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Abstract 

 

Title of Dissertation: From Zinc Fingers to Fe-S Clusters to Iron Nanoparticle Drugs: 

Understanding the Impact of Metals on Biological Proteins and Formulations 

 

Matthew Hursey, Doctor of Philosophy, 2024 

 

Dissertation Directed by: Sarah L.J. Michel, PhD, Dean and Professor, Department of 

Pharmaceutical Sciences, School of Pharmacy, University of Maryland, Baltimore 

 

Iron and zinc cofactored metalloproteins perform a variety of functions including providing 

structural integrity, aiding in transport and storage, and engaging in enzymatic activity. 

One important group of metalloproteins are zinc finger (ZF) proteins. In this thesis, I 

investigate two RNA-binding ZFs to understand both structural and functional aspects and 

aim to highlight their importance in biology. The cleavage and polyadenylation specificity 

factor 30 (CPSF30) is a non-classical ZF containing five CCCH-type and one CCHC-type 

ZF domains that binds RNA targets. One of CPSF30ôs CCCH ZF domains can bind a 2Fe-

2S cluster; however, the role of this cluster is poorly understood. RNA binding assays on 

CPSF30 determined that the CCCH domains bind AU-rich RNA and the CCHC domain 

binds U-rich RNA. Metal-catalyzed oxidation ï mass spectrometry (MCO-MS) identified 

the site of the 2Fe-2S cluster as the second CCCH domain. Additional EPR and Mössbauer 

spectroscopies demonstrated the 2Fe-2S cluster is redox active, however, the redox activity 

doesnôt affect RNA binding. I characterized individual CCCH-type maquettes of CPSF30 



to determine if Fe-S cluster binding can occur in the other domains. Not only can each 

individual domain load an Fe-S cluster as confirmed by UV-Vis and XAS, but the clusters 

are redox active, as confirmed by EPR. Another non-classical ZF is the Ran-binding 

domain containing protein 2 (ZRANB2). ZRANB2 contains two CCCC-type ZF domains 

and functions to bind RNA, interact with other proteins, and participate in alternate 

splicing. I determined the effect of zinc binding on ZRANB2 conformation and analyzed 

protein dynamics with RNA utilizing UV-Vis, CD, fluorescence assays, and HDX-MS. 

ZRANB2 is found to be persulfidated in a variety of cell lines when measured by persulfide 

specific proteomics. I demonstrate that isolated ZRANB2 is persulfidated by H2S in a Zn 

and O2 dependent manner via an in situ dimedone switch tagging method. Superoxide was 

determined to be an intermediate of the persulfidation reaction and persulfidation abrogated 

RNA binding. I proposed that this modification is linked to regulation of the spliceosome. 

Lastly at the end of my thesis, through a variety of techniques, I analyze the 

physicochemical properties of FDA-approved iron nanoparticle drug, Monoferric. 
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Chapter 1: Zinc and Iron: A Review of Importance, Function in Proteins, and 

Metals in Medicine 

 

1.1 Introduction  

Metals are ubiquitous. Metals are in the environment, in our food, and in our bodies; 

without metals, life would not exist today. Metals are fundamental to life processes. Today, 

ten metals are thought to be essential, Na, Mg, K, Ca, Mn, Fe, Co, Zn, and Mo.1, 2 Metals 

ions are important for biological processes, where one-third of all proteins require a metal 

ion to function, to stabilize proteins, and/or to drive catalysis.3, 4 A delicate balance of each 

metal in organisms is needed as deficiencies can result in various symptoms or disorders 

and excessiveness can result in toxic effects. For example, an accumulation of manganese 

has been shown to correlate with cognitive decline and degeneration of neurons in 

Alzheimer's models and a deficiency in cobalt levels can lead to anemia and result in birth 

defects and thyroid gland malfunction.2, 5, 6 Iron and zinc are two interesting metals with 

similar total amounts in the human body (2-5 g) that are important for metalloproteins.1, 7 

Metalloproteins are proteins thatôs utilize metal ions. Metalloproteins play roles in 

transport and storage and are involved in enzymatic activity. Zinc and iron are two of the 

top three cofactors utilized by enzymes.3  

 

1.2 Zinc: Importance, Functions, and Medicinal Purposes 

Zinc is always present with an oxidation state of +2 and is a d10 metal. It is involved 

in structural components in biology and can also promote hydrolysis. The homeostasis of 

zinc is essential to life and its cellular processes. In cells, zinc is mediated by the zinc 

importer (ZIPs) family and the zinc transporter (ZnTs) family.8 Although zinc is considered 
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to have low toxicity, misregulation can result in various immunological responses and 

developmental concerns.9, 10 The amount of free zinc remains low in cells because zinc 

readily binds to sulfur and nitrogen atoms and zinc is highly regulated. Metallothioneins 

are zinc binding proteins capable of binding up to seven zinc ions due to their high cysteine 

content. Metallothioneins contribute significantly to zinc homeostasis as they can complex 

up to 20% of intracellular zinc.10 The regulation of zinc is important as more than 200 

metalloenzymes depend on zinc to function, zinc protects lipids and proteins from 

oxidative damage, and zinc stabilizes smaller proteins to maintain functional activity.8 

 Zinc finger proteins (ZFs) make up another large class of zinc binding 

metalloproteins that encompass 5-10% of the human proteome.11-13 ZFs function as DNA 

and/or RNA binding partners and have roles in transcription and translation. ZFs are 

characterized primarily by their ligand set, where combinations of histidine (H) and 

cysteine (C) residues bind zinc in a tetrahedral geometry (Figure 1.1). ZFs are placed into 

classes based upon the number of C/H, the spacing in between the ligands, their secondary 

fold, and the proteinôs function. ZFs are generally unstructured when not bound by metal, 

but upon binding zinc, they gain their structure, allowing them to function (Figure 1.1). 

The most well-known ZFs are the classical, CCHH-type with a consensus sequence of 

(F/Y)-X-C-X2-5-C-X3-(F/Y)-X8-H-X3-5-H. Containing nine CCHH-type ZF domains, the 

transcription factor TFIIIA was the first discovered ZF in 1985, hence the term 

ñclassical.ò14, 15 Classical ZFs consist of a ɓɓŬ binding motif where the zinc ion is 
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sandwiched between two antiparallel ɓ-sheets and one Ŭ-helix. This binding motif allows 

for the binding of DNA in which each ZF fits in the major groove and wraps around DNA.  

Other classical ZFs have also been shown to bind RNA, such as WT1, and participate in 

protein-protein interactions like the Ikaros family of proteins.16, 17 

 

Figure 1.1 The paradigm of zinc finger proteins. Zinc fingers gain structure when bound 

to zinc allowing them to function. Zinc binds to a combination of histidine and cysteine 

residues. 

 

Non-classical ZFs, such as the CCCC- and CCCH-type, have become increasingly 

studied. One highly researched CCCH-type ZF is tristetraprolin (TTP; also known as 

Nup475). TTP contains two tandem CCCH domains with a consensus sequence of 

YKTEL-C-X7-10-C-X4-5-C-X3-H. TTP is involved in the NF-əB inflammation pathway and 

acts to promote mRNA decay, regulating inflammation.18, 19 Deficiencies in TTPôs function 

could result in inflammatory syndrome, including arthritis, dermatitis, etc.20 Via its ZF 

domains, TTP binds AU-rich sequences and targets tumor necrosis factor alpha (TNF-Ŭ) 

mRNA.21, 22 Other important CCCH-type ZFs are roquin 1 and 2 and monocyte 
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chemotactic protein-induced protein 1 (MCPIP-1) that also mediate mRNA decay.23 

GATA transcription factors are a well-known class of CCCC-type ZFs with the consensus 

sequence of C-X2-C-X17-20-C-X2-C.24 GATA ZF domains bind DNA, regulate 

transcription, and interact with other proteins. Mutations of some GATA proteins can lead 

to blood disorders, hypoparathyroidism, hearing loss, or kidney deficiencies.17 Another 

CCCC-type ZF is ZPR1, which interacts with complexes formed by survival motor neurons 

(SMN), and loss of function results in neurodegeneration and disrupts transcription and the 

cell cycle.25, 26 Together, zinc and ZFs have major implications in biological processes and 

obstruction of those processes can lead to negative effects in the body.   

 Misregulation of zinc results in negative side effects; to combat this, efforts have 

been made to create inhibitors and understand the functions of various zinc-containing 

proteins. Zinc has commonly been used in antibacterial ointments and is frequently used 

in vitamins and nutritional products.7 ZF domains have also been established targets for 

anti-viral therapies. The nucleocapsid proteins (NCp) of retroviruses, like HIV-1, have 

been an explored target because they contain ZF domains and function to reverse 

transcription, cause infections, and package genomic material.27 Additionally, the specific 

protein 1 (Sp1) has become a ZF target in cancer treatment with several anticancer drugs 

already shown to decrease Sp1 expression.28 The inhibition of ZFs by metal-based 

compounds has been an ongoing effort. Platinum and gold complexes have been utilized 

to inhibit zinc fingers or pathways that involve zinc fingers. For example, an Au(I) complex 

coordinated to NCp7 and Sp1 demonstrated variably reactivities in their zinc fingers,29 and 

cisplatin, a well-known platinum-based drug, was able to bind to CCHC-type ZFs, 

poly(ADP-ribose)-polymerase (PARP), and inhibit PARP activity, which can mediate 
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DNA repair for certain tumors.27, 30, 31 Furthermore, some CCCH-type ZFs have been 

shown to have a role in human adenovirus infections.32 It is important to continually 

advance work in understanding and characterizing zinc containing proteins and ZF proteins 

because their features may be utilized to combat disease and illness. 

 

1.3 Iron: Importance, Functions, and Medicinal Purposes 

Iron is vital to life; almost all organisms need iron to survive. In humans, the 

majority of iron exists in hemoglobin in erythrocytes (red blood cells). The remaining 

amount of iron is present in myoglobin, cytochromes, and iron-containing enzymes.33 Iron 

is a redox active, d6 metal that is often involved in electron transfer due to its ability to 

switch between oxidized (FeIII ) and reduced forms (FeII). This redox activity is important 

for energy production, oxygen storage, and enzymatic reactions. Iron homeostasis is tightly 

regulated through specific transport pathways. Transferrin is one of the most abundant 

proteins in plasma and a major iron-binding transport protein. Transferrin mediates the 

transport of iron by first binding ferric ions, then the transferrin receptor 1 (TFR1) uptakes 

the transferrin-bound iron into the cells via endocytosis.34 In the endosome, ferric ions are 

reduced by six-transmembrane epithelial antigen of the prostate 3 (STEAP3) and then 

transported out of the cell by divalent metal-ion transporter 1 (DMT1) and possibly 

ZIP14.34 The now exported, intracellular ferrous ions are either stored by ferritin, utilized 

by the mitochondria or other iron containing proteins, or exported back to the plasma.33, 34 

It is important to maintain this homeostasis of iron because iron overload conditions can 

result in the buildup of ferrous ions that causes the increase of reactive oxygen species 

resulting in oxidative damage.35, 36 Iron deficiency can also occur and result in diverse 
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health consequences like iron deficiency anemia, fatigue, dizziness, and other symptoms.37, 

38 

Iron can exist in various oxidation states. Proteins can bind iron in a mononuclear 

state, such as in heme proteins. Heme proteins are very important in biological processes, 

especially relating to oxygen storage and transport.39, 40 In heme, iron is coordinated to a 

tetrapyrrole and can also have one or two axial ligands (Figure 1.2A). Heme axial ligands 

can be fine-tuned to result in different functions such as electron transfer, hydroxylation 

and oxidation, dioxygen storage and transport.41, 42 Proteins can also bind iron in the form 

on an iron-sulfur (Fe-S) cluster. The three main types of Fe-S clusters are 2Fe-2S, 3Fe-4S, 

and 4Fe-4S, all of which can ligate to sulfurs in thiolate groups from cysteine residues and 

nitrogen in imidazole groups from histidine residues (Figure 1.2). Interestingly, Fe-S 

clusters and ZFs both share the same ligating residues, resulting in difficulty in identifying  

 

Figure 1.2 Common states that iron is found in nature. (A) Heme (B) 2Fe-2S (C) 3Fe-4S 

(D) 4Fe-4S 
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proteins that are either a ZF or Fe-S containing unless they are isolated and studied 

empirically. Fe-S clusters can be involved in electron transport, environmental sensing, 

catalysis, and sulfur donating.43, 44 Fe-S clusters play major roles in respiratory electron 

transfer complexes and DNA repair. Largely taking place in the mitochondria, Fe-S 

clusters are assembled through various complex, machinery systems, including the NIF 

system, ISC assembly machineries, the SUF systems, and the CIA machinery.45 Disruption 

in these processes and in Fe-S cluster biogenesis can result in human disease and 

disorders.46, 47  

Targeting Fe-S biogenesis and proteins containing Fe-S clusters has been a 

therapeutic strategy to address specific human diseases. MitoNEET is a 2Fe-2S cluster 

containing protein that was originally thought be a ZF protein due to its CCCH-type 

domain. MitoNEET has been a recently explored target because it can interact with type 2 

diabetes drug, pioglitazone, where the drug inhibits iron tranfer.48, 49 Aconitase and Nsp12 

are two 4Fe-4S containing proteins that have therapeutic implications in malaria and 

SARS-CoV2 infection, respectively.43 Antimalarial drug primaquine is able to introduce 

ROS to degrade the 4Fe-4S cluster of aconitase to a 3Fe-4S cluster, inhibiting activity.50 

Current therapeutic strategies to target Fe-S clusters in cancer include manipulating redox 

activity, limiting iron availability, and replacing iron with redox inactive metals.51 In 

addition to targeting Fe-S clusters, many efforts have been underway to replenish iron 

levels in patients with iron deficiency anemia (IDA). IDA is a condition in which red blood 

cell production is diminished because of a lack of available iron. The causes of IDA can 

vary with many children and elderly adults being affected due to inadequate nutritional 

intake.52 Supplementation comes in two forms: 1) Oral, which is easier, but less effective 
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and more side-effects are likely and 2) Intravenous (IV), which is more potent, has higher 

efficacy, and is the standard of care.38, 53 IV iron nanoparticle drugs work to replenish iron 

levels, but itôs important to supplement at a rate that doesnôt cause iron overload. Together, 

it is important to continually develop strategies to battle cancer and other diseases; research 

regarding iron containing proteins is essential for this purpose. 

 

1.4 Conclusions 

Iron and zinc are two important metals in biology, each needing to be highly 

regulated for roles in structural stability and catalysis. Misregulation of these two metals 

can result in consequential disorders, diseases, and conditions. ZFs are a heavily researched 

group of metalloproteins that could be potential targets to treat infections and inflammatory 

diseases. Fe-S cluster proteins are capable of many functions and have implications in 

various diseases. Both zinc and an Fe-S cluster can be bound by sulfur in thiols groups 

from cysteine residues and nitrogen in imidazole groups from histidine residues. This 

makes studying them empirically important to deciphering metal cofactors and adding to 

the knowledge of proteins binding these metals so that new targets can be explored; my 

thesis focuses on these aspects. In my thesis, I investigate two RNA-binding ZF proteins 

that have implications in disease, and I focus on characterizing an iron nanoparticle drug 

to support future work in creating generic IDA products.  

The cleavage and polyadenylation specificity factor 30 protein (CPSF30) is a ZF 

that can bind AU-rich RNA and plays a role in mRNA processing. CPSF30 contains five 

CCCH-type domains, where four domains bind zinc and one binds a 2Fe-2S cluster, and 

one CCHC-type domain. CPSF30 plays a role in cancer cell growth, and evidence for this 
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role has been observed in lung cancer, colon cancer, and breast cancer.54-59 Specifically, 

CPSF30 was shown to modulate NF-əB and cyclooxygenase signaling to promote lung 

cancer cell growth, activate hTERT to promote colon cancer progression, and modulate 

breast cancer cells proliferation by being targeted by microRNAs.56-58 These results suggest 

that targeting CPSF30 could be a potential therapeutic strategy to control cancer cell 

development, however the mechanism of action is not well described. We also do not 

understand the mechanism of metal-mediated RNA binding by CPSF30, and the location 

and the role of the Fe-S cluster has been unknown. My thesis work provides fundamental 

information about the site of the 2Fe-2S cluster in CPSF30 and its role in RNA binding. 

The results provide a clearer understanding of CPSF30 structure/function and have the 

potential to aid in anti-cancer therapeutic strategies. 

The zinc finger Ran-binding domain containing protein 2 (ZRANB2) is another 

RNA-binding ZF. ZRANB2 plays a major role in alternate splicing. ZRANB2 has also 

been implicated as being persulfidated by H2S in persulfide specific proteomics screens. 

Disruption of ZRANB2 binding to the dopamine receptor D2 (DRD2) has been associated 

with increased risk in schizophrenia and ZRANB2ôs binding to the histocompatibility 

complex, class II, DQ beta 1 antisense RNA 1 (HLA-DQB1-AS1) has been linked to cell 

proliferation and apoptosis inhibition in hepatocellular carcinoma.60, 61 These interactions 

have not been well characterized. My thesis work aims to decipher ZRANB2ôs RNA 

binding interactions and dynamics as well as identify the effect of H2S and persulfidation 

on ZRANB2ôs activity and function. This work will provide additional knowledge 

surrounding ZRANB2 to aid in further development of strategies to combat disease.  
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There is a growing need for more IV iron drugs, including generics, because the 

incidence of IDA is increasing in the US. Thus, research into the physicochemical 

properties of IV iron drugs is needed. Monoferric (ferric derisomaltose) is the most recent 

brand IV iron nanoparticle to be approved by the FDA that is used to treat IDA. Although 

approved, there has remained uncertainty regarding the composition of the drug: the iron 

core, its ligands, and the API. My thesis focuses on characterizing Monoferric ï both the 

iron core and the dextran shell to determine the physicochemical properties and define the 

API. This research will contribute to the future development of generic drugs and may 

provide new standards for analyzing current and future iron nanoparticle drugs. 

 

 

 

  



11 
 
 

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

Protein CPSF301 

 

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.62-66 Initially 

identified as transcription factors, ZFs are now known to facilitate numerous biological 

processes ranging from signal transduction to membrane association.16, 62, 63, 67-69 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.12 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.11, 70  

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.12, 16, 17, 62, 65, 71, 72  

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 

 
 

1 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. 

 

Contributions: M.S. Hursey performed all work on CPSF30-F2F3 as well as assisted in the 

expression and purifications of CPSF30-5F and CPSF30-FL. 
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been shown to be RNA binding proteins, typically targeting adenine/uracil rich RNA 

sequences.62, 65, 72-74  

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). 

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.63, 75-80 This transition 

involves the removal of a 3ô poly Uracil (polyU) sequence present in the pre-mRNA strand, 

after which a 3ô 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 ózinc knuckleô 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.75 

This Fe-S cluster was determined to be coordinated to one of the CCCH ózinc fingerô 

domains. This discovery that an annotated ózinc fingerô protein (CPSF30) binds an Fe-S 

cluster at one of the ózinc fingerô domains adds to a growing number of proteins which 

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

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

to study annotated ZFs experimentally.81-88  
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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).75 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.75 Subsequently, two Cryo-EM structures of CPSF30 
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complexed with other CPSF proteins (CPSF-160, WDR33) along with a short RNA strand 

containing the PAS (AAUAAA) were reported.89, 90 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 ózinc knuckleô domain at the 

3ô 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.91-94 Most pre-mRNAs contain a conserved U-rich sequence that aids in efficient 

processing from pre-mRNA to mRNA.95-98 We therefore hypothesized that the CPSF30 

ózinc knuckleô 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 ózinc knuckleó 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 cofactors.  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.89, 

90 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.99, 100 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 
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collective data, a mechanism for PAS and polyU RNA binding 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 ɓ-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. 4,4ô-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 Baltimoreôs 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 ɓ-D-1-thiogalactopyranoside (IPTG) and media was supplemented with 0.4 mM 

Na2S Å 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, Ů, 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.63, 75 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 Å 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 3ô 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: 

 

 

 

 

 

 

 



20 
 
 

Table 2.1 RNA oligomers utilized in this study. The polyadenylation sequence and 

subsequent mutations are underlined. 

RNA oligomer RNA sequence (5ô-3ô) 

Ŭ-syn30 UCUCACUUUAAUAAUAAA AAUCAUGCUUAU 

Ŭ-syn24 CACUUUAAUAAUAAA AAUCAUGCU 

PolyC24 CACUUUAAUCCCCCCAAUCAUGCU 

ȹA1,2,4,5 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 (Ŭ-syn30 or Ŭ-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 below75:  

ὶ
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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: 
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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.63, 75 

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 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 Ḑ40 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.101 EXAFSPAK is integrated with Feff v8 software102 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 1sŸ3d pre-edge peak 

analysis was completed following our established protocol,103 and pre-edge peak areas 
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were determined over the energy range of 7,110 ï 7,116 eV. The iron oxidation state was 

deduced by comparing first inflection edge energies from Fe protein samples to our FeII 

and FeIII  model library.104 In the extended X-ray absorption fine structural (EXAFS) region, 

data collected to k = 14 ¡-1 corresponds to a spectral resolution of 0.12 ¡-1 for all metalï

ligand interaction.104 As a result, only independent scattering environments at distances 

>0.12 ¡ were considered resolvable during fitting analysis. Data were fitted 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 (ȹE0) values of ī10 eV (Feï

O/N/C), ī12 eV (FeïS) and ī15 eV (FeïFe) were used; for Zn simulations, a Sc of 0.9 and 

E0 values of ī15.25 eV (ZnïO/N/C and ZnïS) were used. These calibration values were 

obtained from fitting crystallographically characterized small molecule Fe and Zn 

compounds,103, 105 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 (Fô),106 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.105 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 ócrudeô 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).29, 107-

109 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.  
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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.99, 

100, 110 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 knuckleôs 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 3ô 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 

ñAISGEKTVVCKHWLRGLCKKGDQCEFLHEYDMTKMPECYFYSKFGECSNKECP

FLHIDPESKò 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 ɓ-D-1-thiogalactopyranoside). 

After cultures were allowed to grow for 4 h post-induction, cells were harvested by 
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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.110 The experiments were performed in 200 mM HEPES, 100 
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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 3ô 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, Ŭ-syn24 and 

Ŭ-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.63, 75, 77, 89, 90, 111 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.91, 94 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 cofactor.75 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)).75 

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 ï 800 nm with the maximum protein peak at 278 nm indicated. (Inset) Close up of 

spectrum between 300 ï 650 nm with peak maxima indicated. 

 

2.3.2 X-ray Absorption Spectroscopy (XAS) of the Iron and Zinc Sites.  

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 1sŸ3d 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.103 The excitation energy of the first inflection point in the Fe XANES, measured 
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at 7122.22 eV, is consistent with an oxidized FeIII -S cluster.103 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 

 

 

Figure 2.3 Normalized XANES spectra Fe/Zn-loaded CPSF30. Left Panel: Fe-XANES 

spectrum, with 1sŸ3d pre-edge inset. Right Panel: Zn-XANES spectrum. 

Fe Zn
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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. 

 

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

at 2.27¡. The appearance of a distinct FeÅÅÅFe ligand vector at 2.69 ¡ is characteristic of 

scattering observed for Fe-S clusters.103  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 

Fe

Zn
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similar to those previously found in ZnN1S3 peptide XAS.112, 113 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 

ózinc fingerô protein with a 2Fe-2S cofactor, with all metal sites binding to a 3Cys/1His 

ligand set from the protein. 

 

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). 
d - Average metal-ligand bond length.  
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. 

 

 

 

 

Table 2. Summary of the Fe and Zn EXAFS simulation results for Fe/Zn-loaded CPSF30. 

 Nearest Neighbor Ligands a Long Range Ligands b  

Metal Atom c R (Å)d C.N e ů2 f Atom c R (Å)d C.N e ů2 f Fô 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 

 

a,b - Independent metal-ligand scattering environment.  
c - Scattering atoms: N (nitrogen), O (oxygen), C (carbon), S (sulfur). 
d - Average metal-ligand bond length.  
e - Average metal-ligand coordination number. 
f - Average Debye-Waller factor (Å2 x 103).  
g - Number of degrees of freedom weighted mean square deviation between data and fit. 
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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.72, 91-94, 99, 100  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.91  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, Ŭ-syn30 and Ŭ-

syn24  (30 and 24 bases in length) that we had previously reported binds to the five ZF 

construct of CPSF30, CPSF30-5F.75 The titration of full length CPSF30 with either Ŭ-syn30 

and Ŭ-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 Ŭ-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 Ŭ-

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 required for binding of 
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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.75    

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 ï rich cis-acting 

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

together, these elements aid in stimulating polyadenylation.114 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 CPSF30ôs RNA binding properties, an 

 

Figure 2.5 (A) Sequences of alpha synuclein 30mer (Ŭ-syn30), alpha synuclein 24mer (Ŭ-

syn24), and PolyC 24mer (PolyC24) RNAs. (B) Fluorescence anisotropy (FA) monitored 

binding of holo-CPSF30-FL to Ŭ-syn30 (orange squares), holo-CPSF30-FL to Ŭ-syn24 

(purple triangles), holo-CPSF30-5F to Ŭ-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. 
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FA experiment of full length CPSF30 with a polyU sequence was performed. A titration 

of 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.  

 
Figure 2.6 (A) Sequences of alpha synuclein 30mer (Ŭ-syn30) and PolyU 24mer (PolyU24) 

RNAôs. (B) FA monitored binding of holo-CPSF30-5F and Ŭ-syn30 (blue circles) and holo-

CPSF30-5F and PolyU24 (purple squares). (C) FA monitored binding of holo-CPSF30-FL 

and Ŭ-syn30 (blue circles) and holo-CPSF30-FL with PolyU24 (purple squares). 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. 

 

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 
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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, 

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 ózinc 

knuckleô 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) ï 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.109 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 

Figure 2.7 (A) Plot of the change in absorption as apo-CPSF30-ZK is titrated with CoCl2. 

The experiment was conducted in a 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. 
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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.72, 115 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.72, 110, 116, 117  

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).110 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.108, 109  

 

Figure 2.8 The 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. 



39 
 
 

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.118, 119 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. 

 

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). 
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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.21, 99, 100, 118 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.89, 90  Collectively, these data suggest that a construct of ZF2 and ZF3 may 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.62, 119 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.62, 99 
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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. 

 

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.62, 99 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.99 
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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. 

 

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. 
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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, Ŭ-syn24, Ŭ-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 ï perhaps other ZF domains or an Fe-S cluster cofactor are required 

for RNA binding.  

 

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), Ŭ-syn24 (sky blue triangle), three other Ŭ-syn24 stocks (pink circles, 

purple squares, line green triangles), and Ŭ-syn30 (burnt red diamonds). RNAs ARE11, 

AAU9, AAU12, AAU24, and Ŭ-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 Ŭ-syn24 

and one of Ŭ-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. 
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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 (ȹA1,2,4,5). The prediction was that these adenines 

are critical for CPSF30/RNA binding, and the mutation would abrogate binding. This 

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 5ô 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 (Ŭ-syn30) and quadruple mutant 

24mer (ȹA1,2,4,5) RNAôs. (B) FA monitored binding of holo-CPSF30-5F and Ŭ-syn30 (blue 

circles) and holo-CPSF30-5F and ȹA1,2,4,5 (yellow triangles) (C) FA monitored binding of 

holo-CPSF30-FL and Ŭ-syn30 (blue circles) and holo-CPSF30-FL with ȹA1,2,4,5 (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 

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

polyadenylation signal (PAS)) and U-rich RNA ï 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 ózinc fingerô domains.91, 120  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: Identification of the Site of the Fe-S Cluster in CPSF30 via Metal 

Coupled Oxidation Mass Spectrometry 

 

3.1 Introduction  

One third of all proteins contain a metal cofactor.4, 121 These proteins, called 

metalloproteins, are involved in a variety of functions ranging from transport and storage 

to transcriptional and translational regulation, to catalysis and sensing.3, 4, 122 One common 

metal cofactor for these proteins is the zinc cation. The ubiquity of zinc as a protein cofactor 

is seen in the human proteome, where zinc-binding proteins constitute 10 % of the total 

proteome. 11, 13, 123 In eukaryotes, one of the larger roles for zinc ions in zinc-binding 

proteins is as a structural cofactor. Proteins with this role are collectively referred to as zinc 

finger proteins (ZFs).16, 124 ZFs contain domains with four cysteine and/or histidine residues 

that serve as ligands for the zinc cation. When zinc binds to the ZF domain, the domain 

adopts a specific secondary structure that leads to function.16, 17, 125, 126 The function of ZFs 

ranges from binding to DNA or RNA, to modulating transcription and translation, to 

participating in protein-protein interactions, to affecting signaling pathways.23, 62, 65, 127-129 

ZFs are delineated into different classes based upon the ZF ligand set, spacing between the 

ligands, the ZF sequence, or the ZF structure.15, 23, 71, 124 Initial identification of any ZF is 

typically based on amino acid sequence, i.e., the presence of cysteine and histidine ligands. 

However, it is important to verify the identity of the putative ZFôs metal cofactor 

empirically, as there are several examples of proteins initially annotated as ZFs (based upon 

amino acid sequence) that were later discovered to utilize a different metal cofactor.75, 82, 

84-87, 130, 131  
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One alternate cofactor for zinc in proteins that are annotated as ZFs is an iron-sulfur 

cluster (Fe-S). Iron-sulfur clusters are common protein cofactors formed via reactions with 

iron, cysteine sulfur, and inorganic sulfur.132, 133 Several types of iron-sulfur clusters are 

known, including 2Fe-2S, 3Fe-4S, and 4Fe-4S. Proteins with iron-sulfur cofactors mediate 

a variety of processes, including electron transfer, redox catalysis, structural support, sulfur 

donation, and environmental sensing.43-45, 134 Like Zn in ZFs, Fe-S clusters also utilize 

cysteine and histidine residues as ligands, and the spacing between these ligands in the 

primary protein sequence can be similar for an Fe-S cluster-binding protein or a ZF leading 

to mis-annotation.135 Some examples of proteins that were annotated as ZFs based on their 

primary amino acid sequence, but when isolated were found to have an Fe-S cluster 

cofactor instead, include MitoNEET, MiNT (Miner2), and Miner1. These proteins are 

involved in the regulation of autophagy as well as the regulation of mitochondrial iron.82, 

84-87, 131 There are a few examples of proteins annotated as ZFs, that contain both zinc 

cofactors and iron-sulfur cofactors. These include cleavage and polyadenylation specificity 

factor 30 (CPSF30 or CPSF4), DNA polymerases, and nsp13 (from severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2)).75, 136-139  

For proteins with both a zinc ion and an iron-sulfur cluster site, it can be challenging 

to deconvolve the zinc versus iron-sulfur loading site(s) and assign functions to each 

cofactor. This challenge has been seen for CPSF30. CPSF30 is part of a larger protein 

complex, called cleavage and polyadenylation specificity factor (CPSF), that includes the 

proteins CPSF160, CPSF100, CPSF73, CPSF30, Fip1, and WDR33. The CPSF complex 

regulates pre-mRNA processing via recognition of the AAUAAA polyadenylation signal 

(PAS) motif present on pre-mRNA and assembles additional factors including the cleavage 
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and stimulation factor (CstF), cleavage factors Im (CF Im) and IIm (CF IIm), and poly(A) 

polymerase that are critical for cleavage and polyadenylation.80, 140 CPSF30 contains five 

domains with a CCCH motif (C = cysteine; H = histidine) and a single domain with a 

CCHC motif. CPSF30 was originally annotated as a ZF based on those motifs. However, 

when isolated, both a 2Fe-2S cofactor along with five zinc cofactors were present, 

indicating that one of the CCCH sites or the CCHC site coordinates the Fe-S cluster.75  

Promoting processing of mRNA by CPSF30 requires that CPSF30 recognizes a 

conserved AU-rich sequence present on pre-mRNA. This protein/RNA binding interaction 

requires that both the Fe-S and Zn sites are loaded. When CPSF30 was isolated under either 

iron or zinc restricted conditions, such that only one of the metal cofactors was loaded, the 

binding affinity for RNA was diminished (in the absence of iron) or abrogated (in the 

absence of zinc).75 It has been difficult to identify the native binding site of the Fe-S cluster. 

The protein contains five highly homologous CCCH domains and a CCHC domain. The 

CCHC site was ruled out as the site of the Fe-S cofactor, because when it was removed, 

the construct with just the five CCCH domains retained the 2Fe-2S cluster and its RNA 

binding properties. To identify the site of the Fe-S cluster within the CCCH domains, 

alanine scanning mutagenesis of the remaining CCCH domains (CCCH to AAAA, ȹZF1, 

ȹZF2, ȹZF3, ȹZF4, ȹZF5) was performed, but was inconclusive. For each modified 

CCCH domain, one of the zinc cofactors was lost while the Fe-S cofactor was retained, 

suggesting that the Fe-S cluster will load at another site when its native site is absent, 

underscoring the importance of the Fe-S cluster for the proteinôs function. Efforts to obtain 

diffraction quality crystals have so far been elusive, therefore we sought another approach 

to identify the Fe-S site.  
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Herein, we report the application of metal catalyzed oxidation mass spectrometry 

(MCO-MS) to identify the site of the Fe-S cluster in CPSF30. This emerging technique 

relies on the redox properties of a metal center to generate reactive oxygen species (ROS) 

via Fenton chemistry.141 The ROS formed modify the amino acid residues at the metal 

binding sites via a caged process.142 The amino acids that have been modified can then be 

identified via orbitrap liquid chromatography-mass spectrometry. MCO has previously 

been applied to identify coordinating ligands for copper-binding proteins and metal-peptide 

complexes but has not been applied to iron-containing proteins, including Fe-S 

cofactors.141, 143-146 MCO-MS was applied to CPSF30. By carefully controlling the reaction 

conditions, the site of the 2Fe-2S cluster was identified. The data identified the second 

CCCH domain as the most likely site of the Fe-S cluster in CPSF30. We also report the 

redox properties of the 2Fe-2S site, the effect of redox state on RNA binding and connect 

these results to the effect of oxygen levels in cells on CPSF30 abundance. These collective 

findings support the hypothesis that the Fe-S cluster of CPSF30 responds to cellular oxygen 

levels and acts as a structural cofactor that is required for optimal RNA binding. This 

finding broadens our understanding of the roles of Fe-S clusters in metal-binding sites. 

 

3.2 Materials and Methods 

3.2.1 General Considerations. 

During anaerobic conditions or under reducing conditions, procedures were 

performed in a Coy anaerobic chamber (3% H2, 97% N2) and extra care was taken to ensure 

oxygen was not introduced to the protein or buffers. All buffers used for anaerobic or 

reducing conditions in the anaerobic glovebox were filtered prior and stringently degassed 
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by securing a rubber septum on and over the top of the bottles, where copper wires were 

tied, and electrical tape was wrapped around to provide an airtight seal. Buffers were then 

degassed on a vacuum line with stirring for greater than 24 hours and brought into the 

anaerobic glovebox and allowed to equilibrate to the atmosphere (3% H2, 97% N2) for 1-2 

days. All other materials, reagents, and cuvettes used for anaerobic or reducing conditions 

were put in the glovebox at least 2 days before the experiment to equilibrate to the glovebox 

atmosphere. 

 

3.2.2 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. 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 (mmol 

L-1) 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 (mmol L-1) ZnCl2 were added to the media. Fifteen 

mL of overnight culture 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, 
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3 mL of 100 mM (mmol L-1) FeCl3, 3.5mL of ZnCl2, 4mL of 100 mM (mmol L-1) 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 

(mmol L-1) Tris, 200 mM (mmol L-1) 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 mL of buffer spiked with 30 mM (mmol L-

1) 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.   

 

3.2.3 Metal Content Determination by Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS).  

ICP-MS was performed as previously described utilizing an Agilent 7700 Series 

ICP-MS.63, 75, 136, 147 Briefly, samples were diluted with 6% trace metal grade nitric acid to 

a final concentration and volume of 1 ÕM (ɛmol L-1) 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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3.2.4 Chemical reduction of CPSF30-5F. 

CPSF30 (430 ɛL of 50 ÕM (ɛmol L-1)) in a 20 mM (mmol L-1) Tris, 100 mM (mmol 

L-1) NaCl, at pH 8 buffer was degassed by vacuuming then purging with nitrogen. The 

protein sample was allowed to equilibrate to the glove box atmosphere before performing 

the experiment. 10 µL of 2 mM (mmol L-1) methyl viologen solution was added to the 

protein and mixed. 25 ɛL of 26 mM (mmol L-1) 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 overnight with 

three changes of fresh buffer solution in the glovebox. Oxidized protein was kept in similar 

conditions overnight. UV-Visible spectroscopy was performed the next day in airtight 

rubber sealed screw cap cuvettes from Starna Cells.  

 

3.2.5 Electron Paramagnetic Resonance (EPR) Spectroscopy. 

For CPSF30-5F EPR sample preparation, protein was concentrated to achieve 1.92 

mM (mmol L-1) iron concentration utilizing the known Fe to protein ratio from ICP-MS 

analysis. Solutions of buffer (100 mM (mmol L-1) Tris, 100 mM (mmol L-1) NaCl, pH 8) 

and ethylene glycol were degassed on a vacuum line with stirring before being brought into 

a Coy anaerobic chamber (3% H2, 97% N2) and allowed to equilibrate to the atmosphere. 

Protein was brought into 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 ÁC to 8 ÁC with shaking. 120 ɛL of protein (1.920 mM (mmol L-1) iron 

concentration) was combined with 60 µL of buffer and 30 µL of 100 mM (mmol L-1) 

dithionite and allowed to incubate in the glove box for approximately 30 min at 4 °C to 8 
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°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 tube, 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 

(ɛmol L-1) iron (protein bound), 10 mM (mmol L-1) dithionite, and 30 % ethylene glycol 

in a 100 mM (mmol L-1) Tris, 100 mM (mmol L-1) NaCl, pH 8 buffer. A non-reduced 

protein control sample was made in the same manner, but without the addition of dithionite. 

Reduced and non-reduced buffer control samples were also 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 

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 
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resolution (å 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.  

 

3.2.6 Mössbauer Spectroscopy.  

For CPSF30-5F Mössbauer sample preparation, 34 mg of 57Fe was weighed out in 

a Coy anaerobic chamber (3% H2, 97% N2) and placed into a glass vial. 1 mL of 1 M (mol 

L-1) HCl was pipetted into the vial and the solution was placed on a stir plate in the glove 

box. The 57Fe acted as its own stir bar and the solution was allowed to mix until dissolved 

(approximately 1-3 days) in the anaerobic chamber. Once dissolved the solution was 

diluted to 10 mL with ELGA Purelab flex purified water. CPSF30-5F protein expression 

for Mössbauer experiments was conducted similarly to above (Cloning, expression, and 

purification of CPSF30-5F) with some exceptions. The 10 mL of 57Fe solution was added 

at the point of induction instead of the 100 mM (mmol L-1) FeCl3. The protein was purified 

similarly to above except that the flow through and wash 1 of the first amylose column was 

re-purified 2 more times to compensate for any overloading of the amylose resin that may 

have occurred. The eluted pure CPSF30 from all 3 purifications was combined and 

concentrated utilizing an Amicon 30 kDa cutoff spin filter to yield 400 µL of 2.5 mM 57Fe 

(protein bound). A Mössbauer spectrum of CPSF30-5F was recorded on a spectrometer 

from SEE Co. (Science Engineering & Education Co., MN) operating in constant 

acceleration mode in a transmission geometry with zero magnetic field. The sample was 

kept in an SVT-400 cryostat from Janis Research Co. (Wilmington, MA), using liquid N2 

as a cryogen for 80 K measurements. Isomer shifts were determined relative to the centroid 
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of the spectrum of a metallic foil of Ŭ-Fe collected at room temperature. Fitting and data 

analysis were performed utilizing WMOSS software (SEE Co.).  

 

3.2.7 Circular Dichroism . 

Circular dichroism (CD) was measured using a Jasco J-1500 spectrophotometer 

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 

with Savitzky-Golay smoothing. A 10 mm pathlength quartz cuvette was utilized, and 

scans were performed at room temperature. Samples contained 20 (mmol L-1) Tris, 200 

(mmol L-1) NaCl buffer at pH 7.5 with protein concentration at 250 ÕM (ɛmol L-1), where 

buffer alone was blank subtracted from protein scans. 

 

3.2.8 Metal Catalyzed Oxidation Mass Spectrometry. 

 CPSF30-5F at 1.8 mg/ml (30 µM (µmol L-1)) 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), was incubated in a thermomixer at 4 °C with various amounts 

of dithionite, H2O2, and phenylalanine for different amounts of time (Table 3.1). The 

reactions were then quenched by addition of 10 µL of 200 mM (mmol L-1) methionine and 

1 µL of 1 mg/ml catalase. 30.5 µL of sample was removed and evaporated to dryness in an 

SPD SpeedVac inside the anaerobic chamber. Samples were resuspended in 30 µL mass 

spectrometry grade H2O and 10 µL of 500 mM (mmol L-1) Tris, 10 mM (mmol L-1) CaCl2, 

at pH 8. 2 µL of 500 mM (mmol L-1) 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   
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Table 3.1 MCO-MS conditions and resulting modified amino acids. Amino acids listed are 

residues that were found to be modified in two or more technical or biological replicates 

of each condition. 

 

500 mM (mmol L-1) iodoacetamide was added and samples were incubated away from 

light at room temp for 30 min. 1 µL of 500 mM (mmol L-1) 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 run 2-6 times depending on the condition. 

 The peptide samples were resuspended in 0.1% formic acid in water and were 

loaded onto C18 Evosep tips for liquid chromatography separations according to the 

manufacturerôs protocol using a 44 min gradient from 0.1% formic acid in water to 0.1% 

formic acid in acetonitrile on a C18 Evosep analytical column (length: 15 cm, internal 

diameter: 150 µm, bead size: 1.9 µm). Samples eluted from each Evotip were analyzed on 

a Thermo Scientific Orbitrap Fusion Lumos (Thermo Fisher Scientific, Waltham, MA) 

operated in data-dependent acquisition (DDA) mode. Peptide masses were analyzed in the 

Orbitrap cell in full ion scan mode, at a resolution of 60,000, a mass range of m/z 375-1500 



58 
 
 

and an AGC target of 500,000. Peptides were selected for fragmentation by higher-energy 

C-trap dissociation (HCD) with a normalized collisional energy of 32% and a dynamic 

exclusion of 60 sec. Fragment masses were measured with an AGC target of 50,000. 

Peptides with a charge state of +1 and monoisotopic ions were rejected using a dynamic 

exclusion of 60 sec. 

All samples were searched in Proteome Discoverer 2.2 (Thermo Fisher Scientific, 

Waltham, MA) using Sequest HT against the Uniprot human protein database. A custom 

multi-search level workflow containing five Sequest HT nodes was used to calculate 

extracted ion chromatogram (EIC) peak areas for each peptide spectrum match (PSM). 

Typical FPOP modifications were distributed across each of the six Sequest HT nodes. 

Carbamidomethylation of cysteine was specified as a static modification. The search was 

limited to four modifications per peptide. The parent ion tolerance was set to 10 ppm, the 

fragment ion tolerance was set to 0.02 Da with chymotrypsin as the cleavage enzyme while 

assuming a maximum of one missed cleavage. Peptides were ungrouped and filtered to a 

5% false discovery rate (FDR). Data was exported to Excel and condensed using the 

PowerPivot add-in. 

 

3.2.9 Fluorescence Anisotropy.  

Fluorescence anisotropy (FA) experiments were as previously described, except 

precautions were undertaken to ensure an oxygen free environment.63, 75, 136, 147 A 30 

nucleotide RNA composed of alpha synuclein pre-mRNA was utilized with the sequence 

5ô-UCUCACUUUAAUAAUAAA AAUCAUGCUUAU-3ô. RNA was 3ô 6-

carboxyfluorescein (6-FAM) fluorescently labeled from MilliporeSigma at HPLC purified 
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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 (nmol L-1) 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:  

ὶ
ὶὶ ὶ ὶὗὶ ὶ

ὶ ὶ ὗὶ ὶ
 

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: 
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Where r tc 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. 

 

3.2.10 Mammalian Cell Culture Treatment.  

THP-1 cells were purchased from ATCC. Cells were propagated in RPMI 1640 

medium (Gibco ATCC modification) supplemented with 10% fetal bovine serum (FBS) 

(Gibco), 50 ɛM (ɛmol L-1) beta mercaptoethanol (MP Biomedical), and 1X Pen-Strep 

(Gibco) in T75 culture flasks in a humidified SANYO CO2 incubator at 37°C supplemented 

with 5% CO2. Cells were grown to a cell count of approximately 12-16 million in 40 mL 

of culture and then subjected to either normoxic or hypoxic conditions for 6 hours. 

Normoxic conditions were achieved by growing the cells in a humidified incubator at 37°C 

with 5% CO2. Dimethyloxalyglycine (DMOG) (Sigma-Aldrich) was used as a chemical 

inducer of hypoxia with the concentration of 0.1 mM (mmol L-1) was added and then 

incubated at 37°C with 5% CO2. Hypoxic conditions were achieved by transferring the 

cells to a STEMCELL Technologies hypoxia incubator chamber and then flushed with 

hypoxia gas mix (1% O2, 5% CO2, and 94% N2), placed in an incubator at 37°C, then every 

1.5 hours purged again with hypoxia gas mix, and incubated in the 37°C incubator up to 6 

hours following hypoxia chamber manufacturer recommendations. After 6 hours, cells 

were centrifuged for 2 minutes at 1000 x g, supernatant removed, and the pellet was 
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resuspended in 400 µL of 1X Laemmli buffer (Bio-Rad) and stored on ice. The pellets were 

sonicated (Fischer Scientific Sonic Dismembrator Model 100) at pulse level 7 for 3 seconds 

with resting for 30 seconds, repeated 3 times, centrifuged at 14,000 x g for 10 minutes at 4 

C, then transferred to an Eppendorf tube. Cell lysates were stored at -80°C until western 

blot analysis.   

 

3.2.11 Western Blot Analysis.  

Cell lysates, generated from 1X Laemmli buffer, from treatment were thawed and 

then heated for 5 minutes at 95 °C. Samples were then centrifuged at 14,000 xg for 60 

seconds at room temperature to remove any condensation. Samples were loaded (40 µL) 

into a Bio-Rad Mini-PROTEAN TGX precast, 4-20% gradient gel and ran at 140 V for 50 

minutes using a Bio-Rad Mini-PROTEAN Tetra System in a 25 mM Tris, 192 mM glycine, 

and 0.1% (w/v) SDS buffer at pH 8.3 on ice. The Chameleon Due Pre-Stained Protein 

Ladder from LI-COR was also used. After 50 min, the gels were soaked in a 1X transfer 

buffer at 25 mM (mmol L-1) Tris, 192 mM (mmol L-1) glycine, and 20% (v/v) methanol of 

pH 8.3. Immobilon PVDF-FL transfer membranes (Merck Millipore) were activated by 

submerging membranes in methanol for 20 seconds, washing with Milli-Q water two times, 

and then storing in the 1X transfer buffer before usage. Transfer of the gels to the 

membranes was performed using a Bio-Rad Criterion Blotter system at 100 V for 30 min 

while kept cold. After transfer, membranes were rinsed with water and allowed to dry for 

10 min in a 37 °C oven. The membranes were then rehydrated with methanol and washed 

with 1X tris buffered saline (TBS), then Milli-Q water. The membranes were stained with 

LI -CORôs Revert 700 Total Protein Stain and washed with LI-CORôs Revert 700 Wash 
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Solution. The membranes were washed with water then imaged on an Odyssey DLx for 

total protein stain quantification at 700 nm. Once imaged, the membranes were destained 

with Revert Destaining Solution, rinsed with water, and rocked with blocking buffer (LI-

COR Intercept Protein-Free Blocking Buffer) for 1 hour at room temperature. Blocking 

buffer was replaced with primary antibody (diluted 1:2000 in antibody diluent buffer (LI-

COR) and mixed overnight at 4 °C. The following primary antibodies were used: rabbit 

polyclonal CPSF4 (CPSF30) purchased from Proteintech and rabbit monoclonal HIF-1Ŭ 

purchased from Cell Signaling Technology. After overnight rocking with primary 

antibody, the membranes were washed three times with 1X tris buffer saline with tween 

(TBST) and secondary antibody was added and rocked for 1 hour at room temperature. For 

CPSF30ôs secondary antibody, LI-CORôs IRDye 800 CW goat anti-rabbit antibody was 

diluted 1:20000 in blocking buffer with 0.2% tween-20 (Sigma-Aldrich) and 0.01% SDS 

(Invitrogen). For HIF-1Ŭôs secondary antibody, anti-rabbit IgG antibody (from R&D 

Systems) was diluted 1:100000 in blocking buffer with 0.2% tween-20. Post mixing with 

secondary antibody, the membranes were rinsed with TBST multiple times. CPSF30 was 

imaged on an Odyssey DLx at 800 nm and HIF-1Ŭ was visualized by chemiluminescence 

using Thermo Scientific ECL substrate via Azure Biosystems c300. Empiria Studio 2.3 

was utilized to quantify total protein and CPSF30. For stripping of the membranes for 

preparation of another primary antibody incubation, 1X NewBlot PVDF Stripping Buffer 

(LI-COR) was used on fluorescence western blot and Restore Western Blot Stripping 

Buffer (Thermo Scientific) was used on chemiluminescence western blot. 
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3.3 Results and Discussion 

3.3.1 The Fe-S cluster in CPSF30 is redox active. 

To develop MCO-MS to identify the site of the Fe-S cluster in CPSF30, we first 

had to determine whether the Fe-S cluster in CPSF30 is redox active. We isolated CPSF30 

in the diamagnetic, FeIII -FeIII  oxidation state, and identified the presence of the Fe-S cluster 

by optical spectroscopy (absorbance centered at 420 nm) and inductively coupled plasma 

ï mass spectrometry (ICP-MS). The redox potentials of Fe-S clusters can range from -700 

mV to 425 mV depending on the cluster type and ligand set.148, 149 We found that addition 

of dithionite (potential of -660 mV versus the standard hydrogen electrode at pH 7149) under 

anerobic conditions resulted in a decrease in the absorbance peak centered at 420 nm. This 

change did not affect the iron loading of the cluster, as measured by ICP-MS, indicating 

that the cluster was still intact and that one of the ferric centers had been reduced, based 

upon what has been observed for reduction of iron-sulfur centers (Figure 3.1A).150, 151 To 

characterize the electronic structure of the iron cluster both pre- and post- dithionite 

addition, continuous wave electron paramagnetic resonance (EPR) spectroscopy in the 

frequency range of 9 GHz to 10 GHz was performed (Figure 3.1B). No EPR signal was 

observed prior to reduction with dithionite, supporting assignment of a diamagnetic FeIII -

FeIII  center. Upon addition of dithionite, an axial spectrum was observed with g values of 

2.050 ± 0.002 and 1.940 ± 0.002 (uncertainty analysis provided in Materials & Methods 

section), indicating an S=1/2 ground state. This spectrum is similar to those reported for 

other reduced 2Fe-2S clusters present in proteins such as Grx3 and ARF.152, 153 
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Figure 3.1 (A) UV-Visible spectra of CPSF30-5F as-isolated (oxidized, blue dashed line) 

and reduced (with dithionite, red solid line). (Inset) Zoom in of the UV-Visible spectra 

between 350 nm to 600 nm. (B) Comparison of the X-band EPR spectra of CPSF30-5F as-

isolated (oxidized, blue dashed line) and reduced (with dithionite, red solid line). (C) 

Mössbauer spectrum of as-isolated CPSF30-5F (black dots). The best fit simulation to two 

iron sites is shown as a solid black line with simulations of individual iron sites shown in 

blue (Site 1 is dashed; Site 2 is dotted). The two site simulations have been y-axis shifted 

for clarity. (D) Mössbauer spectrum of reduced CPSF30-5F (black dots). The best fit 

simulation to two iron sites is shown as a solid black line with simulations of individual 

iron sites shown in red (Site 1 is dashed; Site 2 is dotted). The two site simulations have 

been y-axis shifted for clarity. 

 

Mössbauer spectra of the oxidized and reduced 57Fe-labeled CPSF30-5F protein 

were also measured. The as-isolated 57Fe-labeled protein best fit to a two-site model, 

indicating two high-spin FeIII  ions with different ligand sets, as one Fe ion is bound by four 

sulfur atoms (two from cysteines, two from bridging sulfides) and the other is bound by 



65 
 
 

three sulfur atoms (one from cysteine and two bridging sulfides) and one nitrogen atom 

contributed by the histidine. These findings are consistent with one of the iron sites being 

Fe(Cys)2S2 and the other being Fe(Cys)(His)S2, and are in line with x-ray absorption 

spectroscopy (XAS) data.136 One site exhibited an isomer shift (ŭ) of å 0.21 mm/s and 

quadrupole splitting (ȹEQ) of å 0.34 mm/s and the second site exhibited an isomer shift of 

å 0.35 mm/s and a quadrupole splitting of å 0.42 mm/s (Figure 3.1C). These data were 

comparable to literature values for ferredoxin and Rieske type clusters, where the 

ferredoxin type had ŭ = 0.27 mm/s with ȹEQ = 0.60 mm/s, and the Rieske type had ŭ = 

0.24 mm/s and 0.32 mm/s with ȹEQ = 0.32 mm/s and 0.91 mm/s (Table 3.2).150, 154-157 

Once reduced, one site maintained a high spin ferric Fe with an isomer shift and quadrupole 

splitting of å 0.16 mm/s and å 0.76 mm/s, respectively (Figure 3.1D). However, the second 

Fe site experienced an increased isomer shift of å1.40 mm/s and quadrupole splitting of å 

2.80 mm/s, indicating a high spin ferrous ion site, further demonstrating that the cluster is 

being reduced and is redox active.  

 

Table 3.2 Literature values of measured isomer shifts and quadrupole splitting values for 

ferrodoxin-type (Cys4), MitoNEET (Cys3His1), CPSF30 (Cys3His1), and Rieske-type 

(Cys2His2) 2Fe-2S clusters, both reduced and oxidized. 
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Circular dichroism (CD) was also employed to characterize oxidized and reduced 

CPSF30-5F. Proteins with 2Fe-2S clusters exhibit diagnostic CD spectra in the visible to 

near-UV region that inform on the electronics of the Fe-S center.158 The CD signal of the 

as-isolated CPSF30-5F showed both positive and negative CD signal between 350 nm to 

750 nm, similar to other 2Fe-2S cofactored proteins, such as the isc-encoded ferredoxin 

holoprotein (Figure 3.2).159-161 Upon reduction of the Fe-S center with dithionite, the 

overall intensity of the CD spectra decreased, which is consistent with results on other 

reduced Fe-S clusters.162, 163 The collective EPR, Mössbauer, UV visible and CD 

spectroscopic data obtained for CPSF30-5F upon dithionite addition reveal that the Fe-S 

center in CPSF30 is redox active.  

 

Figure 3.2 Circular dichroism of CPSF30-5F both as-isolated (dashed blue) and reduced 

(solid red) at 250 ɛM in 20 mM Tris, 200 mM NaCl buffer at pH 7.5. (1 mdeg = 0.01745 

mrad) 
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3.3.2 Metal Catalyzed Oxidation Mass Spectrometry.  

We took advantage of the redox properties of the Fe-S center along with Fenton 

chemistry to develop metal catalyzed oxidation mass spectrometry (MCO-MS) to identify 

the likely site of the Fe-S cluster in CPSF30. Our approach involved reducing the Fe-S 

center with dithionite after which hydrogen peroxide (H2O2) was added to produce 

hydroxyl radicals via Fenton chemistry. The hydroxyl radicals are expected to chemically 

modify nearby amino acids (Figure 3.3A). For the highest quality information from MCO-

MS, the hydroxyl radicals must modify the amino acid residues closest to the metal center. 

Therefore, a variety of conditions (e.g., stoichiometry of oxidant, time of reaction, 

quenching molecule) were tested to limit radical diffusion.141, 143 The parameters that were 

varied for MCO-MS of CSPF30 were dithionite concentration, hydrogen peroxide 

concentration, mixing time, and the use of phenylalanine as a radical quencher. Samples 

from all experimental conditions were analyzed via MS/MS to identify modification sites. 

Most of the experimental conditions used resulted in detectable amino acid modifications 

(Table 3.1), with between one to six amino acids modified per condition. A residue that 

was almost always modified, regardless of the reaction conditions employed, was Cys36 

in the second CCCH domain (Figure 3.3). When phenylalanine was added to the reaction 

as a radical scavenger again only Cys36 was modified, providing additional support that 

the Fe-S cluster is bound in the second CCCH domain. The mass spectra shows that Cys36 

is modified via trioxidation (+48 Da) in the presence of phenylalanine (Figure 3.4). We 

note that we have previously reported that when ZF2 is knocked out, CPSF30/RNA binding 

is abrogated, suggesting a possible connection between the Fe-S center loading at CCCH 

domain 2 and RNA binding activity.75  
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Figure 3.3 (A) Scheme of the metal catalyzed oxidation (MCO) approach. (B) The amino 

acid sequence of the CCCH domains of CPSF30-5F aligned with respect to the CCCH 

domains. (C) Predicted structure of CPSF30-5F obtained from AlphaFold (only residues 6 

to 136 are depicted). Cysteine 36, the residue modified most often in MCO, is labeled C36 

and colored in magenta. 
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Figure 3.4 MS/MS spectra of (A) unoxidized and (B) oxidized CPSF30 in the presence of 

phenylalanine. (C) Peak assignments for the product ions of oxidized CPSF30. Product 

ions with shifts of +48 Da relative to the unoxidized peptide are underlined. 
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3.3.3 Relation between redox activity and function. 

We then sought to determine if the oxidation state of the Fe-S cluster of CPSF30 

affects RNA binding. Although our data to date suggests a structural role for the Fe-S 

cluster, the redox activity of the center led us to investigate whether RNA binding by 

CPSF30 is affected by the redox state of the Fe centers. To measure CPSF30/RNA binding, 

fluorescence anisotropy (FA) experiments were performed under both oxidizing and 

reducing conditions. The RNA targets of CPSF30 contain the polyadenylation signal (PAS) 

AAUAAA hexamer that is present in most pre-mRNAs. We have previously reported FA 

studies with Ŭ-synuclein pre-mRNA that contains the AAUAAA hexamer,75, 136, 147 and this 

RNA target was utilized here. As shown in Figure 3.5, regardless of whether the Fe-S 

cluster was oxidized or reduced, high affinity, cooperative RNA binding of the Ŭ-synuclein 

pre-mRNA hexamer is observed (K1/2 = (74 ± 13) nM; Hill coefficient = 1.1 ± 0.2 [mean 

± standard deviation]). Thus, the oxidation state of the Fe-S cluster does not affect RNA 

binding function. We note that there are several reports of Fe-S cofactor proteins exhibiting 

differential DNA binding upon changes to oxidation state of the Fe-S center in connection 

with DNA charge transfer.164-166 Charge transfer along RNA has not been reported, 

suggesting that an analogous role for CPSF30 is unlikely.  
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Figure 3.5 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 (where reduced is a solid red line and oxidized is a dashed blue line). The error bars 

on all data are standard deviations obtained from replicate measurements (n=2); most error 

bars on the oxidized data set are smaller than the symbol size. 

 

3.3.4 The role of oxygen in CPSF30 function.  

The finding that the Fe-S cluster is redox active led us to examine whether the redox 

state of the cell affects CPSF30 expression levels. We hypothesized that in cells the Fe-S 

cluster present in CPSF30 senses changes in oxygen levels (from normoxic to hypoxic) 

and the cell responds by upregulating and increasing CPSF30 expression levels. To 

determine the effects of hypoxic stress on CPSF30 expression, THP-1 cells, which are 

spontaneously immortalized monocyte-like cells that are a model of inflammation, were 

utilized. THP-1 cells were incubated in hypoxic conditions (O2 mass fraction of 1 %, CO2 

mass fraction of 5 %, and N2 mass fraction of 94 %) utilizing a hypoxia incubator chamber 

(purged every 1.5 h) and placed in a humidified incubator at 37 °C. THP-1 cells were also 

incubated in a standard humidified incubator supplied with a CO2 mass fraction of 5 % at 

37 °C to serve as a normoxic control. Dimethyloxalyglycine (DMOG) was utilized as a 
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chemical inducer of hypoxia to serve as a positive control. After an incubation time of 6 h, 

the cells were harvested, lysed, and analyzed via western blot to measure CPSF30 

expression levels. Under hypoxic conditions, mammalian CPSF30 exhibited a higher 

expression level compared to normoxic conditions (Figure 3.6). In both the DMOG control 

and in hypoxic conditions, hypoxia inducible factor (HIF-1Ŭ) was activated, confirming 

hypoxia. These results support a connection between the Fe-S cofactor, redox state, the 

abundance of CPSF30 in cells and pre-mRNA processing.   

 

Figure 3.6 (A) The expression of CPSF30 and HIF-1Ŭ in THP-1 cells under three 

conditions: control, DMOG (chemical inducer of hypoxia), and hypoxia (O2 mass fraction 

of 1 %, CO2 mass fraction of 5 %, and N2 mass fraction of 94 %). All western blots were 

normalized using total protein stain. (B) Total protein stain western blot of three biological 

replicates. MW Ladder is a sample containing a mixture of proteins with known molecular 

masses to provide an estimate of the molecular masses of proteins in the samples. 

 

3.4 Conclusions 

Identifying the Fe-S site in CPSF30 has proven difficult, because the protein 

contains five almost identical CCCH domains. The mutagenesis of each domain simply 

results in the Fe-S cluster loading at another CCCH domain, making it challenging to 

decipher which domain is the preferred Fe-S domain.75 By applying MCO-MS to tackle 

this challenge, we determined that the second CCCH domain is involved in binding the Fe-
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S cofactor. The number of proteins known to have an Fe-S cofactor has grown significantly 

over the past few years, and the MCO-MS approach, which has not previously been applied 

to proteins with an Fe-S cluster, has the potential to be applied to other Fe-S cofactor 

proteins for which the ligand binding site is unresolved.  

The collective findings presented here establish the Fe-S cluster as a key structural 

cofactor in CPSF30, required for high affinity binding to mRNA. The predicted structure 

of CPSF30 from AlphaFold along with published cryo-electron microscopy structures of 

parts of the CPSF30 protein within a complex of proteins, reveals that the structure of this 

protein at the CCCH domains is bereft of much secondary structure. As such, the sites are 

sensitive to the metal cofactor, and we hypothesize that the larger size of the Fe-S cofactor 

compared to a zinc cation is necessary to provide the optimal fold for RNA binding. One 

unresolved question is how CPSF30 acquires its Fe-S cluster. Proteomics data suggest 

HSC20, an Fe-S co-chaperone,167, 168 is involved and studies focused on delivery of the Fe-

S cluster to CPSF30 are in progress. 
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Chapter 4: Redox Active Iron-Sulfur Clusters in CCCH-type Zinc Finger 

Maquettes 

 
4.1 Introduction  

Proteins that contain a metal cofactor, named metalloproteins, make up almost half 

of all proteins found in nature.3, 122 One of the most ancient cofactors in metalloproteins 

are iron-sulfur (Fe-S) clusters, which have been found in all living organisms.44 First 

identified in electron transfer enzymes, the roles of Fe-S clusters have expanded from 

electron transfer to being involved in environmental sensing, catalysis, and sulfur 

donation.43, 44, 134 The three main types of cluster are 2Fe-2S, 3Fe-4S, and 4Fe-4S, all of 

which commonly ligate to thiolate groups from cysteine (C) residues and bridging sulfurs 

where each iron is oriented in a tetrahedral geometry. Examples of Fe-S clusters ligated to 

nitrogen from the imidazole groups of histidine (H) residues have also been reported, such 

as Rieske centers (CCHH) and MitoNEET and IscR (CCCH).169-171 Although rarer, there 

are also other instances of clusters coordinating to oxygen or other exogenous ligands, such 

as water or enzyme substrates. With these various types of clusters and coordination 

chemistry, studying proteins with Fe-S clusters can be challenging as structural fold can be 

complex and protein active sites can be hard to mimic to understand biological roles. Zinc 

finger proteins (ZFs), which bind to zinc ions to gain structural fold for function, also bind 

to cysteine and histidine ligands in a tetrahedral geometry. This can make differentiating 

ZFs from Fe-S cluster containing proteins difficult, especially if the protein contains both 

a Fe-S cluster and a zinc finger site. 
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One strategy to understand complex proteins and their active sites is by peptide 

maquettes or artificial proteins (MAPs). MAPs are rationally designed, minimal functional 

protein scaffolds that are simplified to understand structure and functional properties of 

their native protein counterparts.43, 172-175 Maquettes tend to be shorter polypeptide 

sequences with secondary structure while artificial proteins are larger biological proteins 

with tertiary structure that have been modified. The first examples of Fe-S MAPs date back 

to the 1970s and since then have primarily been of the ferredoxin-type (CCCC) with 

mononuclear iron and 4Fe-4S.176-178 These early Fe-S MAP examples were less than 15 

residues in length and were not shown to have redox activity. MAPs containing a 2Fe-2S 

are rare, especially those where the cluster is redox active. There is a limited number of 

CCCH 2Fe-2S cluster MAPs, with only one example that has been studied in which the 

artificial proteins and peptides (Ò 6 residues) were derived from the wild-type Rieske 

protein from Thermus thermophilus.179 The authors demonstrated a 2Fe-2S cluster could 

coordinate to CCCH sequences via UV-Vis spectroscopy and cyclic voltammetry. 

Metalloproteins with an already existing CCCH have yet to be studied for Fe-S corporation 

in MAPs.  

 The cleavage and polyadenylation specificity factor 30 (CPSF30) is an RNA-

binding ZF that is part of the cleavage and polyadenylation (CPSF) complex involved in 

pre-mRNA processing. CPSF30 has been implicated in cancer cell growth, and evidence 

for this role has been observed in lung cancer, colon cancer, and breast cancer.54-59 CPSF30 

contains five CCCH domains and one CCHC zinc knuckle domain. CPSF30 has been 

shown to harbor a native 2Fe-2S cluster in its second ZF domain while the other domains 

have been shown to bind zinc, but it has also been demonstrated that the cluster can load 



76 
 
 

in any of the remaining domains when alanine scanning mutagenesis (CCCH to AAAA) is 

performed.75 The finding that CPSF30 has an Fe-S cluster adds to the growing number of 

proteins that have originally been annotated as having zinc cofactors to be found with an 

Fe-S cluster when studied empirically. These include MitoNEET, Miner1, Miner2, nsp13, 

and HBx, all of which have CCCH motifs.82, 84, 131, 139, 180 Developing MAPs of Fe-S 

containing proteins and analyzing sequence and spacing of constructs are important for 

discovering properties and elucidating functions of Fe-S clusters in biologically relevant 

proteins, allowing for the future design and incorporation of Fe-S clusters. 

Herein, we report the utilization of CPSF30 individual domain maquettes to 

understand and characterize its CCCH zinc and Fe-S ligation.75, 136 All maquettes were 

found to bind zinc with tight affinity and load an Fe-S cluster. X-ray absorption 

spectroscopy (XAS) determined that the maquettes were being loaded with a 2Fe-2S 

cluster coordinated by three cysteines and one histidine, while electron paramagnetic 

resonance (EPR) spectroscopy showed these loaded clusters could be reduced and are 

redox active. Circular dichroism, interestingly, revealed that the slightly different spacing 

of ZF3 created a distinct CD signal. These results demonstrate that the CCCH domains of 

CPSF30 are useful protein maquettes for assembling and studying 2Fe-2S clusters. 

 

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 (Na2SÅ9H2O), 
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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 

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 
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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 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 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. HPLC 

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, 

respectively. 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. 

 

 

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 ZF1-ZF4 were 
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performed in degassed buffer of 200 mM HEPES, 100 mM NaCl at a pH of 7.5. Due to 

solubility issues, the titration for 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 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 following the method of Berg and Merkle.110 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. 

ὑ  
ὖ ὅέὍὍ

ὅέὍὍ ὖ
                      ὑ  

ὖ ὅέὍὍὤὲὍὍ

ὤὲὍὍ ὖ
 

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 ZF1-ZF3 was 100 mM HEPES, 50 mM NaCl, 1 mM 
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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 

FeIII  was titrated into apo-peptide from a 10 mM stock of FeCl3 and allowed to shake at 4 

°C for 30 min. A total of 2 equivalents of FeIII  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 Na2SÅ9H2O. 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 NMWL filter tube a minimum 

of 4 times with reconstitution buffer. Concentration was determined by UV-Vis 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.63, 75 Samples were diluted with 

6% trace metal grade nitric acid to a final concentration and volume of 1 µM and 2 mL, 

respectively. The internal standard solution contained bismuth, germanium, and scandium.  

 

4.2.7 Circular Dichroism of Reconstituted Peptides.  

Circular dichroism (CD) was utilized to observe the electronics of the reconstituted 

Fe-S clusters in the CPSF30 peptides.158 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 
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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 without any dilution.  

 

4.2.8 X-ray Absorption Spectroscopy (XAS).  

CPSF30-ZF1 to ZF3 peptides were prepared in a 100 mM HEPES, 50 mM NaCl, 

30% glycerol (v/v) buffer at pH 7.5, with iron concentration of ~1.4 mM Fe. CPSF30-ZF4 

to ZF5 peptides were prepared in a 100 mM HEPES, 30% glycerol (v/v) buffer at pH 6.5, 

with iron concentration of ~1.4 mM Fe. Samples were flash frozen and stored in liquid 

nitrogen immediately after loading into prewrapped 2mm Leucite XAS cells, until exposed 

to the beam. Fe XAS was collected at the Stanford Synchrotron Radiation Lightsource 

(SSRL) on beamline 7-3. This beamline is equipped with a Si [220] double crystal 

monochromator with a mirror present upstream for focusing and harmonic rejection that 

used a Canberra 30 element germanium solid state detector to measure protein fluorescence 

excitation spectra. Temperature during collection was maintained at 10 K by an Oxford 

Instruments continuous-flow liquid helium cryostat and data was collected with the solar 

slits along with a 3µm Mn filter for iron, placed between the cryostat and detector to 

diminish scattering and background signals. XAS spectra were collected in 5-eV 

increments in the pre-edge region, 0.25-eV increments in the edge region, and 0.05 ¡-1

 

increments in the EXAFS region to k = 14 ¡-1, integrated from 1 to 25s in a k3-weighted 

manner for a total scan length of Ḑ40 min. Fe foil absorption spectra were simultaneously 
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collected with each respective protein run, and used for calibration and assigning first 

inflection points for the metals (7,111.2eV). 

XAS spectra were processed and analyzed using the EXAFSPAK program suite 

written for Macintosh OS-X, integrated with the Feff v8 software for theoretical model 

generation. Normalized XANES data was subjected to edge analysis for both metals and 

in the case of Fe, to pre-edge analysis as well. The Fe 1s-3d pre-edge peak analysis was 

completed as described previously; peak area was determined over the energy range of 

7,110ï7,116 eV. Oxidation state was deduced from first inflection energies of the 

respective edges[d]. Data were collected to k = 14 ¡-1, which corresponds to a spectral 

resolution of 0.121 ¡-1 for all metalïligand interactions; therefore, only independent 

scattering environments at distances >0.121 ¡ were considered resolvable in the EXAFS 

fitting analysis. Data were fit using both single and multiple scattering model amplitudes 

and phase functions to simulate Fe-O/N, -S, and -Fe ligand interactions. During Fe data 

simulations, a scale factor (Sc) of 0.95 and threshold shift (ȹE0) value of ī10 eV (Feï

O/N/C), ī12 eV (FeïS) and ī15 eV (FeïFe) were used. These values were obtained from 

fitting crystallographically characterized small molecule Fe. The best-fit EXAFS 

simulations were based on the lowest mean square deviation between data and fit with, 

corrected for the number of degrees of freedom (Fô). During the standard criteria 

simulations, only the bond length and Debye-Waller factor were allowed to vary for each 

ligand environment. 
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4.2.9 Electron Paramagnetic Resonance Spectroscopy (EPR).  

For CPSF30 Fe-S loaded single finger domain EPR sample preparation, constructs 

were concentrated to achieve greater than 1 mM iron concentration utilizing the known Fe 

to protein ratio from ICP-MS analysis. Constructs were brought into a Coy anaerobic 

chamber (3% H2, 97% N2) and stored in an Eppendorf thermomixer and allowed to 

equilibrate to the glovebox atmosphere overnight at approximately 4-8 °C with shaking. 

To 60 ÕL of  degassed buffer and 30 ÕL of 100 mM dithionite, 120 ɛL of Fe-S loaded 

peptide was added and allowed to incubate in the glove box for approximately 30 minutes 

at 4-8 °C with shaking until a color change was observed from a dark brown to more 

colorless solution. After a color change was observed, 90 µL of degassed ethylene glycol 

was added, protein was transferred to an EPR tube, a rubber septum was placed on top and 

the protein was removed from the glove box and immediately frozen utilizing liquid 

nitrogen. The final iron concentrations in the EPR tubes of the samples ranged from 700 

µM to 1200 µM iron (protein bound), with other reagents at 10 mM dithionite and 30% 

ethylene glycol in corresponding buffer. The buffer utilized for CPSF30-ZF1 to ZF3 was 

100 mM HEPES, 50 mM NaCl at pH 7.5 and the buffer for CPSF30-ZF4 and ZF5-M was 

100 mM HEPES at pH 6.5. A non-reduced peptide control sample was also made without 

adding dithionite and both reduced and non-reduced buffer control samples were prepared 

for comparison.  

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.  A power saturation series was collected to confirm that the experimental spectra 

were collected under non-saturating conditions. Spectra presented in the manuscript are 



84 
 
 

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 

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 (å 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.  

 

4.3 Results and Discussion  

4.3.1 Individual CPSF30 domains can load an iron-sulfur cluster or Zn.  

Recombinantly expressed and purified CPSF30 has previously been shown to 

harbor a 2Fe-2S cluster in its second CCCH domain while the other domains have been 

shown to bind zinc. However, individually mutating any of the sites from CCCH to four 

alanines (AAAA), including ZF2, will result in the 2Fe-2S loading in a different CCCH 

domain. By analyzing each domain separately, we can determine zinc binding 

thermodynamics and characterize cluster binding properties. Peptides (30-33 residues in 

length) representing each zinc finger domain (ZF1, ZF2, ZF3, ZF4, ZF5) were purchased 

and purified by HPLC for analysis. A variation of ZF1 (called ZF1-M) was created where 

the twelfth residue, phenylalanine, was changed to tryptophan to improve purification and 

detection. Additionally, an alternate to ZF5 (called ZF5-M) was created by adding 3 

additional amino acids to the beginning of the sequence to improve solubility and match 

length of the other ZF peptides. The zinc binding thermodynamics of each ZF maquette 

were elucidated by UV-Vis spectroscopy via the method of Berg and Merkle.110 To 
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elucidate the zinc binding, cobalt was used as a spectroscopic probe because zinc has ten 

d-electrons, making it spectroscopically silent. Each domain 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 dissociation constants (Kd) 

were determined for both Co(II) and Zn(II) by fitting to a 1:1 competitive binding model 

(Table 4.2). When cobalt was added, all single domain maquettes exhibited d-d transition 

bands centered at 650 nm indicating a tetrahedral coordination (Figures 4.1-4.5). A 

disappearance of the d-d bands was observed when Zn was added, indicating the exchange 

 

Table 4.2 A summary of the cobalt and zinc upper limit Kd for each CPSF30 single domain 

peptides. 
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Figure 4.1 (A) The spectrum of the change in absorption as CPSF30-ZF1-M 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. (C) The spectrum of the change 

in absorption 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 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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Figure 4.2 (A) The spectrum of the change in absorption as CPSF30-ZF2 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-ZF2. (C) The spectrum of the change 

in absorption as Co(II)-CPSF30-ZF2 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-ZF2. 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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Figure 4.3 (A) The spectrum of the change in absorption as CPSF30-ZF3 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-ZF3. (C) The spectrum of the change 

in absorption as Co(II)-CPSF30-ZF3 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-ZF3. 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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Figure 4.4 (A) The spectrum of the change in absorption as CPSF30-ZF4 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-ZF4. (C) The spectrum of the change 

in absorption as Co(II)-CPSF30-ZF4 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-ZF4. 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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Figure 4.5 (A) The spectrum of the change in absorption as CPSF30-ZF5 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-ZF5. (C) The spectrum of the change 

in absorption as Co(II)-CPSF30-ZF5 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-ZF5. The experiment was performed in a 200 mM HEPES buffer at a pH of 6.5. 

The solid line in (B) and (D) represents a nonlinear least-squares fit to the competitive 

binding model. 
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of cobalt with zinc. All zinc finger maquettes had dissociation constants (Kd) for cobalt in 

the micro- to nanomolar range and dissociation constants (Kd) for zinc in the nano- to 

picomolar range. These ranges are consistent with other reported values for CCCH 

domains.62   

Different experimental approaches have been applied to assemble Fe-S clusters in 

vivo and in vitro. One of the most common ways to load Fe-S clusters is via anaerobic 

chemical reconstitution in vitro where formation of the cluster can be controlled at the 

molecular level. Chemical reconstitution is performed by slowing adding equivalents of 

iron (2 equivalents for a 2Fe-2S cluster and 4 equivalents for a 4Fe-4S cluster), followed 

by equivalents of sulfur under reducing conditions in an anaerobic environment. To 

determine cluster binding capability with the CPSF30 maquettes, each domain was subject 

to anaerobic chemical reconstitution with 2 equivalents of FeIII  and HS-. After removal of 

any precipitation and excess metal ions, samples appeared reddish-brown in color, 

corresponding to a cluster presence. Iron content was determined for each cluster-loaded 

domain by ICP-MS and variably ranged from 0.5 to 2 equivalents of iron. To visualize the 

loaded clusters, UV-visible spectroscopy (UV-Vis) was performed (Figure 4.6). The UV-

Vis data of all single finger maquettes displayed an absorbance in the 300-600 nm range 

with a 420 nm peak at different signal intensities, indicating that all maquettes were being 

loaded with some type of Fe-S cluster. ZF3 had the strongest and most significant bands at 

420 nm and 450 nm, which has been seen for ferredoxin-like 2Fe-2S clusters and other 

CCCH bound 2Fe-2S clusters.179-181 ZF1, ZF2, and ZF5 all exhibit peaks centered at 420 

nm. ZF4, which has two additional histidine residues in its sequence, has a broader 420 nm 

peak. A strong 420 nm peak typically indicates a 2Fe-2S cluster, however broader, 
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sometimes shifted peaks at 410 nm can indicate a 4Fe-4S cluster or a mixture of clusters.160, 

182 Although UV-vis spectroscopy is an easy and quick way to determine if an Fe-S cluster 

is present, it can be difficult to differentiate between types of cluster and ligands that are 

bound especially if there are a mixture of clusters present.  

 

Figure 4.6 UV-visible spectra of Fe-S cluster reconstituted CPSF30 maquettes. The 420 

nm peak indicates the presence of a Fe-S cluster. 

 

4.3.2 Spectroscopic characterization of Fe-S containing maquettes.  

To further understand the type of Fe-S cluster present in each Fe-S loaded CPSF30 

maquette, X-ray absorption spectroscopy (XAS) was employed. XAS can provide 

information regarding metal site symmetry, ligand set, distances to ligands, and geometry. 

Each X-ray absorption near-edge structure (XANES) spectra of the Fe-S cluster loaded 

maquettes show a similar shape in the Fe edges (Figure 4.7). Pre-edge features (insets) 

from 7110-7115 represent the 1s-3d transition. The sharp, well-defined peak at 7112.8 eV 

in each sample is the result of the mixing of 3d and 4p orbitals, which is characteristic of 
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low-spin iron in a tetrahedral coordination. All samples were best fit with O/N and S as 

nearest neighbor ligands, followed by Fe and C as long range ligands. The presence of 

long-range carbon scattering reveals that the metal was bound to the peptide instead of 

adventitiously. Overall, the XAS analysis reveals the probable presence of a 2Fe-2S cluster 

in each CPSF30 maquette.  

 

Figure 4.7 XANES spectra of each Fe-S loaded CPSF30 single domain maquettes. 
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Circular dichroism (CD) has been another technique used to observe Fe-S cluster 

ligation and cluster transfer in other proteins.158, 160 Although there is much variability 

observed between Fe-S containing proteins, we can monitor the visible-range of CD (300-

700 nm) to potentially gain information on Fe-S cluster electronics and metal-protein 

interactions. We utilized CD to monitor potential Fe-S cluster signals in the Fe-S loaded 

CPSF30 maquettes. Only CPSF30-ZF3 exhibited a strong CD signal that matched another 

CPSF30 construct with all five CCCH domains (CPSF30-5F) (Chapter 3), however, the 

other single finger maquettes showed no appreciable spectrum (Figure 4.8). Although 

difficult to compare, the shape of ZF3ôs CD signal closely resembles the spectra of the 

Escherichia coli isc-encoded ferredoxin holoprotein which also contains a 2Fe-2S.183 ZF3 

does have a slightly different spacing compared to the other domains as it has one 

additional amino acid between the first and second cysteines and one less amino acid 

between the second and third cysteines. This unique spacing of ZF3 may contribute to the 

appearance of the CD signal. It is possible that the cluster in the other loaded maquettes 

are in a more symmetrical environment or have primarily a different type of cluster, 

diminishing any CD signal.  
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Figure 4.8 Circular dichroism of Fe-S reconstituted CPSF30 maquettes. ZF1 is in red, ZF2 

is in orange, ZF3 is in green, ZF4 is in blue, ZF5 in purple. 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. 

 

4.3.3 Redox characterization of CPSF30.  

A common role for Fe-S clusters is redox chemistry, which is related to electron 

transport. Relating to redox chemistry, electron paramagnetic resonance (EPR) 

spectroscopy is a technique utilized to characterize clusters in Fe-S containing proteins, 

hence their redox activity. To determine if the 2Fe-2S cluster loaded maquettes were redox 

active, we first had to reduce the cluster. When the CPSF30 maquettes are loaded with the 

2Fe-2S cluster, both iron centers are ferric ions (FeIII ), making the cluster diamagnetic and 

EPR silent. We used the chemical reductant, dithionite, to reduce one iron center to a 

ferrous ion (FeII) to make the cluster paramagnetic. EPR was performed on both the 

oxidized and reduced 2Fe-2S maquettes. Prior to reduction, EPR was performed on Fe-S 
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reconstituted CPSF30 maquettes. Each sample exhibited an asymmetric, partial isotropic 

signal with ZF5 having the most intense signal, which could potentially be a higher order 

cluster or adventitious iron (Figure 4.9A). When the maquettes were reduced with 

dithionite, a strong axial signal was observed for all five constructs. The principal g-values 

for each Fe-S loaded maquette were all close to each other (Figure 4.9B). These g-values 

(g1 å 2.05, g2 å 1.93, g3 å 1.91) which can indicate a 2Fe-2S clusters. For example, NuoG 

subunit from E. coli complex 1 and the yeast iron regulatory protein Grx3, both containing 

a 2Fe-2S cluster, also exhibit an axial EPR signal with g-values of 2.03 and 1.94, closely 

resembling our CPSF30 maquettes.153, 184 The EPR spectra here demonstrates that the 

loaded clusters can be reduced and are redox active. 

 

 

Figure 4.9 (A) Electron paramagnetic resonance spectroscopy spectra of Fe-S cluster 

reconstituted CPSF30 single finger maquettes. ZF1-M is in red, ZF2 is in orange, ZF3 is 

in green, ZF4 is in blue, and ZF5-M in purple. Dashed colors represent 

nonreduced/oxidized constructs and solid colors represent constructs reduced with 

dithionite. All spectra have been stacked and y-axis shifted for clarity. (B) Summary of g-

values from EPR spectra obtained for each reduced CPSF30 maquettes. 
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4.4 Conclusions 

 Metalloproteins are important for many biological processes, such catalysis, 

oxidation, reduction, and transportation and storage. Designing new metalloproteins that 

mimic or improve structure, function, and properties of native metalloproteins is 

challenging.122, 185 Maquettes and artificial proteins (MAPs) can be useful tools in 

understanding protein composition, binding environment, and mimicking function. Due to 

their complex nature of having a variety of shapes and sizes, function, and ligands, work 

to understand Fe-S cluster containing proteins have expanded to utilizing MAPs. Many Fe-

S MAPs have been derived from ferredoxin-type (CCCC) proteins and efforts to show 

redox activity have been increasing. Specifically, 2Fe-2S cluster MAPs are rare and only 

one successful example has been published, but it was derived from a Rieske-type (CCHH) 

protein.  

Native CPSF30, which has five CCCH domains, has been shown to bind both zinc 

or a 2Fe-2S cluster in each domain when recombinantly expressed and purified making it 

a fitting protein for utilization of maquettes to characterize its Zn and Fe-S cluster binding. 

Here, we demonstrate that individual CPSF30 maquettes can bind zinc with comparable 

tight affinity in the nano- to picomolar range. We also showed via chemical reconstitution 

that primarily a 2Fe-2S cluster can be loaded into each maquette as confirmed by UV-vis 

spectroscopy and X-ray absorption spectroscopy (XAS). Electron paramagnetic resonance 

(EPR) spectroscopy demonstrated that the Fe-S cluster(s) being loaded are redox active. 

Future directions will look at the formation of cluster(s) over time and explore the type of 

clusters being formed when manipulating pH and the amount of iron and sulfur being 
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added. Cyclic voltammetry will highlight redox potentials and Mössbauer spectroscopy 

will further aid in the characterization of cluster(s) being formed.  
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Chapter 5: Zinc and RNA Binding Linked to Changes in Conformational Flexibility 

of ZRANB2: A CCCC-type Zinc Finger Protein 

 

5.1 Introduction  

Zinc finger proteins (ZF) are a type of metalloprotein that use zinc (Zn) as a 

structural cofactor.16, 186-188 ZFs are predominantly found in eukaryotes, where they make 

up 5% of all human proteins.11-13, 189, 190 The common feature of all ZFs is the presence of 

modular domains with repeats of cysteine (C) and histidine (H) residues within their overall 

protein sequence.65, 72, 135, 188, 191 The C and H  residues ï four in total ï serve as ligands for 

Zn. When Zn is bound to these residues, the protein forms a three-dimensional structure 

that allows for function. The typical functions of ZF proteins are to regulate transcription 

and translation via ZF:DNA or ZF:RNA binding.14, 73, 128 ZFs can be categorized into 

different classes based upon the ligand set (e.g. the number of cysteine and histidine ligands 

and their arrangement), the fold, or the function.16, 17, 71   

The first identified and best characterized ZF is the classical ZF.192, 193 Classical 

ZFs contain CCHH motifs with a (F/Y)-X-C-X2-5-C-X3-(F/Y)-X8-H-X3-5-H consensus 

sequence.14, 15, 127, 194, 195 Each ZF domain of a classical ZF adopts a ɓɓŬ fold upon Zn 

binding. When folded, the protein binds to DNA via hydrogen bonding interactions 

between specific amino acid residues from the ZF and specific bases from the DNA 

forming a structure in which the ZF domains fit into and wind around the major groove of 

the DNA.14, 15, 196 All other ZFs are called nonclassical ZFs, and at least 69 classes have 

been identified, delineated by the combination of cysteine and histidine ligands and the 

spacing between each ligand.65, 72, 147, 197   
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ZRANB2 (ZNF265, Zis) is a non-classical ZF protein that is part of the 

spliceosome.198, 199 ZRANB2 contains an N-terminal ZF domain with two conserved 

CCCC ZF domains. Analysis of this sequence among homologs has defined a consensus 

sequence of W-X-C-X2/4-C-X3-N-X6-C-X2-C (Figures 5.1-5.3). The C-terminal domain of 

ZRANB2 is replete with serine (S) and arginine (R) residues and is called a RS domain 

(Figure 5.4A).200-202 The full protein is named ZRANB2 because the N-terminal CCCC 

ZF domain has homology with RanBP2-type ZF domains, which are often found in 

proteins that regulate ubiquitination, e.g. SHARPIN, YAF2/RYBP.203-205 Proteins with SR 

domains are typically involved in alternative splicing, and there is evidence for a role for 

ZRANB2 in splicing from cellular studies.202, 206, 207 Associations of ZRANB2 with the 

essential splicing factors U170K, U2AF35, SFRS17A, and ASF/SF2 have been reported; 

these associations are important for defining splice sites, recruiting other splicing factors, 

and stabilizing the splicing complex in the spliceosome.198, 208 ZRANB2 is presumed to 

interact with these splicing factors via protein-protein interactions between the SR domain 

and the splicing factors; however, these interactions have not yet been reported at the 

molecular level (Figure 5.4B).198, 202, 208   
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Figure 5.1 RanBP2-type zinc finger protein domains aligned. Each contains the consensus 

sequence of W-X-C-X2/4-C-X3-N-X5-C-X2-C. PROSITE entry PS01358, sequences 1-63. 
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Figure 5.2 RanBP2-type zinc finger protein domains aligned. Each contains the consensus 

sequence of W-X-C-X2/4-C-X3-N-X5-C-X2-C. PROSITE entry PS01358, sequences 64-

126. 
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Figure 5.3 RanBP2-type zinc finger protein domains aligned. Each contains the consensus 

sequence of W-X-C-X2/4-C-X3-N-X5-C-X2-C. PROSITE entry PS01358, sequences 127-

189. 


















































































































































































