10B 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 1.10D. 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 

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 

1.10E 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 
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and 1His residues [55]. For more in depth information on XAS of metalloproteins we 

would like to refer the reader to these helpful reviews [102, 151, 153-156].  

 
Figure 1.10. XAS data for the [2Fe-2S] and Zn centers of CPSF30, adapted from reference 
[55]. 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. 
 

1.7.6. 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 
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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 [138]. Figure 

1.11 shows sample EPR data for [2Fe-2S] clusters. Figure 1.11A 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) [157]. 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 1.11B a similar trend is observed in 

archaeal Rieske-type ferredoxin (ARF) [158]. 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 1.11B). These data can be very 

useful in conjunction with other techniques to characterize 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 [159-165].  
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Figure 1.11. Example EPR data for [2Fe-2S] cluster cofactored proteins adapted from 
references [157] (A) and [158] (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). 
 

1.7.7. 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 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 [166]. 

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 
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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 1.12A-D, a Mössbauer spectrum from NifIscA protein 

reported by Johnson and co-workers is presented [167]. 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 [166, 168-170]. 
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Figure 1.12. The Mössbauer spectra of NifIscA, adapted from reference [167]. 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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1.7.8. 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 π-π∗ 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 1.13A-B) [157, 171]. For 

more in depth information on RR spectroscopy of metalloproteins and more specifically 

Fe-S clusters, we refer the reader to these helpful reviews [172-174].  
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Figure 1.13. Resonance Raman spectra of mitoNEET, Grx3 homodimer, and Fra2-Grx2 
heterodimer adapted from references [157] and [171]. 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. 

 

1.7.9. 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 1.14). This far-UV to visible region of the CD spectra is sensitive to 



41 
 

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 [121, 175].  

 

Figure 1.14. 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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1.7.10. 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 1.15 the native ESI-

MS of the protein RirA which has a [4Fe-4S] co-factor is shown (figure 1.15 black line) 

[176]. 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 

1.15 red line) [176]. 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 [177-180].  
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Figure 1.15. Native ESI-MS data of RirA are shown adapted from reference [176]. 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. 

 

1.7.11. MCO 
 

 For proteins that Fe sites have been observed but lack information on the location 

of the metal site within the protein, metal catalyzed oxidation coupled to mass spectrometry 

is an emerging tool.  This method requires that the metal center be redox active and it 

involves reacting hydrogen peroxide with the reduced metal center to generate highly 

reactive hydroxyl radicals via Fenton chemistry. The generated hydroxyl radicals react 

rapidly with amino acid side chains that are in close proximity to the metal center due to 

the radical’s short lifespan. The amino acid residues that have been oxidized and are 

therefore close to the metal site, can then be detected using mass spectrometry. This 

technique has been reported for the copper protein azurin and some copper bound peptides, 
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and has the potential to be applied to iron sulfur clusters [181].  For more in depth 

information on this technique we refer the reader to these helpful reviews [181-183].  

 

1.7.12. 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 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 1.16). 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 [57]. Similarly, histidine is often replaced 

with glutamine as it can mimic the epsilon nitrogen of histidine (Figure 1.16). Both 

residues contain 3 carbon atoms followed by a nitrogen heteroatom off the peptide 
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backbone. Similarly, asparagine can be utilized to mimic the delta nitrogen of histidine (2 

carbons and 1 nitrogen) (Figure 1.16). For more in depth information on mutagenesis 

studies to investigate metalloproteins we refer the reader to these helpful reviews [184, 

185].  

 

Figure 1.16. 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 1.2. 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 
spectros
copic 
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 
-Electronic 
structure 
-Ligands 
-Coordination 
number 
-Ligand 
distances 

High 
μM to 
low mM 
metal 

Both 

-Identifies metal, 
ligands and 
coordination 
geometry 
-Solution based 
 

-Need 
synchrotron 
access 
-Highly 
specialized 
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 
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Table 1.2 continued 

Mössbauer 

-Nuclearity 
-Redox state 
-Geometry 
-Electronic 
properties 

Low 
mM 
metal 

Fe-S 

- Clear 
distinction 
between iron 
sulfur cluster 
types 
 

-Need 
expensive 
57Fe labeling 
-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 
-No significant 
training needed 
 
 

-Moderately 
Expensive 
instrument 
 

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 
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Table 1.2 continued 

MCO 

-Metal 
location  
-Ligand 
identification 

Low μM Fe-S 

-Important 
information that 
many other 
techniques lack 

-Expensive 
instrumentat
ion 
-Highly 
specialized 
training 
required 

Mutagenesis -Ligand 
identification Varies Both 

-Cost effective 
-Not much 
additional 
training required 
in protein 
biochemistry labs 

-Time and 
optimization 
requirements 
 

 

1.7.13. 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 mimetics of Fe-S centers, much of which was led by Holm [186, 187]. 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 

[188]. 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 



49 
 

Fe-S clusters can be self-assembled, and controlling nuclearity [186, 188]. 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 [186, 188]. 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].  

 

1.8. 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, 189-191]. One key class of proteins that play a role in metal 
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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, 192, 

193]. For zinc, it has been challenging to identify a metallochaperone; however there is 

new work that has identified a bacterial chaperone (e.g., ZigA) [194]. 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 [59]. 

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, 189]. 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 [3]. 

Although Fe and Zn are the most abundant metals, they are also the most tightly regulated 
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[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 [56, 59, 

133]. 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). 

 

1.9. 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 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 
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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 [195]. An 

awareness of the flexibility of metal sites is important as we study new metalloproteins to 

understand their fundamental biological roles.  

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

Chapter 2 : Unraveling the RNA Binding Properties of the Iron-Sulfur Zinc Finger 
Protein CPSF302 

 

2.1. Introduction 

Zinc finger (ZF) proteins are proteins that contain domains with conserved repeats 

of cysteine and histidine residues. These residues serve as ligands to coordinate zinc, 

thereby allowing the domain to adopt a folded structure that is functional [40, 47, 102, 196, 

197]. Initially identified as transcription factors, ZFs are now known to facilitate numerous 

biological processes ranging from signal transduction to membrane association [28, 40, 42, 

43, 46, 102]. It has been estimated that 3-10% of all eukaryotic proteins are ZFs, and more 

recently, a small number of ZFs have been identified in prokaryotes and archaea [21]. 

These estimates for the ubiquity of ZFs come principally from sequence data, and to 

confirm that proteins annotated as ZFs from proteomics projects are bona fide zinc finger 

proteins, they must be studied experimentally [51, 53].  

ZFs can be categorized into different classes or families based upon the number of 

cysteine (C) and histidine (H) residues (e.g. CCHH, CCCH, CCCC etc.) within each ZF 

domain, as well as the spacing between residues and/or known structures [21, 40, 45, 46, 

48, 197, 198].  One important class is the CCCH class of ZFs. These proteins are often 

associated with RNA processing events, and the handful that have been characterized 

biochemically have been shown to be RNA binding proteins, typically targeting 

adenine/uracil rich RNA sequences [40, 45, 197, 199, 200].  

One member of the CCCH family of ZF proteins that plays a critical biological role 

is cleavage and polyadenylation specificity factor 30 (CPSF30, also known as CPSF4). 

 
2 Adapted from publication: Pritts, J.D., Hursey, M.S., Michalek, J.L., Batelu, S., 
Stemmler, T.L., and Michel, S.L.J., 2020, Biochemistry, 59(8): 970-982 
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CPSF30 is part of a complex of proteins (CPSF160, CPSF100, CPSF30, FIP1, WDR33), 

collectively referred to as the cleavage and polyadenylation specificity factor (or CPSF).  

CPSF facilitates the transition of RNA from pre-mRNA to mRNA [55, 83, 88, 102, 201-

203]. This transition involves the removal of a 3’ poly Uracil (polyU) sequence present in 

the pre-mRNA strand, after which a 3’ poly Adenine (polyA) sequence is added (Figure 

2.1A). The molecular-level details of how each CPSF protein modulates this important 

biological transition are not fully known. 

Mammalian CPSF30 contains five CCCH domains and one CCHC domain (often 

referred to as a ‘zinc knuckle’ domain). CPSF30 was initially annotated as a zinc finger 

protein based upon the presence of the CCCH domains; however, when we isolated a 

truncated construct of CPSF30, containing just the five CCCH domains (CPSF30-5F, 

Figure 2.1B) we discovered that the protein contains a 2Fe-2S cluster in addition to zinc 

[55]. This Fe-S cluster was determined to be coordinated to one of the CCCH ‘zinc finger’ 

domains. This discovery that an annotated ‘zinc finger’ protein (CPSF30) binds an Fe-S 

cluster at one of the ‘zinc finger’ domains adds to a growing number of proteins which 

have been discovered to house Fe-S clusters, despite being annotated as ‘CCCH’ type-zinc 

fingers. These proteins include Miner, mitoNEET, MiNT and Fep1 underscoring the need 

to study annotated ZFs experimentally [57, 58, 69, 70, 72, 204-206].  
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Figure 2.1. (A) Cartoon diagram of current understanding of CPSF30 function. (B) 
Diagram of CPSF30 constructs investigated. 

 

We also determined that the truncated CPSF30-5F functions as an RNA binding 

protein. CCCH type zinc fingers often recognize AU-rich RNA sequences, and we found 

that the five CCCH domain construct selectively recognizes the polyadenylation signal 

(PAS, AAUAAA) present in most pre-mRNAs and can be fit to a cooperative binding 

model (Figure 2.1A) [55].   Notably, we discovered that for high affinity RNA binding 

CPSF30-5F must be loaded with both the 2Fe-2S cluster and zinc, suggesting a role of the 

2Fe-2S cluster in RNA recognition [55]. Subsequently, two Cryo-EM structures of 

CPSF30 complexed with other CPSF proteins (CPSF-160, WDR33) along with a short 
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RNA strand containing the PAS (AAUAAA) were reported [207, 208]. In the structure 

reported by Sun et al. full length CPSF30 protein was utilized while in the structure 

reported by Clerici et al., a truncated form containing ZF1-ZF5 (residues 1-178) was 

utilized. In both structures, only the first three CCCH domains of CPSF30 were visible, 

and the focus of the work was not on the zinc sites so the zinc atoms were not modeled in 

with constraints. In addition, in the Cryo-EM structures, there is a singular CPSF30 and a 

singular RNA strand, suggesting that the cooperativity that we measure for CPSF30-

5F/RNA via fluorescence anisotropy binding may reflect sequential domain binding to 

RNA, rather than dimerization. Nonetheless, these structures provided a snapshot of part 

of the multi-protein CPSF complex, and revealed that in addition to CPSF30, WDR33 

binds RNA, while CPSF-160 is involved in protein-protein interactions with WDR33 and 

CPSF30. In the Cryo-EM structures, ZF2 and ZF3 from CPSF30 directly bind to RNA 

suggesting that in the context of the full-length protein, these domains determine RNA 

recognition. It is not known whether the two CCCH domains alone are sufficient for 

protein/RNA binding.  

CPSF30 also contains a CCHC domain, often called a ‘zinc knuckle’ domain at the 

3’ end that is not present in the Cryo-EM structures. The function of this domain has not 

yet been elucidated. Much like CCCH domain proteins, zinc knuckle domain proteins are 

often involved in RNA binding, albeit to  G/C and U rich targets instead of AU-rich targets 

[209-212]. Most pre-mRNAs contain a conserved U-rich sequence that aids in efficient 

processing from pre-mRNA to mRNA [213-216]. We therefore hypothesized that the 

CPSF30 ‘zinc knuckle’ domain binds the pre-mRNA U-rich element while the CCCH 

domains bind to the AU rich PAS signal.  
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Herein, we tested the hypothesis that the CPSF30 ‘zinc knuckle‘ domain binds the 

pre-mRNA U-rich element by overexpressing and purifying the full length CPSF30 protein 

and determining its RNA binding properties.  We report that full length CPSF30 is isolated 

and active with one 2Fe-2S cluster and five zinc co-factors.  Notably, we show that full 

length CPSF30 binds to poly uracil RNA with high affinity, in addition to binding to the 

PAS (AAUAAA) sequence. These results demonstrate, for the first time, that isolated 

CPSF30 binds to poly uracil sequences.  In contrast, CPSF30-5F (which lacks the zinc 

knuckle domain) does not bind to poly uracil RNA, only binding to the PAS, providing 

clear evidence that the zinc knuckle domain of CPSF30 is required for poly uracil RNA 

binding. Additionally, we produced the single zinc knuckle domain of CPSF30 (CPSF30-

ZK) and evaluated its ability to bind to poly uracil RNA.  No binding to poly uracil RNA 

was observed for the CPSF30-ZK, revealing that the zinc knuckle domain alone is not 

sufficient for RNA binding and that other domain elements within CPSF30 are involved in 

poly uracil RNA binding.   

  We also sought to characterize the role of ZF2 and ZF3 in binding to the PAS 

sequence. In the published Cryo-EM structures of CPSF30, the ZF2 and ZF3 domains are 

in contact with the PAS suggesting that these two domains are critical for RNA binding 

[207, 208]. Often proteins with CCCH domains require just two structured domains for 

high affinity binding to AU-rich RNA targets, as is the case with tristetraprolin; therefore 

a construct of CPSF30 with just ZF2 and ZF3 has the potential to be sufficient for binding 

[96, 126]. We report studies focused on this truncated protein, which reveal that the ZF2 

and ZF3 alone are not capable of binding to the PAS hexamer in the absence of the other 

ZF domains.  From these collective data, a mechanism for PAS and polyU RNA binding 
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by CPSF30 that involves multiple ZF domains and specific RNA sequence elements is 

proposed. 

 

2.2. Materials and Methods 

2.2.1. Materials.  

ZnCl2, FeCl3, Na2S nonahydrate, ampicillin sodium salt, KCl, Polycytidylic acid, 

Bovine Serum Albumin, ZnSO4, urea, trifluoracetic acid (TFA) (HPLC grade), Methanol 

(HPLC grade), SP sepharose resin, glycerol, and RNA (HPLC purified grade) were 

obtained from Sigma-Aldrich. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

purchased from Research Products International. BL21-DE3 competent cells and amylose 

resin was acquired from New England Biolabs. Luria Bertani Lennox Broth (LB) and 

dithiothreitol (DTT) were obtained from American Bio. Glucose was purchased from 

Calbiochem. Tris base (2-amino-2-(hydroxymethyl)propane-1,3-diol), NaCl, nitric acid 

(trace metal grade), acetonitrile (HPLC grade), and hydrochloric acid (trace metal grade) 

were acquired from Fisher Scientific. Iron, zinc, germanium, and scandium ICP-MS 

standards were obtained from Fluka analytical. Bismuth ICP-MS standard was purchased 

from Ricca Chemical Company. Rhodium ICP-MS standard was acquired from VWR 

analytical. ICP-MS tuning solution was obtained from Agilent. MES was acquired from 

Amresco. TCEP and protease and phosphatase inhibitor tablets were obtained from 

Thermo Scientific. 4,4’-dithiodipyridine (DTDP) was purchased from Acros Organics. 

CoCl2 was acquired from Merck.  
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2.2.2. General considerations.  

Extra consideration was taken to ensure that all reagents remained metal free 

throughout each experiment. Water was purified using a PURELAB flex ultrapure water 

system and then purified further over chelex resin to ensure the chelation of any 

contaminating metal ions. 

 

2.2.3. Molecular cloning, expression, and purification of holo-CPSF30-FL. 

 DNA from the Bos taurus CPSF30 homolog was from Dr. Georges Martin and Dr. 

Walter Keller (University of Basel, Switzerland). DNA encoding full length CPSF30 was 

cloned into the pMAL-c5e plasmid (New England Biolabs) utilizing the NdeI and BamHI 

restriction sites and verified using the University of Maryland Baltimore’s Biopolymer-

Genomics core facility.  

Full length CPSF30 was cloned into the pMAL-c5e plasmid (holo-CPSF30-FL). 

BL21-DE3 competent E.coli cells were transformed with holo-CPSF30-FL via heat shock. 

Transformed cells were incubated for 45 minutes at 37°C. Overnight cultures containing 

50 mL of Luria Bertani Lennox Broth (LB Broth (Lennox)) with 100 µg/mL ampicillin 

were inoculated with 150 µL of transformed BL21-DE3 cells. The next day 10-15 mL of 

overnight culture were utilized to inoculate 1L of LB Broth (Lennox) containing 100 

µg/mL ampicillin and 0.2% glucose (w/v). At an optical density of ~0.3 cultures were 

supplemented with 0.8 mM ZnCl2 and 0.6 mM FeCl3. Cell cultures were grown at 37°C 

until an OD600 reached between 0.5-0.6, where protein expression was induced with 1 mM 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) and media was supplemented with 0.4 mM 

Na2S • 9H2O. Protein expression was allowed to continue for 3 h at 37 °C, after which, the 
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cells were pelleted at 7,800 x g, 4 °C for 20 min, and stored at -20 °C. Pellets were 

resuspended in 20 mM Tris, 200 mM NaCl, pH 7.5 with a protease and phosphatase 

inhibitor tablet (Thermo Scientific). Resuspended pellets were lysed by sonication and 

centrifuged at 17,710 x g for 20 min at 4°C. Sonicated supernatant was spiked with an 

additional 300 mM sodium chloride and was loaded onto the amylose column in a final 

buffer containing 20 mM Tris, 500 mM NaCl, pH 7.5 and incubated at room temperature 

for 15-20 min with shaking. The supernatant was then allowed to flow through the column. 

The salt concentration was gradually decreased to a final concentration of 200 mM through 

subsequent washes. Protein elution was conducted in 20 mM Tris, 200 mM NaCl, 30 mM 

maltose, pH 7.5. The UV-visible spectrum of the isolated holo-CPSF30-FL protein was 

measured to ensure purity, after which the protein was concentrated via centrifugation 

utilizing a 30 kDa molecular weight cutoff spin filter. Protein concentration was 

determined by utilizing the calculated extinction coefficient, ε, 88200 M-1cm-1 at 278 nm, 

and the protein purity was verified via SDS-PAGE. CPSF30 was then buffer exchanged 

into either 20 mM Tris, 100 mM NaCl, pH 8.0 buffer for fluorescence anisotropy studies 

or 20 mM Tris, 50 mM NaCl, pH 7 for X-ray absorption spectroscopy (XAS) studies 

utilizing a 30 kDa molecular weight cutoff spin filter. Protein purity and metal loading 

were verified using SDS-PAGE and ICP-MS respectively.  

 

2.2.4. Molecular cloning, expression, and purification of holo-CPSF30-5F. 

holo-CPSF30-5F was cloned, expressed, and purified as previously described by 

our laboratory with the following exceptions [55, 102]. During protein expression, 0.8 mM 

ZnCl2 and 0.6 mM FeCl3 were added to the expression flasks at an OD600 of ~0.3, and 0.4 
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mM Na2S • 9H2O was added at an OD600 of 0.5-0.6 where the cultures were then induced 

with the addition of 1 mM IPTG. Protein concentration was determined similarly to holo-

CPSF30-FL except a calculated extinction coefficient of 85400 M-1cm-1 at 278 nm was 

utilized and the protein purity was verified via SDS-PAGE. 

 

2.2.5. Fluorescence Anisotropy (FA) Studies of holo-CPSF30.  

CPSF30 binding to RNA was measured using fluorescence anisotropy (FA). 

Binding studies were performed using an ISS K2 spectrofluorometer configured in the L-

format with an excitation wavelength/slit width of 495nm/2mm and an emission 

wavelength/slit width of 517 nm/1 mm. A 5 mm path quartz fluorometer cuvette containing 

500 ul of 5 nM 3’ 6-carboxyfluorescein (6-FAM) fluorescently labeled RNA in 50 mM 

Tris, 100 mM KCl, 0.3 mg/ml polycytidylic acid, and 0.1 mg/ml bovine serum albumin 

(BSA) was equilibrated in each cuvette for 5 minutes. The RNA oligomers utilized were 

purchased from MilliporeSigma at HPLC purified grade. Their sequences are listed in 

Table 2.1: 
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Table 2.1.  RNA oligomers utilized in this study. The polyadenylation sequence and 
subsequent mutations are underlined. 

RNA 
oligomer 

RNA sequence (5’-3’) 

α-syn30 UCUCACUUUAAUAAUAAAAAUCAUGCUUAU 

α-syn24 CACUUUAAUAAUAAAAAUCAUGCU 

PolyC24 CACUUUAAUCCCCCCAAUCAUGCU 

ΔA1,2,4,5 CACUUUAAUCCUCCAAAUCAUGCU 

PolyU24 UUUUUUUUUUUUUUUUUUUUUUUU 

ARE11 UUUAUUUAUUU 

AAU9 AAUAAUAAU 

AAU12 AAUAAUAAUAAU 

AAU24 AAUAAUAAUAAUAAUAAUAAUAAU 

 

For a typical titration, CPSF30 was titrated into the cuvette containing the RNA, 

and the change in FA was monitored until saturation. After each addition of protein, the 

sample was allowed to equilibrate for 5 minutes. FA titrations were conducted in triplicate, 

and each data point comprised of 60 readings taken over 115 s. A single replicate positive 

control of CPSF30 with the canonical RNA target (α-syn30 or α-syn24) was conducted in 

tandem with all titrations to ensure that the protein in use was fully active.  Prior to data 

analysis, raw anisotropy values were corrected for changes in quantum yield of the 

fluorophore using the equation below [55].  

𝑟𝑟𝑐𝑐 =
𝑟𝑟0 (𝑟𝑟𝑏𝑏 − 𝑟𝑟) + (𝑟𝑟𝑟𝑟(𝑟𝑟− 𝑟𝑟0))

(𝑟𝑟𝑏𝑏 − 𝑟𝑟 + 𝑟𝑟(𝑟𝑟 − 𝑟𝑟0))
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Where rc is the corrected anisotropy, r is the raw anisotropy, r0 is the anisotropy of 

the free fluorescently-labeled RNA, and rb is the anisotropy of the RNA-protein complex 

at saturation. Corrected anisotropy was plotted against protein concentration and analyzed 

using a cooperative binding model programmed into GraphPad Prism 5: 

𝑛𝑛𝑛𝑛 + 𝑅𝑅 ⇌ 𝑛𝑛𝑛𝑛𝑅𝑅 

𝐾𝐾 =
[𝑛𝑛𝑛𝑛𝑅𝑅]

[𝑛𝑛]𝑛𝑛[𝑅𝑅]
 

𝑟𝑟𝑡𝑡𝑐𝑐 = 𝑟𝑟0 + (𝑟𝑟𝑏𝑏 − 𝑟𝑟0)

⎣
⎢
⎢
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Where rtc is the total corrected anisotropy, [P] is the protein concentration, [P]1/2 is 

the protein concentration at which half of the protein ensemble is saturated, and h is the 

Hill coefficient. 

 

2.2.6. Inductively coupled plasma mass spectrometry (ICP-MS).  

ICP-MS was performed as previously described with the following exceptions [55, 

102]. Protein samples were diluted to 1 µM in 6% trace metal grade nitric acid to a final 

volume of 2 mL. An internal standard solution of Bi, Ge, Rh, and Sc was run in line through 

a mixing T to the nebulizer at an inner diameter of 1/10 of the sample line. All samples 

were run in He mode to avoid interference with argon oxide.   
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2.2.7. X-ray absorption spectroscopy (XAS).  

CPSF30 samples were prepared in a 20 mM Tris, 50 mM NaCl, 30% glycerol, pH 

7 buffer, with metal concentrations at ca 0.7 mM Fe and 2.0 mM Zn. Protein samples were 

loaded into prewrapped 2 mm Leucite XAS cells, flash frozen and then stored in liquid 

nitrogen until X-ray exposure. Fe and Zn k-edge XAS data were collected at the Stanford 

Synchrotron Radiation Lightsource (SSRL) on beamline 9-3, equipped with a Si[220] 

double crystal monochromator with an upstream mirror for X-ray focusing and harmonics 

rejection.  Samples were maintained at 10 K using an Oxford Instruments continuous-flow 

liquid helium cryostat.  Fluorescence spectra were collected using a Canberra 100 element 

germanium solid state detector. Solar slits and either a 3 µm Mn or 3 µm Cu (for Fe or Zn 

analysis respectively) were placed between the cryostat and detector to diminish random 

fluorescence scattering and remove low energy background signals. All XAS spectra were 

collected in 5 eV increments within the pre-edge region, 0.25 eV increments in the edge 

region.  EXAFS data were collected in 0.05 Å-1 increments, out to k = 14 Å-1, integrated 

from 1 to 25 s in a k3-weighted manner during data collection. The total XAS scan length 

was ∼40 min. Fe and Zn foil absorption spectra were simultaneously collected with each 

respective protein spectrum, for spectral calibration and the first inflection points energy 

was set at 7,111.2 eV for Fe and 9,659 eV for Zn.   

XAS spectra were processed and analyzed using the EXAFSPAK program suite 

written for Macintosh OS-X[217]. EXAFSPAK is integrated with Feff v8 software [218] 

for theoretical model generation. Normalized X-ray absorption near edge spectral 

(XANES) data for Fe data were subjected to pre-edge and edge analysis. Iron 1s3d pre-

edge peak analysis was completed following our established protocol [219], and pre-edge 
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peak areas were determined over the energy range of 7,110 – 7,116 eV. The iron oxidation 

state was deduced by comparing first inflection edge energies from Fe protein samples to 

our Fe(II) and Fe(III) model library [220]. In the extended X-ray absorption fine structural 

(EXAFS) region, data collected to k = 14 Å-1 corresponds to a spectral resolution of 0.12 

Å-1 for all metal–ligand interactions [220]. As a result, only independent scattering 

environments at distances >0.12 Å were considered resolvable during fitting analysis. Data 

were fit using both single and multiple scattering amplitude and phase model functions to 

simulate iron and zinc metal-oxygen/nitrogen, -sulfur, and metal-metal interactions. 

During Fe data simulations, a scale factor (Sc) of 0.95 and threshold shift (ΔE0) values of 

−10 eV (Fe–O/N/C), −12 eV (Fe–S) and −15 eV (Fe–Fe) were used; for Zn simulations, a 

Sc of 0.9 and E0 values of −15.25 eV (Zn–O/N/C and Zn–S) were used. These calibration 

values were obtained from fitting crystallographically characterized small molecule Fe and 

Zn compounds [219, 221], and these values were held constant during spectral simulations. 

The best-fit EXAFS simulation for each sample was based on the lowest mean square 

deviation value (F’) [222], measured between data and simulated spectra, corrected for the 

number of degrees of freedom in the simulation, and using an acceptable Debye-Waller 

value (between 0.0001 and 0.006 Å2) for each ligand environment [221]. During 

simulations, only the bond length and Debye-Waller factor for each ligand environment 

were allowed to freely vary; coordination numbers were held constant but manually 

stepped incrementally at half integer values to help identify the optimal spectral simulation 

parameters. 
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2.2.8. Purification of apo-CPSF30-ZK.  

A peptide corresponding to the c-terminal zinc knuckle domain of CPSF30 was 

purchased from Bio-Synthesis Incorporated (Lewisville, Texas) at ‘crude’ scale. The 

peptide sequence was QVTCYKCGEKGHYANRCTKG. This sequence length was 

modeled after other CCHC domains (nucleocapsid protein (NCp7), T4 gene protein 32, 

(gp32), and the nucleic acid binding protein encoded by the Drosophila Fw- element).[223-

226] For a typical experiment, 5 mg of the peptide stock was resuspended in ELGA 

PURELAB flex purified water and then incubated with 5 mM TCEP at room temperature 

for one hour. Following incubation, the peptide was purified using reverse-phase high-

performance liquid chromatography (RP-HPLC) under non-metallic conditions (Waters 

600 assembled with peak tubing and a Symmetry prep C18 7 µm column). A gradient 

beginning with 90% water containing 0.1% trifluoroacetic acid (TFA) mixed and 10% 

acetonitrile containing 0.1% TFA was utilized to separate the apo-CPSF30-ZK away from 

any contaminants, with apo-CPSF30-ZK eluting in a single peak at 80% water/0.1% TFA 

and 20% acetonitrile/0.1% TFA. Upon collection of apo-CPSF30-ZK, the peptide was 

transferred to an anaerobic chamber where it was lyophilized and stored in a solid form. 

Peptide mass was confirmed using MALDI-TOF mass spectrometry. All further peptide 

manipulations were completed anaerobically. All buffers were thoroughly degassed with 

argon prior to use. Cuvettes used for UV-visible spectroscopy were designed with screw-

capped Teflon sealed lids for anaerobic work. 
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2.2.9. UV-Visible Co(II) titrations with apo-CPSF30-ZK.  

For a typical titration, 100 µM of peptide was used. The titrations involved the 

addition of cobaltous chloride, in increments determined by molar equivalents. For apo-

CPSF30-ZK titrations, CoCl2 additions were as follows: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1, 

2, 5, 10, and 20 equivalents as each titration point. Each set of titrations was carried out in 

triplicate. Co(II) coordination resulted in the appearance of d-d transition bands between 

500 and 800 nm. The following maximum absorbance peaks were observed for Co(II)-

CPSF30-ZK: 608 (shoulder), 645, and 700 nm. The data at 650 nm, where the d-d envelope 

maximum is observed, was plotted against the concentration of CoCl2 added. The data were 

then fit to a 1:1 binding equilibrium using Kaleidagraph software (Synergy software) and 

non-linear least squares analysis.  

𝑛𝑛 + 𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)
𝐾𝐾𝑑𝑑𝐶𝐶𝐶𝐶�⎯� 𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)−𝑛𝑛 

𝑡𝑡ℎ𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝐶𝐶𝑟𝑟𝑒𝑒: 𝐾𝐾𝑑𝑑𝐶𝐶𝐶𝐶 =  
[𝑛𝑛][𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)]

[𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)−𝑛𝑛] 

[𝑛𝑛𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)] = [𝑛𝑛]𝑇𝑇 + [𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)]𝑇𝑇 + 𝐾𝐾𝑑𝑑�(([𝑛𝑛]𝑇𝑇 + [𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)]𝑇𝑇 +𝐾𝐾𝑑𝑑)2− 4[𝑛𝑛]𝑇𝑇[𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)]𝑇𝑇) 

Where, [P] = apo-protein concentration. 

  

2.2.10. Zinc binding to CPSF30-ZK.  

The relative affinity of CPSF30-ZK for Zn(II) was determined by monitoring the 

displacement of Co(II) by Zn(II) following the method developed by Berg and Merkle [96, 

126, 146]. The data were then fit to a competitive binding equilibrium.  
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2.2.11. Fluorescence anisotropy studies of Zn(II)-CPSF30-ZK.  

The zinc knuckle’s ability to bind U-rich RNA was assessed utilizing a fluorescence 

anisotropy binding assay. Prior to FA binding studies, the active concentration of peptide 

was determined utilizing the extinction coefficient of CPSF30-ZK with excess cobalt at 

650 nm. Peptide concentrations for FA were corrected for activity and stoichiometric 

amounts of zinc were added to the apo-peptide (between 100-500 µM) under anaerobic 

conditions forming the Zn-coordinated peptide. Zn(II)-CPSF30-ZK was titrated into 5 mm 

fluorometer quartz cuvettes containing 50 mM Tris, 100 mM NaCl, 0.3 mg/ml 

polycytidylic acid, 0.1 mg/ml BSA, and 5 nM 3’ 6-FAM labeled RNA. Both ARE11 and 

PolyU24 RNAs were evaluated. During each experiment, the solution was allowed to 

equilibrate for 5 minutes after titrating in peptide and mixing. FA measurements comprised 

of 60 readings over a total time of 115 seconds.  

 

2.2.12. Molecular cloning, expression, and purification of CPSF30-F2F3.  

A construct for CPSF30, named CPSF30-F2F3, which encodes for the second and 

third ZF domains of CPSF30, with the sequence of 

“AISGEKTVVCKHWLRGLCKKGDQCEFLHEYDMTKMPECYFYSKFGEC 

SNKECPFLHIDPESK” was overexpressed and purified. CPSF30-F2F3 was cloned into 

the pET-15b expression vector. BL21-DE3 competent E.coli cells (New England Biolabs) 

were then transformed with CPSF30-F2F3 via heat shock. The cells were grown in Lennox 

Luria Broth Base (LB) medium with 100 µg/mL ampicillin at 37 °C until mid-log phase 

(OD600 0.6-0.8) before being induced with 1 mM IPTG (isopropyl β-D-1-

thiogalactopyranoside). After cultures were allowed to grow for 4 h post-induction, cells 
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were harvested by centrifugation at 7800 x G for 15 min at 4 °C. Cell pellets were 

resuspended in 8 M urea, 10 mM MES at pH 5.0 with a Pierce EDTA-free protease and 

phosphatase inhibitor mini tablet (Thermo Scientific). The cells were lysed by sonication 

on ice, 1 mM of dithiothreitol (DTT) was added, and cells were centrifuged at 12,100 rpm 

for 15 min at 4 °C. The resulting supernatant was added to a SP Sepharose gravity column 

and incubated by rocking for 60 min at room temperature. A NaCl step gradient was used, 

ranging from 0 to 2 M, in 4 M urea, 10 mM MES at pH 5.0, with each wash containing 10 

mM DTT. To prepare for further purification, 25 mM of DTT was added, and the solution 

was heated in a water bath at 56 °C for 2 h, followed by filtration (Millipore 0.22 µM 

Steriflip). The supernatant was then applied to a C18-reverse phase HPLC column 

(Symmetry 300 C18 Prep 5 µm, 19x150 mm Column) on an Agilent Technologies 1200 

Series LC system and a water/acetonitrile (H2O/CH3CN, 0.1%trifluoroacetic acid (TFA)) 

gradient was applied. Purified CPSF30-F2F3 eluted at 28% CH3CN. The protein identity 

was confirmed via SDS-PAGE and MALDI-TOF mass spectrometry. Further handling of 

purified CPSF30-F2F3 was done anaerobically in a Coy anaerobic chamber (3% H2, 97% 

N2). 

 

2.2.13. UV-Visible Co(II) and Zn(II) binding assays for apo-CPSF30-F2F3. 

The affinity of CPSF30-F2F3 for cobalt and zinc was determined by 

spectrophotometrically monitoring the titration of apo-CPSF30-F2F3 with CoCl2 until 

saturation. The relative affinity for Zn(II) was determined by titrating Co-CPSF30-F2F3 

with ZnCl2 and monitoring the displacement of Co(II) spectrophotometrically via the 

method of Berg and Merkle [146]. The experiments were performed in 200 mM HEPES, 
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100 mM NaCl buffer at pH 7.5. Titrations were performed by titrating 0 to 20 equivalents 

(eq) of CoCl2 incrementally and then titrating ZnCl2 in a similar fashion. 

 

2.2.14. Fluorescence anisotropy binding assays for CPSF30-F2F3.  

Six 3’ 6-carboxyfluorescein (6-FAM)-labeled RNA oligonucleotides purchased 

from MilliporeSigma (HPLC purified grade) were utilized for these studies (Table 2.1). 

FA experiments were performed on an ISS k2 multifrequency phase fluorimeter with 

excitation wavelength at 495 nm and emission wavelength at 517 nm. The buffer system 

used was 200 mM HEPES, 50-100 mM NaCl, 0.05 mg/mL bovine serum albumin (BSA), 

at pH 7.5 and pH 8.0 using 5-10 nM of RNAs ARE11, AAU9, AAU12, AAU24, α-syn24 and 

α-syn30. Zn(II)-CPSF30-F2F3 was titrated into cuvettes containing the buffer system and 

the RNA, up to 1.2 µM of protein while the anisotropy was monitored. 

 

2.2.15. Circular Dichroism (CD) studies for CPSF30-F2F3.  

Circular Dichroism (CD) was utilized to assess the secondary structure of apo-

CPSF30-F2F3 and Zn(II)-CPSF30-F2F3 on Jasco-810 spectropolarimeter. The CD spectra 

were scanned from 280 to 180 nm at a rate of 50 nm/min, with a bandwidth at 1 nm and 

sensitivity at 100 mdeg. Each spectrum shown represents an average of three 

accumulations. A 1 mm path length quartz cuvette was utilized, and the temperature was 

maintained at 25 °C. A 15.5 µM solution of apo-CPSF30-F2F3, made in 10 mM sodium 

phosphate buffer at pH 7.5, was scanned first. To the 15.5 µM solution of apo-CPSF30-

F2F3, 2.0 equivalents of ZnCl2 was added to the cuvette and the CD spectrum obtained.  
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2.3. Results and Discussion 

2.3.1. Full length CPSF30 contains both iron and zinc. 

Full length CPSF30 contains a zinc knuckle domain with unknown function, in 

addition to five CCCH domains that we, and others, have previously shown are involved 

in binding to the PAS, AAUAAA.[55, 83, 84, 102, 207, 208] Zinc knuckle domains are 

often present in RNA binding proteins involved in viral replication (e.g. HIV nucleocapsid 

protein), and often recognize G/C and U rich sequence elements [209, 212]. In addition to 

a conserved AAUAAA sequence, most pre-mRNAs contain a conserved poly uracil 

sequence. To determine the role of the zinc knuckle domain of CPSF30 in RNA binding 

and delineate whether it binds to poly uracil sequences, full length CPSF30 was over-

expressed and purified.  Like its five CCCH domain counterpart (CPSF30-5F), full length 

CPSF30 turned red upon over-expression, suggesting the presence of an iron co-factor.[55] 

The UV-Visible spectrum of CPSF30 exhibits absorbance peaks at 420 and 456 nm, which 

are indicative of a 2Fe-2S cluster, and match those observed for the CPSF30-5F (Figure 

2.2(inset)) [55]. Metal occupancy was confirmed by utilizing inductively coupled plasma 

mass spectrometry (ICP-MS). The presence of both iron and zinc, ranging from 0.69-1.51 

and 3.08-4.69 (min-max) equivalents respectively, suggests that the full-length protein 

contains a singular 2Fe-2S cluster and 5 zinc sites.  
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Figure 2.2. UV-Vis spectrum of CPSF30-FL in 20 mM Tris, 100 mM NaCl, pH 8 between 
240 – 800 nm with the maximum protein peak at 278 nm indicated. (Inset) Close up of 
spectrum between 300 – 650 nm with peak maxima indicated. 

 

 

 

XAS was used to characterize the iron-ligand metrical parameters in Fe and Zn-

loaded on CPSF30. The iron k-edge XANES spectrum is shown in Figure 2.3 with an inset 

that displays the expanded 1s→3d pre-edge spectral signal. XANES data provides direct 

insight into the metal oxidation state, and the XANES pre-edge region provides insight into 

the metal-ligand bond symmetry and spin state for iron. The sharp/defined pre-edge 

spectral feature seen at 7112.8 eV in the Fe-CPSF30 XANES is characteristic of low spin 

iron existing in a tetrahedral ligand conformation. The pre-edge peak area, determined to 

be 0.051 eV2, is consistent with values we obtained for Fe-S cluster centers in several 

proteins [219]. The excitation energy of the first inflection point in the Fe XANES, 
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measured at 7122.22 eV, is consistent with an oxidized Fe(III)-S cluster [219].  Simulations 

of the Fe EXAFS for CPSF30 (Figure 2.4) indicated a Fe-nearest neighbor coordination 

environment constructed by a 1.5 ± 1 oxygen/nitrogen ligands centered at a distance of 

2.01Å, and a second, more dominate, Fe-ligand environment of 2 ± 1 sulfur atoms centered 

at 2.27Å. The appearance of a distinct Fe•••Fe ligand vector at 2.69 Å is characteristic of 

scattering observed for Fe-S clusters [219].  Long range scattering is also observed for 

carbon atoms positioned at an average distance of 3.92 Å from the central iron (Table 2.2).   

XAS was further used to characterize the Zn-ligand metrical parameters for the Zn 

in the Fe/Zn-loaded CPSF30 sample. The first inflection point energy in the Zn XANES 

occurs at 9663 eV, consistent with Zn(II) metal. The excitation edge shows two distinct 

features in the peak maximum at 9665.2 eV and 9671.9 eV, characteristic for environments 

that include independent sulfur and oxygen/nitrogen ligand scattering, environments 

similar to those previously found in ZnN1S3 peptide XAS.[227, 228] The Zn EXAFS region 

was best simulated with 1 ± 1 Zn-O/N ligand at a distance of 2.06Å, and 3 ± 1 Zn-S atoms 

at an average distance of 2.31Å. Two long-range carbon ligation environments were also 

observed at an average distance of 3.15 Å and 3.95 Å, respectively (Table 2.2). 

Collectively, the UV-visible, ICP-MS, and XAS data indicate that full length CPSF30 is a 

‘zinc finger’ protein with a 2Fe-2S co-factor, with all metal sites binding to a 3Cys/1His 

ligand set from the protein. 
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Table 2.2. Summary of the Fe and Zn EXAFS simulation results for Fe/Zn-loaded 
CPSF30. 

 
a,b - Independent metal-ligand scattering environment.  
c - Scattering atoms: N (nitrogen), O (oxygen), C (carbon), S (sulfur). 

e - Average metal-ligand coordination number. 
f - Average Debye-Waller factor (Å2 x 10-3).  
g - Number of degrees of freedom weighted mean square deviation between data and fit. 

 

 

 

 

 

              

 Nearest Neighbor Ligands a Long Range Ligands b  

Metal Atom c R (Å)d C.N e σ2 f Atom c R (Å)d C.N e σ2 f F’ g 

Fe 

 

O/N 2.01 1.5 0.5 Fe 2.69 0.5 2.6 1.2 

 S 2.27 2.0 5.1 C 3.92 2.0 1.4 

 

Zn 

 

 

O/N 2.06 1.0 5.7 C 3.15 3.0 4.7 1.0 

 

 
S 2.31 3.0 3.4 C 3.95 3.0 1.2 
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Figure 2.3. Normalized XANES spectra Fe/Zn-loaded CPSF30. Left Panel: Fe-XANES 
spectrum, with 1s→3d pre-edge inset. Right Panel: Zn-XANES spectrum. 

 

 

Figure 2.4. EXAFS and Fourier transforms (FT) of the EXAFS for Fe/Zn-loaded 
CPSF30. Iron EXAFS, and FT of the EXAFS, for Fe/Zn-loaded CPSF30 are shown in 
panels A and B, respectively. Zinc EXAFS, and FT of the EXAFS, for Fe/Zn-loaded 
CPSF30 are shown in panels C and D, respectively.  Best fit spectral simulations are 
shown in green. 

Fe Zn

Fe

Zn
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2.3.3. RNA binding: full length CPSF30 binds to both poly uracil sequences and the 

polyadenylation signal (AAUAAA) in a cooperative manner.  

With full length CPSF30 isolated, we sought to determine its RNA binding 

properties. CCCH domains typically bind to AU-rich RNA targets, and the five CCCH 

domain construct, CPSF30-5F, binds to the AAUAAA PAS hexamer; whereas, zinc 

knuckle domains bind to various RNA target sequences, with a preference for G/C and U 

rich targets [45, 96, 126, 209-212].  Most pre-mRNAs contain a polyU sequence, and there 

is some evidence from radiolabeled in vitro translation experiments that CPSF30 interacts 

with polyU sequences bound to sepharose resin [209].  Because CPSF30 contains both 

CCCH and CCHC domains, we predicted that the protein would recognize both AU-rich 

and U-rich targets. To investigate this prediction, we determined the interaction of full 

length CPSF30 with AU-rich RNA and polyU-rich RNA via fluorescence anisotropy (FA). 

Our initial experiments focused on an AU-rich RNA sequence from alpha-synuclein, α-

syn30 and α-syn24  (30 and 24 bases in length) that we had previously reported binds to the 

five ZF construct of CPSF30, CPSF30-5F [55]. The titration of full length CPSF30 with 

either α-syn30 and α-syn24  resulted in a binding curve that was best fit to a cooperative 

binding model with a [P]1/2 of 109.5 ± 11.1 nM (Mean ± SEM) and 110.3 ± 14.0 nM and 

Hill coefficients of 2.3 and 2.1 for the 30 mer and 24 mer respectively. This affinity is 

slightly tighter than the affinity for the truncated 5 finger CPSF30 construct (CPSF30-5F) 

to α-syn30 ([P]1/2 of 177.6 ± 23.6 nM Hill coefficient: 1.8) (Figure 2.5). To determine if the 

binding observed for CPSF30-FL involves the AU hexamer, CPSF30-FL was titrated with 

a variant of the α-syn24 sequence in which that AU hexamer was modified to all cytosines 

(PolyC24) (Figure 2.5). No binding was observed, indicating that the AU-hexamer is 
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required for binding of full length CPSF30 to pre-mRNA. We note that the same result was 

observed for the five finger CPSF30 construct, CPSF30-5F, suggesting that the CCCH 

domains are directly involved in binding to the AU hexamer [55].    

 

Figure 2.5. (A) Sequences of alpha synuclein 30mer (α-syn30), alpha synuclein 24mer (α-
syn24), and PolyC 24mer (PolyC24) RNAs. (B) Fluorescence anisotropy (FA) monitored 
binding of holo-CPSF30-FL to α-syn30 (orange squares), holo-CPSF30-FL to α-syn24 
(purple triangles), holo-CPSF30-5F to α-syn30 (pink circles), and holo-CPSF30-FL to 
PolyC24 (green triangles). An average of three representative titrations are plotted and error 
is shown as standard error of the mean (SEM). Data are fit to a cooperative binding model. 

 

We then sought to understand if the full length CPSF30 protein interacts with polyU 

sequences, via its zinc knuckle domain. In pre-mRNA, a U/GU – rich cis-acting 

downstream element (DSE) is located 35-45 nucleotides downstream of the PAS, and 

together, these elements aid in stimulating polyadenylation [229]. Therefore a compelling 

hypothesis is that CPSF30 binds to both the PAS and the polyU sequence via its distinct 

CCCH and CCHC domains. To determine CPSF30’s RNA binding properties, an FA 

experiment of full length CPSF30 with a polyU sequence was performed.  A titration of 
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CPSF30 with polyU RNA resulted in a clear binding isotherm, with an affinity of 65.0 ± 

3.0 nM and a Hill coefficient of 1.5 when fit to a cooperative binding equilibrium (Figure 

2.6). Notably, the CPSF30 construct with only the five CCCH domains does not exhibit 

any affinity for the polyU sequence, revealing that the CCHC domain is required for this 

interaction.  Together, these data reveal that full length CPSF30 directly binds to polyU 

RNA.  

 

 

2.3.4. The zinc knuckle domain, CPSF30-ZK, binds Cobalt and Zinc, but not poly 

uracil RNA.  

Our finding that the 5 CCCH domain construct of CPSF30 (CPSF30-5F) does not 

bind to poly uracil sequences, while the addition of a zinc knuckle domain (full length 

CPSF30) promotes high affinity binding to a poly uracil sequence suggested that the zinc 

knuckle domain itself might be sufficient for poly uracil binding. To test this hypothesis, 
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we first had to obtain a construct of CPSF30 that contains just the zinc knuckle domain and 

folds around zinc. To this end, a 20 amino acid peptide that contains the CCHC ‘zinc 

knuckle’ sequence was synthesized and purified in the apo-form via reverse-phase HPLC. 

To verify that this construct binds zinc, a direct titration with Co(II) – as a spectroscopic 

probe for the spectroscopically silent (d10)  Zn(II)  - was performed. The resultant Co(II)-

CPSF30-ZK spectrum, shown in Figure 2.7A, exhibits d-d bands centered at 650 and 700 

nm indicative of a CCHC ligand set and closely resembling the cobalt spectra reported for 

the CCHC domains encoded within the Drosophila melanogaster Fw transposable element 

[225]. An upper limit Kd of 3.08 (± 0.12) x 10-7 M was determined by fitting the data to a 

1:1 binding equilibrium (Figure 2.7B). Typically ZFs have a dissociation constant for 

Co(II) ions in the low micromolar to high nanomolar regime, therefore the affinity 

measured here for Co binding to the CPSF30-ZK fits within the values reported for other 

ZFs [45, 230]. The calculated molar absorptivity of apo-CPSF30-ZK for Co(II) was 562 

(± 34) M-1 cm-1.  ZFs typically have a molar absorptivity of 400-600 M-1 cm-1 for each 

tetrahedrally coordinated Co(II) center; therefore, the data obtained for the Co(II)-CPSF30-

ZK construct is consistent with a tetrahedral site [45, 49, 146, 231].  
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Figure 2.7. (A) Plot of the change in absorption as apo-CPSF30-ZK is titrated with CoCl2. 
Experiment was conducted in 200 mM MES buffer at a pH of 6.0. (B) Plot of the change 
in the absorption spectrum at 650 nm as a function of concentration as Co(II) is added to 
apo-CPSF30-ZK. The data were fit to yield an upper limit dissociation constant, Kd, of 
3.08 (± 0.12) x 10-7 M. The solid line represents a nonlinear least-squares fit to a 1:1 binding 
model. 

 
A competitive titration with Zn was then performed to verify that Zn(II) binds to 

CPSF30-ZK and to determine an upper limit Kd for Zn binding.  As Zn(II) was titrated with 

Co(II)-CPSF30-ZK, a loss of the d-d transition bands were observed, due to the 

displacement of the bound Co(II) ions with Zn(II) [146]. These data were fit to a 

competitive binding equilibrium, and an upper limit dissociation constant for Zn(II) 

coordination to CPSF30-ZK of  9.40 (± 0.17) x 10-14 M  was determined (Figure 2.8). This 

affinity is consistent with the affinities of zinc for other CCHC domains [224, 225].  
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Figure 2.8. Plot of the change in absorption spectrum at 650 nm as a function of 
concentration as Zn(II) is added to Co(II)-CPSF30-ZK. The data were fit to yield an upper 
limit dissociation constant, Kd, of 9.40 (± 0.17) x 10-14 M. The solid line represents a 
nonlinear least-squares fit to a competitive binding model. 

 

To determine if Zn(II)-CPSF30-ZK binds to poly uracil RNA, Zn(II)-CPSF-ZK 

was titrated with fluorescently labeled U-rich RNA of lengths varying from 11 to 24 

nucleotides, and the fluorescence anisotropy was monitored. No change in anisotropy was 

observed for any of the RNA strands investigated (Figure 2.9).  Typically, ZFs bind to 

target RNA or DNA with at least two domains to achieve sub micromolar affinity, therefore 

it is perhaps not surprising that a single ZF domain does not bind to RNA [97, 232]. These 

data, in conjunction with the full length CPSF30 data, reveal that the zinc knuckle domain 

of CPSF30 is necessary, but not sufficient for binding to the poly U sequence. 
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Figure 2.9. Fluorescence Anisotropy (FA) monitored binding of Zn(II)-CPSF30-ZK to 
ARE11 (purple squares) and polyU24 (orange circles). An average of two representative 
titrations are plotted and error is shown as standard error of the mean (SEM). 
 
 
2.3.5 Determination of the ZF2 and ZF3 domains in CPSF30/PAS Binding. 
 

CPSF30 contains 5 CCCH domains, and our solution-based RNA binding studies 

have shown that high affinity binding to the AAUAAA PAS sequence occurs when the 5 

CCCH domains are present. However, CCCH ZFs often require only two domains to bind 

to AU-rich RNA targets. For instance, TTP binds to an AU-rich RNA target with just two 

CCCH domains [96, 126, 232, 233]. Additionally, in the reported cryo-EM structures of 

the CPSF complex (CPSF30, CPSF160, WDR33) with short RNA sequences 

(AACCUCCAAUAAACAAC and ACAAUAAAGG respectively), the second and third 

ZF domains interact specifically with A1/A2 and A4/A5 within the AAUAAA PAS 

sequence [207, 208].  Collectively, these data suggest that a construct of ZF2 and ZF3 may 
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be sufficient for RNA binding to the PAS sequence and that residues 1, 2, 4, and 5 within 

the PAS hexamer are critical for RNA binding. 

To determine if ZF2 and ZF3 together are sufficient for RNA binding to the PAS, 

a construct of CPSF30 containing only ZF2 and ZF3 was over-expressed and purified. To 

verify that the CPSF30-F2F3 construct binds zinc, Co(II) was used as a spectroscopic probe 

for zinc, as previously reported for other ZFs [40, 97]. As shown in Figure 2.10A, as apo-

CPSF30-F2F3 is titrated with Co(II), d-d transition bands centered at 615, 650, and 678 

nm appear, indicative of tetrahedral coordination. An upper limit Kd of 2.01 (± 1.08) x 10-

6 M was determined by fitting the data to a 1:1 binding model (Figure 2.10B). The 

transition bands and dissociation constant for Co(II) ions are consistent with reported 

values for other CCCH domains [40, 96]. 

 

Figure 2.10.  (A) Plot of the change in absorption as apo-CPSF30-F2F3 is titrated with 
CoCl2. The experiment was performed in 200mM HEPES buffer, 100 mM NaCl at a pH 
of 7.5. (B) Plot of the change in absorption spectrum at 650 nm as a function of 
concentration as cobalt(II) is added to apo-CPSF30-F2F3. The data were fit to yield an 
upper limit dissociation constant, Kd, of 2.01 (± 1.08) x 10-6 M. The solid line represents 
a nonlinear least-squares fit to a 1:1 binding model. 
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A competitive titration with zinc was then performed to determine if Zn(II) binds 

the two finger construct, CPSF30-F2F3. By titrating Co(II)-CPSF30-F2F3 with Zn(II), the 

Co(II) absorbance peaks decreased, indicating that the bound Co(II) ions were being 

replaced with Zn(II) (Figure 2.11A). The data were fit to a competitive binding model, and 

an upper limit Kd of 3.38 (± 2.49) x 10-13 M was determined for Zn(II)-CPSF30-F2F3 

(Figure 2.11B). This affinity is consistent with the affinities reported for zinc binding to 

other CCCH domains [40, 96]. The CD spectra of apo-CPSF30-F2F3 and Zn(II)-CPSF30-

F2F3 were also obtained, Figure 2.12, and distinct structural changes were observed upon 

Zn(II) coordination indicating folding. The CD spectrum of Zn(II)-CPSF30-F2F3 is similar 

to that obtained for Zn(II)-TTP-2D, a CCCH zinc finger that contains two CCCH domains 

[96]. 

 

Figure 2.11. (A) Plot of the change in absorption as Co(II)-CPSF30-F2F3 is titrated with 
ZnCl2. The experiment was performed in 200 mM HEPES, 100 mM NaCl buffer at a pH 
of 7.5. (B) Plot of the change in absorption spectrum at 650 nm as a function of 
concentration as zinc(II) is added to Co(II)-CPSF30-F2F3. The data was fit to yield an 
upper limit dissociation constant, Kd, of 3.38 (± 2.49) x 10-13 M. The solid line represents 
a nonlinear least-squares fit to the competitive binding model. 
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Figure 2.12. CD Spectra of 15.5 µM apo-CPSF30-F2F3 (blue) overlaid with 15.5 µM 
Zn(II)-CPSF30-F2F3 (red). CD experiments were performed in 10 mM sodium phosphate 
buffer, pH 7.5 
 

To investigate if Zn(II)-CPSF30-F2F3 is sufficient to bind to the AU-hexamer 

sequence,  Zn(II)-CPSF30-F2F3 was titrated with six fluorescently labeled RNA targets 

containing AU-hexamer sequences. These RNA oligomers ranged in length from 9-30 

bases (Figure 2.13). To our surprise, none of the six RNAs investigated (AAU9, AAU12, 

AAU24, ARE11, α-syn24, α-syn30) exhibited any binding to Zn(II)-CPSF30-F2F3, 

suggesting that the F2F3 construct of CPF30 is not sufficient for RNA binding and other 

regions of the protein – perhaps other ZF domains or an Fe-S cluster cofactor are required 

for RNA binding.  
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Figure 2.13. Fluorescence Anisotropy (FA) monitored binding of Zn(II)-CPSF30-F2F3 
to ARE11 (bright red diamonds), AAU9 (black circles), AAU12 (orange squares), AAU24 
(green diamonds), α-syn24 (sky blue triangle), three other α-syn24 stocks (pink circles, 
purple squares, line green triangles), and α-syn30 (burnt red diamonds). RNAs ARE11, 
AAU9, AAU12, AAU24, and α-syn24 were prepared in 200 mM HEPES, 100 mM NaCl, 
0.05 mg/mL bovine serum albumin (BSA), pH 7.5. Three additional RNA stocks of α-
syn24 and one of α-syn30 were prepared in 200 mM HEPES, 50 mM NaCl, 0.05 mg/mL 
bovine serum albumin (BSA), pH 8.0. No binding is observed using any RNAs. 

 

2.3.6. Role of the PAS RNA sequence in CPSF30 5 finger and full-length RNA 

binding.  

To determine the effects of residues 1, 2, 4, and 5 within the PAS sequence 

(AAUAAA) on CPSF30/RNA binding, CPSF30-5F and full length CPSF30 were titrated 

with an alpha-synuclein pre-mRNA in which the adenines 1, 2, 4, and 5 within the PAS 

sequence were mutated to cytosines (ΔA1,2,4,5). The prediction was that these adenines 

are critical for CPSF30/RNA binding, and the mutation would abrogate binding. This 
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prediction was borne out for CPSF30-5F which did not exhibit any binding to the mutated 

PAS sequence. In contrast, full length CPSF30 still bound to the mutated RNA sequence, 

albeit with diminished affinity (~2.5 times weaker - [P]1/2 = 275.1 ± 37.3 nM; Hill 

coefficient =1.4), as shown in Figure 2.14. The mutated alpha-synuclein pre-mRNA still 

contains a U-rich sequence at the 5’ end, and therefore because full length can bind to poly 

U RNA, this result further supports the role of the ZK in polyU binding.  

 

Figure 2.14. (A) Sequences of Alpha synuclein 30mer (α-syn30) and quadruple mutant 
24mer (ΔA1,2,4,5) RNA’s. (B) FA monitored binding of holo-CPSF30-5F and α-syn30 
(blue circles) and holo-CPSF30-5F and ΔA1,2,4,5 (yellow triangles) (C) FA monitored 
binding of holo-CPSF30-FL and α-syn30 (blue circles) and holo-CPSF30-FL with 
ΔA1,2,4,5 (yellow triangles). An average of three representative titrations are plotted and 
error is shown as standard error of the mean (SEM). Data are fit to a cooperative binding 
model. 
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2.4. Conclusions 

Collectively, these studies reveal that full length CSPF30 is an iron-sulfur and zinc 

co-factored protein that recognizes two conserved pre-mRNA sequences - AAUAAA (the 

polyadenylation signal (PAS)) and U-rich RNA – in a metal dependent, cooperative 

manner. While we do not yet know the order of binding, based upon these results a 

preliminary mechanism is shown in Figure 2.15, whereby the CCCH domains recognize 

the AAUAAA sequence and the CCHC zinc knuckle domain, in conjunction with the 

CCCH domain, recognize the poly-uracil sequence. Notably, only CPSF30 proteins in 

higher eukaryotes contain CCHC domains within their sequences, suggesting that CPSF30 

may have evolved to recognize two types of RNA targets in higher order eukaryotes by 

connecting different types of ‘zinc finger’ domains [209, 234].  These studies elaborate the 

role of CPSF30 alone, and contribute to our understanding of the larger CPSF complex, for 

which RNA binding interactions are not well understood. Studies to structurally 

characterize the CPSF30/RNA complex to tease out the functional roles of the individual 

CCCH and CCHC domains are in progress. 
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Figure 2.15. Preliminary RNA binding mechanism of full length CPSF30 binding pre-
mRNA.  
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Chapter 3 - Understanding RNA Binding by the Non-classical Zinc Finger Protein 
CPSF30, a Key Factor in Polyadenylation During Pre-mRNA Processing3 

 

3.1. Introduction  
 

In eukaryotes, zinc finger proteins (ZFs) play important roles in transcription, 

translation and regulation. It is estimated that 5% of all human proteins are ZFs, and these 

proteins share the common feature of having modular domains with a combination of 

cysteine and histidine residues that function as ligands to bind zinc [44]. Once zinc is 

bound, ZFs adopt distinct secondary structures that facilitate RNA, DNA and protein 

binding [40, 42, 43, 47, 48, 197, 198, 235]. ZFs are classed based upon their domain 

identity and architecture, and a class that has received considerable attention in recent years 

is the CCCH class [197, 200, 236]. The CCCH ZF motif has been identified in the sequence 

of numerous proteins with roles in RNA regulation including RNA metabolism, splicing, 

decay, and translation [40, 197, 200, 236].  CCCH type ZFs typically have between 1-6 

domains, and there is emerging evidence that ZFs with CCCH domains preferentially 

recognize AU rich RNA target sequences [55, 96, 197, 200, 232, 236, 237].  

One member of the CCCH class of ZFs is cleavage and polyadenylation specificity 

factor 30 (CPSF30) [209]. CPSF30 contains five CCCH ZF domains and a singular CCHC 

or zinc knuckle domain. CPSF30 is part of a complex of proteins called CPSF that regulate 

pre-mRNA processing [55, 83, 88, 201-203]. During pre-mRNA processing, the CPSF 

complex facilitates recognition of the polyadenylation sequence (PAS), cleavage of the 3’ 

end, recruitment of poly(A) polymerase, and the subsequent addition of a poly adenosine 

 
3 Adapted from publication: Pritts, J.D., Oluyadi, A.A., Huang, W., Shimberg, G.D., 
Kane, M.A., Wilks, A., and Michel, S.L.J., 2021, Biochemistry, 60(10): 780-790 
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tail, also known as polyadenylation (Figure 3.1A). Studies utilizing nuclear extracts that 

contain the CPSF proteins, the purified CPSF complex, and in vitro translated CPSF 

proteins have identified some of the protein-protein and protein-RNA interactions within 

the CPSF complex [84, 209, 238, 239]. The individual roles of the isolated CPSF proteins 

are not well understood. Our laboratory has previously reported the isolation of full length 

CPSF30 (CPSF30-FL) and a construct that contains just the five CCCH domains (CPSF30-

5F) [55, 85]. ZFs with CCCH domains often recognize AU-rich RNA target sequences [55, 

197, 240]. AU-rich sequences are present in most pre-mRNAs, therefore we investigated 

whether isolated CPSF30 binds to AU-rich RNA sequences.  We reported that both 

CPSF30-FL and CPSF30-5F bind to the AU rich sequence present within alpha-synuclein 

pre-mRNA with high affinity in a cooperative manner [55, 85]. These results identified a 

role for CPSF30 in direct RNA binding [55, 85, 102]. The AU-rich sequence that CPSF30 

binds to in pre-mRNA has the motif AAUAAA. This sequence is called the AU hexamer 

and is centrally located in the polyadenylation signal (PAS) [202]. The AU hexamer is 

present in the majority of pre-mRNAs, suggesting that this is a general target for CPSF30 

(Figure 3.1B).  
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Figure 3.1. (A) Schematic representation of polyadenylation site recognition and 
processing. The upstream element or USE is most commonly described as U-rich, the 
cleavage site most commonly occurs at a cytosine-adenosine dinucleotide sequence located 
approximately 15-30 nt downstream from the central AU hexamer (PAS), and the 
downstream element (DSE) is most commonly U or G/U rich. (B) Polyadenylation site 
occurrence based on mRNA expression frequencies determined in this study. 

 

In our work to identify the binding partner of CPSF30, we made the discovery that 

one of the CCCH domains has a 2Fe-2S cluster co-factor in lieu of zinc, with the remaining 

4 CCCH domains binding zinc [55]. This co-factor must be present for optimal RNA 

binding by CPSF30, in addition to zinc, indicating a functional role for both metals [55].  
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We also reported that  both CPSF30-FL and CPSF30-5F (which only contains the five 

CCCH domains)  bind to the AU hexamer with similar affinities, suggesting that the CCCH 

domains are important for RNA recognition [85]. Although there are not yet any structures 

of CPSF30 bound to RNA alone, two cryo-EM structures of the CPSF complex provide 

additional support for the role of the CCCH domains in binding to the AU hexamer [207, 

208]. In these structures, only ZF1-3 are visible with ZF2 and ZF3 directly binding to a 

short fragment of  RNA (10 and 17 mer) at adenosines 1/2 and 4/5 of the AAUAAA 

sequence [207, 208].  Notably, ZF2 and ZF3 of CPSF30 are not sufficient to bind to RNA 

in isolation. We reported that a construct of CPSF30 containing just ZF2 and ZF3 does not 

bind to the AU hexamer pre-mRNA sequence [85].  

CPSF30 also binds to poly uracil RNA [85, 209]. This binding is only observed 

when the CCHC ‘zinc knuckle’ domain is present. CPSF30-5F, which contains  just the 5 

CCCH domains does not bind poly uracil RNA, indicating that the zinc knuckle present in 

CPSF30-FL is involved in direct binding [85].  Taken together, these biochemical results 

reveal that CPSF30 plays a role in pre-mRNA processing by binding to specific pre-mRNA 

sequences facilitating the transition from pre-mRNA to mRNA. 

 There are a number of diseases linked to aberrant polyadenylation [88-95, 241]. Of 

these diseases, at least 5 are associated with mutated PAS hexamer sequences within their 

pre-mRNA sequences. This led us to hypothesize that variants within the PAS hexamer 

would result in abrogation of CPSF30 binding to pre-mRNA.  To test this hypothesis, we 

utilized fluorescence anisotropy (FA), to determine the effects of these variants on 

CPSF30/RNA binding.  Herein, we report that certain variants have a profound effect on 

CPSF30/RNA binding, while others do not. We link these findings to specific hydrogen 
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bonding interactions between amino acid residues on CPSF30 and its partner RNA. We 

expand these studies to interrogate the general role of the AU hexamer in CPSF30/RNA 

binding, using both experimental and bioinformatics approaches. Studies to understand 

how CPSF30 discriminates between the AU hexamer and poly Uracil RNA sequences are 

also described and a model for CPSF30/AU hexamer/PolyU binding is proposed.  

 

3.2. Materials and Methods 
 

3.2.1. Cloning, expression, and purification of holo-CPSF30-5F and holo-CPSF30-FL.  

Cloning, expression and purification followed our published methods [55, 85, 102]. 

Briefly, CPSF30 DNA from the Bos Taurus homolog was obtained from Drs. G. Martin 

and W. Keller (University of Basel, Basel, Switzerland). CPSF30-5F (UniProtKB O19137) 

(AA 33-170) and full length (UniProtKB O19137) (AA 1-243) constructs were cloned into 

the pMAL-c5e plasmid utilizing NdeI and BamHI restriction sites and confirmed at the 

University of Maryland, Baltimore’s Biopolymer-Genomics core facility.  BL21-DE3 cells 

were transformed via heat shock with either holo-CPSF30-5F or holo-CPSF30-FL 

plasmids. Transformed cells were incubated at 37°C for 45 minutes. Overnight cultures 

containing 50 mL of Lennox modified LB broth supplemented with 100 µg/mL of 

ampicillin was inoculated with 150 µL of transformed cells and allowed to grow overnight 

at 37°C with shaking. The following day, 10-15 mL of overnight culture were used to 

inoculate 4 L culture flasks containing 1 L of Lennox modified LB broth supplemented 

with 100 µg/mL ampicillin and 0.2% (w/v) glucose. Cell cultures were grown at 37°C with 

shaking to an optical density of approximately 0.3 where flasks were supplemented with 

0.8 mM ZnCl2 and 0.6 mM FeCl3. Once cultures reached an optical density between 0.5-



95 
 

0.6, they were supplemented with 0.4 mM Na2S•9H2O and induced with 1 mM IPTG. 

Flasks were incubated at 37°C for 3 hours with shaking and then centrifuged at 7800 x g 

for 20 minutes at 4°C and stored at -20°C.   

For purification of holo-CPSF30-5F, pellets were re-suspended in 25 mL of buffer 

(20 mM Tris and 200 mM NaCl at pH 7.5). A protease inhibitor tablet was added to prevent 

protein degradation. Sonication was utilized for cell lysis and cell lysate was then 

centrifuged at 17,710 x g for 20 minutes at 4°C. The sonicated supernatant was loaded onto 

an amylose resin gravity column (15 mL bed volume) and allowed to flow through. The 

resin was washed with 45 mL of cold buffer (20 mM Tris, 200 mM NaCl, at pH 7.5) four 

times. Protein was eluted three times with 15 mL of cold elution buffer (20 mM Tris, 200 

mM NaCl, 30 mM maltose, at pH 7.5) producing a total of 45 mL of isolated protein. The 

UV-visible spectrum of each elution was recorded and the protein was concentrated 

utilizing a 30 kDa molecular weight cut off spin filter. Holo-CPSF30-5F was buffer 

exchanged for fluorescence anisotropy studies (20mM Tris, 100 mM NaCl, at pH 8). The 

protein concentration was determined utilizing a calculated extinction coefficient of 85400 

M-1 cm-1 at 278 nm and purity was assessed with SDS-PAGE while metal occupancy was 

determined utilizing ICP-MS. Holo-CPSF30-FL was expressed and purified similarly to 

holo-CPSF30-5F with the following exceptions. Sonicated supernatant was supplemented 

with 300 mM NaCl and added to 15 mL of amylose resin. The supernatant and resin were 

incubated for 15-20 minutes with shaking and then allowed to flow through. The salt 

concentration was decreased with subsequent washes and protein was eluted utilizing a 20 

mM Tris, 200 mM NaCl, and 30 mM maltose buffer at pH 7.5. The calculated extinction 

coefficient utilized for holo-CPSF30-FL was 88200 M-1 cm-1.  
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3.2.2. Inductively coupled plasma mass spectrometry (ICP-MS).  

Protein metal occupancy was determined utilizing ICP-MS as previously 

described.[85, 102] Protein samples were diluted to 1 µM with 6% nitric acid with a final 

volume of 2 mL. A mixing T was utilized to run sample and internal standard containing 

Rh, Bi, Ge, and Sc to the nebulizer. Samples were measured in He mode to prevent 

interference with argon oxide.  

 

3.2.3. Fluorescence Anisotropy (FA).  
 

  An FA binding assay was utilized to measure the affinities of CPSF30 (5F and full 

length) on RNA variants. RNA oligonucleotides with a 3’ 6-FAM (6-carboxyfluorescein) 

conjugated fluorescent molecule were purchased from Sigma at HPLC purified grade. ISS 

K2 and PC-1 spectrofluorometers were configured in the L format and utilized for FA 

binding studies. FA experiments were conducted by employing an excitation 

wavelength/slit width of 495 nm/2 mm and emission wavelength/slit width of 517 nm/1 

mm. FA experiments were performed in 20 mM Tris, 100 mM NaCl, 0.3 mg/ml Poly(C), 

and 0.1 mg/ml bovine serum albumin at pH 8 with 5 nM fluorescently labeled RNA in 5 

mm Spectrosil far-UV quartz window fluorescence cuvettes (Starna Cells). Either 

CPSF30-FL or CPSF30-5F were titrated into the cuvette until saturation. The anisotropy 

and total fluorescence intensity were then recorded. Raw anisotropy values were volume 

corrected and then corrected for changes in fluorophore quantum yield utilizing the 

following equation:  

𝑟𝑟𝑐𝑐 =
𝑟𝑟0(𝑟𝑟𝑏𝑏 − 𝑟𝑟) + 𝑟𝑟𝑟𝑟(𝑟𝑟 − 𝑟𝑟0)
𝑟𝑟𝑏𝑏 − 𝑟𝑟 + 𝑟𝑟(𝑟𝑟 − 𝑟𝑟0)
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  Where rc is the corrected anisotropy, r0 is the anisotropy of the free fluorescently 

labeled RNA, rb is the anisotropy of the protein-RNA complex at saturation and r is the 

raw anisotropy.   

  Data were then analyzed utilizing Graphpad Prism 5 fit to a cooperative binding 

model as follows: 

𝑛𝑛𝑛𝑛 + 𝑅𝑅 ⇌ 𝑛𝑛𝑛𝑛𝑅𝑅 

𝐾𝐾 =
[𝑛𝑛𝑛𝑛𝑅𝑅]

[𝑛𝑛]𝑛𝑛[𝑅𝑅]
 

𝑟𝑟𝑡𝑡𝑐𝑐 = 𝑟𝑟0 + (𝑟𝑟𝑏𝑏 − 𝑟𝑟0)
( [𝑛𝑛]
[𝑛𝑛]1/2

)ℎ

1 + ( [𝑛𝑛]
[𝑛𝑛]1/2

)ℎ
 

Where, h is the Hill coefficient, rtc is the total corrected anisotropy, [P] is the protein 

concentration and [P]1/2 is the protein concentration at half the saturation value. All 

titrations were performed in triplicate or higher, and conducted in tandem with a positive 

control of either α-syn24 or α-syn30 to confirm protein/RNA binding activity.  

 

3.2.4. Fluorescence anisotropy competition assays.  
 

A forward titration of CPSF30-FL protein to fluorescently labeled RNA was 

conducted as described in the “Fluorescence anisotropy (FA)” methods section to 

determine protein concentrations needed to reach 75% complex formation. Competition 

assays were performed by first adding CPSF30-FL protein to achieve a starting anisotropy 

value equal to approximately 75% complex formation (301 nM protein for α-syn24 complex 

and 198 nM for polyU complex). Unlabeled RNA was titrated into the cuvette until 

anisotropy values reached saturation equal to free fluorescently labeled RNA. 
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3.2.5. RNA oligonucleotides.  
 

  All RNA oligonucleotides were purchased desalted and HPLC purified and their 

sequences are listed below in Table 3.1.  

Table 3.1. RNA oligomers utilized in this study. The polyadenylation sequence is 
underlined and PAS variants are shown in red 

RNA Name RNA Sequence 
ASYN-24 CACUUUAAUAAUAAAAAUCAUGCU 

ASYN-30 UCUCACUUUAAUAAUAAAAAUCAUGCUUAU 
α-thalassemia UCUCACUUUAAUAAUAAGAAUCAUGCUUAU 

β-thalassemia UCUCACUUUAAUAACAAAAAUCAUGCUUAU 

IPEX UCUCACUUUAAUAAUGAAAAUCAUGCUUAU 
LUPUS UCUCACUUUAAUAAUAGAAAUCAUGCUUAU 

FABRY UCUCACUUUAAUAUUAAGAAUCAUGCUUAU 

P2AtoG UCUCACUUUAAUAGUAAAAAUCAUGCUUAU 
P2AtoU UCUCACUUUAAUAUUAAAAAUCAUGCUUAU 

P4AtoC UCUCACUUUAAUAAUCAAAAUCAUGCUUAU 

P5AtoC UCUCACUUUAAUAAUACAAAUCAUGCUUAU 
P6AtoC UCUCACUUUAAUAAUAACAAUCAUGCUUAU 

Most freq fl UCUCACUUUAAAAAUAAAAAACAUGCUUAU 

Least freq fl UCUCACUUUUCGAAUAAAUCGCAUGCUUAU 
ARE-16 AUUAUUUAUUUAUUUA 

ARE-18 UUAUUAUUUAUUUAUUUA 

ARE-20 UUUAUUAUUUAUUUAUUUAG 
ARE-24 AUUUAUUUAUUAUUUAUUUAUUUA 

ARE-30 UUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

ARE-38 GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG 

 

3.2.6. PAS hexamer bioinformatics.  
 

  Polyadenylation signal sequences of Homo sapiens were obtained from PolyASite 

Atlas V2.0 (GRCH38.96) [242]. Up to 432,444 clusters containing one of the following 

poly(A) signals residing in a region of 60 nucleotides upstream to 10 nucleotides 

downstream of a representative poly(A) site of the cluster were included in the analysis: 
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AAUAAA, AUUAAA, UAUAAA, AGUAAA, AAUACA, CAUAAA, AAUAUA, 

GAUAAA, AAUGAA, AAUAAU, AAGAAA, ACUAAA, AAUAGA, AUUACA, 

AACAAA, AUUAUA, AACAAG and AAUAAG, following the same criteria as 

Herrmann et al [242]. The frequencies of each hexamer were calculated in three forms of 

analysis; (1) site based frequency (2) cluster based frequency and (3) mRNA expression 

weighted frequency determined as follows: 

𝑆𝑆𝑆𝑆𝑡𝑡𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑒𝑒𝑟𝑟𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑛𝑛𝑓𝑓𝑓𝑓 =
𝐶𝐶𝐶𝐶𝑓𝑓𝑛𝑛𝑡𝑡 𝐶𝐶𝑒𝑒 𝑏𝑏𝑠𝑠𝑒𝑒𝑓𝑓𝑆𝑆𝑒𝑒𝑆𝑆𝑓𝑓 ℎ𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑟𝑟 𝑏𝑏𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑛𝑛𝑓𝑓𝑒𝑒

𝐶𝐶𝐶𝐶𝑓𝑓𝑛𝑛𝑡𝑡 𝐶𝐶𝑒𝑒 𝑏𝑏𝑎𝑎𝑎𝑎 ℎ𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑟𝑟𝑏𝑏
 

𝐶𝐶𝑎𝑎𝑓𝑓𝑏𝑏𝑡𝑡𝑒𝑒𝑟𝑟 𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑒𝑒𝑟𝑟𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑛𝑛𝑓𝑓𝑓𝑓 =
𝐶𝐶𝐶𝐶𝑓𝑓𝑛𝑛𝑡𝑡 𝐶𝐶𝑒𝑒 𝑓𝑓𝑎𝑎𝑓𝑓𝑏𝑏𝑡𝑡𝑒𝑒𝑟𝑟𝑏𝑏 𝑓𝑓𝐶𝐶𝑛𝑛𝑡𝑡𝑏𝑏𝑆𝑆𝑛𝑛𝑆𝑆𝑛𝑛𝑐𝑐 𝑏𝑏 𝑏𝑏𝑠𝑠𝑒𝑒𝑓𝑓𝑆𝑆𝑒𝑒𝑆𝑆𝑓𝑓 ℎ𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑟𝑟

𝐶𝐶𝐶𝐶𝑓𝑓𝑛𝑛𝑡𝑡 𝐶𝐶𝑒𝑒 𝑏𝑏𝑎𝑎𝑎𝑎 𝑓𝑓𝑎𝑎𝑓𝑓𝑏𝑏𝑡𝑡𝑒𝑒𝑟𝑟𝑏𝑏
 

𝑒𝑒𝑅𝑅𝑚𝑚𝑚𝑚 𝑒𝑒𝑒𝑒𝑠𝑠𝑟𝑟𝑒𝑒𝑏𝑏𝑏𝑏𝑆𝑆𝐶𝐶𝑛𝑛 𝑤𝑤𝑒𝑒𝑆𝑆𝑐𝑐ℎ𝑡𝑡𝑒𝑒𝑏𝑏 𝑒𝑒𝑟𝑟𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑛𝑛𝑓𝑓𝑓𝑓

=
𝑆𝑆𝑓𝑓𝑒𝑒 𝐶𝐶𝑒𝑒 𝑠𝑠𝑟𝑟𝐶𝐶𝑏𝑏𝑓𝑓𝑓𝑓𝑡𝑡𝑏𝑏 𝐶𝐶𝑒𝑒 𝑏𝑏 𝑏𝑏𝑠𝑠𝑒𝑒𝑓𝑓𝑆𝑆𝑒𝑒𝑆𝑆𝑓𝑓 ℎ𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑟𝑟 𝑏𝑏𝑛𝑛𝑏𝑏 𝑆𝑆𝑡𝑡𝑏𝑏 𝑒𝑒𝑒𝑒𝑠𝑠𝑟𝑟𝑒𝑒𝑏𝑏𝑏𝑏𝑆𝑆𝐶𝐶𝑛𝑛
𝑆𝑆𝑓𝑓𝑒𝑒 𝐶𝐶𝑒𝑒 𝑠𝑠𝑟𝑟𝐶𝐶𝑏𝑏𝑓𝑓𝑓𝑓𝑡𝑡𝑏𝑏 𝐶𝐶𝑒𝑒 𝑏𝑏𝑎𝑎𝑎𝑎 ℎ𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑒𝑒𝑟𝑟𝑏𝑏 𝑏𝑏𝑛𝑛𝑏𝑏 𝑡𝑡ℎ𝑒𝑒𝑆𝑆𝑟𝑟 𝑒𝑒𝑒𝑒𝑠𝑠𝑟𝑟𝑒𝑒𝑏𝑏𝑏𝑏𝑆𝑆𝐶𝐶𝑛𝑛𝑏𝑏

 

The data were further analyzed by a sequence logo algorithm to extract motif pattern 

information [243]. 

 

3.2.7. PAS hexamer flanking region bioinformatics.  
 

  Messenger RNA sequences of Homo sapiens were obtained from the NCBI 

reference sequence database. 3’ end sequences of transcripts were parsed by regular 

expression, and 5’ and 3’ end flanking regions of the canonical poly(A) signal (AAUAAA) 

were extracted [244]. Frequencies of each nucleotide at a position in the immediate 5’ and 

3’ flanking sequences were calculated by counting its occurrences at each up- and down-

stream position in all transcripts carrying the conserved AAUAAA hexamer. 
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3.3. Results and Discussion  

3.3.1. Disease related PAS variants abrogate CPSF30-5F/RNA binding.  
 

  The region of pre-mRNA that CPSF30 binds to is called the polyadenylation signal 

(PAS) (Figure 3.1A). Within the PAS signal, there is a conserved sequence called the 

central hexamer. This sequence is most commonly, AAUAAA, and our laboratory has 

shown that CPSF30 alone binds to this sequence with high affinity in a cooperative manner, 

when CPSF30 is loaded with both Zn and Fe (2Fe-2S cluster) [55].  Similarly, high affinity 

binding of CPSF30 to the AU hexanucleotide motif has been reported when the protein is 

in complex with other CPSF proteins (CPSF160-WDR33-FIP-1-CPSF30) [84, 239]. 

CPSF30 binding to the PAS signal is known to be a key step in the maturation of eukaryotic 

mRNAs in cells, and these studies of CPSF30 at the molecular level underscore the 

significance of the AU hexamer sequence. There have been several reports of variants 

within the AU-rich hexanucleotide sequence in diseases that involve improper 3’ end 

processing [88-95, 241].  These include α and β thalassemia - blood disorders that result in 

absent or lowered concentrations of α or β globin chains; [90, 91] IPEX 

(polyendocrinopathy, enteropathy, X-linked inheritance) syndrome - a disease that stems 

from a PAS variant in the FOXP3 gene leading to immunodeficiencies; [92] Fabry disease 

- which results from a disruption in glycosphingolipid catabolism due to a PAS variant in 

the α-galactosidase A gene; [93] and Lupus - an autoimmune disease that involves a PAS 

variant in the GIMAP5 gene [95]. We sought to determine if these disease states are 

manifest by abrogation of binding between the CCCH domains of CPSF30 and the mutated 

PAS AU hexanucleotide RNA.  Utilizing a construct of CPSF30 that contains just the 5 

CCCH domains (CPSF30-5F), that we previously reported to selectively recognize the AU-
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hexamer when loaded with Zn and a 2Fe-2S cluster, [55] we measured the affinity of 

CPSF30-5F for 5 disease related RNA PAS variants (α-thalassemia (ATHA, sequence: 

AAUAAG), β-thalassemia (BTHA, sequence: AACAAA), IPEX (AAUGAA), Fabry 

(AUUAAG), and Lupus (AAUAGA)). The experiments performed utilized fluorescence 

anisotropy (FA), and involved titrating CPSF30-5F with fluorescently labeled RNA 

molecules that correspond to the PAS variants (Table 3.2) [85]. As table 3.2 and figure 

3.2 show, CPSF30-5F/RNA binding was abrogated for three of the variants: IPEX, Fabry 

and Lupus. In contrast, binding was retained for the α and β thalassemia variants and was 

of the same order of magnitude as that observed for the native PAS signal sequence (Table 

3.2). All of the variants evaluated were single base variants within the AU hexamer 

sequence, except for the Fabry variant which had two base modifications: positions 2 and 

6 (P2AtoU and P6AtoG). Notably, these single variants in positions 2 and 6 alone do not 

affect CPSF30-5F /RNA binding indicating that variants at both positions within the 

hexamer must be present to have an effect on binding (Tables 3.2 and 3.3).  Taken 

together, we suggest that the loss in binding affinity of CPSF30’s CCCH ZFs to the IPEX, 

Fabry, and Lupus disease related RNA variants may contribute to the mechanisms of these 

diseases; whereas, CPSF30 may not play a key role in ATHA and BTHA. 

Table 3.2. Sequences of the RNA oligonucleotides corresponding to disease variants 
related to the PAS and the binding constants [P1/2] and Hill coefficients determined from 
titrations with CPSF30-5F fit to a cooperative binding model (± SD). 

 
a From ref 25.  
 

Name Sequence A1A2U3A4A5A6 (5’→ 3’) Hill coefficient [P]1/2 (nM)             
α-syn30 UCUCACUUUAAUAAUAAAAAUCAUGCUUAU 1.8a 178 ± 24a 

ATHA UCUCACUUUAAUAAUAAGAAUCAUGCUUAU 2.0 135 ± 6.3 
BTHA UCUCACUUUAAUAACAAAAAUCAUGCUUAU 2.1 148 ± 9.0 
IPEX UCUCACUUUAAUAAUGAAAAUCAUGCUUAU - n.b  

LUPUS UCUCACUUUAAUAAUAGAAAUCAUGCUUAU - n.b  
FABRY UCUCACUUUAAUAUUAAGAAUCAUGCUUAU - n.b  
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Figure 3.2. (A) Cryo-EM structure of CPSF160, WDR33, CPSF30 and RNA, focused on 
CPSF30 (ZF1,2,3) bound to RNA (sequence 5’-AACCUCCAAUAAACAAC-3’). Panels 
show the interactions of each nucleotide of the AAUAAA hexamer with amino acids from 
CPSF30.  Hydrogen bonds between bases and amino acids are shown by yellow dotted 
lines. The figure was generated in Pymol (PDB 6BLL). (B) Oligonucleotide sequences of 
the PAS hexamers investigated in this study with variants from the canonical AU-hexamer 
highlighted in red. (C) Fluorescence anisotropy titrations of PAS RNA variant sequences 
with CPSF30-5F (α-syn30 green squares, ATHA dark blue circles, BTHA purple triangles, 
IPEX light blue diamonds, LUPUS red circles, FABRY brown inverted triangles). (D) 
Fluorescence anisotropy titrations of single nucleotide PAS RNA variant sequences with 
CPSF30-5F (α-syn30 green squares, P2AtoG red circles, P2AtoU purple triangles, P4AtoC 
inverted orange triangles, P5AtoC dark blue diamonds, P6AtoC grey squares). An average 
of three titrations is plotted, and the error is shown as the standard error of the mean (SEM). 
Data are fit to a cooperative binding model.  
 

  To better understand why the α and β thalassemia variants (ATHA and BTHA) did 

not exhibit loss in binding to CPSF30-5F, we mapped the mutated ATHA and BTHA RNA 

sequences onto a recent cryo-EM structure of the CPSF complex. In these structures, 

CPSF30 is partially visible with ZFs 1, 2 and 3 present. CPSF30’s CCCH ZF domains 2 

and 3 interact directly with adenosines 1, 2, 4, and 5 of the hexamer (AAUAAA) [207, 

208]. The ATHA and BTHA variants are in positions 3 and 6 of the hexamer, which are 

not involved in direct binding with CPSF30 (Figure 3.2A). Positions 3 and 6 are 
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recognized by WDR33 in the CPSF complex, therefore variants in this region likely affect 

other partners in the CPSF complex [207, 208]. 

3.3.2. Effects of single PAS variants on CPSF30-5F/RNA binding.  
 

  The finding that single nucleotide variations within the AU-hexamer RNA 

sequence can abrogate binding between CPSF30-5F and RNA led to the question: how 

important is sequence conservation within the AU hexamer for CPSF30 binding? To 

address this question, we examined variants in positions 4 and 5 of the AU hexamer (Table 

3.2). These positions were chosen because the disease variants revealed that A to G 

transitions (purine to purine) in those positions abrogated binding. The cryoEM structure 

indicates that the amine group on A4 and A5 hydrogen bond to E95 and N107 amino acids 

in CPSF30, respectively (Figure 3.2). The variant chosen was an A to C, or purine to 

pyrimidine change within the hexamer. This variant is predicted to retain hydrogen bonding 

via an amine group, and we hypothesized that CPSF30-5F/ RNA binding would be 

retained. This prediction was confirmed by the FA data: CPSF30-5F bound to the PAS 

RNA sequences with the A to C variations in positions 4 and 5 of the AU hexamer, albeit 

with slightly weaker affinities as those measured for the native RNA target sequence 

(Table 3.3). These results support a role for hydrogen bonding in high affinity binding of 

CPSF30 to the PAS hexamer.  
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Table 3.3. RNA oligonucleotide sequences of variants within the PAS and the binding 
constants [P1/2] and Hill coefficients determined from titrations with CPSF30-5F fit to a 
cooperative binding model (± SD).  
 

 

  We also examined a P2AtoU variation. This variant was chosen because AUUAAA 

is the second most common PAS hexamer at ~10% of human polyA selection sites and we 

predicted that the variant would not affect CPSF30/PAS RNA binding.  The FA data 

supported this prediction:  the AUUAAA sequence exhibited comparable CPSF30 binding 

as the AAUAAA sequence ([P]1/2 207 ± 0.60 nM) versus 178 ± 24 nM) (Table 3.3). We 

note that in nuclear extracts the AUUAAA polyadenylation site exhibits 77% of the 

processing efficiency, which is defined by Sheets et al as the percentage of polyadenylated 

product of a mutated PAS as compared to the canonical site AAUAAA, suggesting a 

potential connection between binding affinity and processing efficiency (Table 3.4) [238]. 

The affinity of CPSF30 for a P2AtoG variant was also examined. Here, the prediction was 

that the variants would abrogate binding because this same A to G variant in positions 4 

and 5 of the hexamer abrogates binding; however, the P2AtoG variants retained RNA 

binding, although it was weaker than that measured for the native RNA target (Table 3.3). 

This suggests that the identity of the base in position two can be variable.  On the cellular 

level, there is a body of literature that has measured polyadenylation efficiency mediated 

by CPSF30 (as part of a nuclear extract that contains the other CSPF proteins) as a function 

of RNA sequence [238]. In these studies, it has been reported that variants to the AAUAAA 

Name Sequence (5’→ 3’) Hill Coefficient [P]1/2 (nM)             
P2AtoG UCUCACUUUAAUAGUAAAAAUCAUGCUUAU 1.4 376 ± 12 
P2AtoU UCUCACUUUAAUAUUAAAAAUCAUGCUUAU 1.2 207 ± 0.60 
P4AtoC UCUCACUUUAAUAAUCAAAAUCAUGCUUAU 1.4 335 ± 38 
P5AtoC UCUCACUUUAAUAAUACAAAUCAUGCUUAU 1.2 278 ± 29 
P6AtoC UCUCACUUUAAUAAUAACAAUCAUGCUUAU 1.4 309 ± 26 
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hexamer to guanine in positions 3, 4, and 5 significantly attenuate polyadenylation 

efficiency:  <6% the polyadenylation efficiency as AAUAAA; whereas, this same guanine 

variant in position 2 (P2AtoG transition) only lowers the polyadenylation efficiency to 29% 

of the efficiency compared to the canonical AAUAAA hexamer. These data suggest that 

the identity of the base in position two is not as important for function [238].  Thus, the 

finding that the P2AtoG transition does not severely affect CPSF30/RNA binding may be 

connected to polyadenylation efficiency.  

Table 3.4. Comparison of single mutation binding affinities to CPSF30-5F discussed in 
this paper to previous in vitro polyadenylation efficiency studies of nuclear extract to single 
mutations performed by Sheets et al.[238] 

 

 

 

 

 

Mutation This paper ([P]1/2 nM) 
This paper (% 

binding affinity of 
AAUAAA) 

Sheets et al (% 
polyadenylation efficiency 

of AAUAAA) 
AAUAAA 177.6 ± 23.6a 100 100 

ATHA  135.3 ± 6.3 131 1.7 ± 0.6 

BTHA 148.1 ± 9.0 120 4.0 ± 2.0 

IPEX n.b n.d. 4.3 ± 1.7 

LUPUS n.b  n.d. 3.3 ± 1.5 

P2AtoG 376.2 ± 12.3 47.2 29 ± 8.1 

P2AtoU 207.4 ± 0.6 85.6 77 ± 4.7 

P4AtoC 334.9 ± 37.6 53.0 4.0 ± 1.7 

P5AtoC 277.9 ± 29.4 63.9 11 ± 2.3 

P6AtoC 308.8 ± 25.7 57.5 3.7 ± 0.5 
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3.3.3. Bioinformatic analysis of PAS hexamers to identify common sequence 
variations.  
 

The RNA binding studies revealed that CPSF30 will bind to sequences that are 

modified from the canonical AAUAAA hexamer PAS, and we sought to define the 

common sequence variations that are present within the PAS hexamer sequence. The PAS 

is known to have some sequence variability, and there have been several studies that 

utilized bioinformatics to identify this variability [213, 245-247]. Building upon these 

studies, we applied a bioinformatics approach to identify the PAS site variability in pre-

mRNAs from H. sapiens.  We utilized the PolyASite 2.0 database, developed by Herrmann 

et al, [242] to identify the most abundant AU-hexamer type sequences.  The pre-mRNA 

sequences that were parsed in our bioinformatics analysis were defined as those between -

60 to +10 nucleotides relative to the polyA site [242].  In some cases, more than one PAS 

signal was found in this region. In this case, the most defined site was called the 

‘representative’ site, and the remaining signals were called ‘clustered’ as described by 

Herrmann et al [242]. The results were grouped in three manners: (i) site based frequency, 

(ii) cluster-based frequency and (iii) mRNA expression weighted frequency (Table 3.5).  

Site based frequency is the ratio of each hexamer’s occurrence in all signals found, cluster 

based frequency is the fraction of clusters containing the hexamer and mRNA expression 

weighted frequency is the fraction of the sequence present in the total number of mRNAs 

that are expressed.  The sequences identified from our analysis are listed in table 3.5. Each 

PAS hexamer sequence is presented with a value assigned based upon the type of grouping. 

A value of 1 would mean that the sequence is present 100% of the time.  The most abundant 

sequences are colored red and the least abundant sequences are colored green, with 

gradations between the two colors reflective of the frequency of each sequence. Notably, 
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in all three groupings the most abundant sequence is the canonical hexamer – AAUAAA 

as predicted. Sequence logos were generated for each grouping, shown at the top of table 

3.5. In these logos, the base at position 2 is the least conserved, which is consistent with 

the CPSF30/RNA binding data whereby variants at this position have little effect on 

binding affinity (vide supra). 

Table 3.5. Heat maps generated from bioinformatic analyses of the most frequent PAS 
hexamer sequences in H. sapiens based upon site, cluster, and mRNA expression 
weighted frequencies. A heat map is shown going from most frequent to least frequent 
(red-yellow-green respectively). 

 

 

 

 

PAS 
Signal  Site based frequency Cluster based 

frequency 
mRNA expression 
weighted frequency 

 

Sequence 
logo 

 

  

 

AAUAAA 0.2977 0.5885 0.4790  

AUUAAA 0.1031 0.2039 0.1096  

AAGAAA 0.0795 0.1572 0.0433  

AAUAAU 0.0591 0.1168 0.0420  

AACAAA 0.0587 0.1160 0.0375  

UAUAAA 0.0581 0.1148 0.0396  

AAUAUA 0.0511 0.1010 0.0284  

AAUGAA 0.0429 0.0848 0.0412  

AGUAAA 0.0360 0.0712 0.0282  

AAUACA 0.0320 0.0632 0.0121  

AUUAUA 0.0309 0.0611 0.0185  

CAUAAA 0.0296 0.0586 0.0215  

GAUAAA 0.0245 0.0483 0.0143  

ACUAAA 0.0234 0.0462 0.0229  

AAUAGA 0.0204 0.0403 0.0114  

AAUAAG 0.0200 0.0396 0.0127  

AUUACA 0.0176 0.0348 0.0121  

AACAAG 0.0153 0.0302 0.0159  
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3.3.4. Bioinformatics of AU hexamer flanking regions.  
 

  The alpha-synuclein pre-mRNA sequence utilized in these studies of CPSF30/RNA 

binding contains AU sequences at the immediate 3’ and 5’ flanking regions (AAU). 

Inspection of other pre-mRNA sequences revealed that AU rich sequences often extend 

beyond the AU-hexamer. This suggests that pre-mRNA sequences have a built-in 

redundancy. This sequence redundancy could be important for CPSF30/RNA binding or 

for mitigating any effects of variants to the AU hexamer motif on CPSF30/RNA binding. 

To determine whether our observation that AU sequences often extend beyond the AU 

hexamer is a general feature of all pre-mRNAs, we performed a bioinformatic analysis of 

the 5’ and 3’ flanking regions of the AAUAAA PAS hexamer.  62,391 human gene 

transcript variants from the NCBI non-redundant database were examined and the 

frequency with which each of the four bases occurred in each flanking region was 

determined. As shown in Table 3.6 and Figure 3.3, adenosines and uracils occurred on 

average twice as frequently than cytosines and guanines in the flanking regions. For the 5’ 

and 3’ flanking regions AAA was the most frequent flanking region and UCG was the least 

frequent. 
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Table 3.6. (Top) Sequence of the PAS with the nucleotide positions of the 5’ and 3’ 
flanking regions indicated. (Bottom) Comparison of the frequency with which each 
nucleotide in the immediate 5’ and 3’ flanking regions of the PAS occurs. Data from a 
bioinformatic analysis utilizing the NCBI non redundant database. 

 

 

 

Figure 3.3. (A) Diagram depicting the mutations made for the most frequent and least 
frequent flanking regions of the PAS. (B) Fluorescence anisotropy binding Kds (± SD) of 
CPSF30-5F to mutant RNA oligos designed using a bioinformatic analysis investigating 
the 3’ and 5’ flanking regions of the PAS. 

 

5' 3'A A U A A U A A A A A U
P1 P2 P3 P1 P2 P3

5’ Flanking region 
 P1 P2 P3 
A 0.30 0.31 0.43 
U 0.35 0.36 0.24 
C 0.17 0.15 0.21 
G 0.17 0.17 0.12 

3’ Flanking region 
 P1 P2 P3 
A 0.39 0.32 0.27 
U 0.23 0.32 0.37 
C 0.15 0.16 0.18 
G 0.23 0.19 0.17 
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  The higher frequency with which the adenine and uracil residues are present in the 

AU-hexamer flanking regions compared to guanine and cytosine suggests that they may 

contribute to CPSF30/RNA binding. To test this hypothesis, fluorescence anisotropy (FA) 

binding assays were conducted for CPSF30-5F with α-syn30 variants in which the flanking 

regions of α-syn30 were mutated to AAA and UCG. CPSF30-5F bound to the α-syn30 AAA 

flanking region variant with an affinity of 226 ± 1.6 nM (compared to 178 ± 24 nM  for 

native α-syn30); while the affinity of CPSF30-5F α-syn30 for the UCG flanking region 

variant was weaker, 309 ± 25 nM (Table 3.7).  These data support a role for flanking region 

AU sequence in CPSF30/pre-mRNA binding.  We propose that the AU-rich flanking 

sequences may serve as either redundant sequences to ensure PAS recognition or to fine 

tune the efficiency of one PAS versus another.  

Table 3.7. RNA oligonucleotide sequences derived from a bioinformatic analysis of the 
5’ and 3’ flanking regions of the PAS and their apparent dissociation constants (± SD) to 
CPSF30-5F. 

 

 

3.3.5. CPSF30-5F binds to AU-rich element (ARE) RNA sequences. 
  
  CPSF30 belongs to the CCCH class of ZF proteins. The best studied protein in this 

class is tristetraprolin (TTP) which regulates mRNA transcripts by selectively recognizing 

and binding to the mRNA sequence UUUAUUUAUUU (also called the ARE), which is 

present in the 3’ untranslated region of mRNA [96, 248]. This ZF/RNA binding event is 

important for regulating the stability of the mRNA and its ability to be marked for rapid 

degradation during stress responses [232, 233, 236, 240]. Given the high sequence 

Name Sequence (5’→ 3’) Hill 
coefficient 

CPSF30-5F 
[P]1/2 (nM)             

Most freq fl UCUCACUUUAAAAAUAAAAAACAUGCUUAU 2.0 226 ± 1.6 

Least freq fl UCUCACUUUUCGAAUAAAUCGCAUGCUUAU 1.5 309 ± 25 
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homology between the CCCH ZF domains of CPSF30 and TTP, we predicted that CPSF30 

would also bind to the ARE sequence (Figure 3.4). To test this hypothesis, the affinities 

of CPSF30-5F for a series of oligonucleotides with the ARE sequence (from TNF-α 

mRNA) of varied lengths – 16 – 38 nucleotides- were measured.  Tight binding, on par 

with that reported for the AU hexamer was observed for oligonucleotides with a length of 

24 or longer (Table 3.8, Figure 3.5). These data contrast with our previously obtained data 

for non-ARE sequences: CPSF30 does not bind to control RNAs including GU-rich, 

polyU, polyC, Rβ31, and others [55, 85]. The finding that both CPSF30 and TTP selectively 

recognize AU-rich RNA sequences suggests that other ZFs that contain CCCH domains 

may also preferentially bind AU-rich RNA sequences. Future experiments will test this 

hypothesis.  

 

Figure 3.4. Sequence comparison of CPSF30 and TTP CCCH ZF domains. 

 
Table 3.8. RNA oligonucleotide sequences from the ARE region of TNF-α and their 
relative dissociation constants (± SD) to CPSF30-5F. 

 
 

Name Sequence (5’→ 3’) Hill 
coefficient 

[P]1/2 
(nM)             

ARE-16 AUUAUUUAUUUAUUUA 3.6 1000 ± 82 

ARE-18 UUAUUAUUUAUUUAUUUA 2.1 671 ± 49 

ARE-20 UUUAUUAUUUAUUUAUUUAG 2.1 499 ± 37 

ARE-24 AUUUAUUUAUUAUUUAUUUAUUUA 1.8 265 ± 31 

ARE-30 UUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 3.0 163 ± 10 

ARE-38 GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG 2.5 141 ± 5.0 
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Figure 3.5. The apparent dissociation constants are shown of CPSF30-5F to various 
lengths of AU rich element RNA. 

   

3.3.6. Addition of the zinc knuckle domain to CPSF30 restores RNA binding. 
 

  Full length CPSF30 contains a ‘CCHC’ zinc knuckle domain at the C-terminus, in 

addition to the five CCCH domains that make up CPSF30-5F. Zinc knuckle domains often 

recognize U-rich sequences, and we have reported that full length CPSF30 binds to a polyU 

RNA sequence, in addition to the AU hexamer.[85] We have also found that when 4 of 6 

residues within the hexamer (CCUCCA) are modified in the context of α-syn, full length 

CPSF30 still binds to PAS RNA, albeit with weaker affinity. This was attributed to the 

presence of a polyU sequence outside of the hexamer of α-syn RNA.[85]  Based upon these 

results, we proposed that the loss of RNA binding observed here for CPSF30-5F with the 

PAS variants would be recovered by addition of the zinc knuckle domain to the protein 

construct (CPSF30-FL). FA experiments confirmed this hypothesis – as shown in table 

3.9, CPSF30-FL bound to all of the RNA variants. Pre-mRNA sequences contain U-rich 

motifs at the 3’ end, in addition to the AU hexamer sequence, and the RNA binding 
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observed for full length CPSF30 is likely due to the zinc knuckle domain binding to the U-

rich sequence present in alpha-syn RNA. 

Table 3.9. RNA oligo sequences of mutations within the PAS and their apparent 
dissociation constants (± SD) to CPSF30-FL. 

 

  The finding that full length CPSF30 binds to both an AU hexamer sequence and a 

polyU sequence brings up the question as to whether one sequence is preferentially 

recognized over the other. FA monitored competition experiments were performed to 

determine whether there is a preference.  In the first experiment, the CPSF30-FL/α-syn24 

RNA complex was formed (with fluorescence labeled α-syn24) after which non-fluorescent 

labeled polyU RNA was titrated and the effect on fluorescence anisotropy was measured. 

In the second experiment, the CPSF30-FL/polyU RNA complex was formed and non-

fluorescently labeled α-syn24 RNA was titrated and the effect on fluorescence anisotropy 

was measured. As shown in Figure 3.6 and 3.7, significantly less polyU RNA has to be 

titrated with CPSF30-FL/α-syn24 (20 nM) than AU hexamer (α-syn24) with CPSF30-

FL/polyU (7015 nM) to displace the starting RNA sequence. These results reveal that 

CPSF30-FL preferentially binds to the polyU RNA.  

Name Sequence (5’→ 3’) Hill 
coefficient [P]1/2 (nM)             

IPEX UCUCACUUUAAUAAUGAAAAUCAUGCUUAU 2.3 91.9 ± 4.5 

LUPUS UCUCACUUUAAUAAUAGAAAUCAUGCUUAU 1.9 84.2 ± 8.8 

FABRY UCUCACUUUAAUAUUAAGAAUCAUGCUUAU 2.0 84.9 ± 5.8 

P2AtoG UCUCACUUUAAUAGUAAAAAUCAUGCUUAU 1.7 107.9 ± 6.2 

P2AtoU UCUCACUUUAAUAUUAAAAAUCAUGCUUAU 1.7 79.8 ± 2.5 

P4AtoC UCUCACUUUAAUAAUCAAAAUCAUGCUUAU 2.5 118.4 ± 5.1 

P5AtoC UCUCACUUUAAUAAUACAAAUCAUGCUUAU 2.4 92.1 ± 6.3 

P6AtoC UCUCACUUUAAUAAUAACAAUCAUGCUUAU 1.5 96.4 ± 10.7 

Most freq fl UCUCACUUUAAAAAUAAAAAACAUGCUUAU 2.0 94.1 ± 6.3 

Least freq fl UCUCACUUUUCGAAUAAAUCGCAUGCUUAU 1.5 82.2 ± 6.3 
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Figure 3.6. Competitive titration of unlabeled α-syn24 with 5 nM polyU-F and 198 nM 
CPSF30-FL (purple); competitive titration of unlabeled polyU with 5 nM α-syn24 -F and 
301 nM CPSF30-FL (red). Experiments were performed in 20 mM Tris, 100 mM NaCl, 
0.3 mg/ml Poly(C), and 0.1 mg/ml BSA, pH 8 buffer. Inset: Zoom in of titration data 
between 0-80 nM titrant RNA. 

 

Figure 3.7. Competitive titration of unlabeled α-syn24 with 5 nM α-syn24-F and 301 nM 
CPSF30-FL (purple triangles); competitive titration of unlabeled polyU with 5 nM α-syn24-
F and 301 nM CPSF30-FL (pink circles). Experiments were performed in 20 mM Tris, 100 
mM NaCl, 0.3 mg/ml Poly(C), and 0.1 mg/ml BSA, pH 8 buffer. Inset: Zoom in of titration 
data between 0-150 nM titrant RNA. An average of two trials is plotted and error is shown 
as the standard error of the mean.  
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3.4. Conclusions 

  CPSF30 is a multi-domain ZF protein that contains both CCCH and CCHC 

domains, along with an Fe-S co-factor. CPSF30 binds to two highly conserved pre-mRNA 

sequences AAUAAA (the PAS hexamer) and U-rich (poly Uracil).  We have identified 

single nucleotide variants within the PAS hexamer that severely attenuate and, in some 

cases, abrogate CPSF30-5F/RNA binding.  Some of the variants are associated with disease 

states that involve altered PAS signals. These findings suggest a potential link between 

CPSF30 function and these diseases. We have also demonstrated that CPSF30 binds to 

RNA sequences that are AU-rich, with high affinity and selectivity. These results support 

a growing body of evidence that CCCH type ZFs preferentially bind AU-rich RNA 

sequences. As such, we predict that newly identified CCCH type ZFs will be found to target 

AU rich RNA sequences when they are isolated and studied experimentally.  

  The addition of the C-terminus zinc knuckle domain to CPSF30-5F (forming 

CPSF30-FL) restores binding to the pre-mRNA sequences for which the PAS hexamer has 

been mutated. The zinc knuckle domain recognizes a polyU sequence on pre-mRNA, and 

these results suggests a hierarchy in RNA binding by CPSF30, whereby polyU binding 

occurs preferentially to PAS binding.  We propose that the hierarchy of RNA binding 

observed in vitro is connected to the accessibility of specific sequence motifs within the 

pre-mRNA targets of CPSF30.  During pre-mRNA processing, U-rich RNA binding 

proteins are often expressed and regulate pre-mRNA via direct protein/RNA binding 

interactions. When these U-rich RNA binding proteins are present and bound to pre-

mRNA, U-rich sequences will be inaccessible for CPSF30 binding. Consequently, CPSF30 

will bind to the AU hexamer of the PAS.  This hypothesis has support in the biological 
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literature. For example, when the polyU binding protein HNRNPC is absent 

(downregulated), PAS sites with U-rich motifs in close proximity are used more often in 

pre-mRNA processing, suggesting that CPSF30 is involved in binding to these 

motifs.[246]   Taken together, we propose a model whereby U-rich binding proteins block 

binding of CPSF30 to the poly-U sequence by rendering the polyU sequence inaccessible, 

thereby promoting PAS binding. When the U-rich binding proteins are downregulated, the 

polyU sequence is made accessible to CPSF30 and direct binding to polyU occurs (Figure 

3.8). In addition, during oogenesis, CPSF30 has been found to be involved in cytoplasmic 

polyadenylation. For this process to occur efficiently both AAUAAA and a U-rich motif 

are needed, suggesting an additional role of multi-RNA binding by CPSF30.[249-252] 

Future studies in cells will test these predictions. 
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Figure 3.8. Possible mechanism by which U-rich binding protein HNRNPC down 
regulation leads to increased PAS site usage with U-rich regions in close proximity to the 
PAS.  
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Chapter 4 - Spectroscopic and Functional Characterization of CPSF30’s CCCH 
coordinated [2Fe-2S] Cluster4 

 

4.1. Introduction 
 

Transcription produces pre-mRNA which then must be processed to mature 

mRNA.  Pre-mRNA processing is vital to maintaining cellular homeostasis. The transition 

from pre-mRNA to mature mRNA involves the cleavage of the 3’ end, intron and exon 

splicing, and the addition of a 3’ poly adenosine tail. This process is mediated by the 

cleavage and polyadenylation specificity factor (CPSF) complex. This transition requires 

multiple proteins: CPSF160, CPSF100, CPSF30, Fip1, and WDR33 that facilitate 

recognition of the poly A site via binding a polyadenylation signal (PAS) consisting of 

AAUAAA and facilitates the assembly of other factors needed to perform polyadenylation. 

How these proteins work collectively and individually to facilitate pre-mRNA processing 

is not fully defined [202, 253, 254]. 

One of the CPSF proteins, for which a role is emerging is CPSF30. CPSF30 

contains multiple domains with four cysteine (C) and histidine (H) residues. Five of the 

domains have a CCCH arrangement of the cysteine and histidine residues and one of the 

domains has a CCHC arrangement. These domains were annotated as zinc finger (ZF) 

domains, which are structural domains in which zinc serves as a co-factor to allow for 

protein folding and function.  When CPSF30 was isolated by our laboratory, it was 

discovered that one of the domains has a 2Fe-2S co-factor, instead of a zinc co-factor [55].  

 
4 Adapted from manuscript in preparation: JDP contributed towards experiments utilizing 
CPSF30-5F and CPSF30-FL, MSH’s contributed towards peptide experiments, and HL 
contributed towards in cell experiments.  
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The Fe-S cluster is present in both the full-length protein as well as in a truncated version 

with just the 5 CCCH domains (CPSF30-5F). These findings indicate  that the Fe-S cluster 

resides within the 5 CCCH domains of CPSF30; however, the site of Fe-S loading is not 

known [55, 85].  

We took a ‘bottom up’ and ‘top down’ approach to identify the site of the Fe-S 

cluster. Herein, we report that individual constructs of the CCCH domains of CPSF30 can 

be loaded with a 2Fe-2S cluster. However, in the context of the 5F construct, the 2Fe-2S 

cluster favors loading at ZF2. The Fe-S site is redox active; however the redox state of the 

Fe-S cluster does not effect RNA binding affinity. Cell studies suggest a connection 

between redox state and protein localization.  

 

4.2. Materials and Methods 
 

4.2.1. Materials 
 

Zinc chloride (ZnCl2), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES),  trifluoracetic acid (TFA), acetonitrile (HPLC grade), sodium dodecyl sulfate 

(SDS), glycerol, iron (III) chloride (FeCl3), sodium sulfide nonahydrate (Na2S•9H2O), 

sodium dithionite (Na2S2O4), and the iron/zinc inductively-coupled plasma mass 

spectrometry standards (ICP-MS) were purchased from Sigma-Aldrich. Sodium chloride 

(NaCl) and dithiothreitol (DTT) were obtained from American Bio. Tris(2-

carboxyethyl)phosphine (TCEP) was acquired from Thermo Scientific. Cobaltous chloride 

(CoCl2) was purchased from EMD Chemicals Inc. Germanium and scandium ICP-MS 

standards were obtained from Fluka Analytical and the bismuth standard was purchased 
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from Ricca Chemical Co. Nitric acid (trace metal grade) was acquired from Fisher 

Scientific.  

 

4.2.2. General Considerations 
 

Extra care was taken when working with reagents to ensure metal-free conditions 

and reduction of any contamination. Water used in experiments was purified utilizing an 

ELGA PURELAB flex ultrapure water purification system, followed by further 

purification over Chelex resin and vacuum filtration through a 0.22 µm filter. For any 

experiments performed in the Coy anaerobic glovebox, buffers and water were subject to 

vacuum degassing for a minimum of 24 hours to ensure removal of oxygen. Septa, copper 

wire, and electrical tape were utilized to ensure a tight seal for degassing. All buffers, water, 

and materials were equilibrated to the glovebox for a minimum of 24 hours before use upon 

entering the glovebox.   

 

4.2.3. Purification of CPSF30 single domain peptides 
 

 Peptides corresponding to each CPSF30 single zinc finger domain were purchased 

from Bio-Synthesis Incorporated at a purity level greater than 75%. The corresponding 

names and sequences for the peptides can be seen in Table 4.1. For a standard purification, 

5 mg of peptide was suspended in purified, degassed water, mixed with 5 mM Tris(2-

carboxyethyl)phosphine (TCEP), and allowed to stand at room temperature for one hour 

before being filtered through a 0.22 µm Millipore filter.  Each solution was applied to a 

C18-reverse phase high performance liquid chromatography (HPLC) column (Symmetry 
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300 C18 Prep 5 µm, 19x150 mm) on an Agilent Technologies 1200 Series LC system. A 

water/acetonitrile (H2O/CH3CN, 0.1% trifluoroacetic acid (TFA)) gradient was applied and 

elutions corresponding to the purified peptides were collected. All peptides were eluted at 

60-70% H2O, 0.1% TFA. All elutions containing purified peptide were transferred to a Coy 

anaerobic glovebox (3% H2, 97% N2) and lyophilized utilizing a Thermo SPD SpeedVac. 

The presence and mass of the peptides were confirmed by SDS-PAGE and MALDI-TOF 

mass spectrometry. All peptides were stored at -20 °C and all further experiments were 

performed under anaerobic conditions.  

Table 4.1. The peptide names and sequences for each CPSF30 single finger domain. 
Modifications from the native protein sequence are indicated in red and the residues 
involved in metal binding are indicated with an underline. 

Single Domain Peptide Sequence 
CPSF30-ZF1  MDKSGAAVCEFWLKAACGKGGMCPFRHISGEKT 

CPSF30-ZF2  ISGEKTVVCKHWLRGLCKKGDQCEFLHEYDMTK 

CPSF30-ZF3  YDMTKMPECYFYSKFGECSNKECPFLHIDPESK 

CPSF30-ZF4 DPESKIKDCPWYDRGFCKHGPLCRHRHTRRVI 

CPSF30-ZF5  MDKTRRVICVNYLVGFCPEGPSCKFMHPRFELP 

 

4.2.4. UV-Visible spectroscopy of cobalt (II) and zinc (II) titrations for CPSF30 
peptides  
 

Before each titration, the lyophilized peptide was reconstituted in degassed water 

and allowed to stand for a minimum of 10 minutes. The titrations for CPSF30-ZF1-ZF4 

were performed in degassed buffer of 200 mM HEPES, 100 mM HEPES at a pH of 7.5. 

Due to solubility issues, the titration for CPSF30-ZF5 was completed in degassed buffer 

of 200 mM HEPES at a pH of 6.5. The concentration used for each titration ranged from 

50 µM to 100 µM. The cobalt and zinc affinities were determined spectrophotometrically 
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by monitoring the titration of apo-peptide with CoCl2, followed by addition of ZnCl2 until 

saturation on an Agilent Cary 60 UV-visible spectrometer. The displacement of Co(II) with 

Zn(II) was monitored as previously described [146]. During each titration, CoCl2 was 

added incrementally from 0 to 20 equivalents. Upon Co(II) coordination, an increase in 

absorbance, due to d-d transition bands, was observed between 500 and 800 nm, with the 

maximum peak appearing at 650 nm for all peptides. With addition of ZnCl2, from 0 to 20 

equivalents, a decrease in the absorbance peaks were observed. The change in absorbance 

at 650 nm was plotted against the change in concentration upon addition of both Co(II) and 

Zn(II). These data were fit to a 1:1 competitive binding model using Kaleidagraph (by 

Synergy software, Version 4.5.3) and a non-linear least squares analysis. 

𝐾𝐾𝑑𝑑
𝐶𝐶𝐶𝐶 =  

[𝑛𝑛][𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)]
[𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼)−𝑛𝑛]

 

Where, P represents the concentration of apo-peptide. 

 

4.2.5. Chemical Reconstitution of CPSF30 Peptides 
 

One day prior to reconstitution, peptides were dissolved in degassed H2O in a Coy 

anaerobic glovebox (3% H2, 97% N2) in an Eppendorf Thermomixer C at 4 °C and allowed 

to shake overnight at 800 rpm. Peptides were then diluted to 200 µM in a reconstitution 

buffer. The reconstitution buffer for CPSF30-ZF1-ZF3 was 100 mM HEPES, 50 mM NaCl, 

1 mM DTT, with 5% glycerol (v/v), at a pH of 7.5 and the reconstitution buffer for ZF4-

ZF5 was 100 mM HEPES, 1 mM DTT, with 5% glycerol (v/v), at a pH of 6.5. One 

equivalent of Fe3+ was titrated into apo-peptide from a 10 mM stock of FeCl3 and allowed 
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to shake at 4 °C for 30 min. A total of 2 equivalents of Fe3+ were added to the apo-peptide. 

A total of 2 equivalents of Na2S was then titrated into the iron-bound peptide in a similar 

fashion using a 10 mM stock of Na2S•9H2O. The final iron- and sulfide-bound peptide was 

equilibrated for another two hours, shaking at 4 °C, 800 rpm. Any particulate matter was 

removed by using a 0.22 µm filter Costar Spin-X centrifuge tube with centrifugation at 

14000 x g for 10 min utilizing an Eppendorf centrifuge 5415C. Excess iron and sulfide was 

removed by buffer exchanging using an Amicon Ultra centrifugal 3 kDa filter tube a 

minimum of 4 times with reconstitution buffer. Concentration was determined by UV-

visible spectroscopy utilizing calculated extinction coefficients (ZF1, 5500 M-1 cm-1; ZF2, 

6990 M-1 cm-1; ZF3, 4470 M-1 cm-1; ZF4, 6990 M-1 cm-1; ZF5, 1490 M-1 cm-1) and iron 

content was determined by inductively-coupled plasma mass spectrometry (ICP-MS). 

 

4.2.6. Iron Content Determination by Inductively-Coupled Plasma Mass 

Spectrometry (ICP-MS)  

 

ICP-MS was performed as previously described [85, 86, 102]. Briefly, samples 

were diluted with 6% trace metal grade nitric acid to a final concentration and volume of 

1 µM and 2 mL, respectively. Sample and internal standard were run in line utilizing a 

mixing T and the internal standard solution contained bismuth, germanium, and scandium.  
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4.2.7. Circular Dichroism of Reconstituted Peptides  
 

A Jasco-1500 spectropolarimeter was utilized with scanning range from 700 to 300 

nm, bandwidth of 10 nm, scan speed of 200 nm/min, and sensitivity of 100 mdeg. Spectra 

shown represent an average of three accumulations. A 10 mm pathlength quartz cuvette 

was utilized and scans were performed at room temperature. Samples were blanked with a 

100 mM HEPES, 50 mM NaCl buffer with 5% glycerol (v/v), at a pH of 7.5 for ZF1-ZF3 

and 100 mM HEPES, 1 mM DTT, with 5% glycerol (v/v), at a pH of 6.5 for ZF4-ZF5. 

Peptides were scanned as prepared, neat.  

 

4.2.8. Cloning, expression, and purification of CPSF30-5F 
 

A plasmid was obtained from Genscript containing the 5 CCCH domains of 

CPSF30 (residues 33-170) cloned into the pMAL-c5E vector from New England Biolabs 

with E. coli codon optimization performed. Nde1 and BamH1 restriction sites were utilized 

and a TEV cut site (MENLYFQG) was engineered in between the MBP and recombinant  

CPSF30 sequences [55, 85, 86, 102]. The obtained plasmid was transformed into BL21 

(DE3) cells and made into a glycerol stock. The glycerol stock was spread on an LB agar 

plate containing 100 µg/ml ampicillin. A single colony was selected to grow overnight in 

50 mL of LB Lennox media with 100 µg/ml ampicillin. Ampicillin (100 µg/ml ampicillin) 

was added to 1 L of autoclaved LB Lennox media and was brought to 37 °C in a shaking 

incubator. Two grams of glucose were added to the media. Three mL of 100 mM FeCl3 

were added to the media and allowed to continue shaking in the incubator at 37 °C. Three 

and a half mL of 100 mM ZnCl2 were added to the media. Fifteen mL of overnight culture 
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were added to the induction flask and allowed to incubate at 37 °C with shaking at 230 

rpm. Once the optical density at 600 nm reached between 0.5 and 0.6, 3 mL of 100 mM 

FeCl3, 3.5mL of ZnCl2, 4mL of 100 mM Na2S · 9H2O, and 0.238 g of IPTG were added. 

The flask was allowed to incubate at 37 °C with shaking for 3 hours before being 

centrifuged at 7,800 x g for 20 min at 4 °C. Cell pellets were stored at -20 °C for future 

use. 

For purification of CPSF30-5F, cell pellets were resuspended in 25 mL of 20 mM 

Tris, 200 mM NaCl, pH 7.5 buffer. A protease inhibitor tablet was added and sonication 

was utilized for cell lysis. The lysate was centrifuged at 17,710 x g for 20 min at 4 °C. The 

supernatant was loaded onto 15 mL of amylose resin in a gravity flow column and allowed 

to flow through. The loaded resin washed 4 times with 45 mL of buffer. Protein was then 

eluted 3 times with 15 mLs of buffer spiked with 30 mM maltose. For anaerobic 

purification, the same procedure was followed except sonication and purification was 

conducted in a coy anaerobic chamber (3% H2, 97% N2) with degassed buffer and 

precautions to ensure oxygen was not introduced to the protein post sonication through 

UV-Visible spectroscopy also conducted inside the anaerobic chamber.  

 

4.2.9. Chemical reduction of CPSF30-5F 
 

 One liter of 20 mM Tris, 100 mM NaCl, pH 8 buffer was filtered and put in a 1 L 

glass bottle. A rubber septa was inserted into the bottle and stretched over top. A copper 

wire was tied around the outside of the septa to secure it firmly to the bottle. Electrical tape 

was utilized to further enhance the airtight seal of the rubber septa to the bottle. A popper 
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and sons deflected point non-coring septum penetration needle (12 inch) was utilized to 

degas the buffer for greater than 5 hours with stirring. 430 μL of 50 µM CPSF30 protein 

was pipetted into a glass vial and a rubber septa was attached similarly to above. Protein 

was attached to a vacuum and then purged with nitrogen at least 3 times. Protein was 

allowed to equilibrate to the glove box atmosphere for at least 3 hours. 10 µL of 2 mM 

Methyl Viologen solution was added to the protein. 25 μL of 26 mM dithionite solution 

was added to the protein/methyl viologen solution and was observed to turn a blue color. 

The reduced protein was put in a Slide-A-Lyzer cassette and dialyzed in degassed buffer 

with mixing overnight with 3 changes of fresh buffer solution. Oxidized protein was kept 

in similar conditions overnight. UV-Visible spectroscopy was performed the next day in 

an airtight rubber sealed screw cap cuvette from Starna Cells. As a general note, all buffers, 

reagents, and materials were put in the glovebox at least 2 days before the experiment to 

equilibrate to the glovebox atmosphere.  

 

4.2.10. Electron Paramagnetic Resonance (EPR) Spectroscopy  
 

 For CPSF30-5F EPR sample preparation, protein was concentrated to achieve 1.92 

mM iron concentration utilizing the known Fe to protein ratio from ICP-MS analysis. 

Solutions of buffer (100 mM Tris, 100 mM NaCl, pH 8) and ethylene glycol were prepped 

with septa, copper wire, and electrical tape as above (Chemical reduction of CPSF30-5F). 

Buffer solution was degassed on a vacuum line for more than 24 h and ethylene glycol was 

degassed on a vacuum line for greater than 72 h with stirring before being brought into a 

Coy anaerobic chamber (3% H2, 97% N2) Ethylene glycol was opened to the anaerobic 

chamber and allowed to equilibrate to the atmosphere overnight. Protein was brought into 
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a Coy anaerobic chamber (3% H2, 97% N2) and stored in a thermomixer and allowed to 

equilibrate to the glovebox atmosphere overnight at approximately 4 °C to 8 °C with 

shaking. 120 μL of protein (1.920 mM iron concentration) was combined with 60 µL of 

buffer and 30 µL of 100 mM dithionite and allowed to incubate in the glove box for 

approximately 30 min at 4 °C to 8 °C with shaking until a color change was observed from 

a dark brown to an almost colorless solution. After a color change was observed, 90 µL of 

ethylene glycol was added to the protein sample and it was transferred to an EPR tube. A 

rubber septum was placed on top of the EPR rube and the protein sample was removed 

from the glove box and immediately frozen in liquid N2. The final concentrations of 

reagents in the EPR tube were 768 µM iron (protein bound), 10 mM dithionite, and 30 % 

ethylene glycol in a 100 mM Tris, 100 mM NaCl, pH 8 buffer.  A non-reduced protein 

control sample was made in the same manner, but without addition of dithionite. Reduced 

and non-reduced buffer control samples also were prepared to provide background scans.  

Continuous wave EPR spectra were collected at (20.0 ± 0.1) K on a commercial 

spectrometer operating at 9 GHz using a liquid He recirculation system and commercial 

cryostat.  Spectra were collected with the following conditions unless otherwise noted in 

figure legends: incident microwave power 5 mW, modulation amplitude 0.5 mT, 

modulation frequency 100 kHz, conversion time 58.59 ms, 1024 points, 128 scans. A 

power saturation series was collected to confirm that the experimental spectra were 

collected under non-saturating conditions. Spectra presented in the manuscript are 

difference spectra generated by subtraction of the buffer spectrum matched to the sample 

spectrum (reduced or non-reduced). The g values reported in the manuscript were 

determined directly from the spectra at the maxima, minima, and baseline-crossing points 
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as reported by the analysis software provided by the instrument manufacturer. Based on 

the manufacturer-reported field (0.08 mT) and frequency (50 kHz) accuracies and the field 

resolution (≈ 0.16 mT per point, calculated from sweep width/number of points viz. 160 

mT per 1024 points), the propagated uncertainty on the g values is ± 0.002.  

 

4.2.11. Metal Catalyzed Oxidation Mass Spectrometry 
 

 CPSF30-5F at 1.8 mg/ml was equilibrated overnight in a Coy anaerobic chamber 

(3% H2, 97% N2) in a thermomixer set at 4 °C. For each experiment, CPSF30-5F (0.18 

mg/mL), dithionite (1-10 mM), H2O2 (1-5 mM), and either 4 mM phenylalanine or 40 mM 

glutamine were incubated in a thermomixer at 4 °C for 5 sec, 10 min, and 30 minutes. The 

reactions were then quenched by addition of 10 µL of 200 mM methionine and 1 µL of 1 

mg/ml catalase. Control reactions excluding dithionite, H2O2, and phenylalanine/glutamine 

independently were also performed to assess each reagents effect on oxidation. 30.5 µL of 

sample was removed and evaporated to dryness in a SPD SpeedVac inside the anaerobic 

chamber. Samples were resuspended in 30 µL mass spectrometry grade H2O and 10 µL of 

500 mM Tris, 10 mM CaCl2, pH 8. 2 µL of 500 mM DTT was added. The samples were 

then incubated at 60 °C for 45 min, after which they were allowed to cool to room 

temperature. 3.5 µL of 500 mM iodo acetamide was added and samples were incubated 

away from light at room temp for 30 min. 1 µL of 500 mM DTT was added to quench the 

alkylation. 3.5 µL of mass spectrometry grade H2O was added to bring the total volume to 

50 µL. 4.5 µL of 1 mg/ml chymotrypsin was added and incubated at 37 °C overnight. 

Samples were flash frozen utilizing liquid nitrogen and reduced to dryness utilizing an SPD 

SpeedVac. Samples were resuspended in 50 μl of 0.1% formic acid in water. 23 µL of 
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sample were loaded on EVO sep tips for mass spec analysis. Each experiment was 

performed in triplicate. 

 

4.2.12. Anaerobic Fluorescence Anisotropy 
 

 Fluorescence anisotropy (FA) experiments were as previously described, except 

precautions were undertaken to ensure an oxygen free environment [55, 85, 86, 102]. A 30 

nucleotide RNA composed of alpha synuclein pre-mRNA was utilized with the sequence 

5’-UCUCACUUUAAUAAUAAAAAUCAUGCUUAU-3’. RNA was 3’ 6- 

carboxyfluorescein (6-FAM) fluorescently labeled from MilliporeSigma at HPLC purified 

grade. FA experiments were conducted utilizing an ISS K2 spectrofluorimeter configured 

in the L-format. The excitation wavelength/slit width was 495 nm/2 mm with an emission 

wavelength/slit width of 517 nm/1 mm. Experiments were either conducted in a 5 mm 

quarts cuvette obtained from Starna cells with a Teflon stopper or a 10 mm quartz cuvette 

obtained from Firefly Sci with a rubber lined screw cap or sealed utilizing a suba seal 

silicon stopper. Inside the cuvette, 5 nM fluorescently labeled RNA was equilibrated in 50 

mM Tris, 100 mM KCl, 0.3 mg/ml polycytidylic acid, and 0.1 mg/ml bovine serum 

albumin for 5 minutes. CPSF30 was titrated into the cuvette inside the coy anaerobic 

chamber (3% H2, 97% N2), sealed to prevent oxygen exposure and brought to the 

fluorimeter to monitor fluorescence anisotropy. FA titrations were conducted in at least 

duplicate and each data point comprised of 25 readings over 30s. Protein was reduced 

utilizing dithionite before titrating and non-reduced protein served as a control. Prior to 

data analysis, raw anisotropy values were corrected for changes in quantum yield of the 

fluorophore using the equation below.  
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𝑟𝑟𝑐𝑐 =
𝑟𝑟0 (𝑟𝑟𝑏𝑏 − 𝑟𝑟) + (𝑟𝑟𝑟𝑟(𝑟𝑟− 𝑟𝑟0))

(𝑟𝑟𝑏𝑏 − 𝑟𝑟 + 𝑟𝑟(𝑟𝑟 − 𝑟𝑟0))
 

Where rc is the corrected anisotropy, r is the raw anisotropy, r0 is the anisotropy of the 

free fluorescently-labeled RNA, and rb is the anisotropy of the RNA-protein complex at 

saturation. Corrected anisotropy was plotted against protein concentration and analyzed 

using a cooperative binding model programmed into GraphPad Prism 9: 

𝑛𝑛𝑛𝑛 + 𝑅𝑅 ⇌ 𝑛𝑛𝑛𝑛𝑅𝑅 

𝐾𝐾 =
[𝑛𝑛𝑛𝑛𝑅𝑅]

[𝑛𝑛]𝑛𝑛[𝑅𝑅]
 

𝑟𝑟𝑡𝑡𝑐𝑐 = 𝑟𝑟0 + (𝑟𝑟𝑏𝑏 − 𝑟𝑟0)
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Where rtc is the total corrected anisotropy, [P] is the protein concentration, [P]1/2 is the 

protein concentration at which half of the protein ensemble is saturated, and h is the Hill 

coefficient. 

 

4.2.13. Mammalian cell studies 
 

 THP-1 cells were purchased from ATCC. Cells were propagated in RPMI1640 

medium supplemented with 5% fetal bovine serum (FBS), 50 μM beta mercaptoethanol, 

and 1X Pen-Strep in T75 culture flasks in a humidified incubator at 37°C with 5% CO2. 

Cells were grown to a cell count of approximately 20 million in 40 mL of culture and then 

subjected to either normoxic or hypoxic conditions for 24 hours. Normoxic conditions were 

achieved by growing the cells in the humidified incubator at 37°C with 5% CO2. Hypoxic 

conditions were achieved by transferring the cells to a STEMCELL Technologies hypoxia 
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incubator chamber and then flushed with hypoxia gas mix (1% O2, 5% CO2, and 94% N2), 

placed in an incubator at 37°C for 1 hour, then flushed again with hypoxia gas mix, and 

incubated in the 37°C incubator for 24 hours following hypoxia chamber manufacturer 

recommendations. After 24 hours, cells were washed with 5 mL of PBS, centrifuged for 5 

minutes at 200 x g, washed with 1 mL PBS, transferred to eppendorf tubes, and centrifuged 

at 200 x g for 5 minutes at 4°C. Pellets were stored at -80°C until analysis. Cells were 

resuspended in 3 mL of PBS containing phosphatase inhibitor and rested on ice for 10 

minutes. Nuclear and cytoplasmic fractions were separated utilizing an Active Motif 

nuclear extraction kit and analyzed via western blot.   

 

4.3. Results and Discussion: 
 

4.3.1. CCCH single finger peptides bind zinc. 
 

It has been challenging to identify the site of Fe-S loading in CPSF30. The 

ligands that typically bind zinc in ZF proteins and those that assemble with 2Fe-2S 

clusters are similar (Cys/His rich) making it challenging to use sequence as a determinant 

of metal cofactor [63].  Our previous efforts to identify the site of the Fe-S cluster 

involved mutating each single CCCH domain to AAAA, isolating the protein and 

quantifying metal loading. We hypothesized that we sould see a loss of Fe loading in the 

construct that lacked its binding domain. The results obtained revealed that Fe-S loading 

may be more complex than a singular Fe-S site/ligand pairing: each mutant was isolated 

with Fe and Zn present, albeit at lower concentrations than the wild-type protein. Thse 

results suggest that the Fe-S cluster can load at alternate sites, if its native site is 
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modified. Herein, we sought to determine if each CCCH site is capable of loading a 2Fe-

2S cluster.  We reasoned that we could isolate each CCCH domain and determine if it 

binds Zn and/or can be loaded with an 2Fe-2S cluster. This “bottom up” approach has the 

potential to inform on the sites of Zn and Fe-S loading. This Fe-S cluster reconstitution 

approach has been previously used for multiple peptide mimetics (maquettes) including 

radical SAM and ferredoxin peptides and showed that 4Fe-4S, 3Fe-4S, and 2Fe-2S 

clusters can be loaded into peptides as small as 12mers with similar UV-Visible and EPR 

spectra as native proteins  [64, 255-257].  

Single finger peptides with sequences that correspond to each of the 5 CCCH 

domains of CPSF30 were prepared. The peptide lengths were 33 amino acids, and these 

were designed to include each CCCH domain with 8 preceding residues and 6 trailing 

residues. The 5 peptides named ZF1-M, ZF2, ZF3, ZF4, ZF5-M were isolated in the apo 

form using reverse phase HPLC. A variation of ZF1 (called ZF1-M) was created where 

the twelfth residue, phenylalanine was changed to tryptophan to improve HPLC and UV-

Visible detection. Additionally, an alternate to ZF5 (called ZF5-M) was created by 

adding 3 additional amino acid to the beginning of the sequence to increase solubility and 

match the length of the other ZF peptides.  

The upper limit zinc binding affinities of each ZF domain were determined by 

UV-Visible monitored titrations using cobalt as a spectroscopic probe for zinc [146]. 

Each ZF peptide was titrated with CoCl2 until saturation, followed by a competitive 

titration with ZnCl2. The displacement of Co(II) with Zn(II) was monitored 

spectrophotometrically and upper limit Kds were obtained for both Co(II) and Zn(II) 

(representative titrations for ZF1-M are shown in Figure 4.1). All single domain spectra 
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exhibited d-d transition bands centered at 650 nm, indicating a tetrahedral binding site 

and a CCCH ligand set [40, 96, 97]. ZF1-M, ZF2, and ZF4 had upper limit zinc Kds in 

the picomolar range (ZF1-M, (9.64 ± 4.42) X 10-12 M; ZF2, (1.14 ± 1.25) X 10-12 M; 

ZF4, (1.50 ± 0.24) X 10-11 M) and ZF3 and ZF5-M had upper limit zinc Kds in the 

nanomolar range (ZF3, (1.71 ± 0.77) X 10-9 M; ZF5-M, (1.57 ± 0.96) X 10-9 M) (Table 

4.2). This range is consistent with other reported values for CCCH domains as observed 

with a single domain of TTP (Kd of 2 x 10-10 M), the two domain construct of TTP (Kd of 

(6.2 ± 0.6) x 10-11 M), and CPSF30-F2F3 (Kd of (3.38 ± 2.49) x 10-13 M [85, 96, 97]. 

Additionally, the affinity of CPSF30’s single domains is consistent with other types of 

ZFs as well, including CP-1 peptides (CCHH, (5.7 ± 1.3) x 10-12 M; CCHC, (3.2 ± 1.0) x 

10-12 M; CCCC, (1.1 ± 0.3) x 10-12 M), and CCHH WT1-4 peptide (1.1 ± 0.3) x 10-12 M 

[49, 258]. The weaker binding affinity for Zn in ZF3 and ZF5-M may indicate a location 

for an Fe-S cluster to be more highly favored. Differences in binding affinity of tandem 

ZF domains have been observed in other proteins as well. MTF1 has 6 CCHH ZF 

domains with varying binding affinities for cobalt (0.3-1.7 x 10-6 M) and subsequently 

zinc with relative affinity differences up to 25 times giving insight into which domains 

are most likely zinc responsive elements [259]. The binding affinity of the tandem ZF 

TFIIIA has also exhibited varying binding affinities for zinc ranging from 1.0 x 10-8 M to 

2.6 x 10-5 M [260].  
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Figure 4.1. (A) Plot of the change in absorption spectrum between 500-800 nm as CPSF30-
ZF1 is titrated with CoCl2. (B) A plot of the change in absorption spectrum at 650 nm as a 
function of concentration as cobalt(II) is added to apo-CPSF30-ZF1. The cobalt titration 
data was fit to yield an upper limit dissociation constant, Kd, of (2.76 ± 0.95) x 10-7 M. (C) 
Plot of the change in absorption spectrum between 500-800 nm as Co(II)-CPSF30-ZF1 is 
titrated with ZnCl2. (D) A plot of the change in absorption spectrum at 650 nm as a function 
of concentration as zinc(II) is added to Co(II)-CPSF30-ZF1. The zinc titration data was fit 
to yield an upper limit dissociation constant, Kd, of (9.64 ± 4.42) x 10-12 M. The experiment  
was performed in 200 mM HEPES, 100 mM NaCl buffer at a pH of 7.5. The solid line in 
(B) and (D) represents a nonlinear least-squares fit to the competitive binding model. 
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Table 4.2. A summary of the cobalt and zinc upper limit Kd for each CPSF30 single 
domain peptides. 

Single Domain Cobalt Upper Limit 
Kd 

Zinc Upper Limit Kd 

CPSF30-ZF1-M (2.76 ± 0.95) x 10-7 M (9.64 ± 4.42) x 10-12 M 
CPSF30-ZF2 (1.53 ± 0.41) x 10-8 M (1.14 ± 1.25) x 10-12 M 
CPSF30-ZF3 (3.66 ± 1.01) x 10-7 M (1.71 ± 0.77) x 10-9 M 
CPSF30-ZF4 (3.52 ± 0.11) x 10-7 M (1.50 ± 0.24) x 10-11 M 
CPSF30-ZF5 (1.49 ± 0.25) x 10-6 M (1.57 ± 0.96) x 10-9 M 

 

4.3.2. Single finger peptides can be chemically reconstituted with an Fe-S cluster.  
 

Fe-S clusters can be challenging to isolate because they are prone to degradation 

and can be air sensitive. Chemical reconstitution of Fe-S clusters upon protein 

purification is an alternative method to load the cluster. This method has been successful 

with peptides including radical SAM active sites and ferredoxin [257, 261]. Generally, 

chemical reconstitutions are conducted in an anaerobic glove box where the purified 

protein or peptide is reacted with an Fe donor, a sulfur donor, and a reductant in buffer 

[64, 255]. The single finger peptides of CPSF30 were reconstituted following published 

protocols utilizing Na2S•9H2O, DTT, and FeCl3 [262]. To assess whether the Fe-S cluster 

had assembled, UV-Visible and circular dichroism (CD) spectroscopies were performed. 

Fe-S clusters commonly exhibit absorption spectra maxima in the 400-430 nm and ~470 

nm ranges with some exhibiting additional broad peaks between 550-600 nm [64]. All of 

the reconstituted peptides exhibited absorption maxima at 420 nm with a shoulder at 

~470 nm and broad absorption at ~575 nm (Figure 4.2A). Although all of the peptides 

exhibited similar peak maxima and minima, ZF1-M and ZF3 exhibited the most similar 

UV-Visible spectra to CPSF30-5F suggesting that these ZFs may be sites for Fe-S 

loading. CD spectra obtained in the visible region can also provide insight into the site 
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symmetry of Fe-S clusters. In general, 2Fe-2S clusters exhibit higher absorption while 

4Fe-4S clusters exhibit low absorption utilizing this method [64]. Specific absorption 

maxima and minima is not as easily defined in this method, but insight can be attained on 

the symmetry of the metal center with lower interference of other biomolecules in this 

region [64, 121]. CD spectra were only resolved for ZF3 and CPSF30-5F (Figure 4.2B). 

These spectra showed high similarity, inferring that the CD spectra of wild type CPSF30 

has high contribution from ZF3 bound Fe-S cluster. Both UV-Visible and CD 

spectroscopies show that ZF3 exhibits the highest similarity to wild type CPSF30 

indicating a possible location for Fe-S cluster loading.  

 

Figure 4.2. (A) UV-visible spectra of reconstituted CPSF30 peptides and CPSF30-5F. 
(The 420 nm peak represents the presence of a [2Fe-2S] cluster.) (B) Circular dichroism of 
reconstituted CPSF30 peptides and CPSF30-5F construct for comparison. In each, ZF1 is 
in red, ZF2 is in orange, ZF3 is in green, ZF4 is in blue, ZF5 in purple, and CPSF30-5F is 
in black. Experiments were performed in 100 mM HEPES, 50 mM NaCl buffer at pH 7.5 
with 5% glycerol (v/v) for CPSF30-ZF1-M to ZF3 and in 100 mM HEPES at pH 6.5 with 
5% glycerol (v/v) for CPSF30-ZF4 and ZF5-M. 
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4.3.3. Utilizing redox properties of CPSF30-5F vs peptides to predict Fe-S cluster 
location. 
 

Fe-S clusters can be sensitive to changes in their environment including 

reductants and oxidants leading to redox changes in the Fe-S cluster center. The 

sensitivity to their environment can be important to the protein’s function. For example, 

MutY and Polδ which are 4Fe-4S cluster cofactored proteins that exhibit different DNA 

binding affinities when their Fe-S cluster is oxidized vs reduced [263, 264]. Similarly, 

Fep1, which has a 2Fe-2S cluster and acts as an Fe/oxygen responsive element, utilizes a 

redox control mechanism to load its Fe-S cluster in different sites [57]. Even though 

CPSF30 contains both Zn sites and an Fe-S cluster, Zn is redox inert allowing us to probe 

only the Fe-S cluster site with redox chemistry. Fe-S clusters that are redox active exhibit 

loss of their 420 nm absorption peak via UV-Visible spectroscopy upon reaction with 

chemical reductants [265]. To determine whether the Fe-S cluster of CPSF30 is redox 

active, CPSF30-5F was treated with the reductant dithionite which has a redox potential 

of -0.66 V and which is commonly used to reduce Fe-S centers [265, 266]. The UV-

Visible spectrum of CPSF30-5F treated with sodium dithionite exhibited a loss of the 420 

nm peak suggesting reduction of FeIII-FeIII to FeIII-FeII (Figure 4.3). The reduction did 

not affect Fe loading as determined by filtration followed by ICP-MS. EPR spectroscopy 

conducted at 20.0 K of reduced CPSF30-5F showed g-values of 2.05 and 1.94. this 

spectra is similar to reported spectra for reduced 2Fe-2S clusters bound by Grx3 and ARF 

[157, 158]. The oxidized spectrum shows no EPR spectrum. We then posited that the Fe-

S cluster loaded single domains that can be reduced may provide a hint to the location of 

the Fe-S cluster. All 5 peptides were reconstituted with Fe-S clusters, reduced utilizing 

dithionite, and analyzed via EPR. All of the reduced peptides were EPR active with 
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similar EPR signals to CPSF30-5F (5F, g=2.05, 1.94; ZF1, g=2.05, 1.94, 1.92; ZF2, 

g=2.06, 1.94, 1.91; ZF3, g=2.05, 1.93, 1.91; ZF4, g=2.05, 2.02, 1.94, 1.89; ZF5, g= 2.05, 

1.93, 1.91) (Figure 4.4 and Table 4.3).  

 

Figure 4.3. UV-Visible spectrum of 139 μM CPSF30-5F +/- 1.4 mM dithionite. Oxidized 
(non-reduced) CPSF30 shown in blue and reduced CPSF30 shown in red. (Inset) Zoom in 
of the UV-Visible spectra sensitive to Fe-S cluster absorption. 
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Figure 4.4. Comparison of the X-band EPR spectra of dithionite reduced CPSF30-5F vs 
single finger peptides. Samples were reduced under anaerobic conditions with 10 mM 
sodium dithionite and immediately frozen in liquid N2. EPR parameters: microwave 
frequency = 9.0 GHz, modulation amplitude = 0.5 mT, microwave power = 5 mW, 
modulation frequency = 100 kHz, temperature = 20 K Reduced spectra are shown as 
solid lines and non-reduced spectra are shown as dotted lines. 
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Table 4.3. Summary of g-values from EPR spectra obtained for each CPSF30 construct. 

Construct g1 g2 g3 
CPSF30-ZF1 2.05 1.94 1.92 
CPSF30-ZF2 2.06 1.94 1.91 
CPSF30-ZF3 2.05 1.93 1.91 
CPSF30-ZF4 2.05/2.02 1.94 1.89 
CPSF30-ZF5 2.05 1.93 1.91 
CPSF30-5F 2.05 1.94 - 

 

4.3.4. Metal catalyzed oxidation mass spectrometry of CPSF30’s Fe-S cluster 
cofactor.  
 

Metal catalyzed oxidation – mass spectrometry (MCO-MS) is a technique that 

involves generating radicals at metal centers which modify local amino acids followed by 

mass spectrometry to identify the modification. The modification sites are governed by 

diffusion of the radical, and thus those identified are typically close to the metal center 

allowing for the metal center site to be identified (Figure 4.5). MCO has previously been 

utilized for Cu protein azurin as well as for small copper bound peptides including 

angiotensin I and amyloid-β-protein fragment 1-16 and we have adapted the method for 

Fe-S clusters [181]. The general approach involves reducing the Fe-S center to FeII-FeIII 

with dithionite, adding H2O2 to initiate Fenton chemistry which propagates hydroxyl 

radicals, and then quenching the reaction and identifying modified amino acids via mass 

spectrometry. The MCO-MS data obtained were consistent with ZF2 as the most likely 

site of the Fe-S cluster as this site was always labeled. ZF1-M and ZF4 were labeled in 

some cases as well. Although there is not yet a structure of CPSF30-5F, AlphaFold 

predicts structure in which ZF1 and ZF4 are close to ZF2 suggesting that our labeling of 
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these sites may be due to diffusion (Figure 4.6). We have previously shown that both Zn 

and Fe are needed for CPSF30-5F binding affinity to its cognate RNA target and ZF2 

knockouts abrogate binding to RNA [55]. The importance of ZF2 in CPSF30-5F RNA 

binding could be due to its ability to load an Fe-S cluster.  

 

Figure 4.5. General schematic describing the method of metal catalyzed oxidation of 
proteins to selectively label amino acids in close proximity to metal sites. 
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Figure 4.6. Predicted structure of CPSF30-5F obtained from AlphaFold. Residues labeled 
from MCO-MS experiments are labeled in purple (most common) and red. 

 

4.3.5. Determining the function of CPSF30’s redox active 2Fe-2S cluster.  
 

Fe-S clusters have been observed to be redox active in other proteins affecting 

their function. MutY and Polδ contain Fe-S clusters that undergo binding affinity changes 

to their DNA targets upon reduction and oxidation of their Fe-S clusters [263, 264]. To 

determine if CPSF30’s Fe-S cluster performs a similar function, fluorescence anisotropy 

(FA) experiments were conducted in oxidative and reducing environments to determine if 

changes in RNA binding affinity occur as a function of oxidation state (Figure 4.7). 

Oxidized CPSF30 FA binding assays were performed similarly to previous work within 

our laboratory on CPSF30 to α-synuclein pre-mRNA containing the polyadenylation 

signal (PAS) AAUAAA [55, 85, 86, 102]. For the reduced CPSF30 FA experiments, 

CPSF30 was reduced with dithionite and titrations were done anaerobically. No 



143 
 

differences were observed in binding affinity for reduced vs oxidized CPSF30-5F with α-

syn pre-mRNA (Figure 4.7).These results reveal that oxidation state of the Fe-S cluster 

does not affect RNA binding function.  

Additionally, the protein Fep1 exhibits Fe-S cluster site loading differences when 

purified aerobically vs anaerobically changing the function of the protein [57]. UV-

Visible spectroscopy can be sensitive to changes in Fe-S cluster loading and was utilized 

to determine these changes for Fep1 [57]. To determine if CPSF30 may follow similar 

mechanisms, CPSF30 was purified aerobically and anaerobically and characterize by 

UV-Visible spectroscopy. No change was observed in aerobically vs anaerobically 

purified protein indicating that oxygen does not affect the loading of the cluster vs the 

native protein (Figure 4.8).  

 

Figure 4.7. Fluorescence anisotropy binding titrations of reduced (red squares) vs oxidized 
(blue circles) CPSF30. Both titrations are fit to a cooperative binding model shown as a 
line.   
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Figure 4.8. UV-Visible absorption spectra of CPSF30-5F when purified aerobically vs 
anaerobically. (Inset) Zoom in of the UV-Visible spectra between 350-650 nm where Fe-
S cluster absorption can be observed. 

 

4.3.6. CPSF30 responds to anoxic stress in mammalian cells.  
 

Another potential role for the Fe-S cluster present in CPSF30 is to translocate fro 

the nucleus to the cytoplasm to respond to anoxic stress. The homolog of CPSF30 in 

yeast, YTH1, has been reported to undergo this translocation [104]. To determine if the 

mammalian homolog of CPSF30 responds similarly to anoxic stress, the effects of 

hypoxic stress on CPSF30 utilizing THP1 cells were evaluated. THP-1 cells are 

spontaneously immortalized monocyte like cells that are human in origin. THP-1 cells 

THP-1 cells were incubated in hypoxic conditions (1% O2, 5% CO2, 94% N2) utilizing a 

hypoxia incubator chamber from STEMCELL Technologies placed in a humidified 

incubator at 37°C. THP-1 cells were also incubated in a standard humidified incubator 

supplied with 5% CO2 at 37°C to serve as a normoxia control. After 24 hours of 
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incubation, the cells were harvested, lysed, separated utilizing an Active Motif nuclear 

extraction kit and analyzed via western blot to determine CPSF30 localization. Under 

normal oxygen conditions CPSF30 exists primarily in the nucleus, however, under 

hypoxic conditions, mammalian CPSF30 translocates from the nucleus to the cytoplasm 

(Figure 4.9). We propose that the Fe-S cluster of CPSF30 acts as a sensor for this 

mechanism.  

 

Figure 4.9. Abundance of CPSF30 in the cytoplasm and nucleus of THP-1 cells under 
normoxia and hypoxia conditions. GAPDH was utilized as a cytoplasmic control to 
normalize abundance ratios for cytoplasmic CPSF30 while TBP was utilized as a nuclear 
control to normalize CPSF30 in the nucleus. Data is shown as a bar graph from western 
blots analyzed using densitometry.  
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4.4. Conclusions 
 

 CPSF30 is an enigmatic protein that contains both zinc and Fe-S co-factors. Our 

previous work has shown that for high affinity binding to pre-mRNA, the Fe-S site must 

be loaded, suggesting a structural role for the co-factor. We have also previously reported 

that Fe-S loading can be promiscuous: if one site is unavailable due to modification, the 

Fe-S cluster can load at other sites [55]. In the work described here we sought to identify 

the iron site and to expand our understanding of the function of the co-factor. For the 

former, we took two approaches. We first deconstructed the protein into individual CPSF30 

domains (ZF1, ZF2, ZF3, ZF4, and ZF5) and performed Co/Zn titrations and Fe-S 

reconstitution experiments. The Co/Zn titrations revealed that each site could be loaded 

with Zn, with sites ZF1, ZF2, and ZF4 showing a thermodynamic preference for Zn over 

sites ZF3 and ZF5.  We were also able to load the Fe-S cluster in each site. These studies 

suggest that all five CCCH domains are capable of being loaded with either Zn or an Fe-S 

cluster. We then turned to the CPSF30 five finger domain construct and applied the 

emerging technique of metal catalyzed oxidation-mass spectrometry (MCO) to identify the 

most likely site of Fe loading. The MCO data supports ZF2 as the most likely site of Fe-S 

loading. Notably, a construct of ZF2ZF3 when loaded with Zn does not bind to RNA, 

suggesting that the Fe-S cluster is needed at this site for function [85].   

Studies to further understand the function of the Fe-S cluster in CPSF30 were also 

pursued. We determined that the Fe-S center can be reduced from an FeIII-FeIII center to an 

FeII-FeIII center. The reduction of the center did not affect RNA binding as analogous 

binding was observed for a representative pre-mRNA target. This finding led us to 

speculate that the redox properties of the Fe-S center may be related to protein localization. 
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The yeast homolog of CPSF30, YTH1, is shuttled from the nucleus to the cytoplasm, in 

response to anoxic stress [104]. Using THP cells, grown under anoxic conditions vs 

normoxic conditions, we have obtained data that supports localization of CPSF30 to the 

cytoplasm in mammalian cells under anoxic stress, and we propose that this localization is 

coupled to redox state. Another possible role for the Fe-S cluster of CPSF30 is in alternative 

polyadenylation. The Arabidopsis thaliana homolog of CPSF30 mediates alternative 

polyadenylation under redox control of a disulfide bond in its third ZF [234]. The Fe-S 

cluster of CPSF30 could serve a similar function in mammals.  

Future studies will focus on how CPSF30 acquires its Fe-S cluster. There is 

evidence that the iron chaperone, HSC20, associates with CPSF30 in HEK293 cells, 

suggesting a potential source of cluster loading [62]. In addition, understanding how iron 

availability affects CPSF30 localization and function in cells will be pursued. 
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Chapter 5 - Conclusions and Future Directions 
 

5.1. Zn and Fe in biology 
 

Metal ions are integral to sustaining life and over a quarter of all proteins are 

predicted to utilize a metal cofactor [1-6]. The geological distribution of metals on earth 

has changed over time as the planet evolved from an anaerobic to aerobic world. This 

change is due to the introduction of oxygen leading to an altered availability of metals to 

serve as cofactors for proteins [4, 13-16]. Iron for example, existed in high concentrations 

as ferrous iron (Fe2+) in the anaerobic oceans. However, when oxygen levels increased, 

iron was oxidized to ferric iron (Fe3+) which is susceptible to form higher order oxidized 

species like iron oxy-hydroxides which are much less soluble in aqueous environments 

like buffers or the ocean [13, 15, 17-20]. Even though iron concentrations dropped, it still 

remained an extremely important metal cofactor and many proteins still utilize iron to 

this day. On the other hand, zinc, which is not oxygen sensitive due to its redox inert 

characteristics became more prevalent in the newly oxygenated environment [18-20]. 

One hypothesis is that ZFs may have adapted to fulfill structural roles that newly redox 

active iron sites could not sustain in a newly oxygenated atmosphere. This led to a new 

class of structural zinc sites termed zinc finger proteins (ZFs) [21-23].  

 

5.1.2 Zn finger proteins 

ZFs utilize conserved cysteine and histidine residues to form a tetrahedral 

functional fold around zinc ions [40, 47, 102, 196, 197]. ZFs were first identified as 

transcription factors but have since been implicated in various regulatory roles at the 

DNA, RNA, and protein levels [28, 40, 42, 43, 46, 102]. Approximately 5% of the human 
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genome is predicted to be ZFs [44]. The prediction of these zinc sites come principally 

from sequence conservation and predicted structures; however, these proteins need to be 

studied empirically to determine if they are actually zinc finger proteins [51, 53]. There 

are many different classes of ZFs that have been categorized by their ratios of cysteines and 

histidines, structure, and/or binding partners but CCCH type ZFs are of particular interest in the 

Dr. Sarah Michel laboratory [21, 40, 45, 46, 48, 197, 198]. This class of zinc fingers utilize 

3 cysteines and 1 histidine to bind its zinc ion and is often associated with RNA 

regulation with some being identified as direct AU rich binding proteins [55, 96, 197, 

200, 232, 236, 237].   

One important member of the CCCH family of ZFs is cleavage and 

polyadenylation specificity factor 30 (CPSF30) [55, 85, 86]. CPSF30 contains 5 CCCH 

ZF domains and 1 CCHC ‘zinc knuckle’ domain. It is a part of a larger complex of 

proteins termed CPSF and regulates pre-mRNA processing and more specifically 

polyadenylation [55, 83, 88, 201-203]. Pre-mRNA processing consists of 3 main steps 

where CPSF first recognizes the polyadenylation sequence (PAS), cleaves the 3’ end and 

recruits poly(A) polymerase to then add a polyA tail. CPSF30 has previously been 

identified to interact with alpha-synuclein pre-mRNA and contain an unexpected Fe-S 

cluster but its full function is not completely understood [55]. My thesis strives to 

illustrate the role of CPSF30 in binding its RNA target and characterize its unexpected 

Fe-S cluster cofactor.  
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5.2. Characterization of full length CPSF30 
 

 The Michel lab has shown that the 5 CCCH domains of CPSF30 specifically 

recognized the AAUAAA hexamer of alpha-synuclein pre-mRNA and contained an 

unexpected Fe-S cluster cofactor [55]. However, the role of the full-length protein 

containing the zinc knuckle domain was not fully understood. I expressed and isolated 

full length CPSF30 for the first time and strove to characterize the RNA binding 

characteristics of this construct. Full length CPSF30 was isolated with a 2Fe-2S cluster 

indicated by UV-visible and X-ray absorbance spectroscopies similarly to the 5 CCCH 

finger construct [55, 85]. Additionally, it demonstrated similar PAS binding as the 5 

finger construct with high AAUAAA binding affinity as well as diminished affinity when 

the hexamer was mutated to six cytosines [85]. However, the full length construct did 

exhibit binding to polyU sequences that the 5 CCCH could not recognize. The zinc 

knuckle domain could not recognize polyU in isolation so more ZFs were needed for full 

binding affinity. This led us to propose a mechanism where the zinc knuckle domain 

binds polyU sequences and cooperatively aids the CCCH domains to bind their 

AAUAAA target [85]. 

5.2.1. Future Directions   
 

 Although, we successfully demonstrated that CPSF30 full length was able to 

recognize and bind 2 different RNA motifs with high affinity we were not able to show 

the order of binding or whether the interactions were competitive or cooperative. 

Additionally, a peptide containing just fingers 2 and 3 of CPSF30 were not able to 

recognize and bind the PAS even though recent cryo-EM structures show those two 
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fingers binding the PAS hexamer. This leads to future studies to determine why these 

domains could not bind RNA in isolation. One possibility is that we bound the domains 

to Zn and one of the domains actually needs the Fe-S cluster to be active. Additionally, it 

is possible that more of the ZF domains are needed to stabilize the interaction in solution. 

These should be investigated in future studies. The zinc knuckle domain exhibited similar 

issues where it was not able to bind polyU in isolation. Future studies should look at 

which other domains are necessary for this interaction as it could be the linker between 

ZF 5 and the zinc knuckle or may need another ZF domain.  

 

5.3. Characterization of the RNA binding properties of CPSF30 
 

 The 5 CCCH domain construct exhibited strong binding affinity to alpha 

synuclein pre-mRNA and was shown to directly bind the PAS AAUAAA by subsequent 

cryo-EM structures [55, 207, 208]. However, the specific elements of RNA that 

contributed to high CPSF30 binding affinity was not fully understood. Multiple PAS 

hexamer mutants related to disease states were investigated to determine if CPSF30 

binding affinity may be a mechanism of action leading to their diseases. IPEX, Lupus, 

and Fabry disease showed loss of binding affinity to CPSF30 5 finger while alpha and 

beta thalassemia mutants showed similar binding affinity to wild type RNA. The retained 

binding affinity to CPSF30 for the thalassemia mutants was not surprising as the cryo-

EM structures demonstrated that these nucleotides were actually on the opposite face of 

the complex and recognized by WDR33 instead of CPSF30. Five other single mutations 

that were not necessarily associated with disease mutations were also investigated and 

displayed varying levels of CPSF30 affinity [86]. These changes in binding affinity were 



152 
 

in line with previous studies that investigated overall polyadenylation efficiency of the 

entire CPSF complex showing how CPSF30 RNA affinity is one of the main driving 

forces of polyadenylation efficiency underscoring the importance of this protein 

interaction [86, 238]. A bioinformatics analysis of pre-mRNA showed how conserved the 

PAS AAUAAA outlining the overall conservation of each nucleotide in the sequence. 

Notably, the adenosine in the 4th position of the hexamer was the most highly conserved 

and this correlates with the cryo-EM structures as it is the only nucleotide that partakes in 

2 hydrogen bonding interactions as well as a pi stacking interaction whereas the other 

adenosines only contain 1 hydrogen bond and 1 pi stacking interaction leading to more 

flexibility in nucleotides [86]. The flanking regions immediately 5’ and 3’ to the PAS 

hexamer was also investigated utilizing a bioinformatical analysis and further studied 

utilizing fluorescence anisotropy binding assays. The flanking regions were shown to be 

able to fine tune the binding affinity of CPSF30 to its target RNA [86]. The full-length 

construct of CPSF30 was shown to alleviate the loss of binding effects to the single and 

double mutant RNAs. This was hypothesized to be due to the fact that CPSF30 FL was 

observed to recognize a second RNA motif of polyU and this motif was retained in the 

mutants [86]. Subsequent fluorescence anisotropy studies investigated whether the two 

motifs – AAUAAA and polyU – were recognized cooperatively or competitively. A 

competitive mechanism was ultimately observed [86]. 
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5.3.2 Future directions 

 Future studies should be directed towards understanding the role of this 

competitive mechanism in the cell with regards to preference of binding towards polyU 

over PAS sequences. Two biological examples could explain these phenomena. We 

hypothesized that this hierarchy of motif recognition is connected to the direct 

availability of the motifs in the cell. Polyadenylation is a highly regulated and dynamic 

process within the cell with many regulation factors, binding interactions, and moving 

parts. First, during oogenesis, CPSF30 has been detected in the cytoplasm performing 

polyadenylation reactions instead of solely in the nucleus. This reaction has been shown 

to require polyU sequences in addition to the PAS hexamer for polyadenylation to be 

performed efficiently [249-252]. This could be due in part to the low concentration of 

RNA in the cytoplasm versus the nucleus and the need for CPSF30 to have a higher 

binding affinity motif to locate and recognize its target. The second instance is a case of 

alternative polyadenylation where a regulatory factor’s (HNRNPC – a U-rich binding 

protein) expression levels change polyadenylation site specificity. When HNRNPC is 

maintained at normal expression levels it has been shown that distal PAS sites are utilized 

[246]. Additionally, these sites tend to contain less polyU character in close proximity. 

When HNRNPC is down regulated more proximal sites are utilized that contain U-rich 

character in close proximity [246]. This could be due in part to the site being open when 

HNRNPC is downregulated leading to availability for CPSF30 to bind and orientate the 

overall complex to this site instead. Future studies should be directed at investigating 

these cases. For instance, the HNRNPC knockdown studies could be replicated with 

mutated forms of CPSF30 with and without the zinc knuckle domain that has been 
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implicated in polyU binding. This could determine if the zinc knuckle is directly 

responsible for the alternative polyadenylation site selection in tandem with in vitro 

competition experiments.  

 

5.4. Characterization of CPSF30’s Fe-S cluster. 
 

 CPSF30 contains both an Fe-S cluster cofactor in addition to multiple zinc ions. 

The location of each of these domains is difficult to pinpoint as Fe-S clusters and ZFs 

utilize similar binding motifs, patterns, and ligands [63]. Additionally, the function of the 

Fe-S cluster of CPSF30 has not been defined. We aim to fill these gaps utilizing both 

“bottom up” and “top down” approaches. Utilizing single ZF domain peptides constructed 

from each CCCH domain of CPSF30 we have shown that all of the domains bind zinc 

albeit 2 domains bind with lower affinity (ZF3 and ZF5). Additionally, all of the ZF 

peptides can be reconstituted with an Fe-S cluster showing that the site is flexible in 

location within CPSF30. Utilizing mass spectrometry and metal catalyzed oxidation of the 

5F construct of CPSF30, the most likely site of loading in the native protein is ZF2. We 

have previously shown that a 2 finger construct of CPSF30 containing just ZFs 2 and 3 

bound to zinc do not bind to RNA on their own [85]. This suggests that an Fe-S cluster is 

required in these domains for RNA binding to occur.  

 Studies to elucidate the function of CPSF30’s Fe-S cluster was also pursued. 

Utilizing both UV-Visible and EPR spectroscopies we have shown that the Fe-S cluster is 

redox active. This redox activity does not affect RNA binding affinity to its native target. 

Preliminary studies in THP1 cells show that CPSF30 is responsive to anoxic stress 
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translocating from the nucleus to the cytoplasm. We propose that this sensing of low 

oxygen conditions is mediated by the Fe-S cluster redox state of CPSF30.  

 

5.4.1 Future directions.  
 

 The Mössbauer spectrum of reduced CPSF30-5F should be pursued to determine 

which of the Fe sites in the 2Fe-2S cluster undergo reduction to compare to the oxidized 

CPSF30 Mössbauer spectrum in Appendix E.  For the single peptide domains of CPSF30, 

Mössbauer spectroscopy should be conducted to compare to the spectrum of CPSF30-5F. 

This should give further insight into which ZF may load the cluster. Studies in cells could 

be pursued to determine how CPSF30 acquires its Fe-S cluster from HSC20 (an Fe-S 

cluster chaperone). The effects of the Fe-S cluster redox state on other RNA sequences 

could also be investigated to determine if alternative polyadenylation is a possible function.    
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Appendix A - Iron Sulfur Clusters in Zinc Finger Proteins5 
 

A.1. Introduction 
 

Zinc finger (ZFs) are a large family of principally eukaryotic proteins that utilize 

zinc as a co-factor to fold and function [267-270]. ZFs contain repeats of four invariant 

cysteine and/or histidine residues within their primary amino acid sequences, and these 

residues serve as ligands for the Zn2+ ion [269, 270]. Although first identified in the 

1980s, the ubiquity of ZFs was not fully appreciated until the late 1990s/early 2000s with 

the advent of whole genome sequencing [44, 271-275]. From these sequencing efforts, 

between 3-10% of all proteins were annotated as ZFs, based upon the presence of 

cysteine/histidine rich sequences [270]. These ZFs have been separated into different 

classes, with ZFs grouped based upon the number and spacing of cysteine and histidine 

residues within each ZF domain [230, 269, 270, 276, 277]. Presently, at least fourteen 

classes of ZFs have been delineated. 

Most of the ZFs that have been identified from genome sequencing have not yet 

been studied experimentally, therefore in many cases whether these ‘zinc finger’ proteins 

are bona fide zinc fingers is not known. In the last few years, several proteins annotated 

as ‘zinc fingers’ have been found to harbor iron sulfur clusters, in lieu of or in addition to 

zinc. The first of these proteins to be identified was mitoNEET, which contains a 3-

cysteine, 1-histidine (CCCH) motif within its primary sequence [278-282]. MitoNEET 

attracted initial interest because it was found to be a target of the anti-diabetes drug 

 
5 Adapted from publication: Pritts, J.D.Ϯ, Shimberg, G.D. Ϯ, Michel, S.L.J., 2018, Methods 
in Enzymology, 599: 101-137 (ϮEqually contributed) 
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pioglitazone [68]. Subsequently, mitoNEET was found to play a key role in electron 

transport and there is emerging evidence for roles in iron regulation, mitochondrial 

energy metabolism and Fe-S cluster regulation [77, 78]. Despite being annotated as a 

‘zinc finger’ because it contains a conserved CCCH domain that is typically related to 

zinc binding, mitoNEET turned red upon protein expression and purification, and was 

found to contain a 2Fe-2S cluster, coordinated to the CCCH ‘zinc finger’ ligands [278]  

(Figure 1). Subsequently, two close homologs of mitoNEET, Miner1 and Miner2 were 

also shown to contain 2Fe-2S clusters bound to their CCCH motifs [206, 279]. In 

addition, 2Fe-2S clusters were identified in the E. coli iron-sulfur cluster assembly 

proteins IscR and IscU and the yeast Grx3/4/Fra2 signaling proteins [283, 284]. These 

findings brought into question the dogma that proteins with conserved cysteine/histidine 

sequences are always ZFs; moreover, this underscores the need for experimental 

validation of the metal identity and coordination. 
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Figure A.1. Structure of mitoNEET with the 2Fe-2S cluster highlighted. (PDB 2R13, 
figure made in PyMol) 

 
 More recently, our laboratory identified another intriguing eukaryotic protein 

annotated as a ZF that contains a 2Fe-2S cluster (as initially observed as a reddish 

colored protein) (Figures 2 & 3.B). This protein, cleavage and polyadenylation 

specificity factor 30 (CPSF30) contains five CCCH domains, and is a hybrid of an iron-

sulfur cluster/ZF protein [285]. CPSF30 houses a 2Fe-2S cluster with one CCCH ligand 

set, analogous to mitoNEET, Miner1 and Miner2, and 4 zinc loaded CCCH ZF sites, 

analogous to traditional ZFs [285] (Figure 2). The full biological role of CPSF30 is not 

yet understood; however, it is known to be involved in pre-mRNA regulation and we 
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have shown that CPSF30 binds the AU rich hexamer of  RNA sequence present in the 

majority of pre-mRNA molecules [201] by measuring protein/RNA binding with a 

synthetic RNA sequence that corresponds to α-synuclein pre-RNA. The interaction is 

sequence selective and requires that both iron and zinc sites be present [285]. As this 

hexamer is conserved in approximately 90% of pre-mRNA molecules [245] it can be 

inferred that CPSF30 has a broad application to bind various pre-mRNA sequences 

aiding polyadenylation. In this chapter, we describe the methods we utilize to isolate 

metal loaded CPSF30 and assess its RNA binding activity. Our approach utilizes 

established methods used to isolate traditional ZF proteins combined with those for Fe-S 

proteins. This approach has the potential to be utilized for the isolation and analysis of 

other ZF proteins that have been identified from genome sequences, but not yet 

characterized experimentally.  

 

Figure A.2. Sequence alignment of the CPSF30 CCCH domains. 
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Figure A.3. The induction through sonication of CPSF30. (A) Comparison of CPSF30 
(Left) cell paste versus MBP (Right), post overexpression. CPSF30 results in a rust-
colored protein sample indicative of the presence of an iron cofactor. (B) 15% SDS-
PAGE of CPSF30 protein induction trial. From right to left is the Invitrogen BenchMark 
Protein Ladder (Thermo Fisher), uninduced pellet, and induced pellet after 1, 2, and 3 
hours. (C) Image of the soluble fraction of CPSF30 after sonication of the CPSF30 pellet. 
Note that the protein retains the reddish hue. 
 

A.2. Approaches to clone zinc finger/ Fe-S cluster genes  
 

A.2.1. Cloning strategy 
 

When choosing the expression system for a ZF and/or Fe-S protein, like most 

proteins, a wealth of options are commercially available. Choosing an appropriate vector 

is critical to ensure that proper protein production is successful. The expression of 

proteins containing ZFs as well as ZFs with Fe-S clusters are often achieved using 

commercial pET vectors (Example: pET-28a, Novagen, Cat. No. 69864-3) containing 

either C or N terminal hexa-histidine tags (his-tag). This is an effective method when the 

protein is inherently soluble [286] and there are multiple examples of the use of a hexa-

hisitine tag to purify a protein with an Fe-S cluster, with some recent examples in these 
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references [287-290]; as well as for ZFs. We note that in some cases, if the metal site is 

labile the use of this column may disrupt native metal binding and these columns should 

be evaluated on a case-by-case basis [291]. As an example, the pET-28a expression 

system contains a N-terminal His-tag, thrombin cleavage site, T7 tag, and an optional C-

terminal his-tag. Upon protein over-expression, purification is accomplished via 

Immobilized Metal Affinity Chromatography (IMAC), in which the hexahistidine tag 

binds to nickel (or cobalt, copper, or iron) loaded resin in the solid phase [292]. The 

protein of interest can then be eluted and separated from other cellular proteins using an 

imidazole buffer gradient. The T7 tag can be utilized for further purification of the 

protein of interest if needed. Incorporation of a thrombin cut site allows cleavage of the 

N-terminal his-tag yielding native protein post purification. Determination of whether to 

utilize a C versus N-terminal his-tag is accomplished empirically – proteins with either 

tag appended are produced and the resultant protein’s stability, solubility, and activity is 

assessed. N-terminal his-tags are generally more common, as cloning design and gene 

insertion into the vector is more straightforward, see for example [290]. We note that for 

some Iron-Sulfur proteins, a C-terminal hexahistidine tag has proven more robust, as seen 

with RimO [293]. If the protein of interest contains an Fe-S cluster near the far end of the 

N-terminus, a C-terminal tag may be preferred as there is concern that the hexahistidine 

residues may alter the Fe binding properties at the Fe-S ligand site [255]. The pET-28a 

expression system also contains Kanamycin resistance allowing bacterial selection 

containing the plasmid [294]. These expression systems are well suited for small ZFs 

with moderate to high solubility.  
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 Where native protein solubility is a concern, particularly for larger ZF proteins, 

we and other laboratories have found that the utilization of a vector that encodes for a 

maltose binding protein tag [e.g. pMAL-c5E (discontinued),  pMAL-c5X or pMAL-p5X 

from New England Biolabs] can often produce a more soluble protein  (Cat. No. E8200S) 

[282, 295-298]. The pMAL Protein Fusion and Purification System contains a cloning 

site downstream of a malE gene encoding the 42.5 kDa maltose-binding protein (MBP) 

and results in expression of an MBP-fusion protein that increases protein solubility, while 

maintaining proper folding and biological activity [299]. In some cases MBP appears to 

act as a chaperone to induce protein folding and stability [299]. After expression, the 

MBP-fusion protein allows for simple purification using amylose affinity 

chromatography. The construction of the vector also places a linker containing 10 Asn 

residues between the MBP and protein of interest domains to inhibit significant binding 

interactions between the two proteins. As a result, the protein of interest is maintained in 

a more native environment away from the MBP-tag and ensures the tag will be able to 

bind the amylose column efficiently during purification. The pMAL vector also 

incorporates a Factor Xa or Enterokinase recognition site immediately before the cloning 

region to allow cleavage of the MBP-tag post purification yielding native protein [36]. 

Furthermore, different pMAL vectors can allow protein expression in the cytoplasm or 

periplasm as desired by the user [294]. For added versatility, another cleavage site can be 

engineered into the expressed protein during cloning. For example, the recognition 

sequence of  the tobacco etch virus (TEV) protease can be incorporated in the forward 

primer during PCR [300, 301]. Our laboratory uses the pMAL vector to clone ZFs with 

Fe-S clusters, as described here. We note that we have also produced CPSF30 either a 
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glutathione s-transferase and a hexahistidine tag. We find that the MBP tag produces 

provides the highest yields of soluble and active protein while also increasing our long 

term storage stability.   

A.2.1.1. Equipment 
• Thermocycler  

• Agarose gel running apparatus  

• SPD1 SpeedVac Concentrator (Thermo Fisher)   

• Light box 

• Scalpel 

• Centrifuge 

A.2.1.2. Buffers and reagents 
• 10x Taq DNA Polymerase PCR Buffer (200 mM Tris-HCl, 500 mM KCl, pH 

8.4)(Thermo Fisher, Cat. No. 18067017) 

• dNTP’s 

• MgCl2 

• Platinum Taq Polymerase  

• DH5α E. coli cells 

• LB agar (10 g/L Casein Peptone, 5 g/L Yeast Extract, 5 g/L Sodium Chloride, and 15 

g/L Agar)(Affymetrix, Cat. No. 75851)  

• Ampicillin (Sigma Aldrich, Cat No. A9518) 

• Ethidium bromide (Fisher, Cat. No. BP 1302-10) 

• Tris/Acetic acid/EDTA (TAE) buffer (Bio Rad, Cat. No. 1610743) 

• Qiagen miniprep kit (Qiagen, Cat. No. 27106) 

• Qiagen PCR purification kit (Qiagen, Cat. No. 28104) 
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• Buffer 4 (NEB, Cat. No. B7004S) 

• BSA (NEB, Cat. No. B9001S) 

• Nde1 (NEB, Cat. No. R0111) 

• BamH1 (NEB, Cat. No. R0136S) 

• 6X loading dye (1X contains 2.5% Ficoll-400, 11 mM EDTA, 3.3 mM Tris-HCl, 

0.017% SDS, 0.015% bromophenol blue, pH 8.0) (NEB, Cat. No. B7021S) 

• Qiagen gel extraction kit (Qiagen, Cat. No. 28704) 

• Invitrogen Super Optimal broth with Catabolite repression (S.O.C.) media (2% 

tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, 20 mM glucose)(Thermo Fisher, Cat. No. 15544034)  

A.2.1.3. Protocol 
Note: As a general guide, the pMAL Protein Fusion and Purification System 

Instructional Manual (New England Biolabs) is followed with a few exceptions. 

Primer design 

1. Design primers, as an example CPSF30 primers are indicated: 

Forward: Non-coding (6 nucleotides) / Restriction site (6 nucleotides) / TEV cleavage 

site (21 nucleotides) / CPSF30 DNA (24 nucleotides)  

5’-TTC TTC / CAT ATG / GAA AAT TTA TAT TTT CAA GGT / ATG GAC AAG 

TCA GGG GCT GCT GTC-3’  

Note: A start codon is not necessarily needed as the beginning of the MBP sequence 

contains a start codon. 

Reverse: Non-coding (6 nucleotides) / Restriction site (6 nucleotides) / Stop codons 

x2 (6 nucleotides) / CPSF30 DNA (24 nucleotides) 

Note: DNA and stop codon sequence are reverse compliments of coding DNA. 
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5’-TTC TTC / GGA TCC / TTA CTA / TTC AAA TCG AGG GTG CAT GAA TTT-

3’ 

PCR set up 

2. The following reagents are combined for the PCR experiment, these values are 

adapted from recommendation by New England Biolabs [302]. 

Table A.1. List of PCR reagents 

Reagents Volume (µl) Final concentration 

Milli-Q water  34.5 - 

PCR buffer (10x) 5 1x 

MgCl2 1.5 1.5 mM 

dNTPs (10mM) 1.5 3 mM 

Forward Primer (5µM) 3 0.3 µM 

Reverse Primer (5µM) 3 0.3 µM 

Template DNA 1 - 

Platinum Taq 

Polymerase (5u/µl) 

0.5 2.5u 

Total Volume 50 µL - 

Note: Reagents are added to the PCR tube in the order listed.  

PCR cycle 

3. The PCR conditions explained here typically work well for ZF gene amplification in 

our lab. With other constructs, some steps (e.g. primer design, denaturation and 

annealing temperatures, length of extension times, etc) may need to be varied to 

improve desirable yields.  

a. Initial denaturation of template DNA at 94°C for 3 minutes  
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b. Denature double stranded DNA at 94°C for 1 minute 

c. Anneal primers at 65°C for 1 minute  

d. Elongation of DNA at 72°C for 1 minute  

e. Repeat for 25 cycles 

f. Final elongation step at 72°C for 15 minutes  

g. Final hold at 4°C 

4. Load the amplified PCR products onto a 1% agarose gel with ethidium bromide 

staining to ensure that the correct length of DNA was copied. The agarose gel should 

be prepared by adding 0.3 g of ultrapure agarose and 1 µl of ethidium bromide to 30 

ml of 1X TAE buffer and allowed to solidify in the gel apparatus.   

5. Follow Qiagen’s PCR purification kit and elute DNA using Milli-Q water and store 

the purified DNA at -20°C (Qiagen protocol, cat. 28104). 

6. Load and run a 1% agarose gel, as previously described (#4 above) with all PCR 

products and extracted pMAL-c5E plasmid to ensure the products and vector have 

been amplified successfully.  

pMAL-c5E plasmid prep. The pMAL-c5E vector can be used as received, or amplified 

and stored as described here. 

7. Transform 1µl of pMAL-c5e plasmid into 50 µl of DH5α E. coli chemically 

competent cells by pipetting 1µl of plasmid into a 50 µl aliquot of DH5α cells in a 

1.8mL Eppendorf tube and gently vortex the tube to mix the reagents. 

8. Incubate on ice for 5 minutes.  

9. Heat shock the plasmid and cell mixture for 45 seconds at 45°C.  

10. Incubate on ice for 2 minutes.  
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11. Add 500 µl of S.O.C. media and triturate the solution to ensure proper mixing.  

12. Incubate at 37°C for 45 minutes. 

13. Plate 100 µl of the solution onto a LB-agar plate containing 100 µg/ml ampicillin. 

Allow to incubate overnight at 37°C. 

14. Remove the plates and allow them to cool to room temperature.  

15. Select a single colony to grow in an overnight flask of 50 ml containing 100 µg/ml of 

ampicillin at 37°C. 

16. The 50 ml overnight cultures of pMAL-c5E vector should be centrifuged at 5250 x g 

at 4°C for 10 minutes.  

17. Isolate the DNA via a Qiagen miniprep kit (“Plasmid Miniprep Kit: QIAprep Spin 

Miniprep Kit-Cat. No. 27106”). 

18. Elute the DNA with Milli-Q water and store at -20°C. 

Double digest using Nde1 and BamH1 

19. Dry all samples for one hour in vacuo in a SpeedVac concentrator.  

20. Using New England Biolabs “double digest finder”, find compatible working 

conditions for both digestion enzymes. For Nde1 and BamH1, buffer 4 was used with 

BSA at 37°C for 2 hours. 

21. Re-suspend the pMAL-c5E vector in 32µl of Milli-Q water and PCR product in 

15.8µl so that each is at concentration of about 25ng/µl. 

22. Add the following to each reaction. 

a. 2 µl of Buffer 4  

b. 0.5 µl of BSA 

c. 1 µl of Nde1 

d. 1 µl of BamH1 
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23. Incubate for 2 hours at 37°C. 

Note: If the double-digestion step does not produce satisfactory yields of digested 

DNA, single digests of the plasmid with each restriction enzyme should be performed 

followed by analysis on a 1% agarose gel to verify that both restriction enzymes are 

active. 

24. Add 2µl of 6X loading dye to each reaction mixture and load 10 µl per well on a 1% 

agarose gel. Run the gel at room temperature for 50 minutes, or until the loading dye 

is approximately 80% down the gel, at 100 V. 

Note: Voltage can typically be varied between 80 and 150 V depending on the 

concentration of agarose in the gel to prevent it from overheating.  

25. Excise the bands from the gel using a light box and scalpel. 

26. Follow Qiagen’s gel extraction kit and elute DNA using 50 µl of Milli-Q water 

(“Plasmid Miniprep Kit: QIAprep Spin Miniprep Kit- Cat. No. 28704”) 

27. Remove 1 µl aliquot of each reaction to verify purity by 1% agarose gel as previously 

described. 

28. Dry samples in speedvac for 35 minutes. 
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Ligation 

29. We find that ligation is best performed by testing several ratios of plasmid to insert 

and then selecting the best product for future studies.  

Table A.2. Reagents for ligation reaction.  

 Reaction A 

(µl) 

Reaction B 

(µl) 

Reaction C 

(µl) 

Reaction D 

(µl) 

Ligase 1 1 1 1 

10X ligase 

buffer 

2 2 2 2 

Insert DNA 1 3 4 5 

Plasmid DNA 7 5 4 3 

Water 9 9 9 9 

Total volume 20 20 20 20 

 

30. Incubate the ligation reactions for 10 minutes at room temperature and then transform 

as previously described (Step 7) into DH5α E. coli cells with the following exception: 

5 µl of ligation mixture into 50µl of cells. 

31. Plate 150 µl of transformed cells onto LB-agar plates containing 100 µg/ml of 

ampicillin. 

32. Incubate the LB-agar plates overnight at 37°C. 

33. Choose a single colony from the plate, and grow overnight in 50 ml of sterilized LB 

containing 100 µg/ml of ampicillin at 37°C with shaking at 230 rpm.  

34. Spin down overnight culture in a 50 ml conical tube at 5250 x g for 10 minutes at 

4°C. 
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35. Follow the Qiagen mini prep kit (Cat. No. 27106) to extract the DNA; use 50 µl of 

Milli-Q water to elute the DNA. 

36. Store at -20°C. 

37. Aliquot 10 µl of each sample to verify ligation by 1% agarose gel. 

38. Dilute sample with 5.8 µl of Milli-Q water and perform a single digestion of the 

ligated product using one of the restriction enzymes chosen during ligation. 

39. Add 2 µl of DNA 6X loading buffer and run a 1% agarose gel as previously 

described.  

Note: A successful ligation should result in the presence of a single band on the 

agarose gel at the length of the pMAL-c5E plasmid plus the length of your gene of 

interest. If only the plasmid (no insert) is observed, a different colony should be 

selected.   

40.  Quantitate DNA concentration by UV-Vis at A260. Dilute 3 µl of pure DNA in a 

cuvette containing 500 µl of Milli-Q water and run full spectrum analysis. 

Concentration can be determined by:  

[𝐷𝐷𝑚𝑚𝑚𝑚] = (50 µ𝑐𝑐/𝑒𝑒𝑎𝑎)𝑒𝑒 (𝑏𝑏𝑆𝑆𝑎𝑎𝑓𝑓𝑡𝑡𝑆𝑆𝐶𝐶𝑛𝑛 𝑒𝑒𝑏𝑏𝑓𝑓𝑡𝑡𝐶𝐶𝑟𝑟)𝑒𝑒 𝑚𝑚260 

Example 

[𝐷𝐷𝑚𝑚𝑚𝑚] = (50 𝜇𝜇𝑐𝑐/𝑒𝑒𝑚𝑚)𝑒𝑒 (503 𝜇𝜇𝑎𝑎/3 𝜇𝜇𝑎𝑎)𝑒𝑒 (0.023924) 

[𝐷𝐷𝑚𝑚𝑚𝑚] = 200 𝑛𝑛𝑐𝑐/µ𝑎𝑎 

Note: 50 µg/ml is a normalization number for quantifying dsDNA. For ssDNA and 

RNA 33 µg/ml and 40 µg/ml can be used respectively [303].  

41. The purity of the sample can be determined by a ratio of A260/A280. The sample 

should have a ratio of 1.7-2.0 as pure DNA is ~1.8 [303].  
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42.  Concentrate the sample in vacuo to the concentration desired by the sequencing 

group you are using. For us, we needed samples at approximately 300 ng/µl.  

43. Submit samples for DNA sequencing and verify that the correct sequence has been 

inserted and that the MBP and insert are in the correct reading frame. 

A.3. Expression of ZF proteins and adaptations for inclusion of iron-sulfur clusters 
 

After the protein of interest has been successfully incorporated into your chosen 

vector it needs to be overexpressed, retrieved from within the cell, and maintained in a 

soluble aqueous fraction. In this section, we describe our expression protocols as well as 

how to utilize sonication to obtain a desired protein from a cell pellet post induction. As a 

reference, we have included sample data from CPSF30 in figure 3. 

A.3.1. General protocol for expression of zinc finger proteins containing iron-sulfur 
clusters 
 

Optimizing bacterial growth mediums and expression conditions plays an 

essential role in successful protein overproduction. We express zinc finger proteins using 

BL21 (DE3) E.coli cells in Lennox Luria Bertani Broth (LB) BL21 (DE3) cells 

(Invitrogen/Thermo Fisher, Cat. No. C600003). LB is one of the most commonly used 

growth mediums for cultivating E. coli since it was first described by Giuseppe Bertani in 

1951 [304, 305]. BL21 (DE3) cells have high transformation efficiency, express T7 

polymerase during Isopropyl β-D-1-thiogalactopyranoside (IPTG) induction, and are 

deficient of Lon and OmpT proteases making it suitable for overproduction of non-toxic 

proteins [306, 307].   

Once the bacterial strain and growth medium have been selected, the growth 

conditions need to be optimized. Varying induction temperature, IPTG concentrations, 
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shaking speed, and media supplementations can have large effects on protein yield and 

quality [305]. By reducing the induction temperature or IPTG concentration, bacterial 

growth and protein expression can be slowed down [305]. This can be beneficial if the 

protein of interest is being expressed too quickly and yielding low quality or mis-folded 

protein [305]. We typically overexpress zinc finger proteins at 37°C with a final IPTG 

concentration of 1 mM; however, if expression levels are not satisfactory we alter the 

temperature and/or IPTG concentration. Incubator shaking speeds affect culture aeration 

and higher speeds can help accommodate higher cell densities in the culture and increase 

protein yields [305]. To maintain proper aeration, we utilize a production volume of 1 

liter in 4 liter Erlenmeyer flasks and a shaker speed of 230 rpm. Some laboratories have 

shown success expressing zinc finger proteins in BL21 cells without the need of 

supplementing their media (e.g. metals, metal donors, scaffold donors, etc)  as seen with 

GATA-1 and MBNL [306, 308], while other labs have shown that additional 

supplementation to the growth media during induction is needed to increase protein 

quality and biological activity. This has been observed with HIV-1 NC and a zinc finger 

protein designed by Sangamo Biosciences [296, 309]. For expression of ZF proteins in 

our laboratory, we supplement the media with ZnCl2 to improve zinc incorporation yields 

and 0.2% glucose to ensure it is the primary carbon source. For supplementation of iron 

to aid Fe-S cluster assembly we have recently begun to supplement with FeCl3; for a 

more in depth study of supplementation and Fe-S cluster incorporation yields we refer 

you to the work of Jaganaman and colleagues [310]. This helps facilitate increased 

incorporation of the ZF and Fe-S domains into the protein thereby improving overall 

activity in vitro when analyzed by fluorescence anisotropy RNA binding assays. Another 
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approach to optimize Fe-S cluster loading is to utilize a minimal media/metal 

supplementation approach which provides the essential salts and sugars that are required 

for cell growth. Booker and Krebs describe this protocol for the expression of RlmN and 

AstB Radical SAM proteins [255]. This allows the levels of metal ions that are present in 

the growth media to be controlled, in contrast to LB-broth, which contains variable levels 

of metal ions (including iron and zinc). Our general expression protocol for CPSF30 is 

described below. 

A.3.1.1. Equipment 
• Incubating Orbital Shaker, Model 3500I (VWR, Cat. No. 12620-946) 

• Innova Orbital Shaker  

• 250 ml Erlenmeyer flasks  

• 4 L Erlenmeyer flasks 

• Avanti J-20 XPI centrifuge (Beckman Coulter, SKU# 8043-30-1171) 

• J-LITE® JLA-10.500 Rotor Assembly with 500 ml bottles and aluminum canisters 

(Beckman Coulter, Cat. No. 369681) 

• Table top Microcentrifuge equipped for 1.5 ml Eppendorf tubes (Denville Scientific, 

Cat No. C0260-24) 

•  Lambda 25 UV-VIS Spectrometer (Perkin Elmer, Cat No. L600000B) 

• Autoclave  

• Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad, Cat. No. 1658004) 

• Oscillating platform shaker (Stovall Life Sciences, Cat. No. BDRAA115S) 

• Fisher Scientific dry bath incubator (Boekel, Cat. No. 110011)  

A.3.1.2. Buffers and reagents For LB Over-expression 
• Milli-Q water system  
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• Invitrogen S.O.C. media (Thermo Fisher, Cat. No. 15544034) 

• Lennox LB broth (American Bioanlytical Inc, Cat. No. AB01198) 

• 100mg/mL ampicillin prepared from ampicillin sodium salt (Sigma Aldrich, Cat No. 

A9518) 

• LB broth containing 0.2% glucose  

• 100mM ZnCl2 (Sigma Aldrich, Cat. No. Z0152) 

• 1M IPTG (Research Products International Corp through Fisher Scientific, Cat. No. 

50-488-727) 

• 2x Laemmli Sample Buffer (Bio-Rad, Cat. No. 1610737) 

• 1X SDS-PAGE running buffer (25 mM Tris base, 19 mM Glycine, and 3.5 mM SDS) 

• Invitrogen BenchMark Protein Ladder (Thermo Fisher, Cat. No. 10747012) 

• Coomassie blue stain (3 mM Coomassie blue in 50% Methanol, 10% Acetic acid, and 

40% Milli-Q water by volume) 

• Destain (25% Methanol, 10% Acetic acid, and 65% Milli-Q water by volume) 

A.3.1.3. Protocol 
Day 1 

1. Prepare overnight culture medium by adding 1 g of LB media to 50 ml of Milli-Q 

water.  

Note: We typically set up these cultures in duplicate in case one of the overnight 

cultures fails to grow. 

2. Cover flasks with tin foil and autoclave the media for 20 minutes at 250°C. 

3. Pipette 2 µl of the plasmid into a 50 µl aliquot of BL21 (DE3) cells in a 1.5 ml 

Eppendorf tube and flick the bottom of the tube to mix. 

4. Incubate on ice for 5 minutes.  
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5. Heat shock the plasmid and cell mixture for 45 seconds at 45°C.  

6. Incubate on ice for 2 minutes.  

7. Add 500 µl of S.O.C. media and triturate the solution to ensure proper mixing.  

8. Incubate at 37°C for 45 minutes. 

9. Remove the overnight media from autoclave and allow to cool to room temperature 

(~30 minutes). 

10. Pipette 50 µl of 100 mg/ml ampicillin into the overnight flasks and swirl gently to 

mix achieving an effective concentration of 100 µg/ml. 

11. Pipette 150 µl of transformed cells into the overnight flasks. 

Note: LB agar plates containing 100 µg/ml of ampicillin could be made as well to 

save colonies for future overnight flasks.  

12. Incubate the transformed cells in an incubating orbital shaker at 37°C with shaking at 

230 rpm overnight for 12-16 hours. 

13. Prepare 1 liter of induction media containing 0.2% glucose by adding 20 g of LB and 

2 g of glucose to 1 liter of Milli-Q water.  

14. Cover flasks with tin foil and autoclave for 20 minutes. 

15. Allow induction media to cool to room temperature.  

Note: Induction media can be left at room temperature overnight if tin foil is not 

removed and handled aseptically after autoclaving. 

Day 2 

1. Inoculate 1 liter induction media with 15 ml of overnight culture. 

2. Incubate induction flask at 37°C with shaking at 230 rpm. 

3. Acquire 1 ml aliquot and obtain a starting UV-Visible measurement at 600 nm.  
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4. Monitor protein induction over time by taking 1 ml aliquots and measuring the 

absorbance at 600 nm. 

5. When the flask reaches an absorbance at 600 nm of approximately 0.3, supplement 

the media with 1 ml of 100 mM ZnCl2 to reach an effective concentration of 1 mM 

Zn. 

6. When the flask reaches an absorbance of 0.5-0.6 at 600 nm take a 1 ml aliquot to 

reserve for SDS-PAGE analysis and induce with 1 ml of 1 M IPTG achieving an 

effective concentration of 1 mM. 

7. Collect and preserve 1 ml aliquots of cells every hour to be used for SDS-PAGE 

analysis.  

8. At 3 hours post induction stop the protein expression and centrifuge induction media 

at 7,800 g for 20 minutes at 4°C.    

Note: It is recommended to do inductions in batches of 2 or 4 to allow simple 

balancing of the centrifuge. If only 1 batch is done, the centrifuge can be balanced 

using a bottle containing only water of identical weight.  

9. Remove supernatant and store cell pellets at -20°C. 

SDS-PAGE analysis 

An example of SDS-PAGE analysis of CPSF30 is shown in fig 3.B.  

1. Pellet 1ml aliquots by microcentrifugation and remove supernatant.  

2. Resuspend cell pellets in 100 µl of Milli-Q water and add an equal volume of 2x 

laemmli sample buffer. 

3. Incubate resuspended cell pellets on a heat block at 90°C for 3-5 minutes. 

4. Run 5-15 µl of each sample on a 15% SDS-PAGE until the ladder reaches about 2 cm 

from the bottom of the gel. 
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5. Carefully remove the gel from the glass plates and transfer it to a suitable container 

for staining.  

6. Add enough Coomassie blue stain to cover the gel and agitate for 30-60 minutes 

using an oscillating rocker.  

7. Remove Coomassie blue stain and add enough destaining solution to cover the gel 

and return to the oscillating rocker. 

Note: Destaining solution may need to be exchanged with fresh solution 2 or 3 times. 

8. Destain until background Coomassie stain dissipates and the protein bands can be 

resolved. 

9. Wash remaining destaining solution from the container and the gel can be stored in 

Milli-Q water. 

Note: It is advised that the gel be imaged immediately for record keeping. Although 

the gel can be stored for up to 1 week in water, microbial growth and gel swelling can 

begin to obfuscate the bands. Be careful not to allow the water to evaporate, as the gel 

will dry, shrink, and become brittle. For storage of up to several weeks, gels can be 

stored in 5% acetic acid at 2-8°C. If the gel is being retained for further analysis or for 

a laboratory notebook it can be stored dry as previously described or through 

commercially available gel drying instruments [311].   

A.3.2. Cell lysis 
 

Once CPSF30 has been successfully overexpressed as evidenced by an enhanced 

band on SDS-PAGE, the protein must be extracted and purified from the expression cells. 

Unless your protein has been engineered to be excreted from the cell during expression, 

the plasma membrane must be ruptured to release the protein of interest. There are many 
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different techniques available to disrupt the cell membrane and extract the protein of 

interest. These include sonication, freeze-thaw, enzymatic digestion, chemical digestion, 

and french press. Our laboratory finds that sonication is an effective strategy to lyse cells 

containing over-expressed ZFs. Sonication uses ultrasonic sound waves to produce liquid 

shear and cavitation that subsequently disintegrates the cell wall of the bacteria. 

Cavitation is the formation, growth and collapse of vapor bubbles created by high 

intensity sound waves [312, 313]. The collapse of these vapor filled bubbles causes 

intense local shock up at levels of thousands of atmospheres disrupting the cells around 

them [312]. One of the main drawbacks of sonication is the heat generated [313]. To 

overcome the potential risk of denaturing the protein at high heat, it is advised that the 

samples are kept on ice and sonication methods be optimized to short durations of pulses 

with resting periods to allow the sample to cool [313].  

A.3.2.1. Equipment 

• Fisher Scientific Sonic Dismembrator Model 100 (Fisher, Model No. XL2000-350R) 

•  Avanti J-20 XPI centrifuge (Beckman Coulter, SKU# 8043-30-1171) 

• JA-25.50 Fixed-Angle Rotor equipped with 50ml centrifuge tubes (Beckman Coulter, 

Cat. No. 363055) 

A.3.2.2. Buffers and reagents 
• Lysis buffer (20 mM Tris, 200 mM NaCl, Adjust pH to 7.5 using NaOH or HCl) 

• Pierce™ Protease Inhibitor Tablets, EDTA-free (Thermo Scientific, Cat. No. 88266) 

A.3.2.3. General sonication protocol 
1. Remove the cell pellet from -20°C storage and place on ice. 

2. Add 1 protease inhibitor tablet and re-suspend the pellet in 25 ml of lysis buffer. 

3. Split the resuspended pellet into two equal fractions in 50 ml centrifuge tubes. 
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4. Sonicate one fraction at 22.5 kHz on level 6 of 10 for 20 seconds on ice.  

Note: Sonicator tip should be submerged approximately half way into the solution 

and gently moved around without touching the walls of the centrifuge tube. 

5. Let the solution rest on ice for 40 seconds. 

6. Repeat steps 4 and 5. 

7. Sonicate the fraction at 22.5 kHz on level 7 of 10 for 20 seconds. 

8. Let the solution rest on ice for 40 seconds. 

9. Repeat steps 7 and 8. 

10. Repeat steps 4-9 with the other fraction.  

11. Centrifuge both fractions for 20 minutes at 12,100 rpm (20,000 x g) at 4°C. 

12. Combine both supernatants to form the load for amylose column purification.  

Note: Retain aliquots of both the pellet and lysate for SDS-PAGE analysis. 

If you have an Fe-S cluster present, the supernatant will remain reddish-brown (Fig 3.C).  

A.4. Protein purification 
 

After conditions have been optimized to keep the protein of interest stable and 

soluble after expression, it needs to be purified from the rest of the host cell’s proteins. In 

this section we discuss how to purify CPSF30 using amylose column chromatography 

and a polishing step using size exclusion chromatography. As a guide, we have included 

sample data from CPSF30 in figure 4. 
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Figure A.4 The purification steps for CPSF30. (A) 15% SDS-PAGE of CPSF30 post 
amylose column chromatography. L = Invitrogen BenchMark Protein Ladder (Thermo 
Fisher), S = supernatant, FT = flow through, W1-4 = wash 1-4, E1-3 = elution 1-3.  (B) 
Calibration Curve utilizing Sigma Aldrich gel filtration markers kit for protein molecular 
weights 12,000-200,000 Da used to determine the molecular weight of MBP-CPSF30. 
(C) UV-Visible monitored 

 
A.4.1. Amylose column chromatography 

 

CPSF30 has an MBP-tag, and we utilize amylose chromatography to purify. This 

approach works well for all MBP-ZFs our laboratory has investigated. In the cell, MBP 

mediates various maltodextrin metabolism pathways recognizing any alpha-(1→4)-D-

glucose polysaccharide over 8 repeating units [294]. Amylose affinity column 

chromatography takes advantage of this native binding interaction by incorporating 

repeating maltose polymers with these alpha-(1→4) linkages covalently bonded to 

agarose beads in a stationary phase to work in a bind and elute purification procedure. 

This makes for a specific and effective purification method that can yield pure protein 
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after just one purification step and we often obtain >95% purity of ZFs of interest. MBP’s 

high activity in diverse environments increases its appeal as a purification method as it 

allows for a wide range of buffer conditions varying pH and ionic strength without 

sacrificing purification yields. The most common buffer conditions with high yields still 

remain around neutral pH at about 7.5-8.0 and salt concentrations in the range of 100-500 

mM [294]. At high enough protein concentrations, MBP can effect pH as it has an acidic 

isoelectric point so higher buffering capacity is ideal and it is generally recommended to 

have concentrations of at least 20 mM [294]. Even though purification of MBP using 

amylose column chromatography is highly robust, it does have some caveats. Non-ionic 

detergents like Triton X-100, polysorbate 20, and other additives that inhibit hydrophobic 

interactions should be avoided during the purification process as they can reduce column 

loading capacity and result in lower purification yields [294]. Additionally, carbon 

sources in the induction media other than glucose should be avoided as they can 

upregulate expression of maltose scavenging proteins when maltodextrin concentrations 

are depleted. These scavenging proteins can make their way into the sonicated lysate and 

can bind, modify, or release maltose from the stationary phase of the column decreasing 

loading capacity and allowing MBP loss in the flow through [294]. To ensure glucose is 

the primary carbon source in our media, we supplement with an additional 0.2% glucose 

when expressing CPSF30 [285].  

A.4.1.1. Equipment 
• Glass Econo-Column® Columns 2.5cm x 20cm (Bio Rad, Cat. No. 7374252) 

• 50ml conical tubes  

• 3.5 kDa Dialysis tubing (VWR. Cat. No. 28170-166) 
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• Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-30 membrane (Millipore, Cat. 

No. UFC903008) 

• SDS-PAGE instrumentation as previously described 

A.4.1.2. Buffers and reagents 
• Wash buffer (20 mM Tris, 200 mM NaCl, pH adjusted to 7.5) 

• Elution buffer (20 mM Tris, 200 mM NaCl, 10 mM Maltose, pH adjusted to 7.5) 

• Amylose resin (New England Bio Labs, Cat. No. E8021S)  

Note: The amylose resin has a binding capacity of 6-8 mg/ml of protein to column 

bed volume. 15 ml of amylose resin can be used for up to 100 mg of crude MBP 

fusion protein at a time  

• Dialysis buffer (20 mM Tris, 50 mM NaCl, pH adjusted to 7.0) 

• Storage buffer (20% ethanol)  

• SDS-PAGE buffers and reagents as previously described 

Note: Wash, elution, and dialysis buffers can vary depending on the protein of interest’s 

stability in various pH, ionic strength, and buffering capacity conditions which are 

usually determined experimentally. 

A.4.1.3. General amylose affinity column chromatography purification protocol 
Note: Our purification procedure is performed at room temperature, but if protein 

stability is a concern, all steps should be performed in a cold room 

1. Slurry the resin in 20% ethanol and add to column. 

2. Allow the resin to form a gravity settled bed at the bottom of the column. 

3. Equilibrate the column flowing through excess wash buffer (at least 5 column 

volumes). 

4. Load cell lysis supernatant onto amylose column and seal the column.  
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5. Place the loaded column on an orbital rocker and rock for 15-20 minutes. 

6. Allow the resin to form a gravity packed bed and open the bottom valve of the 

column capturing the flow through until the supernatant is just above the resin bed. 

Note: Be careful to never let the column run dry at any time during the purification 

process. 

7. Add 45 ml (3 CV’s) of wash buffer to the column and capture it in a new 50 ml 

conical tube. Place captured fractions on ice until purification procedure is completed.  

8. Repeat step 7 three more times capturing each wash in a new conical tube. 

9. Add 15 ml (1 CV) of elution buffer and capture the flow through. 

10. Repeat step 9 two more times. 

11. Retain 50 µl aliquots of all fractions for SDS-PAGE analysis.  

12. Once purification has been verified by SDS-PAGE as previously described, combine 

all elution fractions containing pure protein and pipette protein solution into dialysis 

tubes for buffer exchange. 

Note: Dialysis tubing should be incubated in dialysis buffer for at least 5 minutes 

before filling with protein solution.  

13. Place tubing containing protein in 4 liters of dialysis buffer to exchange overnight at 

2-8°C. 

14. Concentrate protein samples to approximately 100-250 µM using Amicon spin filters 

by centrifuging at 4000 x g for 25 minutes at 4°C. 

15. Repeat concentration (step 14) by removing filtrate and adding elution fractions until 

all fractions are concentrated to approximately 1.5-5.0 ml. 
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16. Fill retentate side of spin filter with fresh dialysis buffer and centrifuge at 4000 x g 

for 25 minutes at 4°C. 

17. Repeat step 16 two more times.  

18. If pure, aliquot samples for storage at -80°C or store/prepare samples for size 

exclusion chromatography.  

19. Add storage buffer to column and allow approximately 3 column volumes to flow 

through. Store column in excess storage buffer at 4°C. Before another use, the 

column can be regenerated by washing as follows: Milli-Q water (3CVs), 0.1% SDS 

(3CVs), Milli-Q water (1CV), and Wash buffer (5CVs). The column is then ready to 

be loaded again.   

Note: Amylose resin can be reused up to 5 times 

A typical SDS PAGE of purified CPSF30 (>95 % purity) is shown in Figure 4.A.   

A.4.2. Additional polishing step via size exclusion chromatography. 
 

CPSF30 is typically obtained at > 95% purity after one amylose column. If 

desired, CPSF30 can be further purified using size exclusion chromatography (also 

known as gel filtration chromatography). This method separates impurities based on size 

and CPSF30 can be separated as a monomer (predominant species), dimer and a small 

amount of MBP and other impurities. A standard curve for molecular weights should be 

constructed using a gel filtration markers kit for protein molecular weights 12,000-

200,000 Da (Sigma Aldrich) on a Superdex 200 10/300 gel filtration column (GE)[314]. 

This kit uses 6 standard proteins to construct a calibration curve that can be used to 

determine molecular weights of proteins in a mixed sample. These standards are 

cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa), bovine serum albumin (66 kDa), 



185 
 

alcohol dehydrogenase (150 kDa), β-amylase (200 kDa), and blue dextran (2,000 kDa). 

Blue dextran is not used in the calibration curve, but is used to determine the void volume 

of the column as it does not interact with the bead’s pores and elutes at the solvent front 

[314]. This allows normalization of the elution volume measurements of the other five 

calibration standards. The ratio of elution volume (Ve) to void volume (Vo) (Ve/Vo) can 

be determined for each standard allowing the calibration curve to estimate the molecular 

weight of unknown proteins (such as MBP-CPSF30 vs contaminants)[314]. This 

calibration needs to be conducted each time the size exclusion column is used as retention 

rates can shift slightly when the column is moved from one location to another changing 

packing factors or internal bead densities. Figure A.4.B gives an example of CPSF30 that 

has been purified via size exclusion chromatography and referenced to the calibration 

curve. Prior to loading the column, it is important to centrifuge your sample on a table top 

centrifuge (Denville) at 14,000 rpm for 10-15 minutes to remove any aggregates in the 

protein sample that could damage the FPLC system or the column. The sample can then 

be loaded onto the Superdex 200 10/300 column (we use an AKTA Pure FPLC (GE) with 

Unicorn software) [315]. The flow rate should be experimentally optimized to ensure 

proper separation of your protein of interest from other impurities; we use a flow rate of 

0.4 ml/min (31 cm/hr) to purify CPSF30.  Figure A4.C shows the chromatogram for 

purification of CPSF30. 

A.5. Methods to characterize ZF proteins with Fe-S clusters. 

To characterize ZF proteins isolated with an Fe-S cluster, three methods are 

typically employed: optical spectroscopy to visualize thiolate-to-Fe(III) charge-transfer, 

ICP-MS (Inductively Coupled Plasma Mass Spectrometry) to quantify iron and zinc, and 
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XAS (X-ray absorption spectroscopy) spectroscopy to determine metal oxidation states, 

geometry at the metal center, and ligand identity. We perform spectroscopy and ICP-MS 

at Maryland, and our protocols are described below. XAS spectroscopy is performed by 

our collaborator, Tim Stemmler (Wayne State University) and we refer you to our 

published collaborative work [285].  

 

A.5.1. Protein characterization using ultraviolet-visible spectroscopy (UV-Vis) 
 

Ultraviolet-visible spectroscopy (UV-Vis) is a work-horse method in many 

biochemistry laboratories for simple and informative characterization of proteins. UV-Vis 

utilizes conserved and reproducible absorption properties of various substances to gain 

insight into different molecular dynamics including protein concentration, sample purity, 

and presence of several different protein motifs like Fe-S clusters [167, 316, 317]. Protein 

concentration can be determined utilizing Beer’s law, A280=εbc, where A is the 

absorbance of the sample in absorbance units, ε is the molar absorbtivity in L mol-1 cm-1, 

b is the path length of the sample in cm, and c is the concentration of the sample in mol 

L-1. Since the path length is known and ε can be determined theoretically or 

experimentally for your protein, concentration is directly related to the absorbance 

measurement at 280 nm where tryptophan, tyrosine, and disulfide bonds are known to 

show absorption. In a pure sample, this technique is a quick and reproducible method to 

determine protein concentrations. Additionally, since the purine and pyrimidine residues 

in nucleic acids are known to absorb at 260 nm, a ratio of A260/A280 can be used as a 

guide to determine protein purity within a sample [316]. UV-Vis can also give some 

insight into the presence of [2Fe-2S]2+ and [4Fe-4S]2+ clusters within a protein. Proteins 
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containing [2Fe-2S]2+ clusters typically show absorbance bands at approximately 405, 

455, and 515 nm while [4Fe-4S]2+ clusters generally show a band around 420 nm [167, 

317, 318]. Loss of the peak at 420 nm over time can also be used to determine [4Fe-4S]2+ 

stability or oxidation [317]. Figure A.5 shows the UV visible spectra of CPSF30 loaded 

with both zinc and the Fe-S site as well as the Fe-S only species. 

 

Figure A.5. Full UV-Visible spectrum of CPSF30 protein in 20 mM Tris, 100 mM NaCl, 
pH 8 after purification. (inset) Close up of 300-650 nm range denoting the Fe-S cluster 
charge transfer peaks. The green band shows the spectrum of isolated CPSF30 with both 
Fe and Zn bound; the blue band is the spectrum observed upon Zn chelation (Fe-only 
spectrum). 
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A.5.1.1. Equipment 
• Ultraviolet-visible spectrophotometer  

• Quartz cuvette  

A.5.1.2. Buffers and reagents 
• 20 mM Tris, pH 7.0, 50 mM NaCl 

A.5.1.3. General UV-Vis characterization protocol for proteins containing zinc finger 
and iron-sulfur clusters 
 

Note: Our method is performed under aerobic conditions, but if iron oxidation is a 

concern, UV-Vis characterization should be done in the absence of an oxygen 

atmosphere as previously described [167, 317]. 

1. Add approximately 500 µl of dialysis buffer to the cuvette and insert into 

spectrophotometer  

2. Blank the cuvette 

3. Add 150 µl of pure protein solution and mix 

4. Run a full UV-visible scan between 200 - 800 nm  

5. Analyze spectrum for peaks around 280, 260, 405, 455, 515, and 420 nm 

Note: If spectrum reaches maximum absorbance, a dilution may be necessary and the 

experiment will have to be repeated 

6. Calculate protein concentration using Beer’s law (A=εbc) and solve for concentration 

Note: If ε has not been determined empirically for your protein, a theoretical estimate 

can be obtained from http://web.expasy.org/protparam/. This estimate can vary 

slightly from actual molar absorptivity values in solution as protein folding, pH, and 

ionic strength can affect some aromatic residue’s ability to absorb light [319].  

http://web.expasy.org/protparam/


189 
 

7. Look for peaks diagnostic of the incorporation of a [2Fe-2S]2+ cluster or [4Fe-4S]2+ 

cluster at approximately 405, 455, and 515 nm or 420 nm, respectively. 

 

A.5.2. ICP-MS 
 

ICP-MS is used for elemental analysis of CPSF30 to quantify the iron and zinc 

content of the isolated protein. ICP-MS is extremely sensitive - concentrations as low as 

one part per trillion can be theoretically measured (ppt) [320]. The instrument ionizes the 

sample with inductively coupled plasma and then the ionized sample is passed through a 

mass spectrometer to separate and quantify the metal/non-metal ions [321]. ICP-MS 

works with better speed, precision, and sensitivity to determine metal ions compared to 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) which can also be 

used to determine metal content of proteins [322]. The plasma used for ICP-MS is 

energized by heating argon gas with an electromagnetic coil, which generates electrically 

conductive argon ions that can interact with an aerosol sample to ionize elements for 

detection. The sample is converted into an aerosol by passing through a nebulizer to 

create consistent droplet sizes to interact with the charged argon gas. This is important to 

remove any large droplets from the sample and increase reproducibility of detection. The 

detector is able to determine the ions that are in the sample based on a calibration curve 

of the specific ions the user is analyzing. It is also important to incorporate positive 

controls into your samples to monitor matrix effects. Matrix effect is when a component 

of the sample, other than the analyte of interest, skews the reported values of detection by 

having considerable impacts on detection and is referred to as enhancement or 

suppression. This can be monitored by analyzing a known element in a neat sample 
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versus a spiked concentration in your matrix. Another caveat to ICP-MS when working 

with 56Fe determination is interference with 40Ar16O+ and 40Ca16O+ as they all have a 

molecular weight of 56 and similar ionization states [323]. One way to overcome this 

interference is to use a helium (He) collision chamber before the detector. The He 

collision mode differentiates monoatomic elements versus polyatomic species by kinetic 

energy discrimination (KED) [324]. Since diatomic species have a larger cross sectional 

area, they are prone to more collisions and move slower through the collision cell. This 

allows the monoatomic elements (56Fe) with the same mass to pass to the detector with 

less interference and allows analysis down to concentrations as low as parts per billion 

(ppb). We routinely use a helium collision chamber for our analysis. Secondarily, 57Fe 

can be analyzed with lower interference, but due to its lower abundance sensitivity can be 

an issue.           

A.5.2.1. ICP-MS protocol: 
1. Prepare 1 µM CPSF30 in 5 mL 2% trace metal nitric acid (Fisher). 150 µL internal 

standard (100 µg/mL Bi, Ge, In, Li, Lu, Rh, Sc, and Tb; Agilent Technologies) is 

added to samples to ensure accuracy.   

2. Zinc and iron calibration standards ranging from 0-500 ppb Zn/Fe are created using 

iron and zinc atomic absorption standard dilutions (Fluka Analytical). 

3. Zinc and iron levels are detected on an Agilent 7700x ICP-MS using an octopole 

reaction system in HE mode, an rf power of 1,550 W, an argon carrier gas flow of 

1.0 L/min, argon make-up gas flow of 0.1 L/min, helium gas flow of 4.5 mL/min, 

octopole rf of 160 V, QP bias of −15 V, and OctP bias of −18 V.  

4. Data analysis was performed using the Agilent 7700 x ICP-MS instrument provided 

Mass Hunter software. 
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Note: In a molar ratio, we usually see 0.5-1.7 equivalents of iron and 3.1-3.7 

equivalents of zinc to CPSF30.  

A.5.3. XAS Sample Preparation 
 

To determine the geometry at the metal site, the ligands involved in coordination 

and metal oxidation state of ZF/Fe-S hybrid proteins,  XAS is a common approach [285]. 

Below we describe our protocol for sample preparation. 

A.5.3.1. XAS Protocol: 
1. CPSF30 samples are prepared in 20 mM Tris, 50 mM NaCl pH 7 with 30% glycerol. 

Metal concentrations of CPSF30 are confirmed via ICP-MS analysis with metal 

concentrations greater than 0.5 mM of either Zn or Fe.   

2. Samples are loaded into lucite XAS cells, prewrapped with kapton tape, flash-frozen 

in liquid nitrogen, and stored in liquid nitrogen until data collection.  

A.6. Activity assays to assess DNA or RNA binding for ZF/Fe-S hybrid proteins. 
 

Once isolated, the function of a ZF/Fe-S hybrid protein must be assessed. ZFs 

typically bind to other macromolecules (e.g. DNA or RNA) to promote transcription or 

translation [325]. In addition, in recent years, Fe-S co-factored proteins have been found 

to also participate in DNA or RNA binding [290, 325]. Two general strategies to assess 

DNA or RNA binding are Electrophoretic Mobility Shift Assays (EMSA) and 

fluorescence anisotropy (FA). The application of these techniques for CPSF30/RNA 

binding are described below and sample data is shown in figure A.6. 
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Figure A.6. Characterization of CPSF30/RNA binding. (A) EMSA data for CPSF30 with 
RNA (α-synuclein RNA sequence) at various sequence lengths, compared to a negative 
control with Rβ31. (B) FA monitored titration of CPSF30 with α-synuclein RNA versus 
mutant RNA sequences. Binding is only observed with α-synuclein RNA and these data 
are fit to a cooperative binding model with a [P]1/2 = 143.8 ± 3.8 nM and a hill coefficient 
of 1.58 ± 0.07. 

A.6.1. Evaluation of CPSF30/RNA binding via Electrophoretic Mobility Shift 
Assays (EMSA) 
 

In the EMSA assay, the RNA (or DNA) target is 5’ end labeled utilizing 

phosphate containing radioactively labeled 32P, to allow determination of an interaction 

between protein and substrate [326]   [327]. In a typical experiment, the 32P-RNA is 

incubated with increasing concentrations of protein, and the position of 32P-RNA on the 

gel is shifted if binding occurs.  
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EMSA assays for CPSF30/RNA utilized α-synuclein pre-RNA; however, this assay can 

be adapted to examine any RNA sequence. An example of an EMSA assay for CPSF30 is 

shown in figure A.6.A.  

A.6.1.1. EMSA Protocol: 
Radioactively labeling RNA 

1. Quantitate RNA of interest as previously described (Section 2.1 step 40) and dilute to 

5 pmol/µL using RNase free water.  

2. Add and mix the following reagents: 

Table A.3 EMSA radioactively labeling RNA reagents. 

Reagent Volume 

5 µM RNA 2 µL 

RNase free water 4 µL 

10 x T4 PNK buffer (NEB Cat. No. 

B0201S) 

1 µL 

[ϒ32P] ATP (6000 Ci/mmol stock) 2 µL 

3. Mix and then add 1 µL of T4 polynucleotide kinase to reach a final volume of 10 µL.  

4. Incubate at 37°C for 10 minutes. 

5. Add 50 µL of RNase free water and 2 µL of 0.5 M EDTA.  

6. Heat inactivate the reaction at 70°C for 15 minutes. 

7. Extract once with 35 µL phenol: 35 µL of CHCl3:IAA (Chloroform:Isoamyl alcohol) 

and mix by vortex.  
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8. Remove unincorporated nucleotides by passage of the top aqueous layer through a G-

25 spin column (Roche, Cat. No. 11 273 990 001). 

9. Quantify incorporation by liquid scintillation counting. Add 1 µL of RNA solution to 

10 mL of scintillation fluid (Ecoscint H by National Diagnostics, Cat. No. LS-275) in 

a scintillation vial. This should yield between 2-3 K cpm/fmol.  

Note: The final concentration of RNA probes should be about 80 fmol/µL assuming 

80% recovery in 100 µL of elution volume.   

EMSA 

Note: All water used must be RNase free and all reagents must be EDTA free. 

1. Dilute the RNA probe to 2 nM using a 10 mM Tris, pH 8.0 buffer. 

2. Make the following reaction mixture: 

Table A.4. EMSA assay reagents.  

Reagent Volume Final concentration 

4 x LS binding mix (400 mM 

Tris/800 mM KCl) 

125 µL 50 mM Tris pH 8.0 and 

100 mM KCl 

5 mg/mL polyrC (Midland 

Certified Reagent Company, 

Cat. No. P-3002) 

60 µL 0.3 mg/mL 

10 mg/ml acetylated BSA 

(Promega, Cat. No. R396D) 

10 µL 0.1 mg/mL 

1.5 M DTT 1.6 µL 2 mM 

50% Glycerol 200 µL 10% (v/v) 
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Table A.4 Continued 

RNase free water 590 µL N/A 

10 mM ZnCl2 10 µL 100 µM 

 

3. Heat the RNA dilutions at 70°C for 5 minutes and then rest on ice for 3 minutes. 

4. Incubate the 32P-labeled RNA with increasing concentrations of CPSF30 (between 0 

– 1000 nM) in the reaction mixture on ice for 15 minutes.    

Note: The final concentration of RNA probe in each assay should be 0.2 nM. 

5. Pipette the RNA or CPSF30/RNA mixture into lanes of a 5% (vol/vol) native 

polyacrylamide gel containing 10% (vol/vol) glycerol, with a 0.5× (44.5 mM) 

Trisborate buffer (pH 8.0) 

Note: The gel should be pre-run for 20 minutes before adding the RNA/CPSF30 

mixture at 150V. During loading, run the gel at 80V. 

6. Run the gels at 200V for approximately 3 hours at 4°C.  

7. Vacuum dry the gel for approximately 2 hours (Biorad model 583).  

8. Expose the gel overnight using a phosphor screen. 

9. Phosphoimage the gel next day. (e.g GE Typhoon FLA9500)  

A.6.2. Quantification of ZF/RNA binding via Fluorescence Anisotropy. 
 

Although EMSA can be utilized to quantify CPSF30/RNA binding (or other 

ZF/RNA binding), our laboratory uses fluorescence anisotropy (FA). This method is 

especially useful for simplified analysis when fitting to a cooperative binding model as 

with CPSF30. FA is a solution based technique that measures the differences in 

polarization (anisotropy) that occur when a fluorescently labeled macromolecule binds to 
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a non-fluorescently labeled macromolecule forming a complex  [328, 329]. The FA 

measure is indirectly proportional to tumbling rate of the macromolecule, and when a 

complex forms, the tumbling rate decreases and an increase in FA is observed. A number 

of fluorophores can also be utilized. For the FA experiment with ZFs that bind RNA, we 

prefer to conjugate fluorescein to the 3’ end of our RNA, although 5’ end labeling can 

also be utilized. We excite at 495 nM and observe a maximum emission at 517 nm. An 

example of FA for CPSF30 with fluorescein labeled RNA is shown in Figure A.6.B and 

we describe our protocol below. The length of the target RNA sequence utilized should 

be optimized to ensure that secondary binding sites of the protein and RNA can occur, if 

applicable. For CPSF30 we find that RNA molecules between 24 and 38 nucleotides long 

are suitable for CPF30/RNA binding, and that our sequences do not appear to adopt any 

secondary structure (as measured by thermal denaturation). It should be noted that since 

FA readings are calculated from changes in apparent molecular size during binding, very 

large RNA sequences can attenuate measurements as the overall molecular weight 

difference between RNA and protein becomes smaller. FA is very versatile, and can be 

adapted to any protein/DNA, protein/RNA, or protein/protein interaction of interest. 

A.6.2.1. FA Protocol: 
1. Fluorimeter schematics. Experiments are conducted in the L format on an ISS 

PC-1 spectrofluorometer with polarizers. A full excitation/emission scan of F-

labeled RNA to determine optimal excitation/emission wavelengths should be 

performed. We recommend an excitation wavelength/band pass of 495 nm/2 nm 

and an emission wavelength/ bandpass of 517 nm/1 nm for fluorescein labeled 

RNA.  
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2. Add 5 nM of fluorescently labeled RNA in 20 mM Tris, pH 7.0, 50 mM sodium 

chloride with 0.2 mg/mL BSA, and 0.4 mg/mL poly-rC to reach a final volume of 

500 µl in a Spectrosil farUV quartz window fluorescence cuvette (Starna Cells). 

BSA serves to prevent protein adherence to the quartz cuvette walls and poly-rC 

is an internal negative control for non-specific protein/RNA interactions.  

3. Titrate the protein with the RNA and observe anisotropy changes until saturation. 

In a typical experiment, upon addition of the protein, the complex is incubated for 

5 minutes. The protein is titrated in aliquots increasing concentrations beginning 

with 10 nM.  

Note: During the experiment, dilution of the sample should be taken into account 

and compensated for in a corrected anisotropy value that is calculated as follows: 

𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑒𝑒𝑓𝑓𝑡𝑡𝑒𝑒𝑏𝑏 𝑏𝑏𝑛𝑛𝑆𝑆𝑏𝑏𝐶𝐶𝑡𝑡𝑟𝑟𝐶𝐶𝑠𝑠𝑓𝑓 = 𝑏𝑏𝑛𝑛𝑆𝑆𝑏𝑏𝐶𝐶𝑡𝑡𝑟𝑟𝐶𝐶𝑠𝑠𝑓𝑓 𝑒𝑒 
𝑏𝑏𝑡𝑡𝑏𝑏𝑟𝑟𝑡𝑡𝑆𝑆𝑛𝑛𝑐𝑐  𝑟𝑟𝑒𝑒𝑏𝑏𝑓𝑓𝑡𝑡𝑆𝑆𝐶𝐶𝑛𝑛 𝑣𝑣𝐶𝐶𝑎𝑎𝑓𝑓𝑒𝑒𝑒𝑒

𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑒𝑒𝑛𝑛𝑡𝑡 𝑣𝑣𝐶𝐶𝑎𝑎𝑓𝑓𝑒𝑒𝑒𝑒
 

4. If some quenching of fluorescence is observed during the titration, the anisotropy 

(r) should be corrected for the change in quantum yield (Q, ffree/fbound, protein-

dependent change in fluorescence) using the following equation: 

𝑟𝑟𝑐𝑐 =
𝑟𝑟0 (𝑟𝑟𝑏𝑏 − 𝑟𝑟) + (𝑟𝑟𝑟𝑟(𝑟𝑟− 𝑟𝑟0))

(𝑟𝑟𝑏𝑏 − 𝑟𝑟 + 𝑟𝑟(𝑟𝑟 − 𝑟𝑟0))
 

where rc is the corrected anisotropy, r0 is the anisotropy of the free fluorescein-

labeled oligonucleotide and rbound is the anisotropy of the RNA–protein complex 

at saturation. Plot rc against the concentration of protein.  

5. Fit the data to an appropriate binding model. Our data was best fit to a cooperative 

binding model using nonlinear regression (GraphPad Prism 5):  
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 rTc is the total, corrected anisotropy, r0 is the anisotropy of the free fluorescein-

labeled oligonucleotide, rbound is the anisotropy of the RNA-protein complex at 

saturation, [P] is the concentration of protein, [P]1/2 is the concentration of protein 

at half-maximal saturation, and h is the Hill coefficient. (Note: it is always best 

practice to fit data to several models, beginning with the simplest 1:1 binding). 

A.7. Conclusions 
 

Most ZF proteins are annotated in genome databases, but only a handful have 

been characterized experimentally. In this ‘Methods’ chapter, we aimed to convey the 

general approach one should take to isolate a novel ZF protein, and to include methods to 

evaluate whether additional metals – iron sulfur clusters- are present. We also present 

activity assays, using EMSA and FA, that can be applied to most protein/DNA or 

protein/RNA complexes.  
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Appendix B - Seeing the “Unseeable,” A Student-Led Activity to Identify Metals in 
Drinking Water6 

 

B.1. Introduction 
 

In the United States, drinking water is regulated by the Environmental Protection 

Agency (EPA) under the auspice of the Safe Drinking Water Act of 1974, and the general 

public considers it safe for consumption.[330, 331] In 2004, the safety of municipal 

drinking water in Flint, Michigan, came into question after high levels of lead were 

detected.[332, 333] In the ensuing “Flint Water Crisis,” citizen scientists organized by a 

team of researchers at Virginia Tech were key contributors to the discovery of high levels 

of lead in the drinking water.[332-335] These citizen scientists collected water from their 

homes in Flint, which was then tested for lead content at Virginia Tech. The work of 

these citizen scientists contributed to policy changes at the federal, state, and city levels 

that included changing the source and treatment of drinking water in Flint to ensure its 

safety. Creating engaged, scientifically literate citizens is a broad goal for science 

education; inspired by the work of citizen scientists, we sought to pilot an outreach 

program to engage students at a variety of levels on key skills in citizen science, such as 

sample collection, and on developing a knowledge base of analytical chemistry, the kind 

of work that helps students understand why water would be declared safe or unsafe. 

The methodology utilized to quantify the metal ions present in tap water collected 

by the Flint citizen scientists was inductively coupled plasma mass spectrometry (ICP-

MS). ICP-MS instruments enable quantitative analysis of most elements in the periodic 

 
6 Adapted from publication: Neu, H.M., Lee, M., Pritts, J.D., Michel, Sherman, A.R., 
Michel, S.L.J., 2020, Journal of Chemical Education, 97(10): 3690-3696. JDP’s role was 
in preparing worksheets, aiding in the exercises, and editing the manuscript. 
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table and are sensitive to the parts per trillion (ppt) level. In contrast, a more conventional 

chemical analysis of water, such as using a colorimetric reagent, will detect contaminants 

in the parts per billion (ppb) range, an order of magnitude less sensitive than ICP-MS. 

Indeed, a 1994 experiment on detecting chromium contamination in water noted that the 

colorimetric reagent approach should only be used on highly polluted water, such that an 

educator running the experiment would have to pretreat samples with sufficient 

chromium to get a positive result.[336] In contrast to those methods more common in 

classroom laboratories, ICP-MS is routinely deployed in real-world applications that 

involve human health, as it is considered a reliable method for sensitive quantification. 

Baltimore City, the site of our activity, has a history of lead poisoning, which had gained 

prominence in the national media in 2015 with the death of Freddie Gray, who had 

elevated lead levels.[337, 338] In Baltimore, elevated lead levels are usually attributed to 

lead paint, and the data suggest that overall lead poisoning in the state of Maryland has 

been declining.[339] Nonetheless, lead contamination remains an important public health 

issue in Baltimore, as is the investigation of environmental sources of lead. The water 

supply in Baltimore has not typically been implicated as a source of lead toxicity, 

although in older communities, water is often delivered via lead service lines, which can 

serve as a source of lead contamination.[340] Overall, the broader question of 

environmental toxins and how they are detected is important to a larger conversation on 

science’s role in broader questions of health. 

ICP-MS is more sensitive by an order of magnitude than reagent tests for water 

contamination and requires a large investment. However, the basic science of ICP-MS is 

accessible to chemistry students at different levels; basically, ICP-MS depends upon 
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detecting charged particles. Samples are aerosolized into an argon plasma stream, which 

dries the droplet and dissociates the elements of the sample into charged ions. A mass 

filtering device, known as a mass spectrometer, then filters the ions, allowing ions with 

only a fixed mass-to-charge ratio to pass to the detector. Software analyzes the signal 

against standards to determine the final concentration of each element that is 

detected.[341-346] 

ICP-MS instruments are regularly becoming part of chemistry and biology 

departments’ analytical service centers in universities, making them an increasingly 

accessible analytical teaching tool. We have access to an ICP-MS at the University of 

Maryland School of Pharmacy, and, inspired by the efforts of citizen scientists to test 

drinking water in Flint, MI, [334, 347] we deployed ICP-MS and “student scientists” to 

test drinking water in Baltimore City. Our goal was to translate the science from the 

headlines from Flint to hands-on practical laboratory experiences for students—to 

prepare them to engage with the discourse of science whether they choose to later 

specialize in the sciences or not. Our approach was informed by Alan Irwin’s sense of the 

citizen-scientist.[348] Irwin noted the social importance of environmental issues and the 

barriers between scientific discourse and the public; Irwin’s construct of citizen-scientist 

invokes political self-hood in its pointed use of “citizen,” as opposed to something more 

neutral, such as “lay-person”, to suggest a directed, social focus in the action of citizen-

scientists. Thus, water, a basic need for life that is regulated by government, is an 

important area for investigation, as the role of science education scales beyond schools to 

the community at large.[349] This sense that scientific education might be critically 

important beyond schooling indicates the importance of being able to adjust scientific 
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education to different backgrounds and contexts outside of traditional educational 

projects. 

 

B.2. Materials and Methods 
 

B.2.1. Water sample collection 
 

Water samples (∼25 mL) were collected in 50 mL conical tubes from 

participants’ kitchen faucets first thing in the morning to ensure that no water had been 

run from the faucet for at least 6 h prior to collection. We specified a 6 h stagnation time 

to be consistent with EPA guidelines on sampling tap water for lead (see 

https://www.epa.gov/sites/production/files/2016-

02/documents/epa_lcr_sampling_memorandum_dated_february_29_2016_508.pdf). 

Participants were also instructed to label the collection tubes with their initials and Zip 

code. 

 

B.2.2. Sample Preparation and ICP-MS Analysis 
 

The collected water sample (2 mL) was transferred to a 15 mL metal-free conical 

tube (VWR) and acidified by adding concentrated nitric acid (Trace-Metal grade, Fisher 

Scientific, 200 μL) in a fume hood. The concentration of metals in the participants’ 

acidified samples was determined by direct infusion into a 7700x ICP-MS (Agilent 

Technologies). Metal concentrations in the samples were derived from a calibration curve 

generated by a series of dilutions of atomic absorption standard (Fluka Analytical, 
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Honeywell International Inc.) prepared in 6% nitric acid. Data analysis was performed 

using Agilent’s Mass Hunter software (4.4 version). 

 

B.2.3. Hazards 
 

All instrumentation used (ICP-MS and autosampler) during the analysis of the 

participants’ drinking water was commercially available and run using manufactory 

guidelines. The argon dewar utilized for the operation of the ICP-MS was set to company 

specifications and housed in a different location from where the activity was being 

conducted. To minimize the participants’ exposure to nitric acid, the participants 

measured their water samples and then supplied the sample to the outreach event leader, 

who then acidified the sample in a chemical fume hood. The event leader was outfitted 

with appropriate personal safety equipment when handling concentrated acid. The 

acidified samples were then placed by the event leader in the autosampler, which has an 

integrated environmental enclosure to ensure the participants did not encounter any 

acidified solutions. 

 

B.2.4. Activity 
 

A 2015 editorial in Nature notes the increasing contributions that nonscientists 

can make to research, especially in data gathering.[350] However, the accuracy of data 

gathered by citizen scientists can be an issue; in fact, a citizen-scientist initiative to 

monitor agricultural runoff in water resources reported erroneous measures, based on 

colorimetric water tests.[351] Our activity is meant to provide a conceptual background 

along with sampling, with analysis conducted by scientific researchers using a state-of-
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the-art analytical tool (ICP-MS). This activity is designed to be adapted for a wide variety 

of participants and will teach participants why sampling and data collection must be 

precise (Table B.1). 

Table B.1. Student activities and learning outcomes 

Cohort Students Broad learning 
objectives 

Cohort specific 
learning 

outcomes, 
demonstrated by 

participants 
Spring into 

Maryland Science 
Undergraduate 

students 
Role of Citizen 

Scientist 
How to prepare a 

series of 
calibration 

samples for ICP-
MS 

  Analytical 
Sample 

preparation (ICP-
MS) 

How to construct 
a calibration 
curve for ICP-MS 

Six week 
internship 

Senior high 
school students, 
undergraduate 

biology or 
chemistry majors 

(as above but 
with) 

(as above but 
with) 

  Develop a 
laboratory 

activity Geared 
toward Middle 
School students 

that Includes 
Citizen Scientist, 

Analytical 
Chemistry and 
Social Justice 
Components, 

PubMed and 
Google Scholar 
literature search 
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Table B.1 continued 

  Develop and 
Carry Out 

Activity to Obtain 
Water Samples 

from 
Departmental 
Colleagues 

Water sampling 
protocol 

development 

   Sample inventory 
management 

   Assist with 
sample 

preparation for 
ICP-MS 

   Development of 
Laboratory 

Activity 
UMB CURE 

Scholars Program 
Middle school 

students 
Role of a Citizen 

Scientist 
How to prepare a 

series of 
calibration 

samples for ICP-
MS 

  Analytical 
Sample 

Preparation 

How to construct 
a calibration 

curve for ICP-MS 
  Analytical 

Sample Analysis 
(ICP-MS) 

 

 

For our activity, our first student scientists were participants in an annual outreach 

event called Spring into Maryland Science (SIMSI), hosted at the University of Maryland 

Baltimore. These student scientists were female undergraduate students from Notre Dame 

of Maryland University, a women’s college in Baltimore City, with five to six 

participants per year. SIMSI is an annual event in which Notre Dame women participate 

in mini-laboratory experiences to get a first-hand view of what research science involves. 

The mini-laboratory experiences consist of 2 h “rotations” in three different research 

laboratories in the Pharmaceutical Sciences Department at the University of Maryland 
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School of Pharmacy. In these experiences, the Notre Dame women are paired with 

graduate students who have identified a short experiment for the Notre Dame women to 

run, which is presented in the context of the graduate student’s overall thesis project. The 

lead testing activity was integrated into the SIMSI students’ day—following a morning of 

laboratory experiences the SIMSI students spent the afternoon analyzing their water 

samples for metals via ICP-MS. In preparation for the visit and water analysis, students 

read articles linked from the Flint Water Study Web site (http://flintwaterstudy.org), 

including the directions on how to sample their water 

(http://flintwaterstudy.org/information-for-flint-residents/video-water-sampling-kits-for-

lead/). The students were provided with metal-free conical tubes to collect their tap water 

and were given an instruction sheet, adapted from the Flint study, that described the water 

collection technique. 

On the day of the SIMSI event, students brought the water samples to campus and 

during the afternoon worked with the Michel laboratory to acidify the samples and 

analyze via ICP-MS. The SIMSI students learned how to make calibration standards for 

each metal of interest (four metals were tested to keep within the time frame of the 

activity, and typically one student of the group prepared the calibration samples) and how 

to determine the lower limit of quantification (LLOQ) for each sample. The latter is 

achieved by comparing the counts of the metal of interest in the calibration sample at a 

given concentration versus the counts of the metal of interest in the blank after running 

the calibration curve and then using a cutoff value of greater than or equal to 5 times the 

blank to determine the LLOQ. Because the ICP-MS software uses the calibration curve to 

determine the concentrations of the metal of interest, students were also given “mock” 
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data, so that they could understand how the calibration curve is used to determine metal 

concentrations. They were also shown the calibration curve generated by the ICP-MS 

software. The data obtained from the ICP-MS sample typically contains values with 

multiple digits (15 or higher); therefore, this also provided the opportunity to discuss 

significant figures. The SIMSI students were asked to consider which step in the process 

was the limiting step for significant figures, identified pipetting as the limiting step, and 

determined that three significant figures would be the correct number of figures to 

express their data. 

Once the students had determined the metal content of their individual water 

samples, they mapped the metal concentrations onto a master calendar that color coded 

the concentrations. The students then participated in a round-table discussion with the 

Michel lab on the Flint water crisis. The group discussed how metals can be toxic and the 

method of measuring metals by ICP-MS, and the role of the EPA in determining toxic 

levels. The students had been asked to read the EPA Web site on drinking water levels 

(https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-

regulations) prior to SIMSI and had also been encouraged to search for news articles on 

the EPA limits to promote discussion as to how these limits are derived and the 

competing interests that factor into these decisions. Students discussed whether they 

thought that the approaches used by the EPA to set the limitations on metals in drinking 

water are ideal and what they had learned about doing searches regarding how the limits 

were determined. We note that, while this manuscript was under revision, the EPA 

proposed a new update to the “lead and copper rule” for drinking water with a 10 ppb 

“trigger level”, and we plan to include this new update and discussion in future water-
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testing activities.[352, 353] The discussion also focused on the topic of lead and poor 

communities. Discussion centered on both the Flint, MI residents and the problem of lead 

poisoning (from lead paint) in Baltimore City, which disproportionately affects poor 

residents, and also expanded to the Freddie Gray case, as Freddie Gray had experienced 

lead poisoning as a child.[338] The SIMSI activity was then adapted for middle school 

students. The middle school activity was led by high school and undergraduate students 

who were participating in a summer internship program at UMB in the Michel laboratory 

and thus involved students at varied stages of education. 

The middle school activity was developed as follows. Two summer interns: a 

student who had just completed her junior year of high school and a student who had just 

completed her freshman year of college, with the guidance of the Primary Investigator 

(PI) (Michel) and Michel lab trainees, modified the SIMSI activity to be appropriate for 

the educational level of middle school students, and the activity was performed by middle 

school students who are members of the UMB CURE Scholars program.[354] In 

synthesizing and constructing their own protocols, student-scientists take an active 

approach to considering the rationale for what they will do, rather than passively follow a 

prespecified procedure, as the agricultural contamination project, referenced above, had 

used. The laboratory activity took half a day and included prelaboratory activities that 

were completed in advance of the laboratory activity. All activities are described in a 

worksheet that the students received. As shown in the worksheet, the prelaboratory 

activities are set up to (1) inform the students about the Flint Water crisis, with a focus on 

how the Flint water became contaminated with lead and the difficulties associated with 

measuring and remediating lead, (2) teach concepts of solubility and metal toxicity, and 
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(3) provide background on ICP-MS. In addition, as in the SIMSI activity, the middle 

school students were provided with metal-free conical tubes and instructions as to how to 

collect water samples, prior to their laboratory experience. The students brought their 

worksheets and their water to UMB for the half-day laboratory activity. 

The activity was led by the summer interns, with the PI (Michel) and her trainees 

present to offer guidance. Prior to the event, the summer interns worked one-on-one with 

the PI and her trainees to learn how to run the activity. The interns put together a 

PowerPoint presentation that described the activity and included details about the 

analytical approach and safety considerations. The presentation was critiqued by the PI 

and her trainees and practiced by the interns. The interns then performed the activity on 

their own, so that they understood the nuances and could troubleshoot. The interns were 

then ready to run the event. To start, the interns went over the prelaboratory activities 

using their PowerPoint presentation; the interns then led an activity focused on generating 

a calibration curve, helped the students prepare their samples for ICP-MS, and assisted in 

obtaining the ICP-MS data and working up the data. The data were then all plotted onto a 

map of Baltimore City. The activity ended with a discussion of the findings in view of 

EPA regulations and metals, lead and poor communities, and lead in Baltimore City. 

Although none of the water samples contained elevated lead, elevated levels of lead are 

reported in some children in Baltimore City. This is typically attributed to lead paint, and 

to illustrate this further, we added red crosses to our map to indicate Zip codes in 

Baltimore where blood lead levels of greater than 10 μg/dL from 2014 have been 

reported.[355] Some of these Zip codes matched Zip codes we had obtained ICP-MS data 

for water, though that water did not show elevated lead. This allowed for discussion of 



210 
 

how scientists must obtain specific data to link the effect (e.g., higher lead in blood) to 

the cause (i.e., lead paint vs water). 

The summer intern students also collected and assayed water for departmental 

colleagues to obtain additional data for the map of Baltimore City. This was achieved by 

contacting graduate students, postdoctoral fellows, faculty, and staff, as well as friends 

and family to collect their home drinking water following the written protocol. The 

typical sample workflow is shown in Figure B.1. The student interns managed sample 

inventory and helped with sample preparation and sample analysis by ICP-MS. Once the 

samples were analyzed for their metal content, the interns worked up the data and 

conveyed the data back to the volunteers. The metal concentrations of the volunteers’ 

water samples were then plotted on a poster-sized map of Baltimore city with colored 

dots. This allowed the whole department to see the results of the water study and bring 

awareness to metal concentrations in the local drinking water. The data are by no means a 

systematic study of drinking water in Baltimore as a function of Zip code, as the samples 

were dictated by participants, and in some instances multiple measures were made in one 

Zip code and in others only one measure; however, analyzing the relationship between 

metal content and Zip code is a potential next step for this project. 
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Figure B.1. Water collection, sample preparation, and metal analysis 

B.3. Results 
 

All of the variations of water analysis activities allowed for customization 

depending on the targeted audience. In total 136 samples were analyzed over four years. 

The results of these samples for Baltimore City are presented in Table B.2 and then 

mapped by Zip code in Figure B.2. Data on the water supply infrastructure of Baltimore 

was not available to include on the map; however, we were able to obtain information on 

blood lead levels correlated to Zip codes on our map. 

Table B.2. Results from Water Analysis 

Zip code number of samples [Pb]a  [Cu]a  [Fe]a  [Zn]a  

17331 2 0.10 40.0 3.61 437 

20817 1 0.04 26.5 1.28 23.8 

20851 1 0.03 176 3.20 16.2 
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Table B.2 continued  

Zip code number of samples [Pb]a  [Cu]a  [Fe]a  [Zn]a  

20904 1 0.06 31.9 2.24 99.7 

21009 2 0.03 63.1 1.89 151 

21042 2 1.72 214 1.03 192 

21043 4 0.02 52.6 2.08 97.5 

21061 2 ND 10.3 0.66 76.9 

21073 1 ND 12.0 5.31 4.34 

21075 2 ND 85.8 3.51 37.3 

21085 1 ND 176 2.79 26.8 

21093 3 4.49 204 10.2 238 

21131 1 1.25 39.4 ND 200 

21201 19 0.62 274 9.93 289 

21202 3 0.30 8.06 43.2 23.1 

21204 2 0.79 177 2.40 57.8 

21206 2 0.38 116 4.06 111 

21208 2 ND 19.2 5.76 0.00 

21209 2 0.87 44.6 16.5 227 

21210 12 2.56 392 40.5 278 

21211 1 8.16 37.1 7.53 34.1 

21212 2 1.36 111 50.1 149 

21216 4 0.63 58.7 23.5 140 
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Table B.2 continued  

Zip code number of samples [Pb]a  [Cu]a  [Fe]a  [Zn]a  

21217 1 0.31 17.7 8.31 74.2 

21218 17 1.06 124 3.84 219 

21223 2 0.23 13.3 20.2 220 

21224 2 0.51 3.19 10.1 69.2 

21227 3 0.22 10.2 4.70 83.0 

21228 4 ND 29.0 17.0 35.7 

21229 6 0.33 16.9 29.2 190 

21230 8 1.26 33.2 9.65 236 

21231 1 0.03 0.26 0.22 15.4 

21234 1 ND 110 6.67 2.47 

21236 1 0.13 116 4.14 11.5 

21239 2 0.33 33.6 2.11 221 

21244 2 ND 65.2 0.77 10.8 

21286 1 2.68 34.4 15.9 955 

21401 1 ND 19.5 17.1 8.94 

21702 1 0.54 52.4 15.5 974 
a Metal concentrations (in ppb) reported are the average of all samples from the Zip code. 
ND indicates not determined. 
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Figure B.2. Lead analysis results by Zip code. Blood lead level reflects cases of a blood 
lead level of greater than 10 μg/dL from 2014, as initially reported in the Baltimore Sun. 

All averages found for the Baltimore City drinking water were below the EPA’s action 

level. 
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B.4. Conclusions 
 

Drinking water, which is essential to life, can also be subject to contamination by 

elevated levels of metals that can be toxic, as was evident in the Flint water crisis.[333] 

Although these metals can have a severe impact on public health, the reliable testing of 

water might seem inaccessible to the general public, especially if that testing uses the 

state-of-the-art tools of analytical chemistry, such as ICP-MS. Our activity, which we 

scaled to learners in middle school, high school, and college, showed students that their 

environment and health could be objects for their own scientific inquiry. 

Handouts were prepared and supplied to the participants. For the younger 

participant groups, our senior participants (high school and college interns) wrote a water 

collection worksheet, guided by the PI and her trainees, that included a prelaboratory 

assignment with reading on the Flint water crisis and an overview on solubility and 

toxicity, an experimental workflow that included concepts of sample preparation, 

calibration curve generation, and data analysis, and postlaboratory discussion section that 

linked the data obtained by the students to the real life issues related to metal 

contamination in drinking water. 

As we performed the activity with students at widely different educational levels, 

we adapted the material to balance scientific rigor with each student’s background. A key 

scientific concept that we focused on was the “properties of metal ions.” Here, all groups 

were introduced to the periodic table and the concepts of metal ions, which can be 

beneficial or toxic depending on concentrations, with illustrations from the news (e.g., the 

Flint water crisis, lead in paint in older homes); however, for students with chemistry and 



216 
 

biology backgrounds, the roles of metals in binding to proteins and promoting key 

biological processes were also discussed. 

We also included the concept of solubility and linked this concept to ICP-MS and 

data analysis. The basic concepts of mass spectrometry and ICP-MS were taught to all 

levels of students. Students were able to observe the ICP-MS in action, see the plasma 

generated, and analyze the data output. A key concept for ICP-MS is calibration. Student 

scientists learned how to plot a calibration curve for each metal tested and fit their data on 

the curve to identify the metal content. In addition, the sensitivity of the instrument was 

described via instruction on LLOQ determination. Other public activities with ICP-MS 

have sometimes shied away from calibration because of the additional time needed and 

the complexity.[330] Because our activity was at its shortest a half-day in length and was 

scaled upward to a six-week lab internship, we could also adjust the level of involvement 

of participants; our student interns also analyzed the data and reported it back to 

collaborators as well as performed other research experiments under the School of 

Pharmacy faculty mentors (not related to this activity). 

In addition to these scientific concepts, we contextualized the overall project in 

the social reality of Baltimore, where students of poor socioeconomic standing have 

historically been exposed to lead, thought to occur from lead paint exposure.[337-339, 

355] In the case of the Flint, Michigan, water crisis, students were interested to learn that, 

to some community members, the government did not act quickly enough to confirm lead 

levels in the water and that citizen scientists using ICP-MS were important in confirming 

that the lead levels were dangerously high, drawing national attention to the crisis. 
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A limitation of our activity was the laboratory setting. While we provided deep 

engagement, space constraints limited the number of participants at any given time. We 

overcame this by having the students come in teams of five to seven participants to have 

their samples analyzed. The rest of the groups were working on preparing their samples 

or working on the postanalysis worksheet. One way to increase involvement would be to 

live stream the ICP-MS analysis and/or provide online content to simulate the ICP-MS 

measure. We were also limited in our interpretation by the lack of data on the water 

supply of Baltimore. Also, Baltimore is a city divided into many neighborhoods, with 

highly unequal socioeconomic areas sometimes in close proximity. Thus, while the Zip 

code will neither present our data in the context of clear spatial boundaries of 

socioeconomic zones in Baltimore nor track along the water infrastructure, our intention 

is to enable future work along those lines by reporting water contamination levels in 

smaller, more detailed geographic zones than just at the city level. Perhaps other 

researchers can uncover causal relationships that explain the varying water quality we 

report. 

Overall, ∼30 students participated in this project to collect and analyze residential 

drinking water from student volunteers in the Baltimore, Maryland, region. Students were 

highly interested in exploring an issue of importance, safe water, with specialized 

technology. Students were eager to take home the maps that were created to share with 

their friends and family. 
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Appendix C - RADIOGRAPHIC PRESENTATION OF ARTIFACTUAL DYED 
HAIR ON LATERAL CEPHALOGRAMS, CHEMICAL PROCESSING AND 

FORENSIC APPLICATION: NOVEL CASE REPORT7 
 

C.1. Introduction 
 

The International Criminal Police Organization (INTERPOL) consid- ers 

ridgeology, odontology, genetics, and primary means as important modalities for human 

identification.[356] In practice, primary means are defined as scientifically reliable tools 

that may stand alone in forensic casework.[356] Specifically, these investigative tools are 

independent, and victims do not necessarily need to be identified by more than one 

means. When dealing with single cases of human identification, the application of these 

tools is usually sufficient if qualified antemortem data are available. In contrast, human 

identification is more challenging in mass disasters when the logistical capacity is 

exceeded, and more systematic strategies are needed to enable timely forensic 

responses.[356] 

Secondary means of human identification, such as personal belongings, tattoos, 

anthropological features and radiologic medical findings, play a fundamental part in this 

scenario, funneling antemortem data, and narrowing lists of missing victims.[357] 

Coupling the use of secondary and primary means of human identification of target 

victims is a strategy encouraged by guidelines worldwide to facilitate a less time-

consuming reconciliation phase and a more systemized approach. An example of a 

 
7 Adapted from publication (License #: 5236500215646): Brooks, J.K., Franco, A., 
Thompson, R.B., Biederman, D.E., Kumar, V., Michel, S.L.J., Pritts, J.D., Frederickson, 
C.J., Bashirelahi, N., Price, J.B., 2022, Journal of Forensic Sciences, 00: 1-6. JDP’s 
contribution was performing and analyzing the ICP-MS experiments.  
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human mass disaster in an open scenario was the 2016 terrorist attack in Belgium.[358] 

On that occasion, the bodies of 3 suicide bombers and 32 civilians were examined, 

whereby 14 victims were identified with a combination of dental and secondary 

identifiers.[358] 

The more distinctive the secondary identifiers, the higher probability for human 

identification. Radiologic medical findings previously documented in the scientific 

literature include radiographs of orthopedic appliances for the fixation of broken patellae 

and tomographic records of cranial trepanation.[359-361] Other images, such as lateral 

cephalograms, have been recognized for their forensic applications for dental and skeletal 

age determination, gender estimation, and the assessment of soft tissue thickness for 

facial reconstruction.[362-365] Given the overview and realistic visualization of 

dentomaxillofacial features, lateral cephalograms represent a valuable source of 

secondary identifiers, such as demographic and toxicological findings. However, there is 

a void in the forensic literature describing the demonstration of hair on lateral 

cephalograms. 

The objective of this study is to increase the awareness of the 

utility of orthodontic radiographs as a secondary discriminator in human identification. 

To illustrate this potential forensic aid, a case report has been featured, describing an 

atypical presentation of hair on a lateral cephalogram. As some hair dyes contain heavy 

metal contaminants, chemical hair processing was performed to investigate whether this 

altered hair could have contributed to the anomalous radiographic finding. 
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C.2. Materials and Methods 
 

Scalp hair was analyzed for the featured patient and 2 controls for 10 heavy 

metals, including zinc, copper, iron, chromium, nickel, cadmium, tin, lead, antimony, and 

bismuth. A measured weight of hair was digested utilizing 200 µL of concentrated nitric 

acid and heated to 80 degrees Celsius for 1 h. After the hair was dissolved, the sample 

was diluted using 2 ml of water that was purified by a Purelab Flex (ELGA LabWater, 

Woodridge, IL, USA) water filtration system. The samples were then incubated at 80 

degrees Celsius overnight. Hair samples were analyzed for metal content utilizing an 

Agilent 7700x inductively coupled plasma mass spectrometry (ICP-MS) and quantified 

using a calibration curve ranging from 2 to 2,500 parts per billion. A mixing T was 

utilized to run samples and internal standards containing rhodium, germanium, and 

scandium to the nebulizer. Samples were measured in helium mode to prevent 

interference with argon oxide. In addition, intraoral periapical radiographs were taken of 

the featured patient's hair, both control samples, and 1 image of only the radiographic 

sensor. 

 

C.3. Results 
 

Eight of the 10 metals analyzed in the patient's head hair were present at levels no 

greater than the “normal” range in humans, ranging from 160 ppm for zinc, 12.5 ppm for 

copper, 8 ppm for iron, to less than 1 ppm for nickel, cadmium, tin, lead, and antimony; 

however, slightly elevated levels of chromium at 0.41 ppm and bismuth at 0.025 ppm 

were found in the hair sample. Control samples from 2 other individuals with undyed hair 

also underwent analysis for the same panel of metals. These results are summarized in 
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Table C.1 together with previously published values for “normal” and dyed hair.[342, 

366, 367] As there are no consensus reference values in the literature for metal levels for 

“normal” hair, the cited references were selected as they were deemed similar to the 

subpopulation of our subjects.[368] 

Table C.1. ICP-MS analysis of metal content of the patient’s hair compared to 2 control 
subjects and literature values for hair and hair dye metal content. 

 

1Proposed reference values by ICP-MS in hair from Goulle, et al., 2005, presented as the 5% - 
95% range of measured values in ppm. 
2Measurements by ICP-MS in this work, expressed as average μg metal per gram hair (+ std. dev.) 
for the patient and two control subjects. 
3The average of measurements of ten different hair dyes in ppm made by atomic absorption 
spectrophotometry by Pehlić, et al. 
4Goulle, et al., didn’t report a range for Fe; this range is from Vanelst, et al. (2012)[366] 
*Denotes samples with an N=1 where standard deviation was not able to be calculated. 
 

C.4. Case Presentation 
 

An asymptomatic 14-years-old female presented for orthodontic therapy. The 

patient had a history of environmental allergies and asthma, managed with an albuterol 

inhaler. She routinely drank bottled water and denied use of tobacco products or 

electronic cigarettes. The physical examination and extraoral radiographic survey 

revealed a skeletal and dental malocclusion. There were no apparent oral or cutaneous 

lesions and the neck had not exhibited any limitation in range of motion or enlargement. 

A panoramic radiograph displayed subtle wispy vertical opacities along the left 

side of the mandible (Figure C.1). Of note, these thin radiopaque streaks were more 

 

Metal 
ions 

Cr Fe Ni Cu Zn Cd Sn Sb Pb Bi 

Ref 
values 

(Goulle)1 

0.11 - 0.52 43.7 -17.3 0.08 - 0.90 9 - 61.3 129 - 209 0.004 - 0.17 0.007 - 0.34 0.003 - 0.13 0.13 - 4.57 0.0004 - 0.14 

Patient2 0.41  
(0.093) 

8.67 
(1.50) 

0.17 
(0.01) 

12.6 
(0.73) 

156 
(18) 

0.002 
(0.0005) 

0.192 
(0.005) 

0.014 
(0.0009) 

0.0457 
(0.0006) 

0.025 
(0.010) 

Control 
12 

0.168* 5.68* 0.12 
(0.04) 

11.3* 171* 0.0034 
(0.0002) 

0.101* 0.051* 0.103 
(0.03) 

0.005* 

Control 
22 

0.11 
(0.01) 

11.78 
(7.92) 

0.43 
(0.04) 

20.88 
(0.54) 

143.05 
(4.94) 

0.01 
(0.002) 

0.53 
(0.09) 

0.087 
(0.001) 

0.51 
(0.012) 

0.010 
(0.001) 

Hair Dye 
Average3 

n.d. 0.088 
(0.044) 

n.d. n.d. n.d. 0.025 
(0.010) 

n.d. n.d. 0.225 
(0.065) 

n.d. 
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conspicuous on the lateral cephalogram, overlying the soft tissues of the posterior neck 

between the occipital region of the skull base and the 6th cervical vertebra (Figure C.2). 

Additional anamnesis was carried out to investigate the presence of the artifactual 

radiographic images, and the patient dis- closed that she had used hair dye chemicals for 

discoloration. 

 

Figure C.1. Subtle wispy linear structures on the panoramic radiograph along the left 
outer aspect of the mandible (arrows) 

 

Figure C.2. Prominent exhibition of hair on the lateral cephalogram superimposed on the 
soft tissues of posterior neck, between occipital region of skull base and 6th cervical 
vertebra (arrows) 
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C.5. Discussion 
 

 An explanation was sought regarding the prominent radiopaque streaks featured 

in this report. One consideration was whether heavy metals in the scalp hair could have 

been implicated with the observed radiographic appearance. It is widely known that hair-

coloring products may contain varying quantities of heavy metal contaminants, notably 

manganese, iron, nickel, copper, cadmium, and antimony; other sources of heavy metals 

in hair dye are achieved via environmental exposures and ingestion of certain 

foodstuffs.[369, 370] Because this was the first report of dyed hair in a lateral 

cephalogram, chemical analysis for these metals was justified when the patient disclosed 

that she had been dyeing her scalp hair. The analysis was carried out by ICP-MS 

following acid digestion with a hair sample that the patient offered. 

Our investigation detected slightly elevated levels of chromium and bismuth in 

the featured patient's hair, and in contrast to 2 control samples of undyed hair. Trace 

concentrations of antimony, cadmium, copper, iron, lead, nickel, tin, and zinc were in 

agreement with published reports of metal levels occurring in individuals with no known 

exposure to heavy metals.[342, 366, 367] As the patient had presumably shampooed her 

hair several times since the radiograph was taken, the assayed sample likely exhibited 

lower levels of heavy metals at the time of the assay. Interestingly, elevated 

concentrations of chromium and nickel have been found in scalp hair among patients 

with fixed orthodontic appliances.[371] This consequence was not applicable to the 

affected patient as her radiograph was taken prior to the initiation of orthodontic therapy. 

Further, employing conventional intraoral radiographs, a sample of the patient's hair and 

2 un- dyed control samples were compared. One of the control samples appeared similar 
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to the featured patient's hair, whereas the presence of hair in the other control sample was 

extremely subtle to discern (Figure C.3). 

 

Figure C.3. Radiographic presentations. A. Sample of patient's dyed hair. B. Sample of 
undyed hair (control #1). C. Sample of undyed hair (control #2). D. View of sensor 

It is conjectured that the prominent parallel radiopaque streaks 

of hair, as seen on the patient's lateral cephalogram, were enhanced by the 

superimposition of a greater numbers of hair layers and the aggregate mass of the heavy 

metals in the hair dye. In comparison, an otherwise normal lateral cephalogram was 

provided to demonstrate the lack of appreciation of scalp hair (Figure C.4). Clinicians 

should be aware about this novel radiographic presentation and consider its auxiliary use 

for forensic applications in human identification. Moreover, hair may provide a history of 

ingestion of pharmacological and toxicologic substances, environmental exposures, 

demographic information (eye and skin color, biogeographic origin), possible indication 

of systemic disease (neurodevelopmental, cancer, renal, heart, hypertension, diabetes), 
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and use of hair coloring agents.[372, 373] Use of facial photographs and artistic 

renditions may also yield clues to head hair characteristics. 

 

Figure C.4. Typical lateral cephalogram without appreciation of scalp hair 

Because distinctive physical features may serve as secondary identifiers in mass 

disasters, knowing that hair was dyed may be valuable to profile victims. Since hair dye 

for beautification has religious and cultural restrictions, it may serve as a parameter that 

leads to a possible distinctive medical finding—narrowing down the list of missing 

persons. This could be useful, especially in open-scenario mass disasters (when the 

number and identity of the involved per- sons are unknown) that involve victims from 

multiple countries, particularly with religious, social, and cultural diversities. As far as it 

could be ascertained, this article has presented the first example in the forensic literature 

of a lateral cephalometric radiograph demonstrating the presence of artifactual dyed hair. 

Thus, for forensic corroboration when the primary means of human identification has not 

achieved a high level of confidence, we recommend the accumulation of all available 

dental radiographs, including orthodontic records and lateral cephalograms. 
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 With the development of forensic radiology as an independent science, the need 

for specific training and knowledge in the field has become more evident as experts have 

encountered a greater volume of antemortem and postmortem radiographic data for 

human identification.[374] In this context, experts must be aware of the different 

presentations of hair-related images in radiographic imaging modalities. Instances of 

natural and synthetic hair extensions have been found on a diversity of extraoral 

radiologic projections, namely panoramic and Waters view, computed tomography and 

cone beam computed tomography scans, and magnetic resonance imaging.[375-377] 

Entrapped hair within a panoramic film cassette has created a radiologic challenge.[378] 

Occasionally, the presence of hair may generate false-positive radiographic 

disorders, including a ponytail that mimicked a cranial osteoma, and synthetic hair braids 

that simulated radiodensities of pulmonary tuberculosis or pneumonia.[377, 379] 

Streaking artifacts are commonly generated on cone beam computed tomography scans 

from metallic objects and bear resemblance to hair.[380] Soft tissue pathologic processes 

that create somewhat comparable radiopacities with hair are calcinosis universalis with 

dermatomyositis, multiple miliary osteoma cutis, and Mönckeberg arteriosclerosis.[381] 

The extent of hair radiopacity may be related to the patient's hairstyle, hair thickness, 

variances of composition of synthetic hair materials, and radiographic projection, as 

evident with the 2 control samples. Although less than 3% of adolescents (ages 10 to 13 

years) have admitted to dyeing their hair, it seemed apparent that the featured 14-year-old 

patient was engaged in this practice as her newly grown hair exhibited a lighter hue.[382] 

From a forensic perspective, radiographic images of dyed hair may be found regardless of 
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age in cases of single victims and mass disasters. Experts should be prepared and aware 

of this finding in practice as it could aid victim profiling. 

 

C.6. Conclusion 
 

 There is a limited number of documented cases of atypical presentations of hair 

on extraoral radiographs, mainly involving panoramic projections. Use of lateral 

cephalograms may offer an assortment of modalities to aid in forensic cases, especially 

because hair dye has cultural and religious restrictions, and may serve as a potentially 

distinctive identifier to profile victims in mass disasters. We propose that forensic 

investigators procure all available dental radiographs, including lateral cephalograms, 

when cases of human identification remain equivocal. 
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Appendix D - Selenium Clinical Trial 

D.1. Selenium ICP-MS Plan 

D.1.1. Overall Prep protocol 

1. Pipette 200μl of sample 

2. Add 200μl concentrated nitric acid 

3. Vortex 

4. Heat in oven at 80 °C o.n. 

5. Next day: remove from oven and let cool in the fume hood 

6. Add 2 mLs of Milli-Q water 

7. Vortex 

8. Centrifuge at 4000 xg for 10 min at 25 °C 

9. Decant supernatant into fresh metal free ICP-MS tubes to be analyzed 

D.1.2. LLOQ 

1. Make standard curve from 2-500 ppb and run each sample at least 5 times (6 

allows you to drop one if needed)  

2. LLOQ is the lowest calibration standard that has a +/- 20% difference (all other 

cal stds need to be below 15% difference). LLOQ also needs to be at least 5x the 

counts of selenium as your blank 

D.1.3. Analytical range 

I have been running 2-500ppb as there was some carry over issues with selenium. I also 

increased the probe wash time between samples to double.  
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D.1.4. Calibration curve, r2 

Should be above >0.99 but validate with multi00ple runs on different days to ensure 

reproducibility 

D.1.5. QC samples 

Neat – Neat expired blood bank plasma 

Low QC control – Expired blood bank plasma with 10 ppb selenium spiked in 

High QC control – Expired blood bank plasma with 250 ppb selenium spiked in 

Use the QC samples to do all the below validations.  

D.1.6. Intraday % Accuracy and % CV 

If rerunning the same QC sample and same QC sample with separate prep in the same 

day how reproducible is it? And calculate the above analysis.  

D.1.7. Interday % accuracy and % CV 

If rerunning the same QC sample and same QC sample with separate prep on different 

days how reproducible is it? And calculate the above analysis.  

D.1.8. Bench top stability 

Leave QC samples on the bench top for varying amounts of time and test how 

reproducible the sample is. (1, 4, 12, 24, 36, 48, 72 hours?) 

D.1.9. Postpreparative stability 

After sample prep is completed how long can the samples sit at room temp before being 

analyzed on the ICP-MS? Prep QC samples all the way through to ICP-MS ready and 

run. Then wait 24, 36, 48 and 72 hours and rerun at those intervals to see how 
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reproducible it is. These samples may need to be prepped larger to be able to run as many 

times.  

D.1.10. Freeze thaw stability (3 cycles at -80 °C) 

Freeze thaw QC samples 3 times and then run on the ICP-MS compared to QC samples 

that were not freeze thawed.  

D.1.11. Long term storage stability (-80 °C) 

Run QC samples at day 0, 1 month, 3 month, 6 month, 1 year, and so on to determine 

long term stability of samples.  

D.2. Results  

D.2.1. Prep protocol results 

I first tried the FDA iron clinical trial protocol for total blood plasma metal levels which 

was briefly [125]: 

1. Pipette 200μl of sample 

2. Add 800 µl of Milli-Q water 

3. Add 500μl concentrated nitric acid 

4. Vortex 

5. Heat in oven at 80 °C o.n. 

6. Next day: remove from oven and let cool in the fume hood 

7. Add 4 mLs of Milli-Q water 

8. Vortex 

9. Centrifuge at 4000 xg for 10 min at 25 °C 

10. Decant supernatant into fresh metal free ICP-MS tubes to be analyzed 



231 
 

To determine if matrix effects were going to be an issue I ran neat and 10 ppb spiked 

samples (Table D.1). 

Table D.1. FDA protocol [125] test data for Selenium in blood plasma/serum. 

Sample Se 
FDA_Protocol_Neat_1 4.91929 
FDA_Protocol_Neat_2 4.568677 
FDA_Protocol_Neat_3 4.748023 
FDA_Protocol_Neat_4 4.704349 
FDA_Protocol_Neat_5 5.132879 
Mean 4.814644 
Std dev 0.217559 
%CV 4.518686 

  
FDA_protocol+10ppb_1 16.70431 
FDA_protocol+10ppb_2 16.98316 
FDA_protocol+10ppb_3 15.39983 
FDA_protocol+10ppb_4 15.8871 
FDA_protocol+10ppb_5 15.4207 
Mean 16.07902 
Std dev 0.731433 
%CV 4.548992 

 

 Looking at the preliminary data in Table D.1 the levels of selenium were to close 

to the LLOQ and a new method needed to be developed that did not dilute the sample as 

much. However, it should be noted that standard deviation and coefficient of variance 

were good. I did proceed to develop a modified protocol below to correct the dilution 

issue: 

1. Pipette 200μl of sample 

2. Add 200μl concentrated nitric acid 

3. Vortex 

4. Heat in oven at 80 °C o.n. 
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5. Next day: remove from oven and let cool in the fume hood 

6. Add 2 mLs of Milli-Q water 

7. Vortex 

8. Centrifuge at 4000 xg for 10 min at 25 °C 

9. Decant supernatant into fresh metal free ICP-MS tubes to be analyzed 

A test run utilizing this method with expired blood bank plasma is shown in Table D.2: 

Table D.2. Modified protocol to determine selenium in blood plasma/serum.  

 Sample Se 
New_Protocol_neat_1 11.89017 
New_Protocol_neat_2 11.5001 
New_Protocol_neat_3 11.78668 
New_Protocol_neat_4 11.78956 
New_Protocol_neat_5 11.80707 
Mean 11.75472 
Std dev 0.148451 
%CV 1.26291 
    
New_protocol+10ppb_1 23.95091 
New_protocol+10ppb_2 24.90257 
New_protocol+10ppb_3 25.90681 
New_protocol+10ppb_4 24.91489 
New_protocol+10ppb_5 26.34181 
Mean 25.2034 
Std dev 0.939842 
%CV 3.729029 

 

 The increased recovery of selenium with this method should help alleviate issues 

with sensitivity. The recovery, standard deviation, and coefficient of variance looked 

good and this method should be used or optimized further as needed. As a general note, 

care will be needed with these samples as they are more concentrated and lower volume 

than the FDA samples so they will not be able to be re-run as many times if 

troubleshooting is needed at the instrument.  
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D.2.2. LLOQ determination results 

D.2.2.1. Run 1 

Utilizing standard ICP-MS running conditions the LLOQ and LLOD was 

attempted to be determined for selenium. A summary of the data is shown in Table D.3 

and Table D.4:  

Table D.3. LLOQ and LLOD test run 1. 

Cal std 
Conc 
[ppb] Mean % Dif SD %CV 

2 1.283833 

5.42278 171.139 2.57966 47.5708 
2 5.041645 
2 5.887261 
2 6.77874 
2 8.122429 
5 3.445378 

7.52553 50.5105 2.83469 37.6676 
5 6.67895 
5 7.893875 
5 8.34657 
5 11.26286 
10 8.126287 

11.3184 13.1841 2.13895 18.898 
10 10.21273 
10 12.26419 
10 12.56094 
10 13.42789 
50 42.44423 

44.7161 -10.568 2.26373 5.06244 
50 44.27697 
50 44.59812 
50 43.77167 
50 48.48939 
100 91.74282 

95.4797 -4.5203 5.41609 5.67251 
100 91.30656 
100 93.19196 
100 104.3685 
100 96.78851 
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Table D.3 continued 

250 229.7442 

225.102 -9.9592 4.57015 2.03026 
250 225.9113 
250 217.8233 
250 224.1862 
250 227.8447 
500 450.9696 

462.247 -7.5505 13.531 2.92722 
500 458.6928 
500 469.1719 
500 482.2216 
500 450.1806 
1000 1050.346 

1002.36 0.23598 35.8163 3.5732 
1000 1002.77 
1000 949.9019 
1000 1010.234 
1000 998.5475 
2500 2492.186 

2470.23 -1.191 16.7957 0.67993 
2500 2475.333 
2500 2457.809 
2500 2476.29 
2500 2449.511 

 

Table D.4. Table monitoring blank nitric acid throughout the run of LLOQ sample for 
run 1. 

Blank Blank Conc 
[ppb] 

CPS 

6% 
HNO3 

0 80.0033 

6% 
HNO3 

6.428059497 665.6 

6% 
HNO3 

7.280910013 742.277 

6% 
HNO3 

8.253360198 825.613 

6% 
HNO3 

9.393032171 911.177 

6% 
HNO3 

10.72417227 1035.64 

 



235 
 

 There was significant carry over between sample runs leading to large coefficient 

of variances and blank counts increasing over time throughout the run. A new protocol 

with better washing of the probe and increased rinse times should be implemented.  

D.2.2.2. Run 2 
 Doubled rinse time in between samples and lowered the top calibration sample to 

prevent carry over between samples. Data is shown in Tables D.5 and D.6: 

Table D.5. LLOQ and LLOD test run. 

Cal std 
Conc 
[ppb] Mean % Dif SD %CV 

2 1.873346 

2.008967 0.448347 0.26697 13.28893 
2 2.205755 
2 1.988684 
2 2.32522 
2 1.651831 
5 5.051488 

5.201955 4.039106 0.126669 2.435029 
5 5.138604 
5 5.394085 
5 5.226535 
5 5.199065 
10 9.567225 

9.668618 -3.31382 0.283505 2.932216 
10 9.283726 
10 10.0122 
10 9.87197 
10 9.60797 
25 23.54016 

24.3272 -2.6912 0.7724 3.175047 
25 23.43768 
25 24.88405 
25 24.74779 
25 25.02631 
50 49.09334 

48.89574 -2.20853 0.465156 0.951322 
50 48.62951 
50 48.47017 
50 49.6184 
50 48.66726 
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Table D.5 continued 

100 96.60569 

97.03018 -2.96982 0.959138 0.988494 
100 96.85032 
100 97.19023 
100 98.54519 
100 95.95949 
250 247.8472 

237.6893 -4.92429 20.48393 8.617947 
250 247.9871 
250 246.4067 
250 245.0983 
250 201.1071 
500 501.9276 

502.3912 0.478241 5.51588 1.097925 
500 495.9783 
500 502.2547 
500 511.1774 
500 500.6181 

 

Table D.6. Table monitoring blank nitric acid throughout the run of LLOQ sample.  

Blank 

Blank 
Conc 
[ppb] 

CPS 

6% 
HNO3 

0 104.45 

6% 
HNO3 

0.880933 224.4567 

6% 
HNO3 

0.222141 138.8967 

6% 
HNO3 

0.31276 161.1233 

6% 
HNO3 

0.103327 116.6733 

6% 
HNO3 

<0.000 102.2267 

6% 
HNO3 

<0.000 102.23 

6% 
HNO3 

0.0741 115.5633 

6% 
HNO3 

0.045504 106.67 

6% 
HNO3 

0.310634 150.0067 

6% 
HNO3 

0.604738 187.79 

6% 
HNO3 

1.497306 298.9033 

6% 
HNO3 

1.219397 252.2367 

6% 
HNO3 

0.487549 170.01 
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Table D.6 continued 
6% 
HNO3 

0.396749 160.01 

6% 
HNO3 

0.571796 186.6767 

6% 
HNO3 

0.191921 124.45 

6% 
HNO3 

<0.000 134.45 

6% 
HNO3 

<0.000 102.2267 

 

The 2 ppb sample did have a low enough coefficient of variance to be the LLOQ 

however it had an average of ~400 counts where the blank had an average of ~100 

counts. Being less than 5x the blank it can not be considered an LLOQ but can be 

referred to as a LLOD. The LLOQ for selenium has been determined to be 5 ppb.  
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Appendix E - Additional CPSF30 Data 
 

E.1. Preface 
Throughout my time working on CPSF30 there were some experiments that 

generated data that was not directly utilized in a publication but may be useful in later 

stories or as a foundation for other experiments at a later date. In this appendix I will 

display and describe these experiments and how this data may be important.  

 

E.2. Oligomer states of CPSF30, metal loading, and RNA binding 
 In figure E.1 a sample FPLC SEC chromatogram is shown. Peak A is an 

oligomer of unknown size that elutes in the void volume of a HiLoad 16/600 Superdex 

200pg column. An example of calibration standards run on the same column is shown in 

figure E.2. Both CPSF30 5F and FL show similar elution profiles and the cause of the 

oligomerization is not fully understood. I have also purchased a HiLoad 16/600 Superose 

6 pg which in some cases has shown less interactions and allowed proteins to be purified 

as smaller oligomer states and not in the void volume. Future SEC studies should try this 

column. The oligomerization could be due to protein interactions, the fe-s cluster, or be a 

smaller oligomer that is observed larger due to the linear nature of ZFs versus the 

globular nature of proteins that these columns are meant for. Some of these possibilities 

are investigated and described below. Dynamic light scattering and analytical 

ultracentrifugation studies also show larger populations of proteins suggestive of 

oligomer states (data not shown). Studies investigating reductant, salt, pH, urea, 

detergent, arginine, and temperature to de-aggregate the protein were not successful. 

However, it should be noted that attempts to utilize prep FPLC quantities of each peak 

have shown that peak A exhibits Fe and Zn binding while the monomer (peak B) exhibits 
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only Zn binding (can even get to full Zn loaded in some batches). This is recapitulated in 

LC-ICP-MS data where a SEC column is run before the sample gets to the ICP-MS and 

one of those chromatograms is shown in figure E.3. Interestingly, the oligomer peak 

containing the Fe and Zn is the peak that exhibits RNA binding while the purified peak B 

(fully zinc loaded) exhibited no RNA binding by FA (figure E.4). This should be 

repeated with a better batch of protein (5F exhibiting high starting FA binding activity) as 

you can see the overall binding affinity of the 5F started off low so comparisons are not 

as strong as they could be.   

 

Figure E.1. Sample FPLC chromatogram showing the A280 trace in black of CPSF30 
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Figure E.2. Example of calibration standards run on a HiLoad 16/600 Superdex 200pg 
column.  

 

Figure E.3. Example of an LC-ICP-MS run of CPSF30-5F. Black is the A280 
absorbance, blue is the counts of zinc, and red is the counts of iron. 
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Figure E.4. FA of CPSF305F before SEC purification versus SEC peaks A and B.  

 

E.3. CPSF30 co expressed with Fip1 
 CPSF30 CCCH zinc fingers 4 and 5 have been shown to interact with Fip1 via 

protein-protein interactions.[84] A co-expression experiment was attempted where I 

expressed 2 plasmids in E. coli BL21 (DE3) cells. The first plasmid was the normal 

CPSF30-5F plasmid under ampicillin selection and the second was a plasmid containing 

fip1 under kanamycin selection. Cells with both plasmids were selected for utilizing both 

antibiotics in the LB media. Both plasmids were under an IPTG inducible promoter and 

the cells were lysed, sonicated, and purified utilizing normal CPSF30-5F protocols (see 

above in chapters 2 and 3). A comparison of a normal CPSF30-5F and a coexpression 

SEC chromatogram is shown in figure E.5. Fip1 increased the appearance of lower 

molecular weight CPSF30 species and similar Fe and Zn stoichiometries were still 

observed in peaks A and B. However, no RNA binding affinity was observed by FA 

when Fip1 was coexpressed (data not shown). Due to higher than expected molecular 

weights observed in the SEC column, it seemed as though 5 or more equivalents of Fip1 

were binding CPSF30-5F suggesting that each ZF could be able to participate in protein-
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protein binding interactions with this truncated construct of Fip1 leading to an inability of 

CPSF30’s CCCH domains 2 and 3 to bind RNA. Clerici et al also observed a lower 

extent of diminished binding when fip1 is present. The overall complex may have been 

able to help compensate in their studies.[84] 

 

Figure E.5. SEC column chromatography profiles of CPSF305F (red) and 
CPSF305F+Fip1 (blue) A280 traces. 

 

E.4. Truncated constructs of CPSF30 
 The cryo-EM structure of CPSF30 demonstrated that the first CCCH domain of 

CPSF30 participated in a protein:protein interaction with CPSF160 and was not involved 

in direct RNA binding.[207, 208] I then hypothesized that this could be the reason that 

CPSF30 was aggregating and forming higher order oligomers so I designed a construct of 

CPSF30-5F without the first CCCH and only containing CCCH domains 2-5 (termed 

CPSF30-2to5. Additionally, knowing that at least finger 5 participated in protein-protein 

binding with Fip1 I designed a construct containing only CCCH domains 2-4 termed 

CPSF30-2to4. These were both designed with MBP tags similar to the 5 finger construct. 

SEC profiles of these constructs are shown in figure E.6 and LC-ICP-MS data for each 
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construct is shown in figures E.7. Overall, the truncated constructs of CPSF30 lacking 

ZF1 showed higher concentrations of soluble monomer and exhibited higher total yield of 

protein. The LC-ICP-MS profiles of each construct exhibited similar Fe and Zn profiles 

where the oligomer still contained the Fe loading and the monomer contained mainly 

zinc. The comparison of RNA binding by FA of each construct is shown in figure E.8. 

Interestingly, the loss of ZF1 (CPSF30-2to5) did not have any loss in RNA binding 

compared to the 5F construct. However, the subsequent loss of ZF5 showed significant 

loss of RNA binding (CPSF30-2to4). This implicates zinc finger 5 as being important to 

overall CPSF30 RNA binding and should be investigated further in future studies. This 

brings to mind preliminary data by Drs. Geoff Shimberg and Daniel Deredge utilizing 

HDX (data not shown) that showed a possible protection between fingers 4 and 5 that 

may also support this claim.  

 

Figure E.6. SEC comparison of CPSF30-FL (red), CPSF30-5F (purple), CPSF30-2to4 
(green), and CPSF30-2to5 (blue).  
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Figure E.7. LC-ICP-MS profiles of CPSF30-FL (bottom right), CPSF30-5F (bottom 
left), CPSF30-2to4 (top left), and CPSF30-2to5 (top right). Absorbance at 280 nm is 
shown in green, counts of Fe is shown in red, and counts of Zn is shown in blue.  

 

Figure E.8. Fluorescence anisotropy plot of CPSF30-5F (purple triangles), CPSF30-2to4 
(black circles), and CPSF30-2to5 (orange squares).  
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E.5. Mössbauer of CPSF30-5F. 
The Mössbauer spectrum of as isolated CPSF30-5F fit best to a 2-subsite model 

with similar intensities (Figure E.9.). Site 1 and site 2 displayed isomer shifts of 0.352 

and 0.211 respectively. The quadrupole splitting of site 1 and 2 were 0.416 and 0.339 

respectively. When compared to literature values of ferredoxin and Rieske type Fe-S 

cluster Mössbauer spectra, the Fe sites can be assigned (Figure E.10).   

 

Figure E.9. Mössbauer spectrum of aerobically purified CPSF30-5F. Raw data is plotted 
as black circles, best fit simulation to 2 subsites is shown as a pink line, and simulations 
of subsite 1 and 2 are shown as blue and grey lines. 
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Figure E.10. Mossbauer comparison of CPSF30-5F to Rieske and ferredoxin type 2Fe-
2S clusters. Ferredoxin and Rieske isomer shifts and quadrupole splitting values were 
obtained from reference [166]. 
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