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Abstract

Title of Dissertation: From Zinc Fingers to F8 Clusters to Iron Nanoparticle Drugs:

Understanding the Impact of Metals on Bigical 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 cfactored metalloproteins perform a variety of functions inclughoyiding
structural integrity, aiding in transport and storage, and engaging in enzymatic activity.
One important group of metalloproteins are zinc finger (ZF) protémshis thesis, |
investigate two RNAbinding ZFsto understand both structliand functioml aspectand

aim tohighlighttheir importance in biologylhe cleavage and polyadenylation specificity
factor 30 (CPSF30) is a nantassical ZF containing five CCCGhype and one CCH®/pe

ZF domains that binds RNA targets. One of
2S cluster; however, the role of this clusgepoorly understood. RNA binding assays on
CPSF30 determimkthat the CCCH domains bind Atich RNA and the CCHC domain
binds Urich RNA. Metalcatalyzed oxidatioil mass spectrometry (MG@IS) identified

the site of the 2F@S cluster as the second CCCH domain. Additional EPR and Mdssbauer

spectroscopies demonstrated the-2Becluster is redox active, however, the redox activity

CP

doesndét affect RNA Dbi ndi ndypembhquettdsaffCRIFBOer i z e d



to determine if F& cluster binding can occur in the other domains. Not only can each
individual domain load an F8 cluster as confirmed by UVis and XAS, but the clusters
are redox activeas confirmed by EPR. Another neslassical ZF is the Rabinding
domain containing protein 2 (ZRANB2). ZRANB2 contains two CGg@ae ZF domains

and functions to bind RNAinteract with other proteinsand participate in alternate
splicing. | determined the effect of zinc binding on ZRANB2 conformation and analyzed
protein dynamics with RNA utilizing UWis, CD, fluorescencassaysand HDXMS.
ZRANB?2 is found to be persulfidated in a variety of iakkswhen measured by persulfide
specific proteomics. | demonstrate tiadlatedZRANB?2 is persulfidated by #6 in a Zn

and Q dependent manner via ansitudimedone switch tagging method. Superoxide was
determined to be an intermediate of the persulfidaeaction and persulfidation abrogated
RNA binding. | proposed that this modification is linked to regulation of the spliceosome.
Lastly at the end of my thesisghrough a variety of techniqued, analyze the

physicochemical properties of FR#&pprovedron 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. Metadse 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, ahdMals
ions are important for biological processes, wheretbind of all proteins require a metal
ion to functionto stabilize proteinsand/orto drive catalysis: *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 deckmel 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 malfunctiér: ®Iron and zinc are two interesting metals with
similar total amounts in the human bodyX2)) that are important for metalloprotefn$.
Metalloproteins arepot ei ns t h atidns Matatloprbteins elay modes @l
transport and storage and are involved in enzymatic activity. Zinc@mare two of the

top three cofactors utilized by enzyndes.

1.2 Zinc: Importance, Functions, and Medicinal Purposes

Zinc is always presemtith anoxidation statef +2 and is a ¢’ 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 (Zhfamily 8 Although zinc is considered
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to have low toxicity, misregulation can result in various immunological responses and
developmental concerfis!® 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. Metlothioneins contribute significantly to zinc homeostasis as they can complex
up to 20% of intracellular zin. 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 dctivity.

Zinc finger proteins (ZFs) make up another large class of zinc binding
metalloproteins that encompasd®% of the human proteom&!® 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 geomigiguie 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 proteinés function. ZFs are
but upon binding zinc, they gain their structuabpwing them to functionKigure 1.1).
The most welknown ZFs are the classical, CCH¥ype with a consensus sequence of
(F/Y)-X-C-X2.5-C-X3-(F/Y)-Xg-H-X3.5-H. Containing nine CCHHype ZF domains, the
transcription factor TFIIIA was the first discovered ZF in 1985, hence the term

Acl as¥PClahsdi cal ZFs consi st of a bbU bi
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sandwi ched bet we-sheets -helixtThip Eneiaglnots llowb
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 patrticipate in

proteinprotein interactions like the Ikaros family of protetfis.’

/ RNA/DNA
Recognition
+ g
Q

Figure 1.1 The mradigm ofzinc finger proteins. Zinc fingers gain structure when bound
to zinc allowing them tdunction. Zinc binds to a combination of histidine and cysteine
residues.

Non-classical ZFs, such as the CCCGd CCCHtype, have become increasingly
studied. One highly researched CC8ide ZF is tristetraprolin (TTP; also known as
Nup475). TTP contains two tandem CCCH domains with a consensus sequence of
YKTEL-C-X7.10C-X45-C-X3-H. TTP isinvolvedinthe N® B i nf | ammat i on
acts to promote mRNA decay, regulating inflammatfo®’De f i ci enci es i n
could result in inflammatory syndrome, including arthritis, dermatitis?°etta its ZF
domains, TTP binds Auiich sequences and targets tumor necrosis factor alpha-(TNF

mRNA2 22 Other important CCCHype ZFs are roquin 1 and 2 and monocyte

pat h
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chemotactic proteiinduced protein 1 (MCPH) that also mediate mMRNA decy.
GATA transcription factors are a wédhown class of CCC®ype ZFs with the consensus
sequence 0f C-X2-C-X1720-C-X2-C.?* 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 defici¢hdemther
CCCGtype 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® ?5Together, 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 variowsataming
proteins. Zinc has commonly been used in antibacterial ointments and is frequsetly
in vitamins and nutritional productsZF domains have also been established targets for
antiviral therapies. The nucleocapsid proteins (NCp) of retroviruses, likelHhave
been an explored target because they contain ZF domains and function to reverse
transcription, cause infections, apackage genomic materfdlAdditionally, the specific
protein 1 (Spl) has become a ZF target in cancer treatment with several anticancer drugs
already shown to decrease Spl expresSiorhe inhibition of ZFs by metabased
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(l) complex
coordinated to NCp7 and Sp1 demonstrasaihbly reactivities in their zinc fingeféand
cisplatin, a weHknown platinumbased drug, was able to bind to CCHPe ZFs,
poly(ADP-ribose}polymerase (PARP), and inhibit PARP activity, which can mediate
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DNA repair for certain tumorS: 3% 3 Furthermore, some CCGhlpe ZFs have been
shown to have a role in human adenovirus infectféris.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 iliness.

1.3Iron: 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, anddomaining enzyme¥ Iron
is a redox active, ‘dmetal that is often involved in electron transfer due to its ability to
switch between oxidized (f¢ and reduced forms ([ This redox activity is important
for energy production, oxygestorage, 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 irbmding transport protein. Transferrin mediates the
transport of iron B first binding ferric ios, then the transferrin receptor 1 (TFR1) uptakes
the transferricbound iron into the cells via endocyto¥idn the endosome, ferric ismare
reduced by sbtransmembrane epithelial antigen of the prostate 3 (STEAP3) and then
transported out of the cell by divalent matat transporterl (DMT1) and possibly
ZIP1434 The now exported, intracellular ferrous smareeither stored by ferritin, utilized
by the mitochondria or other iron containing proteins, or exported back to the gfa¥ma.
It is important to maintain this homeostasis of iron because iron overload conditions can
result in the buildup of ferrous isrithat causes the increase of reactive oxygen species
resulting in oxidative damageé.*® Iron deficiency can also occur and result in diverse
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health consequences like iron deficiency anemia, fatigue, dizziness, and other syffptoms.
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 transjiottin heme, iron is coordinated to a
tetrapyrrole and can also have one or two axial ligaRidgi(e 1.2A). Heme axial ligands
can be finetuned to result in different functions such as electransfer, hydroxylation
and oxidation, dioxygen storage and transpofgProteins can also bind iron in the form
on an ironsulfur (FeS) cluster. The three main types of&elusters are 2F2S, 3Fe4S,
and 4Fe4S, all of which can ligate to sulfurs in thiolate groups from cysteine residues and
nitrogen in imidazole groupgdm histidine residuesF{gure 1.2). Interestingly, FeS

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

A g . B)

&

&/
\‘\\ "’4

2Fe-2S

Figure 1.2 Common states that iron is found in nature. (A) Heme (B}2%€C) 3Fe4S
(D) 4Fe4s
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proteins that are either a ZF or-Becontaining unless they are isolated and studied
empirically. FeS clusters can be involved in electron transport, environmental sensing,
catalysis, and sulfur donatifd.* Fe-S clusters play major roles in respiratory electron
transfer complexes and DNA repair. Largely taking place in the mitochondrg, Fe
clusters are assembled through various complex, machinery systems, including the NIF
system, ISC assembly machineri&® SUF systems, and the CIA machin®m®isruption

in these processes and in-&ecluster biogenesis can result in human disease and
disorderd’® 4/

Targeting FeS biogenesis and proteins containing-S-elusters has been a
therapeutic strategy to address specific human diseases. MitoNEET is2& Zhester
containing protein that was originally thought be a ZF protein due to its Cg&H
domain. MibNEET has been a recently explored target because it can interact with type 2
diabetes drug, pioglitazone, where the drug inhibits iron trdhf&Aconitase and Nsp12
are two 4FelS containing proteins that have therapeutic implications in malaria and
SARSCoV2 infection, respectivel{? Antimalarial drug primaquine is able to introduce
ROS to degrade the 4H& cluster of aconitase to a 3&8 cluster, inhibiting activity°
Current therapeutic strategies to targetSFgusters in cancer include manipulating redox
activity, limiting iron availability, and replacing iron with redox inactive metals
addition to targeting F& 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. Tiesaof IDA can
vary with many children and elderly adults being affected due to inadequate nutritional
intake®? Supplementation comes in two forms: 1) Oral, which is easier, but less effective
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and more sideffectsarelikely and 2) Intravenous (IV), which is more potent, has higher

efficacy, and is the standard of c&t€3IV iron nanoparticle drugs work to replenish iron

|l evel s, but itds important to supplement at
it is important to continually develop strategies to battle cancer and other diseases; research

regarding irorcontaining 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 heavdigeds
group of metalloproteins that could be potential targets to treat infections and inflammatory
diseases. F8 cluster proteins are capable of many functions and have implications in
various diseases. Both zinc and anS-eluster can be bound by &ulin 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 ngetsacan be explored; my
thesis focuses on these aspects. In my thesis, | investigate twebRNIAg ZF proteins
that have implications in disease, and | focus on characterizing an iron nanoparticle drug
to support future work in creating generic IDA pucts.

The cleavage and polyadenylation specificity factor 30 protein (CPSF30) is a ZF
that can bind Atkich RNA and plays a role in mRNA processing. CPSF30 contains five
CCCHtype domains, where four domains bind zinc and one binds-22F&uster, and

one CCHGCtype 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 breasttahseecifically,
CPSF30 was shown to modulate-dPB and cycl ooxygenase signal
cancer cell growth, activate hTERT to promote colon cancer progression, and modulate
breast cancer cells proliferation by being targeted by microRR&J hese results suggest
that targeting CPSF30 could be a potential therapeutic strategy to control cancer cell
development, however the mechanism of action is not well deschibedalso do not
understand the mechanism of metadiated RNA binding by CPSF30, and the location
and the role of the F8 cluster has been unknown. My thesis wanrbvides fundamental
information about the site of the 2B8 cluster in CPSF30 and its role in RNA binding.
The results provide a clearer understanding of CPSF30 sefictiction andhave the
potential to aid in anttancer therapeutic strategies.
The zinc finger Raibinding 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 Hh persulfide specific proteomics screens.
Disruption of ZRANB2 binding to the dopamine receptor D2 (DRD2) has been associated
with increased risk in schizophrenia and ZF
complex, class Il, DQ beta 1 antisense RNAHLA-DQB1-AS1) has been linked to cell
proliferationand apoptosis inhibition in hepatocellular carcindhé& These interactions
have not been well characterized. My t hesi s
binding interactions and dynamics as well as identify the effect®fad persulfidation
on ZRANB26s activity and function. This wo

surrounding ZRANB2 to aid in further development of strategies to combat disease.



There is a growing need for more IV iron drugs, including generics, because the
incidence of IDA is increasing in the US. Thus, research intopthngicochemical
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 theositiop of the drug: the iron
core, its ligands, and the API. My thesis focuses on characterizing Mondféwit the
iron core and the dextran shell to determine the physicochemical properties and define the
API. This research will contribute to the fue development of generic drugs and may

provide new standards for analyzing current and future iron nanoparticle drugs.
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Chapter 2: Unraveling the RNA Binding Properties of the Iron-Sulfur Zinc Finger

Protein CPSF34

2.1Introduction

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 funcitifahitially
identified as transcription factors, ZFs are now known to facilitate numerous biological
processes ranging from signal transduction to membrane assa&idttdii °©° It has been
estimated that-30% of all eukaryotic proteins are ZFs, and more recently, a small number
of ZFs have been identified in prokaryotes and arckaEaese 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'! 7

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 strifefirés62 65 1. 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.J202Q Biochemistry59(8): 970982

Contributions M.S. Huseyperformedall work onCPSF30F2F3as well as assisted in the
expression angurifications of CPSF36F and CPSF3F-L.
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been shown to be RNA binding proteins, typically targeting adenine/uracil rich RNA
sequence® 65 7274

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

CPSF facilitates the transition of RNA from preRNA to mRNA®3 758 This transition
involves the removal of a 36 pomRNAdGttand,ci | (po
after which a 306 poly Adrgare2ld). Thpmoegular) sequert
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 O6zinc knuckled domain). CP
protein based upon the presence of the CCCH domains; however, when we isolated a
truncated constict of CPSF30, containing just the five CCCH domains (CPSIF30
Figure 2.1B) we discovered that the protein contains a-25e&luster in addition to zit€
ThisFeS cl uster was determined to be coordinat
domai ns. This discovery that an ann&tated 6.
cluster at one of the 6zinc fingeroéchdomai ns
have been discoveredtohouseSFe c | ust er s, despite baZwcng anno
fingers. These proteins include Miner, mitoNEET, MINT and Fepl underscoring the need

to study annotated ZFs experiment&H§®
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SF100  Fipg

Pre-mRNA: CPSF73
5’ U-Rich X G/U or U-Rich — 3’
(USE) (DSE)
Cleavage site
Pre-mRNA: ---AAUAAA---(x)---UUUUUUUUUU
? - ?
Cleaved RNA: ---AAUAAA---(x)--- ---UUvUUUUUuuU
mRNA: ---AAUAAA---(x)---AAAAAAAAAAl .
B
MBP-CPSF30-FL apo-CPSF30-FL
Maltose binding protein
MBP-CPSF30-5F apo-CPSF30-5F
+ ENEZEINE
CCCH type ZF (CysX;.3qCysX,.5CysX;His)
apo-CPSF30-CCHC apo-CPSF30-F2F3
) I EQ - CCHC type ZF (Cys-X,-Cys-Xg-His-X4-Cys)

Figure 2.1 (A) Cartoon diagram of current understanding of CPSF30 function. (B)
Diagram of CPSF30 constructs investigated.

We also determined that the truncated CPSb30unctions as an RNA binding
protein. CCCH type zinc fingers often recognize-Ath RNA sequences, and we found
that the five CCCH domain construct selectively recognizes the polyadenylation signal
(PAS, AAUAAA) present in most prenRNAs and can be fit to a cooperative binding
model Figure 2.1A).”° Notably, we discovered that for high affinity RNA binding
CPSF365F must be loaded with both the 2F8 cluster and zinc, suggesting a role of the

2Fe2S cluster in RNA recognitiof Subsequently, two CryEM structures of CPSF30
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complexed with other CPSF proteins (CPHEI®, WDR33) along with a short RNA strand
containing the PAS (AAUAAA) were reportéd °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 ZFAF5 (residues-178) was utilized. In both structures, only
the first three CCCH domains 6PSF30 were visible, and the focus of the work was not
on the zincsites,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 cooperativit that we measure for CPSF36/RNA via fluorescence anisotropy
binding may reflect sequential domain binding to RNA, rather than dimerization.
Nonetheless, these structures provided a snapshot of part of theprotdin CPSF
complex, and revealed that addition to CPSF30, WDR33 binds RNA, while CPI0
is involved in proteirprotein interactions with WDR33 and CPSF30. In the b
structures, ZF2 and ZF3 from CPSF30 directly bind to RNA suggesting that in the context
of the fulFlength protein, thes domains determine RNA recognition. It is not known
whether the two CCCH domains alone are sufficient for protein/RNA binding.

CPSF3®a |l so contains a CCHC domain, often
36 end that i s +HEM struchuree Ehe furictiom af this dormain Qas yai
yet been elucidated. Much like CCCH domain proteins, zinc knuckle domain proteins are
often nvolved in RNA binding, albeit to G/C and U rich targets instead ofrisb
targets’>* Most premRNAs contain a conservedith sequence thatids in efficient
processing from prenRNA to mRNA.°>% We therefore hypothesized that the CPSF30
6zinc knuckl!l ed -nRNAEr icmelemennwiike thée GCEH gomaens bind
to the AU rich PAS signal.
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Herein, we tested the hypothesis that
premRNA U-rich element by overexpressing and purifying the full length CPSF30 protein
and determining its RNA binding properties. We report that full length CPSF30 igdsolat
and active with one 2F2S cluster and five zinc tactors. 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 ramtt CPSF3®F (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 singli@z 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 CPSF26, revealing that the zinc knuckle domain alone is not
sufficient for RNA binding and that other domalements 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 C#gM structures of CPSF30, the ZF2 and ZF3 domains are
in contact with the PASuggesting that these two domains are critical for RNA binfing
% Often proteins with CCCH domains require just two structured domains for high affinity
binding to AUrich RNA targets, as is the case with tristetraprahiereforea construct of
CPSF30 with just ZF2 and ZF3 has the potential to be sufficient for bifti{wWe 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

2.2.1Materials.

ZnClp, FeCk, Na&S nonahydrate, ampicillin sodium salt, KCI, Polycytidylic acid,
Bovine Serum Albumin, ZnSQurea, trifluoracetic acid (TFA) (HPLC grade), Methanol
(HPLC grade), SP sepharose resin, glycerol, and RNA (HPLC purified grade) were
obtained from Sigm& | dr i c h. -D-4-thipgalacippyrdanosile (IPTG) was
purchased from Research Products Inteonali BL2:DE3 competent cells and amylose
resin was acquired from New England Biolabs. Luria Bertani Lennox Broth (LB) and
dithiothreitol (DTT) wee obtained from American Bio. Glucose was purchased from
Calbiochem. Tris base {@mino2-(hydroxymethyl)propand,3-diol), NaCl, nitric acid
(trace metal grade), acetonitrile (HPLC grade), and hydrochloric acid (trace metal grade)
were acquired from FisheScientific. Iron, zinc, germanium, and scandium 2B
standards were obtained from Flukaalytical. Bismuth ICPMS standard was purchased
from Ricca Chemical Company. Rhodium K&/ standard was acquired from VWR
analytical. ICPMS tuning solution wasbtained from Agilent. MES was acquired from
Amresco. TCEP and protease and phosphatase inhibitor tablets were obtained from
Ther mo Sc i-dthiddipyfidine (DTDP), wa$ purchased from Acros Organics.

CoCk was acquired from Merck.

16



2.2.2General considerations.

Extra consideration was taken émsure 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.

2.2.3Molecular cloning, expression, and purification of holeCPSF30FL.

DNA from theBos taurusCPSF30 homolog was from Dr. Georges Martin and Dr.
Walter Keller (University of Basel, Switzerland). DNA encoding full length CPSF30 was
cloned into the pMALc5e plasmid (New England Biolabs) utilizing the Ndel and BamHI
restriction sites and verified msig t he Uni versity of Maryl and
Genomics core facility.

Full length CPSF30 was cloned into the pMA&ke plasmid {olo-CPSF36FL).
BL21-DE3 competeniE.colicells were transformed witholo-CPSF36FL 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 pg/mL ampicillin
were inoculated with 150 pL of transformed BLRE3 cells. he next day 1415 mL of
overnight culture were utilized to inoculate 1L of LB Broth (Lennox) containing 100
pg/mL ampicillin and 0.2% glucose (w/v). At an optical density of ~0.3 cultures were
supplemented with 0.8 mM Zng£and 0.6 mM FeGl Cell cultures were grown at 37°C
until an ODQooreached between B6, where protein expression was induced with 1 mM
| s o p r-D-pthidbgaldctopyranoside (IPTG) and media was supplemented with 0.4 mM
NaS A0.Pidtein 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 store@0afC. 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
centifuged 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 NacCl, pH 7.5 and incubated at room temperature
for 1520 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 NacCl, 30 mM
maltose, pH 7.5. The UVisible spectrum of the isolated heGPSF36FL 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
deer mi ned by utilizing the cal tuwlan27&®nt, ext i nct
and the protein purity was verified via SIPAAGE. 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 NacCl, pH 7 for -Xay absorption spectroscopy (XASludtes
utilizing a 30 kDa molecular weight cutoff spin filter. Protein purity and metal loading

were verified using SD®AGE and ICRMS respectively.

2.2.4Molecular cloning, expression, and purification of holeCPSF305F.

holo-CPSF365F was cloned, expressed, and purified as previously described by
our laboratory with the following exceptiaf8 7® During protein expression, 0.8 mM
ZnCl, and 0.6 mM FeGlwere added to the expression flasks at agoed ~0.3, and 0.4
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mM NaS A0 dvas$ added at an @Rof 0.5-0.6 where the cultures were then induced
with the addition of 1 mM IPTG. Protein concentration was determined similahniyide
CPSF36FL except a calculated extinction coefficient of 85408cki! at 278 nm was

utilized and the protein purity was verified via SBPBGE.

2.2.5Fluorescence Anisotropy (FA) Studies of holCPSF30.

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 widtlof 517 nm/1 mm. A 5 mm path quartz fluorometer cuvette containing
500 wul o fcartboxyftudes@id @EBM) fluorescently labeled RNA in 50 mM
Tris, 100 mM KCI, 0.3 mg/ml polycytidylic acid, and 0.1 mg/ml bovine serum albumin
(BSA) was equilibrated irach cuvette for 5 minutes. The RNA oligomers utilized were
purchased from MilliporeSigma at HPLC purified grade. Their sequences are listed in

Table 2.1
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Table 2.1 RNA oligomers utilized in thisstudy. The polyadenylation sequence and
subsequent mutations are underlined.

RNA oligomer RNA sequB8ofte (56

U-synso UCUCACUUUAAUAAUAAA AAUCAUGCUUAU

U-syres CACUUUAAUAAUAAA AAUCAUGCU
PolyCa4 CACUUUAAUCCCCCQAAUCAUGCU
PA245 CACUUUAAUCCUCCAAAUCAUGCU
PolyUza vuuuuvuuuuvuvuvuvvuuuuvuuuuuu
ARE11 UUUAUUUAUUU

AAU9 AAUAAUAAU

AAU 12 AAUAAUAAUAAU

AAU 24 AAUAAUAAUAAUAAUAAUAAUAAU

For a typical titration, CPSF30 was titrated into the cuvette containing the RNA,
and the change in FA wasonitored 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
controlof CPSF30 with t he-syanBdsyn@d)avhs céhdudtedtnar g et
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 befdw
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Where ¢ is the corrected anisotropy, r is the raw anisotropig, the anisotropy of
the freefluorescently labele®RNA, and 5 is the anisotropy of the RNArotein complex
at saturation. Corrected anisotropy was plotted against protein concentration and analyzed
using a cooperative binding model programmed into GraphPad Prism 5:

€0 Yz 0'Y

, 0'Y
V) 7 :
v Y
~ U 1
11 0 7
l l l I =
11 U 1
LP vV r U

Where t is the total corrected anisotropy, [P] is the protein concentratiom, ifP]
the protein concentration at which half of the protein ensemble is saturated, and h is the

Hill coefficient.

2.2.6Inductively coupled plasma mass spectrometry (ICRMS).

ICP-MS was performed as previously described with the following exceptiofis
Protein samples were diluted to 1 M 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 lihgaiples were

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

CPSF30 samples were prepared in a 20 mM Tris, 50 mM NacCl, 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 Zreklge XAS data were collected at the Stanford
Synchrotron Radiation Lightsource (SSRL) on beamlirs 8quipped with a Si[220]
double crystal monochromator with an upstream mirror feayfocusing and harmonics
rejection. Samples were maintained at 10 K using an Oxford Instruments contifiaaus
liquid helium cryostat. Fluorescence spectra were collected using a Canberra 100 element
germanium solid state detector. Solar slits and either a 3 um Mn or 3 um Cu (for fire or Z
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 grdge region, 0.25 eV incrementstimte edge
region. EXAFS data were collected@r05 A*increments, out to k = 14 -Aintegrated
from 1 to 25 s in akweighted manner during data collection. The total XAS scan length
wasD40 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(.1%! EXAFSPAK is integrated with Feff v8 softwafé for
theoretical model generation. Normalizeera§ absorption near edge spectral (XANES)
data for Fe data were subjected to-pdge and edge analysison 1sY 3d preedge peak
analysis was completed following our established profféand preedge peak areas
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were determined over the energy range of 7J1I(116 eV. The iron oxidation staheas
deduced by comparing first inflection edge energies from Fe protein samples td' our Fe
and F&' modellibrary.1%4In the extended Xay absorption fine structural (EXAFS) region,
data collected to k 24 * corresponds to a spectral resolution of Q.1%or all metai

ligand interactiort® As a result, only independent scattering environments at distances
>0.12j were considered resolvable during fitting analysis. Data Wieel using both

single and multiple scattering amplitude and phase model functions to simulate iron and

zinc metaloxygen/nitrogen,-sulfur, and metaimetal interactions. During Fe data

simulations, a scale factoy V(Slc)leonfdfo.Ob0 aa
O/ N/ C), 1S1)2 aenwd (THEepwer Vsed; fBr&n simulations, a Sc of 0.9 and
Eovaluesof 1T 15. 2@/N/@avid Zin ) nvere used. Thesmlibration values were

obtained from fitting crystallographically characterized small molecule Fe and Zn
compounds® 1% and these values were held constant during spectral simulations. The
bestfit EXAFS simulation for each sample was based on the lowest mean square deviation
v al u ¢%nfe&sargd between data and simulated spectra, corrected for the number of
degrees of freedom in the simulation, and using an acceptable -Dé&ilgr value
(between 0.0001 and 0.006)Xor each ligandnvironment® During simulations, only

the bond length and Deby#aller 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 sEcimulation parameters.
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2.2.8Purification of apo-CPSF30ZK.

A peptide corresponding to theterminal zincknuckle domain of CPSF30 was
purchased from Bl y nt hesi s I ncorporated (Lewisville,
peptide sequence was QEYKCGEKGHYANRCTKG. This sequence length was
modeled after other CCHC domains (nucleocapsid protein (NCp7), T4 gene protein 32,
(gp32), and the nucleic acid binding protein encoded bPthsophilaFw-element)® 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 reydase high
performancdiquid chromatography (RIPIPLC) under normetallic conditions (Waters
600 assembled with peak tubing and a Symmetry prep C18 7 um column). A gradient
beginning with 90% water containing 0.1% trifluoroacetic acid (TFA) mixed and 10%
acetonitrile containing.1% TFA was utilized to separate the dpBSF360ZK away from
any contaminants, with agoPSF30ZK eluting in a single peak at 80% water/0.1% TFA
and 20% acetonitrile/0.1% TFA. Upon collection of €pBSF30ZK, the peptide was
transferred to an anaerolibamber where it was lyophilized and stored in a solid form.
Peptide mass was confirmed using MAEDDF mass spectrometry. All further peptide
manipulations were completed anaerobically. All buffers were thoroughly degassed with
argon prior to use. Cuvettaised for UWisible spectroscopy were designed with serew

capped Teflon sealed lids for anaerobic work.
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2.2.9UV-Visible Co(ll) titrations with apo -CPSF306ZK.

For a typical titration, 100 uM of peptide was used. The titrations involved the
addition of cobaltous chloride, in increments determined by molar equivalents. For apo
CPSF30ZK titrations, CoCt 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(ll) coordination resulted in the appearance-eftnsition bands between

500 and 800 nm. The following maximum absorbance peaks were observed for Co(ll)
CPSF36zK: 608 (shoulder), 645, and 700 nm. The data at 650 nm, wherealteawklope
maximum is observed, was plotted against the concentration of &dd&d. The data were

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

nortlinear least squares analysis.

0 6£004 6000

0 6 €00

o221 P | 0 €000V

0680 U 6 €00 U 0 6 £€00 U T0 0¢£&00

Where, [P] = apgrotein concentration.

2.2.10Zinc binding to CPSF30ZK.
The relative affinity of CPSF3EK for Zn(ll) was determined by monitoring the
displacement of Co(ll) by Zn(ll) following the method developed by Berg and M&rkle

100, 110The data were then fit to a competitive binding equilibrium.
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2.2.11Fluorescence anisotropy studies of Zn(IlICPSF30GZK.

The zinc knuck l-rehiRNAwab assessedytilizing a fluarescgnce)
anisotropy binding assay. Prior to FA binding studies, the active concentration of peptide
was determined utilizing the extinction coefficient of CPSEBOwith excess colaat
650 nm. Peptide concentrations for FA were corrected for activity and stoichiometric
amounts of zinc were added to the ggeptide (between 18800 uM) under anaerobic
conditions forming the Zcoordinated peptide. Zn(HEPSF36ZK was titrated intcd mm
fluorometer quartz cuvettes containing 50 mM Tris, 100 mM NaCl, 0.3 mg/ml
polycytidylic acid, O0-FAM lamedetd RNA. B®t8 ARmamdn d 5
PolyU.4 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.

2.2.12Molecular cloning, expression, and purification of CPSF3#2F3.
A construct for CPSF30, named CPSH3RF3, which encodes for the second and

third ZF domains of CPSF30, with the sequence of

nM

AAl SGEKTVVCKHWLRGLCKKGDQCEFLHEYDMTKMPECYFYSK

FLHI DPESKO was overexpr-€£23wad clomaddhto fheipki f i ed.
15b expression vector. BLAAE3 competenE.coli cells (New England Biolabs) were then
transformed with CPSF3B2F3 via heat shock. The cells were grown in Lennox Luria

Broth Base (LB) medium with 100 pug/mL ampicillin at 37 °C until flad phase (Okyo

060. 8) before being i nduc-®d-thingalactopyrhnosis). | PTG
After cultures were allowed to grow for 4 h pasduction, 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 EDTffee protease and phosphatase inhibitor mini
tablet (Thermo Scientific). The cells were lysed by sonication on ice, 1 mMhadttiteitol

(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, ramgmg fo

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 uM Slig)if The
supernatant was then applied to a €é¥erse phase HPLC column (Symmetry 300 C18
Prep 5 um, 19x150 mm Column) on an Agilent Technologies 1200 Series LC system and
a water/acetonitrile (BD/CHsCN, 0.1%trifluoroacetic acid (TFA)) gradient was apgl
Purified CPSF3@-2F3 eluted at 28% GEN. The protein identity was confirmed via
SDSPAGE and MALDITOF mass spectrometry. Further handling of purified CPSF30

F2F3 was done anaerobically in a Coy anaerobic chamber §3%97% N).

2.2.13UV-Visible Co(ll) and Zn(Il) binding assays for apoCPSF30F2F3.

The affinity of CPSF3dF2F3 for cobalt and zinc was determined by
spectrophotometrically monitoring the titration of apBSF30F2F3 with CoCl until
saturation. The relative affinity for Zn(ll) was determined by titratingGCRSF36F2F3
with ZnChk and monitoring the displacement of Co(ll) spectrophotometrically via the

method of Berg and Merkfg® The experiments were performed in 200 mM HEPES, 100
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mM NacCl buffer at pH 7.5. Titrations were performed by titrating 0 to 20 equivalents (eq)

of CoCbk incrementally and then titrating ZnGh a similar fashion.

2.2.14Fluorescence anisotropy binding assays for CPSF3R2F3.

Si x -carboxyBuorescein (@&AM)-labeled RNA oligonucleotides purchased
from MilliporeSigma (HPLC purified grade) were utilized for these studieble 2.1).
FA experiments were performed on an ISS k2 multifrequency phase fluorimeter with
excitation wavelength at 495 nm and emission wavelength atrfi1Tme buffer system
used was 200 mM HEPES,-200 mM NacCl, 0.05 mg/mL bovine serum albumin (BSA),
at pH 7.5 and pH 8.0 using®® nM of RNAs ARE1, AAUg, AAU 12, AAU2s, -S¥bs and
Ussyrso. Zn(I1)-CPSF36F2F3 was titrated into cuvettes containing the buffer system and

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

2.2.15Circular Dichroism (CD) studies for CPSF30F2F3.

Circular Dichroism (CD) was utilized to assess the secondary structure -of apo
CPSF30F2F3 and Zn(IRCPSF36F2F3 on Jase810 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
sensitiviy 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 uM solution of ap®SF36F2F3, made in 10 mM sodium
phosphate buffer at pfA.5, was scanned first. To the 15.5 uM solution of-GRSF30

F2F3, 2.0 equivalents @nCl> was added to the cuvette and the CD spectrum obtained.
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2.3 Results and Discussion

2.3.1Full length CPSF30 contains both iron and zinc.

Full length CPSF3@ontains 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, AAUAAR3: 75. 77.89.90. 11Finc 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 elenténté In addition to a conserved
AAUAAA sequence, most preiRNAs contain a conserved poly uracil sequence. To
determinetherole of the zinc knuckle domain of CPSF30 in RNA binding and delineate
whether it binds tgoly uracil sequences, full length CPSF30 was -@xgressed and
purified. Like its five CCCH domain counterpart (CPSHH), full length CPSF30 turned
red upon oveexpression, suggesting the presence of an irtactw > The UV-Visible
spectrum of CPSF30 exhibits absorbance peaks at 420 and 456 nm, which are indicative
of a 2Fe2S cluster, and match those observed for the CRSF3Bigure 2.2 (inset))’®
Metal occupancy was confirmed by utilizing inductively coupled plasma mass
spectrometry (ICRMS). The presence of both iron and zinc, ranging from-2.62 and
3.084.69 (minmax) equivalents respectively, suggests that thédnlith protein contains

asingular 2Fe2S cluster and 5 zinc sites.
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Figure 2.2 UV-Vis spectrum oCPSF36FL in 20 mM Tris, 100 mM NaCl, pH 8 between

2407 800 nm with the maximum protein peak at 278 nm indicated. (Inset) Close up of
spectrum between 3040650 nm with peak maxima indicated.

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

XAS was used to characterize the Hayand metrical parameters in Fe and-Zn
loaded on CPSF30. The iroreklge XANES spectrum is shownkigure 2.3with an inset
that displays the expandedY18d preedge spectral signal. XANES data provides direct
insight into the metal oxidation state, and the XANESqatge region provides insight into
the metaligand bond symmetry and spin state for iron. The sharp/defineddge
spectral feature seen@t12.8 eV in the FEPSF30 XANES is characteristic of low spin
iron existing in a tetrahedral ligand conformation. Thegquge peak area, determined to
be 0.051 e¥, is consistent with values we obtained for$eluster centers in several

proteins!® 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' = cluster®® Simulations of the Fe
EXAFS for CPSF30 Kigure 2.4 indicated a Faearest neighbor coordination

environment constructetly a 1.5 + 1 oxygen/nitrogenligands centered at a distance of

1.0 T T T T T T T T 1.3

Normalized Fluorescence

0 L L L L
7110 7115

0.0 ] ] ]

1 1
7110 7150 9660 9680
Energy (eV)

0.0

Figure 2.3 Normalized XANES spectra Fe/dnaded CPSF30. Left Panel: KANES
spectrum, wedgeinset Riyd Ranep ZOBNES spectrum.
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Figure 2.4 EXAFS and Fourier transforms (FT) of the EXAFS for Feldaded CPSF30.
Iron EXAFS, and FT of the EXAFS, for Fe/Zoaded CPSF30 are shown in panels A and

B, respectively. Zinc EXAFS, and FT of the EXAFS, for Feldaded CPSF30 are shown
in panels C and Drespectively. Best fit spectral simulations are shown in green.

0.0

2.01A, and a second, more dominatelifand environment of 2 + 1 sulfur atoms centered
at 2.27i. The appearance of a distinct FeAA/
scattering observed for Fclusters®® Long range scattering is also observed for carbon
atoms positioned at an average distance of 3.92 A from the demtr&lable 2.2).
XAS was further used to characterize theligand metrical parameters for the Zn
in the Fe/ZAloaded CPSF30 sample. Theest inflection point energy in the Zn XANES
occurs at 9663 eV, consistent with Zn(Il) 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 sulfund oxygen/nitrogen ligand scattering, environments
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similar to those previously found in ZaS peptide XAS''? 113The Zn EXAFS region
was best simulated with 1 + 1 ZWN ligand at a distance of 2.06A, and 3 + 1Zatoms

at an average distance of 2.31A. Two laagge carbon ligation environments were also
observed at an average distance of 3.15 A and 3.95 A, cteshe (Table 2.2.
Collectively, the UMvisible, ICRMS, and XAS data indicate that full length CPSF30 is a
6zinc finger 0-29adactorewitmall metal dites dindiddg-te a 3Cys/1His

ligand set from the protein.

Table 2.2 Summary of the Fe and Zn EXAFS simulation results for F&Zded CPSF30.

Nearest Neighbor Ligands @ Long Range Ligands ®

Metal Atom¢ R(AY CNe (2f Atom¢ RAY C.Ne (2f Fé

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

ab_ Independentnetatligand scatteringenvironment.

¢ - Scatteringatoms:N (nitrogen),O (oxygen),C (carbon),S (sulfur).

4. Averagemetatligand bondlength.

€ - Averagemetatligand coordinatiornumber.

f- AverageDebyeWaller factor (A% x 103).

9- Number of degrees of freedom weighted mean square deviation between data and fit.
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2.3.3RNA 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 Aldh RNA targets, and the five CCCH
domain construct, CPSF3F, 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 %94 99. 100 Most premRNAs contain a polyU sequence, and there is some
evidence from radiolabeled in vitro translation experiments that CPSF30 interacts with
polyU sequences bound to sepharose fsBecause CPSF30 contains both CCCH and
CCHC domains, we predicted that the protein would recognize bothohland Urich
targets. To investigate this prediction, we determined the interaction of full length CPSF30
with AU-rich RNA and polyUrich RNA via fluorescence anisotropy (FA). Our initial
experiments focused on an Aith RNA sequence from alpfgy n u c isygspann, d J
syrea (30 and 24 bases in length) that we had previously reported binds to the five ZF
construct of CPSF30, CPSF36¢.°The titration of fulsyml ength
a n dsynid resulted in a binding curve that was best fit to a cooperative binding model
with a [Ph20f 109.5 + 11.1 nM (Mean £ SEM) and 110.3 £ 14.0 nM and Hill coefficients
of 2.3 and 2.1 for the 3ther and 24mer respectively. This affinity is slightly tighter than
the affinity for the truncated 5 finger CPSF30 construct (CPSFB0) -siyne ([Pl of
177.6 £ 23.6 nM Hill coefficient: 1.8} {gure 2.5). To determine if the binding observed
for CPSF36FL involves the AU hexame€PSF36F L was ti trated-with a
syreasequence in which that AU hexamer was modified to all cyto$R@gC.) (Figure
2.5). No binding was observed, indicating that the-Aékamer igequired for binding of
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full length CPSF30 to preMRNA. We note that the same result was observed for the five
finger CPSF30 construct, CPSF3B, suggesting that the CCCH domains are directly
involved in binding to the AU hexamét

We then sought to understand if the full length CPSF30 protein interacts with polyU
sequences, via its zinc knuckle domain. In-miRNA, a U/GU T rich cisacting
downstream element (DSE) is located43b nucleotides downstream of the PAS, and
together, thse elements aid in stimulating polyadenylafithTherefore,a compelling
hypothesis is that CPSF30 binds to both the PAS and the polyU sequence via its distinct

CCCH and CCHC domai ns. To deter mi ne CPSF3C
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Figure25( A) Sequences of adymha aslyphal €y mudBIlOenien
syres), and PolyC 24mer (Polyk) RNAs. (B) Fluorescence anisotropy (FA) monitored

binding of holeCPSF36F L  t-sprso (@range squares), hePSF36F L t-sprps U

(purple triangles), hokEPSF305 F  tsyrgo (Pink circles), and hokCPSF36FL to

PolyGa4 (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 equikb(kigure

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 ylibéatls to polyU

RNA.
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Figure26(A)Sequences of al p-Byag) ang Rolyldreer (RolyB)O mer (U
RNAds. (B) FA moniCPSF3ee &9y (bllencigcles) &nd ol | o
CPSF365F and Polyls (purple squares). (C) FA monitored binding of hGIBSF30FL

a n dsynid (blue circles) and holePSF36FL with PolyUz4 (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.

2.3.4The zinc knuckle domain, CPSF3&K, binds Cobalt and Zinc, but not poly
uracil RNA.
Our finding that the 5 CCCH domain construct of CPSF30 (CPSF3@oes 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 ziokl&mlomain and

folds around zinc. To this end, a 20 amino
knuckl ed sequence was s yforinkierevergghase HPL@ pur i f i
To verify that this construct binds zinc, a direct titration with(I T as a spectroscopic

probe for the spectroscopically silentqdzn(ll) - was performed. The resultant Co{ll)

CPSF36zZK spectrum, shown iRigure 2.7A, exhibits dd 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 ti@rosophila melanogasteFFw transposable

elementt® An upper limitKq of 3.08 (+ 0.12) x 10 M was determined by fitting the data

to a 1:1 binding equilibriumHigure 2.7B). Typically, ZFs have a dissociation constant for
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Figure 2.7 (A) Plot of the change in absorption as #pBSF30ZK is titrated with CoGl.
The experimentvas conducted im 200mM MES buffer at a pH of 6.0B( Plot of the
change in the absorption spectrum at 650 nm as a function of concentration as Co(ll) is
added to ap&PSF36ZK. The data were fit to yield an upper lindissociation constant,
Kg, of 3.08 (+ 0.12) x TOM. The solid line represents a nonlinear lestptares fit to a 1:1
binding model.
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Co(ll) ions in the low micromolar to high nanomolar regime, therefore the affinity
measured here for Co binding to the CPSEBUfits within the values reported for other
ZFs’2 15The calculated molar absorptivity of a@i®SF36ZK for Co(ll) was 562 (+ 34)
M1 cml. ZFs typically have a molar absorptivity of 4600 M! cm? for each
tetrahedrally coordinated Co(ll) center; therefore, the data obtained for the Ce8H30
ZK construct is consistent with a tetrahedral.&jté!% 116 117

A competitive titration with Zn was then performed to verify that Zn(ll) binds to
CPSF36ZK and to determine an upper linkit for Zn binding. As Zn(ll) was titrated with
Co(I)-CPSF36ZK, a loss of the 4l transition bands were observed, due to the
displacement of the bound Co(ll) ions with Zn@it§ These data were fit to a competitive
binding equilibrium, and an upper limit dissociation constant for Zn(ll) coordination to
CPSF30ZK of 9.40 (+ 0.17) x 18* M was determinedFigure 2.8). This affinity is
consistent with the affinities of zinc fother CCHC domain®8 109
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Figure 2.8 The plotof the change in absorption spectrum at 650 nm as a function of
concentration as Zn(ll) is added to Co{@PSF36ZK. The data were fit to yield an upper
limit dissociation constant, & of 9.40 (+ 0.17) x 1& M. The solid line represents a
nonlinear leassquares fit to a competitive binding model.
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To determine if Zn(INCPSF36ZK binds to poly uracil RNA, Zn(IlCPSFzZK
was titrated with fluorescently labeled-i¢h RNA of lengths varying from 11 to 24
nucleotides, and the fluorescence anisotropy was monitored. No change in anisotropy was
observed dr any of the RNA strands investigatdeigure 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'BNA These
data, in conjunction with the full length CPSF30 data, reveal that the zinc knuckle domain

of CPSF30 is necessary, but not sufficient for binding to the poly U sequence.
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Figure 2.9 Fluorescence Anisotropy (FA) monitored binding of Zr@IPSF36ZK to
ARE;1:1 (purple squares) and polylforange circles)An average of two representative
titrations are plotted and error is shown as standard error of the mean (SEM).
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2.3.5Determination of the ZF2 and ZF3 domains in CPSF30/PAS Binding.

CPSF30 contains 5 CCCH domains, and our soltiesed RNA bindingtudies
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-#dh RNA target with justwo
CCCH domaingt 9 100. 118\qgditionally, in the reported cry&M 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 th&WBWAAA PAS
sequencé® % 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 wasexaressed and purified. To
verify that the CPSF362F3 construct binds zinc, Co(ll) was used as a spectroscopic probe
for zinc, as previously reported for other Z#s'*° As shown inFigure 2.10A as ape
CPSF30F2F3 is titrated with Co(ll), dl transition bands centered at 615, 650, and 678
nm appear, indicative of tetrahedral coordination. An upper Kmdf 2.01 (+ 1.08) x 10
6 M was determined by fitting the data to a 1:1 binding mo8&ufe 2.108. The
transition bands and dissociation constant for Co(ll) ions are consistent with reported

values for other CCCH domaif °°
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Figure 2.10 (A) Plot of the change in absorption as #pBSF30F2F3 is titrated with
CoCb. The experiment was performed in 200mM HEPES buffer, 100 mM NacCl at a pH
of 7.5. (B) Plot of the change in absorption spectrum at 650 nm as a function of
concentration as cobalt(ll) is added to €pBSF30F2F3. The data were fit to yield an
upper limit dssociation constant,d<of 2.01 (+ 1.08) x 1®M. The solid line represents a
nonlinear leassquares fit to a 1:1 binding model.

A competitive titration with zinc was then performed to determine if Zn(ll) binds
thetwo-finger construct, CPSF3B2F3. By titrating Co(IRCPSF36F2F3 with Zn(ll), the
Co(ll) absorbance peaks decreased, indicating that the bound Co(ll) ions were being
replaced with Zn(Il)Figure 2.11A). The data were fit to a competitive binding model, and
an upper limitKg of 3.38 (= 2.49) x 18 M was determined for Zn(HLCPSF36F2F3
(Figure 2.11B). This affinity is consistent with the affinities reported for zinedong to
other CCCH domain% *°The CD spectra of apBPSF36F2F3 and Zn(IRCPSF36F2F3
were also obtainedrigure 2.12 and distinct structural changes were observed upon Zn(ll)
coordination indicating folding. The CD spectrum of ZrQ@IPSF30F2F3 is similar to

that obtained for Zn(INTTP-2D, a CCCH zinc finger that contains two CCCH domé&ins
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Figure 2.11 (A) Plot of the change in absorption as Ce(IPSF36F2F3 is titrated with
ZnCl. The experiment was performed in 200 mM HEPES, 100 mM NacCl 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(ll) is added to Co@PSF36F2F3. The data was fit to yield an
upper limit dssociation constant, d<of 3.38 (+ 2.49) x 18 M. The solid line represents

a nonlinear leastquares fit to the competitive binding model.
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Figure 2.12 CD Spectra of 15.5 uM apGPSF36F2F3 (blue) overlaid with 15.5 uM
Zn(I1)-CPSF36F2F3 (red). CD experiments were performed in 10 mM sodium phosphate
buffer, pH 7.5
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To investigate if Zn(IlCPSF36F2F3 is sufficient to bind to the Ablexamer
sequence, Zn(HCPSF30F2F3 was titrated with six fluorescently labeled RNA targets
containing AUhexamer sequences. These RNA oligomers ranged in length #n 9
basesKigure 2.13. To our surprise, none of the six RNAs investigated (AAAAU 12,
AAUz4, ARE11, -syvs, -SWeo) exhibited any binding to Zn(HCPSF36F2F3,
suggesting that the F2F3 construct of CPF30 is not sufficient for RNA binding and other
regions of the protein perhaps other ZF domains or an%eluster cofactor are required

for RNA binding.
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Figure 2.13 Fluorescence Anisotropy (FA) monitored binding of Zr@IPSF36F2F3 to
AREz: (bright red diamonds), AAY(black circles), AAU> (orange squares), AA
(green dissnmmbpskyg) pl We tr i asymwalstecks, (pink birclese ot her
purple squares, | i -symo (lymteaes miantomds).aRNgs| ARE ) and
AAU 9, AAU12, AAU 24, a 48yt Were prepared in 200 mM HEPES, 100 mM NacCl,
0.05 mg/ mL bovine serum al bumin (BSylw) , pH 7.
and o mgwwefe prepared in 200 mM HEPES, 50 mM NaCl, 0.05 mg/mL bovine
serum albumin (BSApH 8.0. No binding is observed using any RNAs.
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2.3.6Role of the PAS RNA sequence in CPSF30 5 finger and fidingth RNA binding.

To determine the effects of residues 1, 2, 4, and 5 within the PAS sequence
(AAUAAA) on CPSF30/RNA binding, CPSF3BF and full length CPSF30 were titrated
with an alphasynuclein premRNA in which the adenines 1, 2, 4, and 5 within the PAS
sequence wererhuat ed t o cytosines (@Al,2,4,5). The
are critical for CPSF30/RNA binding, and the mutation would abrogate binding. This
prediction was borne out for CPSF3B which did not exhibit any binding to the mutated
PAS sequencén contrast, full length CPSF30 still bound to the mutated RNA sequence,
albeit with diminished affinity (~2.5 times weaker[P]iz = 275.1 = 37.3 nM; Hill
coefficient =1.4), as shown fRigure 2.14 The mutated alphaynuclein premnRNA still
containsakt i ch sequence at the 56 end, and theref

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

A

5’ -U-C-U-C-A-C-U-U-U-A-A-UtA-A-U-A-A-AtA-A-U-C-A-U-G-C-U-U-A-U-3'  Asyn;, ®
5f -C-A-C-U-U-U-A-A-Ut+C-C-U-C-C-At+A-A-U-C-A-U-G-C-U-3’ QA ;45 24mer

@
(@]

CPSF30-5F CPSF30-FL
0.20+ 0.20-

: :

5] - Q -
E 0.15 E 0.15
© 0.10 O o.104
° °
9 0.05 2D 0.054
C c
< 0.00- < 0.004+——"Trrmm—rrrrrT—TTrrm

10 100 1000 10000 10 100 1000 10000

Protein [nM] Protein [nM]
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circles) and hol€CPSF365 F  a ni g s(\plow triangles) (C) FA monitored binding of
holo-CPSF36F L  a-8ytho (Hlue circles) and hol€PSF36F L wi t2hs(yejow
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 arsutbar and zinc
cofactored protein that recognizes two conserveenpRNA sequencesAAUAAA (the
polyadenylation signal (PAS)) and-fitch RNA T in a metal dependent, cooperative
manner. While we do not yet know the order of binding, based upon these results a
preliminary nechanism is shown iRigure 2.15 whereby the CCCH domains recognize
the AAUAAA sequence and the CCHC zinc knuckle domain, in conjunction with the
CCCH domain, recognize the palyacil sequence. Notably, only CPSF30 proteins in
higher eukaryotes containGEIC domains within their sequences, suggesting that CPSF30
may have evolved to recognize two types of RNA targets in higher order eukaryotes by
connecting different .%¥preese stondies @abdrateche folenger 6
of CPSF30alone andcontribute 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 domainsein progress.
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Figure 2.15 Preliminary RNA bindingmechanism of full length CPSF30 binding pre
MRNA.

46



Chapter 3: Identification of the Site of the FeS Cluster in CPSF30 via Metal

Coupled Oxidation Mass Spectrometry

3.1lIntroduction

One third of all proteins contain a metalfactor* 2! These proteins, called
metalloproteins, are involved in a variety of functions ranging from transport and storage
to transcriptional and translational regulation, to catalysis and seh$itf§One common
metal cofactor for these proteins is the zinc cation. The ubiquity of zinc as a préaetoco
is seen in the human proteome, where -bimeling proteins constitute 10 % of the total
proteome 1 13 123|n eukaryotes, one of the larger roles for zinc ions in-kinding
proteins is as a structuralfactor. Proteins with this role are collectively referred to as zinc
finger proteins (ZFs)® 12ZFs 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 furt€tfdn'?® 12The function of ZFs
ranges from binding to DNA or RNA, to modulating transcription and translation, to
participating in proteifprotein interactions, to affecting signaling pathw&i/g> 6% 12229
ZFs are delineated into different classes based upon the ZF ligand set, spacing between the
ligands, the ZF sequence, or the ZF structare "% 124nitial identification of any ZF is
typically based on amino acid sequence, the presence of cysteine and histidine ligands.
However, it i's i mportant to verify the ide
empirically, as there are several examples of proteins initially annotated as ZFs (based upon

amino acid sequence) that wdater discovered to utilize a different metal cofad¥

84-87, 130, 131
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One alternate cofactor for zinc in proteins that are annotated as ZFs is-amlfuon
cluster (FeS). Irontsulfur clusters areommonproteincofactors formed via reactiomsth
iron, cysteine sulfur, and inorganic sulfdf *3Several types of iresulfur clusters are
known, including 2F&S, 3Fe4S, and 4F&S. Proteins with iroisulfur cofactors mediate
a variety of processes, including electron transfer, redox catalysis, structural support, sulfur
donation, and environmentaensing>4> 34 Like Zn in ZFs, FeS clusters also utilize
cysteine and histidine residues as ligands, and the spacing between these ligands in the
primary protein sequence can be similar for atSFdusterbinding protein or a ZF leading
to mis-annotation'3® Some examples of proteins that were annotated as ZFs based on their
primary amino acid sequence, but when isolated were found to have-@rclbster
cofactor instead, include MitoNEET, MINT (Miner2), and Minerl. These proteins are
involved in the regul@n of autophagy as well as the regulation of mitochondrial&ton
8487, 131 There are a few examples of proteins annotated as ZFs, that contain both zinc
cofactors and irosulfur cofactors. These include cleavage and polyadenylation specificity
factor 30 (CPSF30 or CPSF4RNA polymerases, and nspl3 (from severe acute
respiratory syndrome coronavirus 2 (SARSV-2)).’ 136139

For proteins with both a zinc ion and an ksulfur cluster site, it can be challenging
to deconvolve the zinc versus irsnlfur loading site(s) and assign functions to each
cofactor. This challenge has been seendBSF30. CPSF30 is part of a larger protein
complex, callectleavage and polyadenylation specificity factor (CPSF), that includes the
proteins CPSF160, CPSF100, CPSF73, CPSF30, Fipl, and WDR33. The CPSF complex
regulates prenRNA processing via recognition of the AAUAAA polyadenylation signal
(PAS) motif present on pmemRNA and assembles additional factors including the cleavage
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and stimulation factor (CstF), cleavage factors Im (CF Im) and llm (CF lim), and poly(A)
polymerase that are critical for cleavage and polyadenylétiéf! CPSF30 contains five
domains with a CCCH maotif (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 2F&S cofactor along with five zinc cofactorgere present,
indicating that one of the CCCH sites or the CCHC site coordinates {Belkster®

Promoting processing of mRNA by CPSF30 requires that CPSF30 recognizes a
conserved Altich sequence present onmiRNA. This protein/RNA binding interaction
requires that both the F®and Zn sites are loaded. When CPSF30 was isolated under either
iron orzinc 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¥ It has been difficult to identify the native binding site of theSFeluster.
The protein contains five highly homologous CCCH domains and a CCHC dorhain.
CCHC site was ruled out as the site of theSFeofactor, because when it was removed,
the construct with just the five CCCH domains retained theZ8-eluster and its RNA
binding properties. To identify the site of the-&ecluster within the CCCH duains,
alanine scanning mutagenesis of the remaining CCCH domains (CCCH to ABAA,
oZF2, qZF3, q¥ZF4, qZF5) was performed, but was inconclusive. For each modified
CCCH domain, one of the zinc cofactors was lost while th& Eefactor was retained,
suggesting that the F® cluster will load at another site when its native site is absent,
underscoring the importance ofthee c | ust er f or tEffodstgobtaint ei nd s
diffraction quality crystals have so far been elusive, therefore we sought another approach
to identify the FeS site.
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Herein, wereport te application of metal catalyzed oxidation mass spectrometry
(MCO-MS) to identify the site of the F8& cluster in CPSF30. This emerging technique
relies on the redox properties of a metal center to generate reactive oxygen species (ROS)
via Fenton chemistry#* The ROSformed modify the amino acitksidues at the metal
binding sites via a caged procé$sThe amino acids that have been modified can then be
identified via orbitrap liquid chromatograpimyass spectrometry. MCO has previously
been applied to identify coordinating ligands for cogpieding proteins and metaleptide
complexes but has not beempplied to irorcontaining proteins, including Fe
cofactors'#! 143146 M CO-MS was applied to CPSF30. By carefully controlling the reaction
conditions, the site of the 2RS cluster was identified. The data identifibé second
CCCH domain as the most likely site of theFeluster in CPSF30. We also report the
redoxproperties of the 2F2S 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 theS-eluster of CPSF30 responds towelt oxygen
levels and acts as a structural cofactor that is required for optimal RNA binding. This

finding broadens our understanding of the roles eSEdusters in metadinding sites.

3.2 Materials and Methods

3.2.1General Considerations

During anaerobic conditions or under reducing conditions, procedures were
performed in a Coy anaerobic chamber (3%03% N) 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 tirtogthe
anaerobic glovebox and allowed to equilibrate to the atmosphere {394% N\) 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 experimemaildorate to the glovebox

atmosphere.

3.2.2Cloning, expression and purification of CPSF305F.

A plasmid was obtained from Genscript containing the 5 CCCH domains of
CPSF30 (residues 3B70) cloned into the pMAIC5E vector from New England Biolabs
with E. coli codon optimization performed. Ndel and BamHL1 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 glya® stock. The glycerol stock was spread on an LB agar plate
containing 100 pg/mL ampicili. A single colony was selected to grow overnight in 50
mL of LB Lennox media with 100 pg/mL ampicillin. Ampicillin (100 pg/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 glucoseere added to the media. Three mL of 200 mM (mmol
L) FeCk were added to the media and allowed to continue shaking in the incubator at 37
°C. Three and a half mL of 100 mM (mmof)L.ZnCl, were added to the media. Fifteen
mL of overnight culture were déd 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 [*) FeCk, 3.5mL of ZnC}, 4mL of 100 mM (mmol i) NaS -

9H,0, 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 7,8§Gor 20 min at 4 °C. Cell pellets
were stored at20 °C for future use.

For purification of CPSF38F, cell pellets were resuspended in 25 mL of 20 mM
(mmol L) Tris, 200 mM (mmol t2) NaCl, pH 7.5 buffer. A protease inhibitor tablet was
added, and sonication was utilized for cell lysis. The lysate was centrifuged at 14,710 x
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 30mmb( L
1y maltose. For anaerobic purification, the same procedure was followed except sonication
and purification was conducted in a coy anaerobic chamber 6397¢b N) with degassed
buffer and precautions to ensure oxygen was not introduced to thin grasé sonication

through U\ Visible spectroscopy also conducted inside the anaerobic chamber.

3.2.3Metal Content Determination by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS).

ICP-MS was performed as previously described utilizingAgilent 7700 Series
ICP-MS.83 75, 136, 14Briefly, samples were diluted with 6% trace metal grade nitric acid to
a final concentrat i ont)aach2dnlL wesgectively. Sample dnd O M
internal standard were run in line utilizing a mixing T and the internal standard solution

contained bismuth, germanium, and scandium.
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3.2.4Chemical reduction of CPSF365F.

CPSF30 (430 &L Yiha2p®dM @Mollt)Tris,d00 mM (mmol
LY NaCl, atpH 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 pL of 2 mM (mmolY) methyl viologen solution was added to the
protein and mixed. 2Hsdithiorite sol@ition 2vés adukd tq themo |
protein/methyl viologen solution and was observed to turn a blue color. The reduced
protein was put in a Slid&-Lyzer cassette and dialyzed in degassed buffer overnight with
three changesf fresh buffer solution in the glovebox. Oxidized protein was kept in similar
conditions overnight. UWisible spectroscopy was performed the next day in airtight

rubber sealed screw cap cuvettes from Starna Cells.

3.2.5Electron Paramagnetic Resonance (EPR) Spectroscapy

For CPSF3&bF EPR sample preparation, protein was concentrated to achieve 1.92
mM (mmol LY iron concentration utilizing the known Fe to protein ratio from-M@®
analysis. Solutions of buffer (100 mM (mmol)LTris, 100 mM (mmol t2) NaCl, pH 8)
and ethylene glycol were degassed on a vacuum line with stirring before being brought into
a Coy anaerobic chamber (3%,197% N) and allowed to equilibrate to the atmosphere.
Protein was brought into a Coy anaerobic chamber (3%©F%6 N) and stored in a
thernomixer and allowed to equilibrate to the glovebox atmosphere overnight at
approxi mately 4 AC to 8 AC with sfadni ng.
concentration) was combined with 60 pL of buffer and 30 pL of 100 mM (mridl L
dithionite and allowed to incubate in the glove box for approximately 30 min at 4 °C to 8

53

12



°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 uL of ethylene glycol was added to the
protein sample and it was transferred to an EPR tube. A rubber septum veaisquidop

of the EPR tube, and the protein sample was removed from the glove box and immediately
frozen in liquid N. The final concentrations of reagents in the EPR tube were 768 uM

( £ mo?) iron(protein bound), 10 mM (mmolY) dithionite, and 30 % kylene glycol

in a 100 mM (mmol ) Tris, 100 mM (mmol t*) NaCl, pH 8 buffer. A nomeduced
protein control sample was made in the same manner, but witiecad ditiorof dithionite.
Reduced and nereduced 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 on-saturating conditions. Spectra presented in the manuscript are
difference spectra generated by subtraction of the buffer spectrum matched to the sample
spectrum (reduced or needuced). Theg values reported in the manuscript were
determined directly from the spectra at the maxima, minima, and basedsgng points
as reported by the analysis software provided by the instrument manufacturer. Based on

the manufacturereported field (0.08 mjrandfrequency (50 kHz) accuracies and the field
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resolution (& 0.16 mT per point, vied8Ocul at ed

mT per 1024 points), the propagated uncertainty o treues is £ 0.002.

3.2.6Mdssbauer Spectroscopy

For CPSF3&F Mdssbauer sample preparation, 34 mgffeé was weighed out in
a Coy anaerobic chamber (3%,197% N) and placed into a glass vial. 1 mL of 1 M (mol
L) HCI was pipetted into the vial and the solution was placed on a stir plate in the glove
box. The*’Fe acted as its own stir bar and the solution was allowed to mix until dissolved
(approximately 43 days) in the anaerobic chamber. Once dissolved the solution was
diluted to 10 mL with ELGA Purelab flex purified water. CPSHs0protein expreson
for MOssbauer experiments was conducted similarly to above (Cloning, expression, and
purification of CPSF3®F) with some exceptions. The 10 mL>4fe solution was added
at the point of induction instead of the 100 mM (mmd) EeCk. 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 agtluBifications wa combined and
concentrated utilizing aAmicon 30 kDa cutoff spin filter to yield 400 pL of 2.5 mi¥Fe
(protein bound). A Mdssbhauer spectrum of CPSBEBOvas recorded on a spectrometer
from SEE Co.(Science Engineering & Education Co., MNperating in constant
acceleration mode in a transmission geometry with zero magnetic field. The sample was
kept in an SV1400 cryostat from Janis Research Co. (Wilmington, MA), using liquid N

as a cryogen for 80 K measuremetgemer shifts were determined relative to the centroid
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of the spectr um -Fe tolleatedmtedom tetngeratufdtiog ahd datd U

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

3.2.7Circular Dichroism .

Circular dichroism (CD) was measured using a Jast®00 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 (fjnfalsl. 200
(mmolLY) NacCl buffer at pH 7.5 with YHpwherd ei n

buffer done was blank subtracted from protein scans.

3.2.8Metal Catalyzed Oxidation Mass Spectrometry

CPSF365F at 1.8 mg/ml (30 uM (umol £)) was equilibrated overnight in a Coy
anaerobic chamber (3%H7% N) in a thermomixer set at 4 °C. For each experiment,
CPSF365F (0.18 mg/mL), was incubated in a thermomixer at 4 °C with various amounts
of dithionite, BO,, and phenylalanine for different amounts of tinfalfle 3.1). The
reactions were then quenched by addition of 10 pL of 200 mM (mmainethionine and
1 uL of 1 mg/ml catalase. 30.5 pL of sample was removed and evaporated to dryness in an
SPD $eedVac inside the anaerobic chamber. Samples were resuspended in 30 uL mass
spectrometry gradeZ® and 10 pL of 500 mM (mmol 1) Tris, 10 mM (mmol *) CaCb,
at pH 8. 2 pL of 500 mM (mmol+t) 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 L 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.

Dithionite H,0, Phenylalanine Reaction

Condition Modified Amino Acids

(mmol L) (mmol L) (mmol L) Time

A 1 1 0 30 min M62

B 10 1 0 30 min €36, C92

C 100 1 0 30 min "

D 10 2.5 0 30 min C36

E 10 1 0 10 min C36

F 10 1 0 60 min *

G 10 1 0 5s C9, C36, €92, C100

H 10 5 0 5s M1, D2, €36, M62, C92, H134
I 10 5 0 10 min €36, D57, M58, M62, C92

J 10 5 0 30 min M1, C36, D57, M58, M62, C92
K 10 5 4 30 min C36

*No repeatable amino acids modified

500 mM (mmol ') iodoacetamide was added and samples were incubated away from
light at room temp for 30 min. 1 pL of 500 mivhmol L'Y) DTT was added to quench the
alkylation. 3.5 pL of mass spectrometry grad®Hvas added to bring the total volume to

50 uL. 4.5 pL 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 ru® #mes depading 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
manufacturerdéds protocol using a 44 min gradi
formic acd in acetonitrile on a C18 Evosep analytical column (length: 15 cm, internal
diameter: 150 um, bead size: 1.9 um). Samples eluted from each Evotip were analyzed on
a Thermo Scientific Orbitrap Fusion Lumos (Thermo Fisher Scientific, Waltham, MA)
operatedn datadependent 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 r{/2@BY5
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and an AGC target of 500,000. Peptides were selected for fragmentation byemgtror

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.
Pepides 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
extractedion 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 tofour 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 addn.

3.2.9Fluorescence Anisotropy.

Fluorescence anisotropy (FA) experiments were as previously described, except
precautions were undertaken to ensure an oxygen free envirotimént3® 147A 30
nucleotide RNA composed of alpha synuclein-pi@NA was utilized with the sequence

5 WCUCACUUUAAUAAUAAA AAUCAUGCUUAU-3 6 . RNA was 3

(@))

carboxyfluorescein @&AM) 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
guarts 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 (nmot) Lfluorescently labeled RNAvas
equilibrated in 50 mM Tris, 100 mM KCI, 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%:H07% N), 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 befwoe titrating and nomeduced protein served ascontrol. Prior to

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

fluorophore using the equation below:

Wherer is the corrected anisotropyis the raw anisotropyy s the anisotropy of the free
fluorescently labeled RNA, and, is the anisotropy of the RNArotein 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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Wherery is the total corrected anisotropy, [P] is the protein concentration; {®lhe
protein concentration at which half of the protein ensemble is saturated, and h is the Hill

coefficient.

3.2.10Mammalian Cell Culture Treatment.

THP-1 cells were purchased from ATCC. Cells were propagated in RPMI 1640
medium (Gibco ATCGOmodification) supplemented with 10% fetal bovine serum (FBS)
(Gi bco), 5 0Y) betdMme(captoetHanolL(MP Biomedical), and 1X-Beep
(Gibco) in T75 culture flasks in a humidified SANYO €i@cubator at 37°C supplemented
with 5% CQ. Cells were grown to a cell count of approximatelyl&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% CQO,. Dimethyloxdyglycine (DMOG) (SigmaAldrich) was used as a chemical
inducer of hypoxia with the concentration of 0.1 mM (mmdj was added and then
incubated at 37°C with 5% COHypoxic conditions were achieved by transferring the
cells to a STEMCELL Technologies hypoxia incubator chamber and then flushed with
hypoxia gas mix (1% £ 5% CQ, and 94% M), 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 chambenanufacturer recommendations. After 6 hours, cells

were centrifuged for 2 minutes at 1000gx supernatant removed, and the pellet was
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resuspended in 400 pL of 1X Laemmli buffer (Bkad) 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¢f@d £0 minutes at 4

C, then transferred to an Eppendorf tube. Cell lysates were stoi@@P @&t until western

blot analysis.

3.2.11Western 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 ,f00%GR
seconds at room temperature to remove any condensation. Samples were loaded (40 L)
into a BioRad MintPROTEAN TGX precast,-20% gradient gel and ran at 140 V for 50
minutes using a BiRad MinFPROTEAN Tetra System in a 25 mM Tris, 192 mM glggin
and 0.1% (w/v) SDS buffer at pH 8.3 on ice. The Chameleon DuStBieed Protein
Ladder from LICOR was also used. After 50 min, the gels were soaked in a 1X transfer
buffer at 25 mM (mmol 2) Tris, 192 mM (mmol %) glycine, and 20% (v/v) methanol of
pH 8.3. Immobilon PVDH-L transfer membranes (Merck Millipore) were activated by
submerging membranes in methanol for 20 seconds, washing witfMiléter two times,
and then storing in the 1X transfer buffer befosage. Transfer of the gels to the
membranes was performed using a-Biad 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 M#) water. The membranes were stained with
LI-C OR 6 wertR@0 Total Protein Stain and washed withd OR6s Revert 700
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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 Protetfrree 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 usdiit rab
polyclonal CPSF4 (CPSF30) purchased from Proteintech and rabbit monoclorhl BHIF
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
CPSF306s secon@€C®RW%Ys ahRDb e dy OrabbiiGitibogyoneas ant i
diluted 1:20000 in blocking buffer with 0.2% twe2 (SigmaAldrich) and 0.01% SDS
(Invitrogen). For HIF1L U6s s e c o n d a rrgbbitagGt antibanlyd from R&D t i
Systems) was diluted 1:100000 in blocking buffer with 0.2% tw&ferPost mixing with

secondary antibody, the membranes were rinsed with TBST multiple times. CPSF30 was
imaged on an Gyssey DLx at 800 nmand HIFU was vi sualized by che
using Thermo Scientific ECL substrate via Azure Biosystems ¢300. Empiria Studio 2.3

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

62



3.3 Results and Discussion

3.3.1The FeS cluster in CPSF30 is redox active.

To develop MCOMS to identify the site of the F& cluster in CPSF30, we first
had to determine whether the-Beluster in CPSF30 is redox active. We isolated CPSF30
in the diamagnetic, BeFe'" oxidation state, and identified the presence of th& Ekuster
by optical spectroscopylsorbance centered at 420 nm) and inductively coupled plasma
T mass spectrometry (ICMS). The redox potentials of F& clusters can range froim00
mV to 425 mV depending on the cluster type and ligan&*&ét®we found that addition
of dithionite (potential 0660 mVversughe standard hydrogen electrode at pf§)Tuinder
anerobic conditions resulted in a decrease in the absorbancegoéated at 420 nm. This
change did not affect the iron loading of the cluster, as measured BM$Cihdicating
that the cluster was still intact and that one of the ferric centers had been reduced, based
upon what has been observed for reduction ofsalfur centersRigure 3.1A).1°% 1To
characterize the electronic structure of the iron cluster both gme post dithionite
addition, continuous wave electron paramagnetic resonance (EPR) spectroscopy in the
frequency range of 9 GHz to 10 GHz was perforntadure 3.1B). No EPR signal was
observed prior to reduction with dithionite, supporting assignment of a diamagriétic Fe
Fd'' center. Upon addition of dithionitan axial spectrum was observed wgtlalues 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 2F2S clusters present in proteins such as Grx3 driga2 1°3
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Figure 3.1 (A) UV-Visible spectra of CPSF3BF asisolated (oxidized, blue dashed line)
and reduced (with dithionite, red solid line). (Inset) Zoom in of the\&ible spectra
between 350 nm to 600 nm. (Bpbmparison of the band EPR spectra of CPSF3Bas
isolated (oxidized, blue dashed line) and reduced (with dithionite, red solid iBe). (
Mossbauer spectrum of-elated CPSF36F (black dots). The best fit simulation to two
iron sites is shown as a solid black line with simulations of individual iron sitesnsimow
blue (Site 1 is dashed; Site 2 is dotted). The two site simulations have-bgenshifted
for clarity. (D) Moéssbauer spectrum of reduced CPSBBO(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 doffdw) two site simulations have
been yaxis shifted for clarity.

Mossbauer spectra of the oxidized and reduéEdlabeled CPSF36F protein
were also measured. The-iaslated®’Fe-labeled protein best fit to a twsite model,
indicating two highspin Fé' 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
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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)S, and the other being Fe(Cys)(His)&nd are in line with xay absorption
spectroscopy (XAS) daftd®One site exhibited an isomer sh
guadrupol egsmlfi tat iOn B 4( qEn/ s and t he second si
a 0.35 mm/s and a quadr Figueld.&C). Fhedeiddtatwerag of a
comparable to literature values for ferredoxin and Rieske type clusters, where the
ferredoxin type hag= 0U0.=600.nn7T/ smm/asn dwitthhe ofE e s
0.24 mm/s and Q=082 mmfarms 0.9immEable &2).1°50 154157

Once reduced, one sitgaintained a high spin ferric Fe with an isomer shift and quadrupole
splitting of & 0. 16 mm/Figure8.nD). Hawever, tieGecomth/ s, r e
Fe site experienced an increased isomer shif
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
ferrodoxintype (Cyg), MitoNEET (CysHis1), CPSF30 (Cysis1), and Rieskeaype
(CysHisp) 2Fe2S clusters, both reduced and oxidized.

Cluster Oxidation States & (mm/s) |AEg| (mm/s)

Ferredoxin (Cys,) [2Fe-2S]* FellFelll 0.27 0.60 [Muenck, et al.]
MitoNEET (Cys,His,) [2Fe-2S]* Fell-Felll 0.26,0.30 0.47,0.96 [Ferecatu, et al.]
CPSF30 (Cys,His,) [2Fe-28]* Felll_Fell 0.21,0.35 0.34,0.42 This work
Rieske (Cys,His,) [2Fe-28]** Felll_Felll 0.24,0.32 0.52,091 [Fee, etal.]
Ferredoxin (Cys,) [2Fe-2S]" Fell_Fell 0.35, 0.60 0.65,2.70 [Muenck, et al.]
MitoNEET (Cys,His,) [2Fe-2S]" FellFell 0.32,0.68 1.07,3.15 [Golinella-Cohen, et al.]
CPSF30 (Cys,His,) [2Fe-2S]* FellFell 0.16, 1.40 0.76,2.80 This work
Rieske (Cys,His,) [2Fe-28]" Felll_Fell 0.31,0.74 0.63,3.05 [Fee, et al.]
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Circular dichroism (CD) was also employed to charactenddized and reduced
CPSF365F. Proteins with 2F8S clusters exhibit diagnostic CD spectra in the visible to
nearUV region that inform on the electronics of the Fe&entert>® The CD signal of the
asisolated CPSF36F showed both positive and negative CD signal between 350 nm to
750 nm, similar to other 2F2S cofactored proteins, such as ibeencoded ferredoxin
holoprotein Figure 3.2).1°%6! Upon reduction of the F8& center with dithionitethe
overall intensity of the CD spectra decreased, which is consistent with results on other
reduced Fes clusterd®? 183 The collective EPR, Mossbauer, UV visible and CD
spectroscopic data obtained for CPSEBOupon dithionite addition reveal that the &e

center in CPSF30 is redox active.

25 1 1 [ ] 1 1 1 [ ]
- . e Oxidized I
—Reduced

-10- X s

-15 | | | 1 1 L] 1 1
300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 3.2 Circular dichroism of CPSF3BF both asgsolated (dashed blue) and reduced
(solid red) a2 5 M ire20mM Tris, 200mM NaCl buffer at pH 7.5. (1 mdeg = 0.01745
mrad)
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3.3.2Metal Catalyzed Oxidation Mass Spectrometry.

We took advantage of the redox properties of thé& Feenter along with Fenton
chemistry to develop metal catalyzed oxidation mass spectrometry (M&Qo identify
the likely site of the F& cluster in CPSF3M®ur approach involved reducing theS
center with dithionite after which hydrogen peroxidex@) was added to produce
hydroxyl radicals via Fenton chemistry. The hydroxyl radicals are expected to chemically
modify nearby amino acid§igure 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 diffusitn'4*The parameters that were
varied for MCOMS 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 iffemtodification 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 reactomlitions employed, was Cys36
in the second CCCH domaiRigure 3.3). When phenylalanine was added to the reaction
as a radical scavenger again only Cys36 was modified, providing additional support that
the FeS cluster is bound in the second CCCH domain. The mass spectra shows that Cys36
is modified via trioxidation (+48 Da) in the presence of phenylalarfingu(e 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-heémder loading at CCCH
domain 2 and RNA binding activity
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Figure 3.3 (A) Scheme of the metal catalyzed oxidation (MCO) appro&)rite amino

acid sequence of the CCCH domains of CPSsRB@&ligned with respect to the CCCH
domains. (CPredicted structure of CPSF3F 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.

68



Unmodified Peptide: /\‘)J\
] RHISGEKTVVCKHW HS OH

] NH
N 573.26 miz 2

Relative Abundance
o«
2

yo'rHy

E:!HHI;; m;,?ﬁ J‘ .\:Hﬂ \‘ h L

200 401 600 800 900 1000 1100 1200 1300 1400

Modified Peptide:

RHISGEKTVVCH7-985KHW
Aromatic and Sulfhydryl| Oxidation: +47.985 Da shift

85
E 621.25 m/z 0

N ' Q /\l)k
¥z 4 W
_ , o S OH

Ao O NH,

o
o

Relative Abundance
w o w o= = oo
& & o @m o
RN RN AT
-
~

n
o

Lo
=

E 2 by Hy
207 *

B b,
15 .’
bet
-

| Im‘\n!j\ L I ‘_ H\ I }_I L \‘_V:_ T

S — -
00 400 500 500 700 800 900 1000 1100 1200 1300 1400
miz

th I\“\ |

200
b113+ b12+ b133+
404.2 1338.7 4926

bl+ b2+ b3+ b4+ b5+ bﬁ" b7+ b8+ b9+ b10+ b113+ b12+ b133+
157.1 2942 407.3 4943 5513 680.3 808.4 909.5 1008.6 1107.6 420.2 1386.7 508.6

Ll lelelelelr e el

872.4 7714 6723 573.3 4703 3422 2051
78 Ve ¥s* 7 Ya© Ya' yi'
28 Vo' Ys' Va'

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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3.3.3Relation between redox activity and function.

We then sought to determine if the oxidation state of th& Ekister of CPSF30
affects RNA binding. Although our data to date suggests a structural role for-e Fe
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 cefii@measure CPSF30/RNA binding,
fluorescence anisotropy (FA) experiments were performed under both oxidizing and
reducing conditions. The RNA targets of CPSF30 contaipdgh@&denylation signal (PAS)
AAUAAA hexamer that is present in most preRNAs. We have previously reported FA
st udi esynuadintpfemRMA that contains the AAUAAA hexamér 136 147and this
RNA target was utilized here. As shownhkigure 3.5, regardless oivhether the F&
cluster was oxidized or reduced, -synucegih af fi ni
premRNA hexamer is observed {K= (74 + 13)nM; Hill coefficient = 1.1 + 0.2 [mean
+ standard deviation]). Thus, the oxidation state of th& letuster does not affect RNA
binding function. We note that there are several reports-8fdedactor proteins exhibiting
differential DNA binding upon changes to oxidation state of th& [Eenter in connection
with DNA charge transfef®#'% 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). Theaesror

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.

3.3.4The role of oxygen in CPSF30 function.

The finding that the 8 cluster is redox active led us to examine whether the redox
state of the cell affects CPSF30 expression levels. We hypothesized that in celkSthe Fe
cluster present in CPSF30 senses changes in oxygen levels (from normoxioxm)hyp
and the cell responds by upregulating and increasing CPSF30 expression levels. To
determine the effects of hypoxic stress on CPSF30 expression]l Tddls, which are
spontaneously immortalizedonocytelike cells that are a model of inflammation, rere
utilized. THR1 cells were incubated in hypoxic conditions (@ass fraction of 1 %, GO
mass fraction of 5 %, andbMhass fraction of 94 %) utilizing a hypoxia incubator chamber
(purged every 1.5 h) and placed in a humidified incubator at 37 °C:1T¢#Hs were also
incubated in a standard humidified incubator supplied with ant€3s 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 conditidrigre 3.6). In both the DMOG control

and in hypoxic conditions, hypoxia inducible factor (HIRJ) was acti vated,
hypoxia. These results support a connection between Hse deéactor, redox stat¢he

abundance of CPSF30 in cells and-pri@NA processing.
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Figure 3.6 (A) The expression of CPSF30 and HIFU i n1 cElid RBnder three
conditions: control, DMOG (chemical inducer of hypoxia), and hypoxpan{@ss fraction

of 1 %, CQ mass fraction of 5 %, and:Mhass 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 estite of the molecular masses of proteins in the samples.

3.4 Conclusions

Identifying the FeS site in CPSF30 has proven difficult, because the protein
contains five almost identical CCCH domains. The mutagenesis of each domain simply
results in the R& cluster loading at another CCCH domain, making it challenging to
decipher viich domain is the preferred S2domain’® By applying MCGMS 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 a8 Eefactor has grown significantly
over the past few years, and the MM approach, which has not previously been applied
to proteins with an F& cluster, has the potential to be applied to othe® eefactor
proteins for which the ligand binding site is unresolved.

The collective findings presented here establish th® Eleister as a key structural
cofactor in CPSF30, required for high affinity binding to mRNA. The predicted structure
of CPSF30 from AlphaFold along with published celectron microscopy structure$
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 lazgafshe Fe5 cofactor
compared to a zinc cation is necessary to provide the optimal fold for RNA binding. One
unresolved question is how CPSF30 acquires itS eduster. Proteomics data suggest
HSC20, an RS cochaperong®’: 18s 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!?20One of the most ancient cofactors in metalloproteins
are ironsulfur (FeS) clusters, which have been found in all living organihfsirst
identified in electron transfer enzymes, the roles eSFdusters have expanded from
electron transfer to being involved in environmental sensing, catalysis, and sulfur
donation®® 44 134The three main types of cluster are ZF% 3Fe4S, and 4F&S, all of
which commonly ligate to thiolate groups from cysteine (C) residues and bridging sulfurs
where each iron is oriented in a tetrahedral geometry. ExamplesStksters ligated to
nitrogen from the imidazole groups of histidine (H) residues have also been reported, such
as Rieske center€CHH) and MitoNEET and IscRQCCH).18%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 ¥clusters can be&hallenging 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 ligagdn a tetrahedral geometry. This can make differentiating
ZFs from FeS cluster containing proteins difficult, especially if the protein contains both

a FeS 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 pespatti
their native protein counterpafts.1’?1’> 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 8fWAPs date back
to the 1970s and since then baprimarily been of the ferredoxigpe CCCQ with
mononuclear iron and 4RS175178 These early F& MAP examples were less than 15
residues in length and were not shown to have redox activity. MAPs containing2& 2Fe
are rare, especially those where the cluster is redox active. There is a limited number of
CCCH 2Fe2S cluster MAPs, with only one example that has been studied in which the
artificial proteins and pepti detgpe Rig®dke6 r esi d
protein fromThermus thermophilui€® The authors demonstrated a 2F® cluster could
coordinate toCCCH sequences via UW¥is spectroscopy and cyclic voltammetry.
Metalloproteins with an already existi@ZCHhave yet to be studied for fecorporation
in MAPs.

The cleavage and polyadenylation specificity factor 30 (CPSF30) is anr RNA
binding ZF that is part of the cleavage and polyadenylation (CPSF) complex involved in
premRNA processing. CPSF30 has been implicated in cancer cell growth, and evidence
for this ole has been observed in lung cancer, colon cancer, and breasft3eBSF30
contains fiveCCCH domains and on€CHC zinc knuckle domainCPSF30 has been
shown to harbor a native 22& 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

75



in any of the remaining domains when alanine scanning mutagenesis (CCCH to AAAA) is
performed’® The finding that CPSF30 has an-Seluster 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, Minerl, Miner2, nspl3,
and HBx, all of which haveCCCH motifs 82 84 131 139, 18yeyeloping MAPs of RS
containing proteins and analyzing sequence and spacing of constructs are important for
discovering properties and elucidating functions ofSFelusters in biologically relevant
proteins, allowing for the future design and incogtion of FeS clusters.

Herein, we report the utilization of CPSF30 individual domain maquettes to
understand and characterize @ECH zinc and FeS ligation’> %6 All maquettes were
found to bind zinc with tight affinity and load an -Becluster. Xray absorption
spectroscopy (XAS) determined that the maquettes were being loaded with2& 2Fe
cluster coordinated by three cysteines and one histidine, while elgmramagnetic
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 demonstratbeh@CCH domains of

CPSF30 are useful protein maquettes for assembling and studyx$2aiesters.

4.2 Materials and Methods

4.2.1Materials.
Zinc chloride (ZnCd), 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
(HEPES), trifluoracetic acid (TFA), acetonitrile (HPLC grade), sodium dodecyl sulfate

(SDS), glycerol, iron (lll) chloride (Feg)l sodium sulfide nonahydrate (M&A 9CH,
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sodium dithionite (N£5:04), and the iron/zinc inductivelgoupled plasma mass
spectrometry standards (IGWS) were purchased from Sigrdddrich. Sodium chloride

(NaCl) and dithiothreitol (DTT) were obtained from American Bidris(2-
carboxyethyl)phosphine (TCEP) was acquired from Thermo Scientific. Cobaltous chloride
(CoChk) was purchased from EMD Chemicals Inc. Germanium and scandiurMECP
standards were obtained from Fluka Analytical and the bismuth standard was purchased
from Ricca Chemical Co. Nitri@cid (trace metal grade) was acquired from Fisher

Scientific.

4.2.2General Considerations.

Extra care was taken when working with reagents to ensure-frestatonditions
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 um 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, andelectrical 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.

4.2.3Purification 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 sEablévl.1 For astandard 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 um
Millipore filter. Each solution was applied to a Ci/e'se phase high performance liquid
chromatography (HPLC) colum{ymmetry 300 C18 Prep 5 pum, 19x150 mm) on an
Agilent Technologies 1200 Series LC system. A water/acetonitrd®/EHsCN, 0.1%
trifluoroacetic acid (TFA)) gradient was applied and elutionsesmonding to the purified
peptides were collected. All peptides were eluted at@®® HO, 0.1% TFA. HPLC
elutions containing purified peptide were transferred to a Coy anaerobic glovebox,(3% H
97% Nb) and lyophilized utilizing a Thermo SPD SpeedVac. The presence and mass of the
peptides were confirmed by SBBAGE and MALDITOF mass spectrometry,
respectively. All peptides were stored2 °C and all further experiments were performed

under anaerobiconditions.

Table 4.1 The peptide names and sequences for each CPSF30 single finger domain.

ZFAM>MDKSGAAVCEFWLKAA-CGKGGMCPFRHI SGEKT
ZFF2 > | SGEKTVVCKHWLRGL -CKKGDQCEFLHEYDMTK
ZFF3 > YDMTKMPECYFYSKFGECSNKE-CPFLHIDPESHK
ZFA > DPESKIKDCPWYDRGF-CKHGPLCRHRHTRRVI -
ZIS-M> MDKTRRVICVNYLVGF-CPEGPSCKFMHPREETLTP

4.2.4UV-Visible spectroscopy of cobalt (II) and zinc (I) 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 forZHE4l were
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performed in degassed buffer of 200 mM HEPES, 100 mM NacCl 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 uM to 100 uM
The cobalt and zinc affinities were determined spectrophotometrically by monitoring the
titration of apepeptide with CoGl followed by addition of ZnGluntil saturation on an
Agilent Cary 60 U\visible spectrometer. The displacement of Co(ll) withlgn{as
monitored following the method of Berg and Merkl&During each titration, Coglwas

added incrementally from 0 to 20 equivalents. Upon Co(ll) coordination, an increase in
absorbance, due toeditransition bands, was observed between 500 and 800 nm, with the
maximum peak appearing at 650 nm for all peptides. With addition ot Zin@h 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(ll) and
Zn(ll). These data were fit to a 1cbmpetitive binding model using Kaleidagraph (by
Synergy software, Version 4.5.3) and atioear least squares analysis.

0 6 ¢00 0 6 £¢000E00
6 €00 0 WE00 0

Where,P represents the concentration of gaptide.

4.2.5Chemical Reconstitution of CPSF30 Peptides.

One day prior to reconstitution, peptides were dissolved in degasSeith ld Coy
anaerobic glovebox (3%24197% N) in an Eppendorf Thermomixer C at 4 °C and allowed
to shake overnight at 800 rpm. Peptides were then diluted to 200 uM in a reconstitution

buffer. The reconstitution buffer for ZFAF3 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 forZIF8 was

100 mM HEPES, 1 mM DTT, with 5% glycerol (v/v), at a pH of 6.5. One equivalent of
Fe'' was titrated into appeptide from a 10 mM stock of Feind allowed to shake at 4

°C for 30 min. A total of 2 equivalents of 'Fevere added to the agmeptide. A total of 2
equivalents of N5 was then titrated into the irditound peptide in a similar fashion using

a 10 mM stock of N£s A 9CH The final iron and sulfidebound petide was equilibrated

for another two hours, shaking at 4 °C, 800 rpm. Any particulate matter was removed by
using a 0.22 um filter Costar Spk centrifuge tube with centrifugation at 1400@ or

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 byIid\ard iron

content was determined by inductively coupled plasmas spectrometry (ICHS).

4.2.61ron Content Determination by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS).

ICP-MS was performed as previously describgd® Samples were diluted with
6% trace metal grade nitric acid to a final concentration and volume of 1 uM and 2 mL,

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

4.2.7Circular Dichroism of Reconstituted Peptides.

Circular dichroism (CD) was utilized to observe the electronics of the reconstituted
Fe-S clusters in the CPSF30 peptid&$A Jascel1500 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% glyeapl (

at a pH of 7.5 for ZRZF3 and 100 mM HEPES, 1 mM DTT, with 5% glycerol (v/v), at a

pH of 6.5 for ZF4ZF5. Peptides were scanned as prepared, neat without any dilution.

4.2.8X-ray Absorption Spectroscopy (XAS).

CPSF30ZF1 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. CR3F30
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) onbeamline 73. 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 continuouiow liquid helium cryostat and data was collected with the solar
slits along with a 3um Mn filter for iron, placed between the cryostat and detector to
diminish scattering and background signals. XAS spectra were collectedeVh 5
increments in the predge region, 0.28V increments in the edge region, and 0.05
increments in the EXAFS region to k = {4, integrated from 1 to 25s in &weighted
manner for a total scan length40 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 O, integrated with the Feff v8 software for theoretical model
generation. Normalized XANES data was subjected to edge analysis for both metals and
in the casef Fe, to preedge analysis as wellhe Fe 1s3d preedge peak analysis was
completed as described previously; peak area was determined over the energy range of
7,1107,116 eV. Oxidation state was deduced from first inflection energies of the
respectiveedge8’. Data were collected to k = %4?, which corresponds to a spectral
resolution of 0.121; * for all metal ligand interactions; therefore, only independent
scattering environments at distances >0.jL2&ere considered resolvable in the EXAFS
fitting analysis. Data were fit using both single and multiple scattering model amplitudes
and phase funicins to simulate FO/N, -S, and-Fe ligand interactions. During Fe data
simul ati ons, a scale factodg Vv¢v8tuew®Ed 01 28
O/ N/ C), T18)2 aenvd (TFEe)were dsed. Fhese values were obtained from
fitting crystallographically characterized small molecule Fe. The -fliefEXAFS
simulations were based on the lowest mean square deviation between data and fit with
corrected for the number of degrees of freeddfmp (During the standard criteria
simulations, only the bond length and DetWaller factor were allowed to vary for each

ligandenvironment.
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4.2 .9Electron Paramagnetic Resonance Spectroscopy (EPR).

For CPSF30 F& 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 ICRMS analysis. Constructs were brought into a Coy anaerobic
chanber (3% H, 97% N) and stored in an Eppendorf thermomixer and allowed to
equilibrate to the glovebox atmosphere overnight at approximat@l§Clwith shaking.

To 60 OL of degassed buffer andSlBaledOL of
peptide wasdded and allowed to incubate in the glove box for approximately 30 minutes
at 48 °C with shaking until a color change was observed from a dark brown to more
colorless solution. After a color change was observed, 90 uL of degassed ethylene glycol
was addd, protein was transferred to an EPR tubrider septurvas 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
UM to 1200 uM iron (protein bound), with other reagents at 10 mM dithionite and 30%
ethylene glycol in corresponding buffer. The buffer utilized for CPSHA3Dto ZF3 was

100 mM HEPES, 50 mM NaCl at pH 7.5 and the buffer for CPSH#3Dand ZF5M was

100 mM HERES at pH 6.5. A nomeduced peptide control sample was also made without
adding dithionite and both reduced and-meduced 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 nesaturating conditions. Spectra presented in the manuscript are
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difference spectra generated by subtraction of the buffer spectrum matched to the sample
spectrum (reduced or needuced). Theg values reported in the manuscript were
determined directly from the spectra at the maxima, minima, and baselsgng points

as reported by the analysis software provided by the instrument manufacturer. Based on

the manufacturereported field (0.08 mfandfrequency (50 kHz) accuracies and the field
resolution (& 0.16 mT per point, vied8Ocul at ed

mT per 1024 points), the propagated uncertainty o treues is £ 0.002.

4 .3 Results and Discussion

4.3.1Individual CPSF30 domains can load an irorsulfur cluster or Zn.

Recombinantly expressed and purifi€dPSF30 hagpreviously beenshown to
harbor a 2FR&S clustetin its secondCCCH domainwhile the other domains have been
shown to bind zincHowever, individually mutating any of the sites fr@&@CCH to four
alanines (AAAA), including ZF2, will result in the 2R&S loading in a differenECCH
domain. By analyzing each domain separately, we datermire zinc binding
thermodynamics&nd characterizeluster bindingproperties Peptides (3B3 residuesn
length) representing each zinc finger domain (ZF1, ZF2, ZF3, ZF4, ZF5) were purchased
and purifiedoy HPLCfor analysisA variation of ZF1 (called ZFM) was created where
the twelfth residue, phenylalanine, was changed to tryptophan to improve purification and
detection. Additionally, an alternate to ZF5 (called A#pbwas created by adding 3
additional amino acids to tHeeginning of the sequence to improve solubility and match
length of the other ZF peptideBhe zinc binding thermodynamiasf each ZF maquette

were elucidated by UWis spectroscopy via the method of Berg and MetKleTo
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elucidate the zinc binding, cobalt was used as a spectroscopic probe because zinc has ten
d-electrons, making it spectroscopically sildeach domain was titrated with CoQintil
saturation, followed by a competitive titration with ZaQlhe displacement of Co(ll) with

Zn(Il) was monitored spectrophotometrically and upper lohgsociation constants()
weredeterminedor both Co(ll)and Zn(Il) by fitting to a 1:1 competitive binding model

(Table 4.2). When cobalt was added| aingle domaimmaquetts exhibitedd-d transition

bands centered at 650 nimdicating a tetrahedrakoordination Figures 4.1-4.5). A

disappearance of theddbands was observed wh&mwas addegdindicatingtheexchange

Table 4.2 A summary of the cobalt and zinc upper limitfir each CPSF30 single domain
peptides.

Single Domain Cobalt Upper Limit (<) K, Zinc Upper Limit (<) K,

CPSF30-ZF1-M 276 +£0.95x 10"M 9.64+442x 102 M
CPSF30-ZF2 1.53+0.41 x 10 M 1.14+1.25x 1002 M
CPSF30-ZF3 3.66 +1.01 x 10"M 1.71+£0.77x 10° M
CPSF30-ZF4 3.52+0.11x 107 M 1.50+024x 10" M

CPSF30-ZF5-M 1.49 +0.25x 10 M 1.57+0.96 x 10°M
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Figure 4.1 (A) The spectrum of the change in absorption as CPZIF3EM is titrated

with CoCb. (B) A plot of the change iabsorption spectrum at 650 nm as a function of
concentration as cobalt(ll) is added to #p@SF30ZF1. (C) The spectrum of the change

in absorption as Co(HEPSF36ZF1 is titrated with ZnGl (D) A plot of the change in
absorption spectrum at 650 nm as a function of concentration as zinc(ll) is added to Co(ll)
CPSF360ZF1. 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) represemtsonlinear leastquares fit to the
competitive binding model.
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Figure 4.2 (A) The spectrum of the change in absorption as CPSIF20is titrated with
CoCbk. (B) A plot of the change in absorption spectrum at 650 nm as a function of
concentration as cobalt(ll) exdlded to ap@PSF30ZF2. (C) The spectrum of the change

in absorption as Co(HEPSF30ZF2 is titrated with ZnGl (D) A plot of the change in
absorption spectrum at 650 nm as a function of concentration as zinc(ll) is added to Co(ll)
CPSF360ZF2. 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) represemtsonlinear leastquares fit to the
competitive binding model.
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Figure 4.3 (A) The spectrum of the change in absorption as CPSIFF30is titrated with
CoCbk. (B) A plot of the change in absorption spectrum at 650 nm as a function of
concentration as cobalt(ll) is added to #pBSF30ZF3. (C) The spectrum of the change

in absorption as Co(HEPSF36ZF3 is titrated with ZnGl (D) A plot of the change in
absorption spectrum at 650 nm as a function of concentration as zinc(ll) is added to Co(ll)
CPSF30ZF3.The experiment was performed in 200 mM HEPES, 100 mM NaCl buffer at
a pH of7.5. The solid line in (B) and (D) represents a nonlinear-kzpsires fit to the
competitive binding model.
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CoCb. (B) A plot of the change in absorption spectrum at 650 nm as a function of
concentration as cobalt(ll) is added to #pRSF30ZF4. (C) The spectrum of the change

in absorption as Co(HEPSF30ZF4 is titrated with ZnGl (D) A plot of the change in
absorption spectrum at 650 nm as a function of concentration as zinc(ll) is added to Co(ll)
CPSF30ZF4. The experiment was performed in 200 mM HEPES, 100 mM NacCl buffer at
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Figure 4.5 (A) The spectrum of the change in absorption as CPZF50is titrated with
CoCb. (B) A plot of the change in absorption spectrum at 650 nm as a function of
concentration as cobalt(ll) is added to #pBSF30ZF5. (C) The spectrum of the change

in absorption as Co(HEPSF30ZF5 is titrated with ZnGl (D) A plot of the change in
absorption spectrum at 650 nm as a function of concentration as zinc(ll) is added to Co(ll)
CPSF30ZF5. 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 nonlineastsquares fit to the competitive
binding model.
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of cobalt with zincAll zinc finger maquettebaddissociation constant&§) for cobaltin
the micro- to nanomolar range and dissociation constakt$ for zinc in the nang to
picomolar range. These ranges are consistent with other reported values for CCCH
domains®?

Different experimental approaches have been applied to asserBlel&gers in
vivo and in vitro. Oneof the most common ways to load-Eeclusters 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 equivalets for a 2Fe2S cluster and 4 equivalents for a 4= 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 anaerolm chemical reconstitution with 2 equivalents of'Fnd HS. After removal of
any precipitation and excess metal ions, samples appeared fbduish in color,
corresponding to a cluster presence. Iron content was determined for eacHahakstdr
domain by ICPMS and variably ranged from 0.5 to 2 equivalentsaf. To visualize the
loaded clusters, UWisible spectroscopy (UWis) was performedHigure 4.6). The UV-
Vis data of all single fingemaquetteslisplayed an absorbance in the #@® nm range
with a 420 nm peak at different signal intensities, indicating that all maquettes were being
loaded with some type of F& cluster. ZF3 had the strongest and most significant bands at
420 nm and 450 nm, which has been seen for ferredibeir2Fe2S clusérs and other
CCCHbound 2Fe2S clusters’®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-28ecluster, however broader,

91



sometimes shifted peaks at 410 nm can indicate -@8Fguster or a mixture of clustefs:
182 Although UV-vis spectroscopy is an easy and quick way to determine if-8hdfester
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.

0.8
—ZF1-M
.k —2ZF3
—2ZF4
0.6 —ZF5-M

0.5+

0.4+

0.3+

Absorbance

0.2+

0.1+

0.0 T T T
300 400 500 600 700 800

Wavelength (nm)

Figure 4.6 UV-visible spectra ofe-S clustereconstituted CPSF3®aquettesThe 420
nm peakindicates the presence of a fScluster.

4.3.2 Spectroscopic characterization of F& containing maquettes.

To further understand the type of-Becluster present in each-Bdoaded CPSF30
maquette, Xray absorption spectroscopy (XAS) was employed. XAS can provide
information regarding metal site symmetry, ligand set, distances to ligands, and geometry.
Each xray absorption nesgdge structure (XANES) spectra of theFeluster loaded
magquettes show a similar shape in the Fe e(iggsire 4.7). Preedge features (insets)
from 71107115 represent the Bl transition. The sharp, walefined 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 coordinatiohll 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 analig reveals thprobablepresence of a 2F2S cluster

in each CPSF30 maquette.
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Figure 4.7 XANES spectra of each F& loaded CPSF30 single domain maquettes.
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Circular dichroism (CD) has been another technique used to obse&elbster
ligation and cluster transfer in other protetpfs.26° Although there is much variability
observed between F& containing proteins, we can monitor the visitaage of CD (300
700 nm) to potentially gain information on -Becluster electronics and megabtein
interactions. We utilized CD to monitor poteaitFeS cluster signals in the F&loaded
CPSF30 maquettes. Only CPSFAB3 exhibited a strong CD signal that matched another
CPSF30 construct with all five CCCH domains (CPSBBYP(Chapter 3), howeverthe
other single fingermaquettesshowed no appreable spectrun{Figure 4.8). Although
di fficult to compar e, the shape of ZF306s
Escherichia coli iseencoded ferredoxin holoprotein which also contains a258-€° 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 cordrthate t
appearance of the CD signal. It is possible that the cluster in the other loaded maquettes
are in a more symmetrical environment haveprimarily a different type of alster

diminishing any CD signal.
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Figure 4.8 Circulardichroism ofFe-Sreconstituted CPSF3@aquettesZF1 is in red, ZF2

is in orange, ZF3 is in green, ZF4 is in blue, ZF5 in purple. Experiments were performed
in 100mM HEPES, 50mM NacCl buffer at pH 7.5 with % glycerol (v/v) for CPSF30
ZF1-M to ZF3 and in 100 mM HEPES at pH 6.5 w&i86 glycerol (v/v)for CPSF38ZF4

and ZF5M.

4.3.3Redox characterization of CPSF30.

A common role for F& clusters is redox chemistry, which is related to electron
transport. Relating to redox chemistry, electron paramagnetic resonance (EPR)
spectroscopy is gechnique utilized to characterize clusters inRS-eontaining proteins,
hence their redox activity. To determine if the ZFcluster 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'(Fenaking the cluster diamagnetic and
EPR silent. We used the chemical reductant, dithionite, to reduce one iron center to a
ferrous ion (F&) to make the cluster paramagnetic. EPR was performed énthet

oxidized and reduced 2R2S maquettes. Prior to reduction, EPR was performed «h Fe
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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 irorfFigure 4.9A). When the maquettes were reduced with

dithionite, a rong axialsignal wasobserved for alfive constructsThe principal gvalues

for each FeS loaded maquette were all close to each offiguge 4.9B). These gvalues

(8 2xp@51.:431.691

subunit fromE. colicomplex 1 and the yeast iron regulatory protein Grx3, both containing

)

wh i c h -28 dustersFar @xaraptet NeloGa

a 2Fe2S cluster, also exhibit an axial EPR signal withatues of 2.03 and 1.94, closely

resembling our CPSF30 maquettes.®* The EPR spectra here demonstrates that the

loaded clusters can be reduced and are redox active.
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Figure 4.9 (A) Electron paramagnetic resonance spectroscopy spectra-®fchkester
reconstituted CPSF30 single finger maquettes.-MH$ in red, ZF2 is irorange, ZF3 is
in green, ZF4 is in blue, and ZM& in purple.
nonreduced/oxidized constructs and solid colors represent constructs reduced with
dithionite. All spectra have been stacked arakig shifted for clarity. (Bummary ol-
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. Designingnatalloproteins that
mimic or improve structure, function, and properties of native metalloproteins is
challenging'??> 8% 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 understanée-S cluster containing proteins have expanded to utilizing MAPs. Many Fe
S MAPs have been derived from ferredepe (CCCQ proteins and efforts to show
redox activity have been increasing. Specifically,-2Becluster MAPs are rare and only
one succe$sl example has been published, but it was derived from a RigpkdCCHH)
protein.

Native CPSF30, which has fii@CCHdomains, has been shown to bind both zinc
or a 2Fe2S cluster in each domain when recombinantly expressed and purified making it
a fitting protein for utilization of maquettes to characterize its Zn ard Elaster binding.
Here, we demonstrate that imgiual CPSF30 maquettes can bind zinc with comparable
tight affinity in the naneto picomolar range. We also showed via chemical reconstitution
that primarily a 2FeS cluster can be loaded into each maquette as confiopé&dy/-vis
spectroscopy and-¥ay absorption spectroscopy (XAS). Electron paramagnetic resonance
(EPR) spectroscopy demonstrated that thé& Fduster(s) being loaded are redox active.
Future directions will look at the formation of cluster(s) over time 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 Mdssbauer 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 céactorl® 186188 7Fg are predominantly found in eukaryotes, where they make
up 5% of all human proteirt$1® 8% 1%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 sequenc®: ' 135188197 he C and H residuésfour in totali serve as ligands for
Zn. When Zn is bound to these residues, the protein forms adimeasional structure
that allows for function. The typical functions of ZF proteins are to regulate transcription
and translatin via ZF:DNA or ZF:RNA binding* > 128ZFs 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 functivA’

The first identified and best characterized ZF is the classica??’Z¥3Classical
ZFs contain CCHH motifs with a (F/YX-C-X2.5-C-X3-(F/Y)-Xs-H-X35-H consensus
sequencg® 151219419 3 ¢ch ZF domain of a classical ZF
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 theFZdomains fit into and wind around the major groove of
the DNA* 15 196A| 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 ligaffd!? 147 197
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ZRANB2 (ZNF265, Zis) is a noulassical ZF protein that is part of the
spliceosomé® 1% ZRANB2 contains an Nerminal ZF domain with two conserved
CCCC ZF domains. Analysis of this sequence among homologs has defined a consensus
sequence of WK-C-X2/4-C-X3-N-Xs-C-X2-C (Figures5.1-5.3). The Gterminal domain of
ZRANB?2 is replete with serine (S) and arginine (R) residues and is called a RS domain
(Figure 5.4A).200202 The full protein is named ZRANB2 becaube N-terminal CCCC
ZF domain has homology with RanBB®e ZF domains, which are often found in
proteins that regulate ubiquitination, e.g. SHARPIN, YAF2/RYEPB% Proteins with SR
domains are typically involved in alternative splicing, and there is evidence for a role for
ZRANB2 in splicing from cellular studie8? 206 297Associations of ZRANB2 with the
essential splicing factors U170K, U2RFSFRS17A, 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 spliceoséffe*®ZRANB2 is presumed to
interact with these splicing factors via protgirotein interactions between the SR domain
and the splicing factors; however, these interactions have not yet been reported at the

molecular level Figure 5.4B).1%8 202, 208
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Protein_Species/Residues WX, C X5 € X3 N Xs C X, C
ARII3_ARATH/501-520 WULC-D-RCTYGNTWFHKECLMC
ARI14_ARATH/467-486 WY C-D-RCTYANTWEDNECEMC
ARII5S_ARATH/420-439 W ULC-D-RCTYGNSWFQRACKMC
ARII6 ARATH/458-477 W F C-D-RCTFENSWVDKQCKMZC
ARI8 ARATH/544-563 WPC--EYCTYVNPRSTTICQMC
CAN15 _HUMAN/7-26 W S CV--RCTFLNPAGQRQCSIC
CAN15_HUMAN/48-67 W P CA--RCTFRNFLGKEACEVC
CAN15_HUMAN/147-166 W ACP--RCTLHNTPVASSCSVC
CAN15 HUMAN/344-363 W S CA--KCTLRNPTVAPRC SAC
CAN15 HUMAN/416-435 W A CP--ACTLLNALRAKHC AAC
CANI15_MOUSE/7-26 W S CA--RCTFLNPAGQRQCSIC
CAN15_MOUSE/48-67 W P CA--RCTFRNFLGKEACEVC
CANI15_MOUSE/153-172 WAC-Q-RCTLHNTPVASSCSAC
CAN15 MOUSE/354-373 W S CA--RCTLRNPTTAPRCSVC
CAN15 MOUSE/426-445 W ACP--ACTLINTPRAKHC AAC
CAND_DROME/10-29 W S C-T-KCNTINPTESLKCFNC
CAND_DROME/139-158 WV C--HACGTDNSSVTWHCLIC
CAND_DROME/708-727 W TC--KKCTLVNYSTAMACVVC
CAND DROME/749-768 WTC-S-HCTLKNSLHSPVCSAC
CAND DROME/931-950 WQCP--ACTYDNCAASVVCDIC
CAZ_DROME/279-298 W K C-N-SCNNTNFAWRNECNRC
DRI1_SCHPO/347-366 WNCP--MCGFSNFQRRTSCFRC
DRII_SCHPO/449-470 W K CGSEGCGYHN FAKNVCCLRC
DRI1 YEAST/359-378 W NCPS--CGFSNFQRRTACFRC
DRI1_YEAST/585-604 WKC-S-TCTYHNFAKNVVCLRZC
EWS_HUMAN/522-543 W Q CPNPGCGNQNFAWRTECNQC
EWS_MOUSE/521-542 W Q CPNPGCGNQNFAWRTECNQC
FUS BOVIN/413-434 W K CPNPTCENMNFSWRNECNQC
FUS HUMAN/426-447 W K CPNPTC ENMNFSWRNECNQC
FUS_MOUSE/419-440 W K CPNPTC ENMNFSWRNECNQC
HDAIL5_ARATH/90-109 W C CVN--CTMSNPGDMVHCCIC
HOIL1_DANRE/401-420 WACP--TCTYINKPTRPGCEMZC
HOIL1 DICLA/394-413 W S CPS--CTYINKPTRPGCEIC
HOILT HUMAN/197-216 WQCP--GCTFINKPTRPGCEMC
HOIL1_MOUSE/195-214 WQ CP--GCTFINKPTRPGCEMC
HOIL1_RAT/195-214 WQCP--GCTFINKPTRPGCEMC
LUBEL_DROME/738-757 W EC C--EFCTFVNEPNIKICSIC
MDM2 CANLF/303-322 WKC-T-SCNEMNPPLPPHCNRC
MDM2 DANRE/278-297 WKC--PKCDQFNPPLPRHCKS C
MDM?2_FELCA/303-322 WKC-T-SCNEMNPPLPPHCNRC
MDM2_HORSE/303-322 WK C-T-SCNEMNPPLPPHCNRC
MDM2_HUMAN/303-322 WKC-T-SCNEMNPPLPSHCNRC
MDM2 MESAU/289-308 WKC-T-SCNEMNPPLPPLCNRZC
MDM2 MOUSE/301-320 WK C-T-SCNEMNPPLPSHCKRZC
MDM2_ XENLA/294-313 WK CP-E-CGEVNPPLPSYCPRC
MDM4_BOVIN/304-323 W Q C-TE- CKKFNSPSKRYCFRC
MDM4_DANRE/309-328 W Q C-SE-CRKFNTPLQRYCMRC
MDM4 HUMAN/304-323 W Q C-TE- CKKFNSPSKRYCFRC
MDM4 MOUSE/303-322 W Q C-TE- CKKFNSPSKRYCFRC
MDM4_ RAT/304-323 W Q C-TE-CKKFNSPSKRYCFRC
MDM4_XENLA/300-319 W QC-T-KCHKFNSPVKRYCYRC
NEIL3 _BOVIN/323-342 W TC--EVCTLINKLSSKTCDAC
NEIL3 HUMAN/321-340 W TCV--VCTLINKPSSKACDAZC
NEIL3 MOUSE/322-341 W S CV--VCTLINRPSAKACDAC
NEIL3_XENLA/345-364 W ACA--VCTLINKPSDKQCDAC
NPL41_CAEEL/504-523 WNUC--GHCTFQNEAARQDC SMC
NPL42 CAEEL/504-523 W S C--GHCTFQNEAGRQDC SMC
NPL4 DROME/629-648 W TC-N-HCTFINRGELTSCETIZC
NPL4 HUMAN/584-603 WAC-Q-HCTFMNQPGTGHC EMC
NPL4_MOUSE/584-603 W AC-Q-HCTFMNQPGTGHC EMC
NPL4_RAT/584-603 W AC-Q-HCTFMNQPGTGHC EMC
NUI153 DROME/907-926 W E C-D-TCMVRNKPEINKCVAC

Figure 5.1 RanBP2type zinc finger protein domains aligned. Eaohtainghe consensus
sequence of WK-C-X2/4-C-X3-N-X5-C-Xo-C. PROSITE entry PS01358, sequencé81
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Xas € X3 N Xe CX; C
-D-ACMLSNEKAEASKCIAC
-S-VCLVRNKVEVSKCVAC
-D-ACMLSNKAEASKCTAC
-Q-TCLVMNKSSDEEC ITAC
--EACLAKNDMSRKTC ICC
-D-TCLLOQNKVTDNKCTITAC
-D-TCLVQNKPEAIKCVAC
-S-VCCVSNNAEDNKCVSC
-ELCLVQNKADSTKCLAC
-D-TCLLQNKVTDNKC IAC
-D-TCLVQNKPEAVKCVAC
P--VCCVSNKAEDSRCVSC
EVCLVQNKADSTKCIAC
-ACFHENMSSDSNCISC
TCLVQNKAEVTKCVAC
-T-VCHMQNKTEDNTCVGC
-D-VCLIQNKPEANKCTIAC
-D-VCLVENKPEATKCVAC
-Q-SCTYDNSGWLSACEMC
-N-KCGVQNFKRREKCFKC
-N-KCGVQNFKRREKC FKC
-N-KCGVQNFKRREKCFKC
-N-KCGLYNFRRRLKCFRC
-N-KCCLNNFRKRLKCFRC
-N-KCGLYNFRRRLKCFRC

Protein_Species/Residues
NUIL53_DROME/968-987
NUI53 DROME/1013-1032
NU153_DROME/1072-1091
NUI53_DROME/1130-1149
NUI153_DROME/1241-1260
NUI53_ HUMAN/662-681
NUI153_HUMAN/726-745
NUI53_HUMAN/797-816
NUI53_HUMAN/855-874
NUIL53_RAT/662-681
NUI53 RAT/725-744
NUIL53_RAT/793-812
NUI53_RAT/850-869
NUI153_XENLA/659-678
NU153 XENLA/724-743
NU153_XENLA/794-813
NUI153_XENLA/846-865
NUI53 XENLA/910-929
RBL14_ARATH/277-296
RBMI10_HUMAN/217-236
RBM10_MOUSE/217-236
RBMI10_RAT/140-159
RBMSA_XENLA/189-208
RBMS5_BOVIN/185-204
RBMSB_XENLA/189-208

o v

RBM3S_HUMAN/185-204 -N-KCCLNNFRKRLKCFRC
RBMS MOUSE/185-204 -N-KCCLNNFRKRLKCFRC
RBM35_RAT/185-204 -N-KCCLNNFRKRLKCFRC
RBM35_XENTR/190-209 -N-KCGLYNFRRRLKCFRC
RBP2_DROME/1774-1793 -Q-ACYTNNGQDQLYCLAC
RBP2_DROME/1894-1913 S-ACYVNNPGESLYCSAC
RBP2_HUMAN/1356-1375 -N-SCSLKNASTAKKCVSC
RBP2_HUMAN/1419-1438 -S-TCLVRNEPTVSRCIAC
RBP2_HUMAN/1483-1502 -S-ACLVQNEGSSTKCAAC
RBP2_HUMAN/1547-1566 -S-SCLVRNEANATRCVAC
RBP2_HUMAN/1610-1629 -S-VCLVRNEASATKCIAC
RBP2_HUMAN/1669-1688 -S-VCLVRNEASATKCTAC
RBP2_HUMAN/1728-1747 -S-VCLVRNEASATKCIAC
RBP2_HUMAN/1785-1804 -S-VCCVQNESSSLKCVAC
RBP2_MOUSE/1350-1369 -N-SCSFKNAATAKKCVSC
RBP2_MOUSE/1414-1433 -S-VCLVRNEPTVSRCIAC
RBP2_MOUSE/1473-1492 -S-VCLVRNERSAKKCVAC
RBP2_MOUSE/1502-1521 -S-LCSVKNEAHAIKCVAC
RBP2_MOUSE/1562-1581 -S-LCFVRNEASATHCTAC
RBP2_MOUSE/1621-1640 A--VCSVQNESSSLKCVAC
RBP2_PANTR/1356-1375 -N-SCSLKNASTAKKCVSC
RBP2_PANTR/1419-1438 -S-1TCLVRNEPTVSRCIAC
RBP2_PANTR/1483-1502 -S-ACLVQNEGSSTKCAAC
RBP2_PANTR/1547-1566 -S-SCLVRNEANATRCVAC
RBP2_PANTR/1610-1629 -S-VCLVRNEASATKCVAC
RBP2_PANTR/1669-1688 -S-VCLVRNEASATKCIAC
RBP2_PANTR/1728-1747 -S-VCLVRNEASATKCIAC

RBP2_PANTR/1785-1804
RBP56_HUMAN/358-379
RNF31_HUMAN/304-323
RNF31_HUMAN/354-373
RNF31_HUMAN/413-432
RNF31_MOUSE/300-319
RNF31_MOUSE/348-367
RNF31_MOUSE/407-426
RYBPA_DANRE/23-42
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Figure 5.2 RanBP2type zinc finger protein domains aligned. Each contains the consensus
sequence oW-X-C-X24-C-X3-N-X5-C-X2-C. PROSITE entry PS01358, sequences 64
126.
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Figure 5.3 RanBP2type zinc fingeprotein domains aligned. Each contdime consensus
sequence of WK-C-X2/4-C-X3-N-Xs5-C-X2-C. PROSITE entry PS01358, sequences 127
189.
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