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CPSF30 and TTP are non-classical zinc finger proteins (ZFS) that contain
domains with a CCCH motif. CPSF30 has 5 CCCH domains and TTP has 2 CCCH
domains. Both proteins are involved in RNA regulation; CPSF30 regulates premRNA and TTP regulates mRNA; however, only TTP has been shown to directly
bind to RNA (via its CCCH domain, targeting AU-rich sites). Given the sequence
similarity between TTP and CPSF30, we hypothesized that CPSF30 directly binds
AU-rich RNA sequences via its CCCH domains. To test this hypothesis, a construct
of CPSF30 containing the five CCCH domains, was over-expressed and purified.
Unexpectedly, CPSF30 was reddish in color, suggesting iron coordination. UVvisible, ICP-MS analysis and XAS spectroscopy revealed that the protein contains a
2Fe-2S cluster in addition to four zinc domains. The 2Fe-2S cluster utilizes a CCCH
ligand set, and is the second example of this site in biology! RNA binding studies,
using EMSA and fluorescence anisotropy (FA), with α-synuclein AU-rich premRNA as a target, were then performed. From these studies, we determined that (1)
CPSF30 binds directly to AU-rich targets on pre-mRNA via a cooperative binding
mechanism and (2) CPSF30 requires both iron and zinc coordination for RNA
binding. Studies focused on Cu(I) binding to TTP will also be presented. Cu(I) is

toxic in excess and there is emerging evidence that ZF sites may be target of Cu(I)
toxicity. Using UV-visible and circular dichroism spectroscopies, we have
determined that 3 Cu(I) ions bind to TTP and that Cu(I) binding inhibits the structure
of the protein. In addition, RNA binding studies, using FA with the TNF-α AU-rich
mRNA revealed that Cu(I) inhibits the TTP-RNA interaction. We propose that
inhibition of TTP function by Cu(I) contributes to its mechanism of toxicity.
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Chapter 1
A Tale of Two Zinc Finger Proteins: CPSF30 and TTP
1.1 Introduction
The human body contains approximately 2-3 mg of zinc, most of which is bound
to circulating proteins.1-2 Zinc is the second most abundant transition metal in the human
body, and 3-10% of proteins are predicted to contain zinc.1-3 The role of zinc in these
proteins can be divided into two categories: it can serve as an enzyme co-factor to
promote catalysis or it can serve as a structural co-factor to promote folding (Table 1.1).46

In recent years, additional roles for zinc have been identified. Zinc has been found in

specific transporters traffic zinc (ZnT and ZIP families) in and out of the cell and a role
for zinc signaling has also been identified.3, 7-9

Table 1.1 Types of proteins that use Zn(II) for functional or structural purposes.
Types are characterized by geometry, function, and example is given.
1

Proteins that use zinc for structural purposes are called Zinc Finger (ZF)
proteins.6, 10 ZFs are very common: for example, approximately 3-5% of the human
genome is predicted to encode for ZF proteins.11-13 ZFs are composed of small, modular
domains that contain cysteine and histidine residues. These residues serve as ligands to
bind zinc, resulting in a folded protein that is functional. Several functions for ZF
proteins are known: they can bind DNA to regulate transcription, bind RNA to regulate
translation, or bind other proteins to promote protein-protein interactions (Figure 1.1).6,
10-11, 14-15

Figure 1.1 Cartoon diagram of the interaction of Zn with a ZF domain. Zn
coordinates to the cysteine and histidine ligands forming a folded domain, which can
recognize DNA.
There are at least fourteen different classes of ZFs (Table 1.2).6 These classes are
delineated by the ligand set (the number of cysteine and histidine ligands per domain) and
the spacing between these ligands.10-11, 14-15 The best studied class of ZF proteins are
known as ‘classical ZFs’ and were the first family of ZFs to be identified. An example of
a classical ZF is Transcriptional factor IIIA (TFIIIA).16-17 TFIIIA was discovered in
oocyte extracts of Xenopus laevis as a 40-kDa protein required for transcription of 5S
RNA genes.18-19 When the amino acid sequence of TFIIIA was analyzed, a high
frequency of cysteine residues were discovered, and it was postulated that these residues
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may be involved in metal binding making TFIIIA a metalloprotein.20-21 It was later
shown that isolated TFIIIA contained zinc ions, and the removal of the zinc ions led to
inactivation of TFIIIA function.17, 21
Zinc Finger Domain Classes
ZF Domain Type Domain Sequence
Example
CCHH
Cys-X2-5-Cys-X12-13-His-X3-5-His
TFIIIA, Zif268
CCCC
Cys-X2-Cys-X13-17-Cys-X2-Cys
ETF
CCCH
Cys-X7-10-Cys-X4-5-Cys-X3-His
TTP, CPSF30
CCHC
Cys-X2-Cys-X4-His-X4-Cys
NCp7
CCHHC
Cys-X4-Cys-X4-His-X7-His-X5NZF
Cys
CCCHCCCC
Cys-X2-Cys-X9-39-Cys/His-X1-3E3 ubiquitin ligases
His-X2-3-Cys-X2-Cys-X4-48-CysX2-Cys
Table 1.2 Zinc finger domain type. ZF domains are determined based on amount
and spacing of cysteine and histidine residues. An example is given for each type of
ZF domain.
TFIIA contains 9 ZF domains with the sequence Cys-X2-5-Cys-X12-13-His-X3-5-His
(Figure 1.2) approximately 30 amino acid residues long.16-17 To corroborate zinc binding
of TFIIIA, XAS (X-ray absorption spectroscopy) studies were preformed, which showed
that the zinc ions bound to TFIIIA were bound to two cysteine and two histidine
residues.22 Atomic absorption spectroscopy analyses showed that TFIIIA, when purified,
contained 7-11 zinc ions.23 It was proposed that the zinc ions were important for the
protein’s function of recognizing 5S RNA genes as well as that the ZF domains would
adopt an anti-parallel beta sheet, followed by an alpha-helix fold.17 This predicted three
dimensional structure for a Cys2His2 ZF domain was found to be correct upon
crystallization and x-ray diffraction structure determination of Zif268, a Cys2His2 ZF
homolog of TFIIIA.24
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Figure 1.2 Zinc finger domain of TFIIIA, a protein containing the classical zinc
finger domain CCHH. Cysteine and histidine residues coordinating the Zn(II) (gray
sphere) are in green. (PDB: 1TF6)
Classical ZFs are the most abundant class of ZFs found in eukaryotes, and since
the discovery of the first classical ZF, extensive work on classical ZFs has been
reported.25 Some key features of classical (CCHH) ZFs are that they fold into a ββα
secondary structure, typically bind to DNA (although some RNA binding variants are
known), and contain a conserved TGEKP linker between each ZF domains that is
important for DNA binding.14, 26 Specificity of DNA binding for classical ZFs is
determined by the amino acid residues at the -1, 2, 3, and 6 positions on the α-helix of the
ZF domain, which interact with nucleotide base pairs on the major groove of the DNA
strand via hydrogen bonding (Figure 1.3). Substitutions in these amino acids can
produce variations in the ZFs ability to recognize a specific amino acid base.27 Knowing
the amino acids that bind DNA has allowed for the development of synthetic ZF domains
that allow for controlled DNA recognition. These synthetic ZF domains are then coupled
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with a specific type of nuclease, forming zinc finger nucleases (ZFNs).28-29 These ZFNs
have important applications in human gene therapy for their ability for targetable DNA
cleavage.28 When used in human gene therapy the classical ZF domains can recognize the
specific DNA sequence, and the nuclease (e.g. FokI) can cleave the specific DNA
sequence.29-32 ZFNs mimic the activity of DNA repair mechanisms, such as mismatch
repair (MER), nucleotide excision repair (NER), and base excision repair (BER) in order
to mend DNA subjected to endogenous or exogenous damage.28, 33

Figure 1.3 Diagram of classical ZF domains recognizing DNA. ZF domain binds
DNA at positions -1, 2, 3, and 6 of the α-helix secondary structure.
The remaining classes of ZFs are known as “non-classical ZFs” (Table 1.2)
which differ from the classical ZFs with regards to the ligand set involved in zinc
coordination, their overall folds, and the macromolecular targets (e.g. DNA, RNA, or
protein).6, 14-15 CCCC ZF domains, denoted by the sequence Cys-X2-Cys-X13-17-Cys-X2Cys, have shown involvement in DNA recognition, similar to the classical CCHH ZF
5

domain. Erythroid transcription factor (ETF), contains a CCCC ZF domain, and plays a
role in erythroid development by regulating genes involved in the development and
function of red blood cells.34-35 CCHC, or zinc knuckle domains, are denoted by the
sequence Cys-X2-Cys-X4-His-X4-Cys, and have shown involvement in RNA regulation.
Nucleocapsid protein 7 (NCp7), contains two CCHC domains and has been shown to
promote viral RNA packaging and protection from host cell nucleases.36-37 RING finger
proteins contain a CCCHCCC ZF domain with the sequence Cys-X2-Cys-X9-39-Cys/HisX1-3-His-X2-3-Cys-X2-Cys-X4-48-Cys-X2-Cys, and are characterize by their ability to
perform protein-protein interactions. E3 ubiquitin ligase, an enzyme that contains a
RING domain, is involved in the catalysis of ubiquitin ligation from a ubiquitin
conjugating enzyme to a desired protein substrate.38-39 This thesis research is focused on
the class of ZFs that contain conserved CCCH domains, which are called CCCH-type ZF
proteins.
1.2 CCCH Type ZFs
The CCCH type of ZF proteins contain domains with the sequence Cys-X7–9-CysX-4–6-Cys-X3-His (Figure 1.4). CCCH are the second most abundant type of ZF protein,
after classical ZF proteins.12 To identify how common these sequences are, we
preformed an extensive search for human CCCH ZFs using the Uniprot program (a
protein database website) and identified 193 CCCH-type ZF proteins.40 A subset of these
proteins are characterized with regards to biochemical function and, interestingly, they all
play roles in RNA regulation. One goal of this thesis research is to test the hypothesis
that CCCH ZF’s are indeed RNA binding proteins.
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Figure 1.4 Zinc finger domain of Tis11d, a protein containing the non-classical
zinc finger domain CCCH. Cysteine and histidine residues coordinating the Zn(II)
(gray sphere) are in red. (PDB: 1RGO)
Tristetraprolin (TTP) a cytoplasmic protein that contains two CCCH domains that
function to regulate cytokine mRNAs, is the best studied CCCH ZF protein.41-42 TTP
was initially discovered as a protein induced in response to serum, insulin, and other
growth factors by three independent laboratories and was named Nup475, Tis11d, and
Zfp36.43-45 TTP was first thought to be a TPA (12-O-Tetradecanoylphorbol-13-acetate)
inducible sequence, which promotes cytokine production, in murine fibroblasts.46-49 The
identification of TTP in the murine model led to the discovery of the human and rat
homologs via genome sequencing.45, 49-50 TTP is known to be a cytoplasmic protein that
functions to regulate cytokine mRNA during inflammation.51 TTP function was
determined by gene knockout of TTP in a mouse model, where TTP-deficient mice
developed autoimmune inflammatory syndrome which was characterized by cachexia,
conjunctivitis, dermatitis, arthritis, and alopecia.41 These disease symptoms, caused by
lack of TTP were similar to these observed following treatment with excess cellular
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tumor necrosis factor alpha (TNFα) expression. When antibodies for TNFα were injected
into the TTP deficient mice, the mice showed no phenotypes of these disease symptoms.
It was then determined that one of TTP’s roles was regulation of TNFα cytokine mRNA.
The mRNA targets of TTP are usually those of cytokines (proteins that are involved in
inflammation) and include Tumor Necrosis Factor alpha (TNFα), Interleukins (IL)-2, 3,
6, and 10; Cc12, Cc13, 1,4-galactosyltransferase, cyclooxygenase-2 (COX-2),
plasminogen activator type 2, paired-like homeodomain 2 (Pitx2), E47, polo-like kinase
3, vascular endothelial growth factor (VEGF), PGE, granulocyte macrophage-colony
stimulating factor (GM-CSF) and TTP itself.6, 41, 43, 52 The mechanism of TTP regulating
RNA involves the recognition of an AU-rich sequence located at the 3’ untranslated
region (UTR) of the mRNA target.42 The TTP/RNA complex is then degraded via the
exosome (Figure 1.5).
CCCH-type ZFs, have been identified in other species, including C. elegans. In
C. elegans these proteins are called PIE-1, MEX-5, MEX-6, and POS-1; and are involved
in the early stages of nematode development.53-61 The function of each protein was
discovered via germline cell knockouts in C. elegans.53-61 PIE-1 is proposed to recognize
RNA, but this data has not been shown in a biochemical setting61 MEX-5 and MEX-6
work together to control maternally expressed mRNAs that encode cortical proteins.56
POS-1 regulates maternal mRNAs, similar to MEX-5 and MEX-6, for germline
speciation in C. elegans. Thus, MEX-5, MEX-6 and POS-1 have shown to bind maternal
mRNAs (MEX-5/6 recognize a poly(U) sequence and POS-1 recognizes a UA(U2–
3)(A/G)(A/G/U)(X1–3)

sequence) with the CCCH ZF domain for C. elegans germline

differentiation.58, 60 Similar tandem CCCH ZF proteins have been identified in different
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species, but the functions of these proteins are not well known.62-63

Figure 1.5 Pathway of TTP (PDB: 1RGO). TTP (green) binds to excess cytokine
mRNA, and brings mRNA to be degraded via the exosome.
Another CCCH ZF protein for which biochemical data is available is
Muscleblind-like 1 (MBNL-1). MBNL-1 contains four CCCH ZF domains, separated
into two CCCH clusters and functions in muscle differentiation (Figure 1.6).64-66 These
CCCH ZF domains recognize and bind the CUG repeat motifs in intrinsic regions of premRNA for the purpose of inclusion or exclusion in pre-mRNA.65-67 Interestingly,
MBNL-1 has been shown to be involved in Mytonic dystrophy 1 (DM1) due to MBNL1’s ability to recognize the CUG motif repeat sequence that is a characteristic of DM1. 6769

However, there is still more research to be done to understand MBNL-1’s overall

function.
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Figure 1.6 1st and 2nd Zinc finger domains of MBNL-1, a protein containing the
non-classical zinc finger domain CCCH. Cysteine and histidine residues
coordinating the Zn(II) (gray sphere) are in red. (PDB: 3D2N)
Unkempt, a neuronal cell regulator, is a CCCH type ZF protein that contains six
CCCH ZF domains, separated into 2 CCCH clusters (Figure 1.7).70-72

Figure 1.7 Zinc finger domains 1-3 of Unkempt, a protein containing the nonclassical zinc finger domain CCCH. Cysteine and histidine residues coordinating
the Zn(II) (gray sphere) are in red. (PDB: 5ELH)
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Each cluster of Unkempt recognizes a specific RNA sequence for the purpose of
regulating neuronal development. The 1st CCCH cluster (ZF 1-3) recognizes the URE
(Unkempt response elements), while the 2nd CCCH cluster (ZF 4-6) recognizes a UAG
motif.71 These two clusters mediate a variety of functions, including regulation of gene
expression important for the development of neuronal cells.70-71
1.3 CPSF30
Cleavage and Polyadenylation Specificity Factor 30 (CPSF30) is a protein
involved in the 3’-end processing of pre-mRNA during polyadenylation.6, 73 CPSF30
from higher order eukaryotes (e.g. H. sapiens, B. taurus) contain five CCCH ZF domains
and one CCHC ZF domain, called a ‘zinc knuckle’ domain. 6, 73 Figure 1.8 shows
examples of CPSF30 homologs from a variety of organisms, and we note that some
homologs lack the zinc knuckle and/or contain less than CCCH domains.74 The
homologs of CPSF30 for which biological data are available appear to be involved in 3’end processing of pre-mRNA.
The best studied CPSF30 comes from Arabidopsis thaliana (AtCPSF30) contains
3 CCCH ZF domains and is proposed to bind RNA75-77 Interestingly, AtCPSF30 has
been proposed to be an RNA cleaving agent, showing endonuclease activity by nicking
and degrading linear or circular stranded RNA.75-76, 78 Similarly, the CPSF30 homolog
from Drosophilia melanogaster, CPSF30 (Clipper), has been shown to have nucleolytic
activity.79-80 The Saccharomyces cerevisiae homolog, Yth1, contains five CCCH ZF
domains.81-82 Yth1 has been shown to recognize RNA in vivo, but does not exhibit any
enzymatic activity.81-82
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Figure 1.8 Homology of CPSF30 protein among Mammalian, Aradopsis
thaliana, Drosophila melogaster, and Saccharomyces cerevisiae. Each CCCH
(Blue) or CCHC (Magenta) domain represents one ZF motif in each type of
CPSF30.
CPSF30 is part of a larger complex of proteins that are collectively known as
CPSF, which participate in the 3’-end polyadenylation process of pre-mRNA.82-83 The
additional proteins within the complex are named CPSF70, CPSF100, CPSF160, Fip1,
and Wdrr33 (Figure 1.9).81-82, 84 Each of these proteins have different proposed functions
with the 3’-end processing events. CPSF160 contains three β-propeller domains, which
are parallel β-sheets that form a barrel like structure, and two ribonucleoprotein (RNP)
domains.82 The β-propeller and RNP domains are known to have RNA binding
capabilities.82, 85-86 In the initial discovery of the CPSF complex, CPSF160 was the best
characterized CPSF subunit. The amino acid sequence of CPSF160 was shown to have
similarity to ribonucleotide proteins, which recognize RNA sequences.87 It was later
found via UV cross-linking studies that CPSF160 could bind the AU-rich hexamer of
pre-mRNA, but was relatively weak and would easily recognize AU-rich hexamer
mutants.85 This led to the conclusion that CPSF160 can recognize the AU-rich hexamer
of pre-mRNA, but needed the other CPSF subunits to facilitate RNA binding.85, 87
CPSF70 and CPSF100 work in tandem with each other; as both contain a metallo-β12

lactamase and a β-CASP domain.82 Metallo- β-lactamase domains are involved in a
hydrolysis reaction, while β-CASP domains act as endonucleases.88-91 Further work in
Drosophila showed that CPSF70 and CPSF100 formed a stable complex, which allows
for the recognition of the poly(A) tail of histone gene mRNA processing factors after the
cleavage of the poly(U) tail.92-93 Fip1 is considered to be a linker between the entire
CPSF complex to the poly(A)-polymerase, the enzyme that brings in the poly(A) tail for
mRNA maturation.82 In studies of Saccharomyces cerevisiae, Fip1 was discovered to be
highly disordered in solution, but could maintain its structure when bound to the CPSF
complex and poly(A)-polymerase.94 It was also shown in these same studies that Fip1
contained a flexible linker region to connect to RNA polymerase II (RNAPII), and when
mutated, could affect polyadenylation of pre-mRNA.94

Figure 1.9 Proposed model of CPSF complex with pre-mRNA. Each protein is
placed around the AU-rich hexamer based on known characteristics.
It has recently discovered that Wdrr33 binds to the AU-rich hexamer similarly to CPSF30
via immunoprecipitation of AU-rich hexamer pre-mRNA in conjunction with CPSF30.95
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However, the overall functions of the other CPSF complex proteins are still not clearly
detailed in vitro.
Part of my thesis work focuses on mammalian CPSF30. This homolog has five
CCCH and one CCHC domains, and was known to be part of the CPSF complex and
involved in polyadenylation, prior to my studies.96-98 In polyadenylation, the pre-mRNA,
contains both exons and introns.96-98 The space between the exon and introns (between
the 3’ end of an exon and 5’ end of an intron) contains a polyadenylation site (PAS),
which has the sequence AAUAAA (also called an AU-rich hexamer), followed by a 2040 basepair linker sequence, and a poly(U) tail. During polyadenylation, the PAS is
recognized by some or all of the CPSF components leading to cleavage of the poly(U)
tail from the pre-mRNA sequence, and subsequent addition of the poly(A) tail, or
polyadenylation. The polyadenylation process allows for the transformation of premRNA to mature RNA.

Figure 1.10 Diagram of CPSF30’s possible function with pre-mRNA 3’-end
processing. CPSF30 can either recognize the AU-rich hexamer or poly(U)-tail for
polyadenylation.
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The goal of my work on CPSF30 was to isolate and characterize the protein and
determine its role in pre-mRNA processing. Figure 1.10 shows two possible pre-mRNA
targets of CPSF30 that I investigated.
1.4 Fe-S Clusters
Iron is the most abundant transition metal in the human body, where it can exhibit
two different oxidation states: ferrous (Fe2+) and ferric (Fe3+).99 Ferric iron is insoluble in
the cell, and various cellular mechanisms are needed to reduce the iron to the soluble
ferrous state.99 Iron containing proteins are separated into two categories: heme
containing proteins and non-heme proteins. Heme-containing proteins are proteins that
bind the iron in a porphyrin ring as a cofactor for a variety of function. These functions
include catalysis, electron transfer, signal transduction, and substrate binding. Iron-sulfur
(Fe-S) clusters are a non-heme cofactor found in proteins with a wide variety of
functions; including electron transfer, substrate binding, iron-sulfur storage, regulation of
gene expression, and enzymatic activity.100-102 Fe-S clusters were first discovered in the
1960’s, with a 2Fe-2S cluster protein called ferredoxin, and later Reiske protein.101 After
the discovery of ferredoxin and subsequent Rieske protein, other Fe-S clusters were
discovered, such as 4Fe-4S, 3Fe-4S, and 8Fe-7S clusters.102-103 Each Fe-S clusters has a
distinct function with the protein it is part of and a distinct set of ligands (usually cysteine
and histidine residues), similarly to ZF domains.
For 2Fe-2S cluster proteins, the function of the 2Fe-2S cluster is usually electron
transfer. The ability to delocalize electron density between the Fe and S atoms of the
cluster makes Fe-S clusters suited for electron transport (Table 1.3).104 The Fe-S clusters
of ferredoxin and Reiske protein function as electron transporters for various metabolic
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processes.105-106 An interesting note is that the ligands binding the 2Fe-2S cluster are
different between these two proteins; ferrodoxin contains a CCCC domain and Reiske
proteins contains a CCHH domain binding the 2Fe-2S cluster. The ligands binding

Table 1.3 2Fe-2S cluster types Ferrodoxin (PDB: 1RFK), Rieske (PDB: 1R1E),
and MitoNEET (PDB: 2QH7). Each 2Fe-2S cluster is characterized by geometry,
3D-geometry, and function.
to the 2Fe-2S cluster allow for different electron potential ranges, allowing for the 2Fe-2S
to transfer an electron from its Fe-S center to its desired target.104 With 2Fe-2S clusters
bound to four cysteine ligands, the redox potential range to cause electron transport is
small and distinct, compared to a two cysteine, two histidine ligands have a larger redox
potential range to cause electron transport.104 The differences for electron transport are
due to the addition of histidine ligands, which has an imidazole side chain, rather than the
thiol ligand of cysteine, allowing for the 2Fe-2S cluster to transfer the electron in an
easier fashion (a difference in +/- 400 eV compared to a Cys4 redox potential range). A
16

third type of 2Fe-2S cluster was recently identified. This cluster, found in the protein
MitoNEET and localized to the mitochondria uses a CCCH ligand set to bind the Fe-S
cluster for electron transport.
My thesis research uncovered a 2Fe-2S cluster present in CPSF30 (described in
chapter 2). The function of the cluster is still under investigation, and given the role of
2Fe-2S clusters in other proteins, one function may be as electron transport. However,
given the role of CPSF30 in RNA recognition, a more likely function of the 2Fe-2S
cluster may be as a signal that responds to oxidative stress.
There are many Fe-S cluster proteins that use the Fe-S cluster as an oxidative
sensor for upregulation of the proteins function. For example, MutY, a DNA binding
protein containing a 4Fe-4S cluster, known to be involved with base excision repair uses
redox chemistry at the Fe-S cluster to function (Figure 1.12).110 When the 4Fe-4S cluster
is oxidized, MutY function is upregulated and binds to target DNA strands that have a
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Figure 1.11 Structure of MutY (PDB: 5DPK). MutY contains a 4Fe-4S cluster as a
oxidative sensor.
misplaced base pair or an oxidized base pair. This upregulation of MutY allows the
recognition of a misincorporated adenine and/or the oxo-guanine basepair, leading to the
activation of base excision repair.111 Base excision repair removes the misincorporated
adenine or oxo-guanine basepair from the DNA helix, preventing oxidation of DNA.
Another Fe-S protein, SoxR, is a transcriptional factor protein that functions as a sensor
for oxidative stress (Figure 1.12). When SoxR is oxidized, there is upregulation in the
production of superoxide dismutase, to combat the reactive oxygen species, superoxide,
in the cell.112 The oxidation within the cell can damage cell membranes, proteins, lipids,
and DNA. Finally, Yth1, the yeast homolog of CPSF30, is transported from the nucleus
to the cytoplasm in response to hypoxic (lack of oxygen) stress, providing some support
for this functional hypothesis.113 The function of these other proteins suggest that a role
of the 2Fe-2S cluster of CPSF30 as an oxidative sensor to turn on or turn off 3’-end
18

processing may be reasonable. In this thesis, we sought to understand the function of the
2Fe-2S cluster in CPSF30.

Figure 1.12 Mechanism of SoxR (PDB: 2ZHG). Oxidation and reduction can turn
the 2Fe-2S from active or inactive state.

1.5 TTP and Copper
The other half of my thesis is focused on the protein TTP, which was introduced
earlier (see section 1.2). Zn is the native co-factor for TTP function; and my research
focused on how an alternate metal, Cu(I) affects TTP function. TTP is present during
inflammation, and there is evidence that cytokines produced during inflammation lead to
elevated copper (cuprous) levels.114-116 I sought to determine how copper affects the
structure and function of TTP, in vitro.
1.6 Thesis
My thesis research focuses on ZF proteins containing CCCH ZF domains and
principally involves biochemical studies to assess protein function. Chapter 2 of my
thesis describes the isolation of CPSF30 and the exciting discovery that the protein
contains a 2Fe-2S cluster and that it recognizes a specific AU-rich RNA target sequence.
Chapter 3 describes additional studies of CPSF30- with a focus on the RNA target
sequence. In Chapter 4, I switch gears and now describe my work on how Cu(I) affects
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TTP function. Chapter 5 includes a summary of my work as well as discussion on the
next steps for these projects. There are also Appendix chapters attached on 1) how
luminescent probes can be used to measure the TTP-RNA interaction, and 2) methods on
overexpression, purification, and biophysical studies of CPSF30.
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Chapter 2
Cleavage and polyadenylation specificity factor 30: An RNA-binding zinc-finger
protein with an unexpected 2Fe–2S cluster1
2.1 Introduction
Zinc-finger proteins (ZFs) are a large class of proteins that use zinc as structural
cofactors.1–4 ZFs perform a variety of functions ranging from the modulation of gene
expression through specific interactions with DNA or RNA to the control of signaling
pathways via protein–protein interactions. The general feature that defines a ZF protein is
the presence of one or more domains that contain a combination of four cysteine and/or
histidine residues that serve as ligands for zinc. When zinc binds to these ligands, the
domain adopts the structure necessary for function.1–4
ZFs are typically identified by the presence of cysteine and histidine residues in
regular repeats and are categorized into classes based upon the number of cysteine and
histidine residues, and the spacing between the residues.1, 2 At least 14 distinct classes of
ZFs have been identified to date. ZFs are highly abundant, with more than 3% of the
proteins in the human genome annotated as ZFs, based upon their sequences.1, 5–9 In some
cases, there are considerable in vitro and in vivo data that support the annotation of
proteins as ZFs, whereas in other cases the only evidence that a protein is a ZF comes
from its amino acid sequence.
1

Adapted from the publication: Shimberg, G. D., Michalek, J. L., Oluyadi, A. A.,
Rodrigues, A. V., Zucconi, B. E., Neu, H. M., Ghosh, S., Sureschandra, K., Wilson, G.
M., Stemmler, T. L., & Michel, S. L. 2016. A. Proc Natl Acad Sci U S A, 113(17), 47004705.
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The best-studied class of ZFs comprises the “classical” ZFs. This class is composed of
ZFs that contain a Cys2His2 domain (CysX2–5CysX12–13HisX3–5His). Classical ZFs
adopt an alphahelical/antiparallel beta-sheet structure when zinc is coordinated and bind
DNA in a sequence-specific manner.2, 4 The remaining classes of ZFs are collectively
called “nonclassical” ZFs.1 One class of nonclassical ZFs is the Cys3His class (Cys-X7–9Cys-X4–6-Cys-X3-His). The first protein of this class to be identified was tristetraprolin,
which contains two Cys3His domains and regulates cytokine mRNAs via a specific ZF
domain/RNA binding interaction.1 With the publication of genome sequences this
domain has been found in a myriad of proteins. The National Center for Biotechnology
Information (NCBI) conserved domain architecture tool identifies 404 distinct proteins
(both hypothetical and experimentally validated) that contain this domain, and humans
contain at least 60 (Figure 2.1). As a class, these proteins are predicted to be involved in
RNA regulation; however, the function(s) of most of these proteins have not yet been
established.1, 2, 10, 11
One important Cys3His ZF protein is cleavage and polyadenylation specificity
factor 30 (CPSF30).2, 12 CPSF30 contains five Cys3His domains. CPSF30 is part of a
complex of proteins, collectively called CPSF, that are involved in the polyadenylation
step of pre-mRNA processing.16 The other members of CPSF are CPSF160, CPSF73,
CPSF100, Fip1, and Wdr33.16 Polyadenylation is a 3′ end maturation step that all
eukaryotic mRNAs (excepthistones) undergo (Figure 2.2).12
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Figure 2.1 Survey of the CCCH domain containing proteins in H. sapiens. Each
CCCH domain is characterized by number of ZF domains, consensus sequence,
frequency in the human genome, and overall function. Examples are given for each
CCCH type domain.

Figure 2.2 Cartoon of pre-mRNA processing. Each cartoon explains CPSF30 (blue)
possible roles in 3’end pre-mRNA processing.
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Polyadenyltation involves endonucleolytic cleavage of the pre-mRNA followed
by addition of a polyadenosine tail. Polyadenylation occurs at a specific region of the premRNA called the polyadenylation cleavage site (PAS). The PAS consists of an upstream
element with the conserved sequence AAUAAA (also called the AU-hexamer), a stretch
of bases where cleavage occurs, after which a conserved GU-rich or U-rich sequence is
present (usually between 40–60 nt after the cleavage site).12, 13 CPSF73 is the
endonuclease that cleaves the RNA; the roles of the other CPSF proteins are less clear.12,
13

Initially, CPSF160 was identified as the protein within the CPSF complex that

recognizes the AU-hexamer14–16; however, two recent studies using cell based methods
found that CPSF160 does not play this role.17, 18 Instead, CPSF30 and Wdr33 were
identified as the proteins involved in AU-hexamer recognition.17, 18 These findings are
intriguing in light of evidence that the H1N1 human influenza virus protein NS1A targets
CPSF30 to obstruct cellular mRNA processing19–21, suggesting that the link between
NS1A and cellular mRNA processing is RNA recognition by CPSF30. Given these cellbased results that CPSF30 is involved in recognition of the AU-hexamer of pre-mRNA
along with our emerging understanding that CCCH-type ZFs are a general ZF motif
involved in AU-rich RNA sequence recognition, we sought to determine whether
CPFS30 directly recognizes the pre-mRNA AU-hexamer sequence via its CCCH
domains by isolating CPSF30 and examining its RNA binding properties at the molecular
level. CPSF30 contains five CCCH domains, and our hypothesis was that CPSF30 would
bind five zinc ions at these CCCH domains and selectively recognize the AU-rich
hexamer of pre-mRNA. To our surprise, CPSF30 was a reddish-colored protein upon
isolation and purification, which suggested the presence of an iron cofactor. Here, we
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report that CPSF30 contains a 2Fe–2S site, with a CCCH ligand set, in addition to zinc.
We also report that CPSF30 selectively recognizes the polyadenylation hexamer
(AAUAAA) of pre-mRNA in a cooperative and metal dependent manner. These findings
are discussed in the context of CCCH “zinc” domains, iron, and recognition of AU-rich
RNA sequences.
2.2 Materials and methods
2.2.1 Protein Preparation and Purification.
The cDNA encoding for CPSF30 was a kind gift of Professor Walter Keller,
University of Basel. DNA encoding the 5 Cys3His domains of CPSF30 was cloned into
the pMAL-c5e plasmid (New England Biolabs) using the NdeI and BamHI restriction
sites and the DNA sequence was confirmed at the University of Maryland’s BiopolymerGenomics Core Facility. The resultant plasmid was transformed into the chemically
competent E.coli cell line, BL21-DE3 (Invitrogen), via heat shock. Cultures were grown
at 37 °C on LB-Agar (Sigma) plates containing 100 μg/mL ampicillin (Sigma). A single
colony was picked to inoculate 50 mL of LB Lennox broth (American Bioanalytical Inc.)
containing 100 μg/mL ampicillin at 37 °C with shaking, overnight. Overnight cultures
were used to inoculate 1 L of LB Lennox broth containing 100 μg/mL ampicillin. Cell
cultures were grown at 37 °C until reaching an OD600 of 0.5–0.6, where protein
expression was initiated with 50 μM isopropyl β-D-1-thiogalactopyranoside (IPTG)
(Research Products International Corp.). Cell culture media was supplemented with 1
mM ZnCl2 (Sigma) immediately before induction. CPSF30 protein expression was
allowed to continue for 3 h postinduction at 37 °C, followed by pelleting the cells at
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7,800 × g, 4 °C for 15 min (Avanti J-20 XPI; Beckman-Coulter). Cell pellets were stored
at −20 °C for up to 2 wk. CPSF30 was purified on an amylose column followed by a SP
Sepharose column (New England Biolabs). SDS/PAGE and matrix-assisted laser
desorption ionization MS verified purity.
2.2.2 Preparation of Fe-CPSF30, Apo-CPSF30, and Zn-CPSF30
Fe-CPSF30 was prepared by incubating of CPSF30 under anaerobic conditions
with 50 mM EDTA in 20 mM Tris and 100 mM NaCl, pH 7.5, followed by extensive
dialysis. Apo-CPSF30 was prepared by incubation with either 2’, 2’-dipyridyl or ophenanthroline along with 10 mM DTT in 20 mM Tris and 100 mM NaCl, pH 7.5, under
anaerobic conditions, followed by extensive dialysis. Zn-CPSF30 was prepared via a
minimal media approach. BL21-DE3 cells inoculated with the CPSF30-pMAL-c5e
plasmid were grown overnight in 50 mL of LB Lennox Broth containing 100 μg/mL
ampicillin at 37 °C. The overnight cultures were used to inoculate 250 mL of M9
minimal media (20× M9 salts, 1 M MgSO4·7H2O, 1 M CaCl2·2H2O, 1 M glucose, and
MilliQ water). Cell cultures were grown at 37 °C until reaching an OD600 of 0.5–0.6,
where the culture was passaged to a flask containing 1 L of M9 minimal media with the
same content. As the cell cultures reached an OD600 of ∼0.3, 1 mM ZnCl2 was added to
the flask. As the cell cultures reached an OD600 of 0.5–0.6, protein expression was
initiated with 1 mM IPTG. CPSF30 protein expression was allowed to continue for 3 h
postinduction at 37 °C, followed by pelleting the cells at 7,800 × g, 4 °C for 15 min
(Avanti J-20 XPI; Beckman-Coulter). Purification followed the procedure described in
the preceding section (Protein Preparation and Purification).
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2.2.3 Mutant CPSF30 Proteins
Five mutant plasmids (CPSF30-pMAL-c5e) in which each CCCH domain was
mutated to an AAAA sequence were designed and purchased (GenScript). Each DNA
sequence was confirmed the University of Marylands Biopolymer-Genomics Core
Facility. The expression and purification of the mutant proteins (ΔZF1, ΔZF2, ΔZF3,
ΔZF4, and ΔZF5) exactly followed the experimental protocol described above for WTCPSF30 (Protein Preparation and Purification).
2.2.4 ICP-MS
One-micromolar samples of protein (CPSF30, metalremoved, and the five
mutants) were prepared in 2% trace metal grade nitric acid (HNO3; Fisher) to a total
volume of 15 mL. For each experiment, 150 μL internal standard (100μg/mL Bi, Ge, In,
Li, Lu, Rh, Sc, and Tb; Agilent Technologies) was added to samples to ensure accuracy.
Zinc and iron levels were detected using the octopole reaction system in HE mode, an rf
power of 1,550 W, an argon carrier gas flow of 1.0 L/min, argon make-up gas flow of 0.1
L/min, helium gas flow of 4.5 mL/min, octopole rf of 160 V, QP bias of −15 V, and OctP
bias of −18 V. Zinc and Iron concentrations in samples were derived from a calibration
curve generated by a series of iron and zinc atomic absorption standard dilutions (Fluka
Analytical). These dilutions were prepared using the same method as for the protein
samples. ICPMS data were recorded using an Agilent 7700x ICP-MS instrument. Data
analysis used Agilent Mass Hunter software.
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2.2.5 Gel Filtration Chromatography
A 100-μL sample of 250 μM CPSF30 was injected onto an analytical Superdex
200 10/300 gel filtration column (GE) on an Akta FPLC system (GE) at a flow rate of
0.40 mL/min. The column was equilibrated with a 20 mM Tris, pH 7, and 50 mM NaCl
buffer. The molecular weight of CPSF30 was determined using a calibration curve using
a molecular weight standard kit from Sigma.
2.2.6 X-Ray Absorption Spectroscopy
Independent reproducible protein samples were prepared in 20 mM Tris, 50 mM
NaCl, and 30% glycerol, pH 7. Metal concentrations for all protein samples were
confirmed by ICP-MS analysis, with metal concentrations at ca. 0.7 mM Fe and 6 mM
Zn. Samples were loaded into lucite XAS cells prewrapped with kapton tape, flash-frozen
in liquid nitrogen, and stored in liquid nitrogen until data collection. Fe and Zn XAS data
were collected at both the Stanford Synchrotron Radiation Light Source (SSRL), on
beamline 9-3, and the National Synchrotron Light Source (NSLS), on beamline X3-B.
Beamline 9-3 was equipped with a Si[220] double crystal monochromator and beamline
X3-B was equipped with a Si[111] monochromator; both beamlines were equipped with a
mirror for focusing and harmonic rejection. During data collection, samples at SSRL
were maintained at 10 K using an Oxford Instruments continuous-flow liquid helium
cryostat, and samples at NSLS were maintained at 24 K using a helium Displex cryostat.
Protein fluorescence excitation spectra were measured using Canberra germanium
solidstate detectors with 100 channels at SSRL and 31 channels at NSLS. Soller slits and
Mn and Cu filters (for Fe and Zn XAS, respectively) at 0.6-mm (SSRL) or 0.3-mm
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(NSLS) thickness were placed between the cryostat and detector to reduce scattering and
background signals in the Fe and Zn XAS, respectively. At both facilities, XAS spectra
were collected in 5-eV increments in the pre-edge region, 0.25-eV increments in the edge
region, and 0.05 Å−1 increments in the EXAFS region to k = 14 Å−1 , integrated from 1
to 25 s in a k3 -weighted manner for a total scan length of ∼40 min. X-ray energies were
individually calibrated by collecting a foil absorption spectrum simultaneously with
protein data. The first inflection point of the Fe foil spectrum was assigned to 7,111.2 eV
and that of Zn was assigned to 9,659 eV. To minimize the occurrence of Fe
photoreduction, only two or three scans were collected per spot on each sample. Scans
were collected at an average of three new spots per sample over a total of four samples,
obtaining an average of 10–12 first scans for Fe. For Zn, 8–10 scans were collected per
sample. Replicates samples were analyzed independently to ensure spectral
reproducibility and all spectra were closely monitored for other spectral anomalies during
data collection and analysis. 1 of 6 XAS data were processed using the Macintosh OS X
version of EXAFSPAK (ssrl.slac.stanford.edu/∼george/exafspak/mac. htm) integrated
with Feff v8 for theoretical model generation. Normalized XANES data were subjected
to pre-edge and edge analysis. Only spectra collected at SSRL were used for pre-edge
analysis. The Fe 1s-3d pre-edge peak analysis was completed as described previously64;
peak areas was determined over the energy range of 7,110–7,116 eV using the program
Kaleidagraph and areas are represented in units of 10−2 eV2.65 Oxidation states for both
elements were determined as a function of the first inflection energy at the edge,
measured based on edge half-height in the normalized XANES66 EXAFS data reduction
used a polynomial function in the pre-edge region and a four point cubic spline
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throughout the EXAFS region for background signal removal. Data were converted to k
space using E0 values of 7,130 eV (Fe) and 9,680 eV (Zn). For both elements, data were
collected to k = 14 Å−1, which corresponds to a spectral resolution of 0.121 Å for all
metal–ligand interactions66; therefore, only independent scattering environments at
distances >0.121 Å were considered resolvable in the EXAFS fitting analysis. Only raw
data were used for EXAFS fitting analysis and data were fit using both single and
multiple scattering model amplitudes and phase functions to simulate Fe- and Zn–O/N, S,
and Fe–Fe ligand interactions. During Fe data simulations, a scale factor (Sc) of 0.95 and
threshold shift (ΔE0) value of −10 eV (Fe–O/N/C), −12 eV (Fe–S) and −15 eV (Fe–Fe)
were used, whereas for Zn an Sc of 1 and E0 value of −15.25 eV (Zn–O/N/C and Zn–S)
were used. These values were obtained from fitting crystallographically characterized
small molecule Fe and Zn compounds.64, 67 When simulating empirical data, Sc, E0, and
ligand coordination numbers were held constant and only absorber–scatterer bond length
(R) and Debye– Waller factor (σ2) were allowed to freely vary. Criteria for judging the
best-fit simulation to the data were determined from both the lowest mean-square
deviation between data and fit (F′), corrected for the number of degrees of freedom and
reasonable Debye–Waller factors (σ2 < 0.0056 Å2).68
2.2.7 Protein/RNA Binding Assays
EMSA (for CPSF30) and FA assays (for CPSF30 and the mutants, ΔZF1, ΔZF2,
ΔZF3, ΔZF4, and ΔZF5) were performed with the RNA oligonucleotides (fluorescein
functionalized on the 3′ end for FA) listed in Fig. 4. 32P-labeled RNA was incubated
with increasing concentrations of CPSF30 in 50 mM Tris, pH 8.0, 100 mM potassium
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chloride, 10% (vol/vol) glycerol, 100 μM ZnCl2, 2 mM DTT, and 0.1 mg/mL BSA; 5%
(vol/vol) native polyacrylamide gels containing 10% (vol/vol) glycerol were used, with a
0.5× (44.5 mM) Trisborate buffer (pH 8.0) and the gels were imaged on a GE Typhoon
FLA9500. For FA studies, measurements were taken with an ISS PC-1
spectrofluorometer configured in the L format, with an excitation wavelength/band pass
of 495 nm/2 nm and an emission wavelength/ bandpass of 517 nm/1 nm. A 5 nM solution
of fluorescently labeled RNA in 50 mM Tris, pH 8.0, 100 mM potassium chloride with
0.2 mg/mL BSA, and 0.4 mg/mL poly-rC was added to a Spectrosil farUV quartz
window fluorescence cuvette (Starna Cells) and CPSF30 was titrated until saturation.
Data were analyzed by correcting the anisotropy (r) for the change in quantum yield (Q,
qfree/qbound, protein-dependent change in fluorescence) using the following equation:

rc=

r0(rbound-r)+ (rfQ(r-r0))
(rbound-r + Q(r-r0) )

Where rc is the corrected anisotropy, r0 is the anisotropy of the free fluorescein-labeled
oligonucleotide and rbound is the anisotropy of the RNA-protein complex at saturation. rc
was plotted against the concentration of protein. The data were best fit to a cooperative
binding model using nonlinear regression (GraphPad Prism 5) 1.
nP + R

PnR

K=

[Pn R]
[P]n [R]
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rTc = r0 + (rbound − r0 )[

[P] h
(
)
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2

]
[P] h
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) )
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Where rTc is the total, corrected anisotropy, r0 is the anisotropy of the free fluoresceinlabeled oligonucleotide, rbound is the anisotropy of the RNA-protein complex at saturation,
[P] is the concentration of protein, [P]1/2 is the concentration of protein at half maximal
saturation and h is the Hill coefficient. Each data point is the average of thirty-one
readings over 100 seconds, each titration was carried out in triplicate.
2.3 Results and Discussion
2.3.1 CCCH ZF Proteins
CPSF30 belongs to a class of proteins that are annotated as ZFs in genome
databases. To determine how frequently this “CCCH ZF domain” occurs in eukaryotes a
search using UniProt was performed.22 This resulted in 516 reviewed proteins and 25,610
total proteins when all organisms were considered. To provide further context, the search
was narrowed to include only “CCCH ZF proteins” found in Homo sapiens. This led to
the identification of 60 reviewed and 222 total proteins. The 60 reviewed proteins were
then grouped based upon the number of CCCH domains present and a consensus
sequence for each domain within the context of the number of domains was determined
(Figure 2.1) The proteins with CCCH ZF domains had between one and five domains,
with the proteins with one domain being the most abundant (30 of the 66 proteins had
only one domain). The organization of the domains (i.e., spacing between cysteine and
histidine ligands) was generally invariant.
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2.3.2 CPSF30 Contains Iron
A series of CPSF30 constructs that contained just the five CCCH ZF domains
were prepared recombinantly and expressed under standard conditions. Unexpectedly, all
of the constructs appeared red upon protein overexpression, suggesting that iron was
coordinating to the protein in addition to or in lieu of zinc (Figure 2.3).

Figure 2.3 CPSF30 is a red-colored protein. CPSF30 is shown to be soluble after
centrifugation.
The most soluble construct, which contained a maltose binding protein fusion tag (MBP),
was purified and used for subsequent studies. The UV-visible spectrum of the purified
CPSF30 exhibited peaks at 420, 456, and 583 nm, which are indicative of iron
(particularly iron–sulfur clusters), in addition to the expected peaks around 220–280 for
protein backbone and aromatic amino acid peaks around 280 nm (Figure 2.4).23
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Figure 2.4 Optical spectrum of CPSF30 (green) and “apo”-CPSF30 (blue, after
addition of EDTA) in 20 mM Tris, 100 mM NaCl, pH 8. (Left) full spectrum.
(Right) Close-up between 300-650 nm.
Inductively coupled plasma mass spectrometry (ICP-MS) of CPSF30 was performed to
measure the metal content. In a given preparation, both zinc and iron were observed, on
average 3.78 ± 0.02 zinc and 0.51 ± 0.01 iron per protein. A ferrozine assay
independently confirmed the presence of iron.24 The metal content of MBP alone was
also measured by ICP-MS and a ferrozine assay. No metal was found to be present in
these samples, ruling out MBP as a site for metal binding. The oligomerization state of
CPSF30 was measured by size-exclusion chromatography and CPSF30 was found to be
primarily a monomer (Figure 2.5). Efforts to prepare just iron-loaded, zinc-loaded, and
apo-CPSF30 were made.
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Figure 2.5 Size-exclusion chromatography data. (Left) Chromatogram of CPSF30
and (Right) calibration curve of size exclusion markers and CPSF30.
Incubation with EDTA produced the iron-loaded protein (0.29 ± 0.13 zinc and 0.45 ±
0.08 iron) and incubation with o-phenanthroline or dipyridyl in the presence of DTT
produced apo-CPSF30 (0.11 ± 0.08 zinc and 0.10 ± 0.05 iron with o-phenanthroline and
0.10 ± 0.08 zinc and 0.15 ± 0.05 iron with dipyridyl). The zinc-loaded protein was
obtained by overexpressing the protein in iron-deplete minimal media that was
supplemented with zinc upon induction (3.71 ± 0.2 zinc and 0.07 ± 0.003 iron). Together,
these studies revealed that CPSF30’s CCCH ZF domains have both zinc and iron
cofactors, of which zinc is more readily chelated.
2.3.3 X-Ray Absorption Spectroscopy of the Iron Sites
X-ray absorption spectroscopy (XAS) was used to characterize the protein-bound
Fe coordination geometry and ligand environment. The X-ray absorption near edge
structure (XANES) portion of the XAS spectrum for Fe bound to CPSF30 is shown in
Figure 2.6A. A Fe pre-edge 1s-3d electronic transition peak, observed at ∼7,112.4 eV
with a corresponding peak area of 23.7 × 10−2 eV2 , is consistent with a four-coordinate
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tetrahedral ferric complex.25, 26 The Fe edge energy, determined from the first inflection
point of the rising edge, occurs at 7,120 eV and is again consistent with a Fe(III) species
characteristic of an oxidized 2Fe(III)–2S cluster.27 The Fe extended X-ray absorption fine
structure (EXAFS) (Figure 2.6B) was best simulated in the nearest-neighbor
environment with ca. three S ligands at an average bond length of 2.26 Å and ca. one O/N
ligand at 2.03 Å (Table 2.1).

Figure 2.6 Fe-XAS for CPSF30 (A) Fe-XANES for CPSF30. (Inset) An expansion
of the individual 1s-3d transition peak for CPSF30 Fe site. (B) Iron EXAFS and
Fourier transform of EXAFS data for CPSF30 Fe site. (Left) Raw EXAFS data
displayed in black and best fit in gray. (Right) Corresponding Fourier transform plat
of raw EXAFS data in black and best fit in gray.
Long-range scattering includes an Fe–Fe vector at a bond length of 2.67 Å. In addition,
multiple Fe–C interactions were observed at 3.17, 3.44, and 3.95 Å. These bond lengths
represent average values obtained from two independent samples and are consistent with
reported values for oxidized 2Fe–2S clusters bound by three Cys and one His residues.28
Thus, the evidence indicates that iron is bound to CPSF30 as a 2Fe–2S cluster with a
CCCH ligand set.
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Table 2.1 Summary of best-fit simulation analysis of raw Fe and Zn CPSF30
EXAFS data. Fe and Zn EXAFS data shows distance of ligands in nearest neighbor
and long range ligand environments.
2.3.4 XAS of the Zinc Sites
XAS was also used to characterize protein bound Zn coordination geometry and
metrical parameters. The Zn edge inflection energy at 9,662.5 eV is consistent with
Zn(II) (Figure 5A). The postedge region of the spectrum shows features at both 9,665.7
eV and 9,671 eV, consistent with independent sulfur and oxygen/nitrogen ligand
environments published for ZnN1S3 peptides29, 30, suggesting similar coordination
environments. The Zn EXAFS region (Figure 5B) was best fit in the nearest-neighbor
ligand environment with ca. one O/N ligand at 2.01 Å and ca. 2.5 S ligands at 2.31 Å
(Table 2.1). The Fourier transform of the Zn EXAFS for CPSF30 is consistent with a
ZnN1S3 peptide system published previously.30 Long-range carbon scattering was also
observed at 3.07, 3.26, 3.43, and 4.03 Å. These data are consistent with Zn coordinated to
CPSF30 in a tetrahedral CCCH ligand environment.
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Figure 2.7 Zn-XAS for CPSF30 (A) Zn XANES for CPSF30. (B) Zinc EXAFS and
Fournier transform of EXAFS data for CPSF30 Zn site. (Left) Raw EXAFS data
displayed in black and best fit in gray. (Right) Corresponding Fourier transform plot
of raw EXAFS data in black and best fit in gray.
2.3.5 RNA Binding Studies: CPSF30 binds to the AU-Rich Hexamer of α-Synuclein
Pre-mRNA in Cooperative Manner
CPSF30 is part of a complex of proteins, collectively called CPSF, that regulate
pre-mRNA processing. CPSF30 has been proposed to be involved in recognition of the
PAS present in pre-mRNA, because the signal contains an AU-rich sequence, which is a
favored recognition signal for certain CCCH-type ZF proteins.1, 2 Recently, two
laboratories simultaneously reported studies to identify the role of CPSF30 in a cellular
setting. In one set of studies, Shi and coworkers18 immunoprecipitated the entire CPSF
complex then performed cross-linking with a pre-mRNA (viral SLV-4) that included the
AU-hexamer and digested the complex to identify the specific protein or proteins that
bound to the pre-mRNA. From these studies, along with subsequent iCLIP studies,
CPSF30 was identified as one of two proteins that directly interact with the premRNA at
the AU-hexamer (the other is a newly identified protein, Wrd33). Schönemann et al.17
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reported that they could reconstitute CPSF160, CPSF30, hfip1, and WDR33 as a complex
that bound to pre-mRNA (via a filter binding assay) and
crosslinking/immunoprecipitation studies implicated CPSF30 and WDR33 as the proteins
that directly bind to pre-mRNA. Together, these studies suggest that CPSF30 directly
binds to pre-RNA. We sought to evaluate this interaction at the molecular level by
measuring the affinity of isolated CPFS30 for a pre-mRNA target.
A 38-nt segment of the human alpha-synuclein transcript (NCBI reference
NM_001146055.1) was used to study this interaction.31 In the sequence, the AU-rich
hexamer (AAUAAA) is centrally located within the 38-nt RNA, where it is flanked by 16
nt on the 5′ and 3′ ends (from now on referred to as αSyn38) (Table 2.2). Shorter RNA
oligomers were also evaluated: αSyn30 and αSyn24. αSyn30 and αSyn24 maintain the
polyadenylation signal in the center of the oligomer and are both derived from αSyn38,
with either 12 or 9 nt flanking the polyadenylation signal, respectively (Table 2.2). A
fragment of rabbit betaglobin (Rβ) mRNA was used as a negative control RNA oligomer
because it does not contain the polyadenylation hexamer and is not enriched in adenosine
and uridine nucleotides (Table 2.2).

Table 2.2 RNA oligomers tested. The AU hexamer region is shown in bold
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Electrophoretic mobility shift assays (EMSA) were performed with the four αSyn
oligomers and the Rβ control. CPSF30 formed complexes with all of the αSyn oligomers
interrogated, as evidenced by shifting of the RNA oligomers (Figure 2.8A and Figure
2.9A), whereas no binding was observed for CPSF30 with Rβ or with the MBP tag with
any of the RNA oligomers (Figure 2.8)

Figure 2.8 RNA binding experiments of CPSF30 and α-synuclein pre-mRNA. (A)
EMSA of α-syn38 with CPSF30 (concentration: 0–1,000 nM). (B) FA monitored
binding of CPSF30 with α-syn38-Fl (open magenta circles), α-syn30-Fl (teal squares),
and α-syn24-Fl (orange triangles). A titration of EDTA generated ‟apo”-CPSF30-5FE
with α-syn38-Fl (closed green circles) and MBP with α-syn38-Fl (closed magenta
circles), α-syn30-Fl (light blue squares), and α-syn24-Fl (red triangles). (C) FA
monitored binding of CPSF30 with α-syn24-Fl (blue circles), polyU24 (green squares),
GUrich24 (purple triangles), and polyC24 (red triangles). Data are fit to a cooperative
binding equilibrium.
Fluorescence anisotropy (FA) was performed to determine the binding affinity of
CPSF30 for the α-syn38, α-syn30, and α-syn24 oligomers. Binding was observed for all
three α-syn RNA targets, but not for Rβ. Anisotropy values, corrected for the change in
quantum yield, were plotted versus the concentration of CPSF30 protein titrated. The data
were fit to two models: a 1:1 binding model and a cooperative binding model.32 The
cooperative binding model gave the best fit, with [P]1/2 values of 93.5 ± 2.7 nM, 115.0 ±
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3.6 nM, and 143.8 ± 3.8 nM, with Hill coefficients of 1.67 ± 0.07, 1.63 ± 0.08, and 1.58 ±
0.07 for αSyn38, αSyn30, and αSyn24, respectively (Figure 2.8B). Binding was not
observed when these RNA targets were titrated with either apo-CPSF30 or iron-loaded
(zinc-deplete) CPSF30. The zinc-loaded (iron-deplete) CPSF30 exhibited significantly
weakened affinity compared with the iron and zinc-loaded CPSF30.

Figure 2.9 EMSA experiments of CPSF30 (A) EMSA of CPSF30 with differentlength RNA (α-syn38, α-syn30, and α-syn24 versus a random RNA Rβ31). (B) EMSA of
MBP different-length RNA (α-syn38, α-syn30, and α-syn24 versus a random RNA Rβ31).
No binding was observed to any of the sequences.
To determine whether the AU-rich sequence is the site of RNA binding, titrations
of CPSF30 with three altered RNA sequences were performed (Table 2.2). The
sequences all lacked the AUhexamer. In two cases the AU-hexamer was replaced with
polyC (CCCCCC) or polyU (UUUUUU), and in the third the GU-rich sequence
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(UGUUUU) near the polyuridine site that has been proposed as an alternative target
sequence for CPSF30.33 CPSF30 showed no binding to any of these sequences (in the Fe/
Zn, Fe-only, Zn-only, or apo forms) (Figure 2.8C).
2.3.6 Identification of Iron and Zinc Domains
The five CCCH domains of CPSF30 are highly homologous (Figure 2.10A), and
from sequence comparison it is not apparent which domain is loaded with the Fe–S
cluster and which is loaded with zinc. A series of mutants in which each domain was
modified at the coordinating cysteine and histidine ligands (CCCH to AAAA named
ΔZF1, ΔZF2, ΔZF3, ΔZF4, and ΔZF5) were prepared to identify where iron and zinc
bind. The mutant proteins were overexpressed and purified following the identical
conditions used for WT-CPSF30. All of the mutants were reddish in color, and analysis
by ICP-MS (Figure 2.10B) revealed that they all were loaded with iron, but lost between
one and two equivalents of Zn, with ΔZF2 losing the most Zn (2.4 equivalents) and ΔZF1
the least (1.3 equivalents). The affinities of these mutants for RNA (αSyn24) was
subsequently measured (Figure 2.11) ΔZF4 retained comparable binding affinity to WT
CPSF30, ΔZF1, ΔZF3, and ΔZF5 exhibited two- to threefold weaker affinities, and the
ΔZF2 mutant did not bind to αSyn24 RNA with any appreciable affinity.
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Figure 2.10 Mutagenesis Studies of CPSF30 (A) Sequence alignment of the five
CCCH ZF domains of Bos taurus CPSF30. Cysteine and histidine ligands are
highlighted in yellow. (B) ICP-MS analysis of CPSF30 protein and mutants expressed
and purified as described Methods and Materials. Metal concentrations are per 1 μM
protein.
Like WT-CPSF30, none of the mutants exhibited any affinity for polyC RNA. Taken
together, these data support a model in which the sites of Fe and Zn binding are flexible,
with iron loading occurring first. The data also suggest that ZF2 is critical for tight RNA
binding, whereas the other ZFs seem to be less important.
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Figure 2.11 FA data for the five CPSF30 mutants with αSyn24 compared with
WT-CPSF30. The data are shown fit to a cooperative binding model (described in
Methods and Materials); data were also fit to 1:1 binding models, for comparison, but
the data fit better to the cooperative model.
2.3.7 Model of CPSF30/RNA Binding
The data for CPSF30/RNA binding were best fit to a cooperative binding model
with a minimum stoichiometry of 2 CPSF30:1 RNA and an average Hill coefficient of
1.63 ± 0.07 (Figure 2.8A and 2.8B). CPSF30 alone is a monomer, as evidenced by gel
filtration chromatography data (Figure 2.5), yet exhibits positive cooperativity upon
RNA recognition, perhaps indicating RNA-induced protein dimerization. Dimerization of
proteins that bind to RNA is not unprecedented; for example, the Cys3His ZF ZAP is a
monomer in solution that then dimerizes upon binding to the ZAP-responsive RNA
element.34 Other RNA-binding proteins that recognize their targets in a cooperative
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manner are the human zipcode-binding protein IMP-1, HIV-1 Rev protein, hordeiviral γb
protein, human La protein, and tomato bushy stunt virus p33 protein.35–38 There are also
other AUrich RNA-binding proteins such as AUF-1 (p42), Hsp70, and HuR, which bind
to their respective RNA partners in a cooperative manner.39–41 Moreover, a two-domain
construct of CPSF30 has been crystallized bound to the NS1 influenza A virus protein,
where it is present as a dimer.21
2.4 Discussion
Several important conclusions can be drawn from the work presented here: (i)
CPSF30 is the protein within the CPSF complex that directly recognizes PAS RNA; (ii)
CPSF30 contains an unexpected 2Fe–2S cluster, in addition to zinc; (iii) CPSF30 is
always loaded with iron first, then zinc; and (iv) the sites of iron and zinc binding are
flexible but high-affinity RNA binding requires that one Fe site and at least two Zn sites
be occupied. The CPSF complex directs mRNA 3′ maturation via a mechanism of RNA
recognition, cleavage, and polyadenylation (Fig. 2.2); however, the roles of the proteins
that make up the CPSF complex are not clearly defined. Studies of the complex in a
cellular setting have provided tantalizing support for CPSF30 as the protein that binds to
the PAS signal. The work described here provides direct evidence that CPSF30
selectively recognizes the AU-rich hexamer of pre-RNA via its CCCH domains.
Unexpectedly, the work also shows that CPSF30 contains a 2Fe–2S site with a CCCH
ligand set, in addition to its predicted zinc sites.
These 2Fe-2S sites with CCCH ligand sets are rare; 2Fe-2S sites were first
identified in the 1960s, with two principal types identified: ferredoxin (1962), which uses
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a CCCC ligand set, and rieske type (1964), which use a CCHH ligand set. However, it
was not until the late 2000s that a 2Fe–2S site with a CCCH ligand set was identified.23
This site was found in a protein called mitoNEET, a mitochondrial protein that is a target
of the type-2 diabetes drug pioglitazone.23 Remarkably, like CPSF30, mitoNEET was
annotated as a ZF protein based on the presence of a CCCH domain (with spacing of CX-C-X9-C-X3-H compared with C-X7–9-C-X4–5-C-X3-H for CPSF30 and its homologs)
and turned red upon protein expression and purification.42 MitoNEET contains a singular
2Fe–2S cluster with a CCCH ligand set and no zinc sites. The two homologs of
MitoNEET, Miner1 (or NAF1) and Miner2, also contain between one and two 2Fe–2S
clusters bound to CCCH sites.43–45 This suggests that the annotation of a protein as a ZF
protein simply based upon its amino acid sequence (i.e., repeats of cysteine and histidine
residues) may not always be correct and care must be taken in defining a ZF protein
based just upon amino acid sequence. There is also evidence for a CCCH ligated 2Fe–2S
cluster in proteins involved in iron–sulfur cluster assembly in Escherichia coli IscR and
IscU.46, 47 In addition, in yeast, the Grx3/4/Fra2 signaling proteins have been shown to
interact via a 2Fe–2S cluster that has a CCHX ligand set.48
The biological significance of the 2Fe–2S cluster identified in CPSF30 is not yet
known. Fe–S sites have been shown to play roles in electron transfer, oxygen sensing,
iron sensing, substrate activation, and catalysis.49 Similarly, in mitoNEET there is not yet
a definitive role for the 2Fe–2S site; however, there is evidence that it may be involved in
trafficking iron via a redox sensing mechanism.50–54 Redox sensing may also be
important for CPSF30: The CPSF30 yeast homolog, YtH1, responds to hypoxic stress
(loss of O2) by shuttling to the cytoplasm from the nucleus55, and the Fe–S cluster may
56

facilitate the protein localization.50–54 Additionally, the Arabidopsis homolog of CPSF30,
which contains just three CCCH domains, has been shown to be involved in redox
signaling, via its cysteine ligands.56 Another possible role for the 2Fe–2S cluster of
CPSF30 is to regulate oligonucleotide binding a redox-dependent manner; Fe–S clusters
are emerging as key cofactors in a range of regulatory proteins. In some proteins for
which the Fe–S cluster plays a regulatory role, such as the base excision repair proteins,
the Fe–S cluster’s DNA binding affinity is dependent on the oxidation state of the Fe–S
cluster and modulated by DNA charge transfer.57–62 In others, such as Aft2 (which also
contains a structural zinc site), it is the presence or absence of the Fe–S cluster that drives
DNA binding.63
Taken together, our experimental data for CPSF30 reveal that CPSF30 contains
both a 2Fe–2S site and a zinc site. Both sites are important for sequence-specific RNA
binding, with the Zn site playing a larger role. CPSF30 selectively recognizes and binds
to the polyadenylation AU-rich hexamer of α-synuclein pre-mRNA in a cooperative
manner with high affinity. The location of the zinc and iron sites within the 5CCCH
domains of CPSF30 seem to be flexible; however, iron is loaded before zinc. CPSF30 is a
target of the human influenza virus, NS1A, which binds F2 and F3 of CPSF30 to obstruct
cellular pre-mRNA processing, and we speculate that these two CCCH domains may be
involved in direct pre-mRNA processing.
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Chapter 3
Deciphering the role of RNA Sequence in Protein/RNA binding by the Non-Classic
Zinc Finger Protein CPSF301
3.1 Introduction
CPSF30 is a ‘non-classical’ zinc finger protein that contains five Cys3His and a
singular Cys2His2 domain.1-2 CPSF30 is part of a complex of proteins that promote premRNA processing known as CPSF. During pre-mRNA processing, a poly uracil tail,
present at the 3’end of the pre-mRNA is cleaved and a poly adenine tail is conjugated.3-6
These processing events require the complex of CPSF proteins which are CPSF30,
CPSF160, CPSF73, CPSF100, Fip1, and Wdr33.7-9 The specific roles of most of these
proteins are poorly understood; however, recent work using both biochemical and cell
biological approaches have shown that CPSF30 recognizes and binds to a specific region
of pre-mRNA called the polyadenylation cleavage site (PAS).11-12 The PAS consists of
an upstream element with the conserved sequence AAUAAAA (also called the AUhexamer), and we recently reported that a construct of CPSF30 that contains five Cys3His
domains selectively binds to this AU-hexamer seqeuence with high affinity.11 We also
reported that the five Cys3His domains contain four zinc sites and one 2Fe-2S site, all of
which must be occupied to achieve the tightest binding.11 Here we sought to further
investigate the role of RNA sequence in CPSF30/RNA binding by (1) examining how

1

Adapted from Oluyadi, A.D., Shimberg, G.D., Michel, S.L.J. 2017. Deciphering the role
of RNA Sequence in Protein/RNA binding by the Non-Classic Zinc Finger Protein
CPSF30. In preparation Mr. Shimberg prepared all protein samples and assisted in data
analysis.
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disease- AU-hexamer for other RNA sequence elements that are important for binding
and (3) investigating how redundancy and frequency of AU sequence affects binding.
There are several reports of diseases in which the pre-mRNA hexamer is
modified. Deviations within the polyadenylation process can lead to hematological,
immunological, neurological disorders that can be caused by mutations in the AU-rich
hexamer.13 Alterations in the AU-rich hexamer have been linked to such disorders as αthalassemia, β-thalassemia, IPEX syndrome, Lupus disease erythematosus, and Fabry
disease. α and β-thalassemia are characterized by defects in the synthesis of one or more
hemoglobin chains, leading to a decrease in hemoglobin produced.14 In the mid-1980’s,
the genes of each thalassemia disorder were identified, detailing the mutations of the AUrich hexamer causing each type of thalassemia.15-16 α-thalassemia was determined to
contain a point mutation from AAUAAA to AAUAAG, and β-thalassemia was to have a
point mutation from AAUAAA to AACAAA.15-16 IPEX syndrome, is a rare
autoimmune disease that increases the activation of T-cells, a lymphocyte that is part of
the innate immune response.17 Due to a mutation in the forkhead box P3 gene, triggering
IPEX syndrome, a basepair mutation in the AU-rich hexamer occurs from AAUAAA to
AAUGAA.18-20 Lupus erythematosus is a multisystem autoimmune disease, where the
human immune system is hyperactive and attacks healthy tissue. It has been perceived
that the cause of Lupus is influenced by multiple genes.21-22 In previous studies finding a
search between the genes SLE and GIMAP5, genes related to the immune system,
revealed two single nucleotide polymorphisms in the GIMPAP5 AU-rich hexamer, from
AAUAAA to AAUAGA.22-23 Fabry disease is an X-linked rare genetic disorder that
causes a deficiency in lysosomal storage, due to an ineffective enzyme called alpha
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galactosidase A. 24-25 This deficiency in lysosomal storage leads to deposits of lipids in
blood vessel walls, w hich narrows the blood vessels and decreases the ability to transfer
nutrients and blood throughout the body. Patients with Fabry disease contain two
frameshit mutations in the α-GalA gene, from AAUAAA to AUUAAG.26 Given our
finding that CPSF30 is the component of the CPSF complex that directly binds to the
AU-hexamer, we sought to determine whether these mutations in the AU-hexamer affect
CPSF30/RNA binding. If CPSF30/RNA binding is diminished by the mutation, it may
indicate a link between the disease and pre-mRNA processing.
We also sought to understand if CPSF30 recognizes specific RNA sequences
beyond the AU-hexamer. CPSF30 contains five Cys3His domains, and the AU-hexamer
consists of six nucleotides. Typically, Cys3His domains of zinc finger type proteins
recognize 3-4 nucleotides, therefore the CPSF30 protein may utilize some of its domains
to recognize additional sequence elements.27-28 To test this hypothesis, we examined
sequences outside of the AU hexamer. From these studies, we identified several disease
related mutations for which CPSF30/RNA binding is abrogated and we identified
sequence elements beyond the AU hexamer that contribute to CPSF30/binding.
3.2 Materials and Methods
3.2.1 Protein expression, purification and quality control.
CPSF30 protein was expressed and purified according to steps detailed by
Shimberg et al.11 To ensure that the protein sample used for each RNA target was
correctly folded and had optimal activity, two quality control measured were employed:
mass spectrometry analysis of metal content and binding of protein to ASYN24 (a known
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target of CPSF30). All protein samples used had the minimum metal content required for
binding and also bound to ASYN24 with a similar affinity as previously shown.11
3.2.2 Selection of RNA targets
The targets used in the study were divided into two groups (Table 1) based on
their similarity. The first group involved AU-hexamer mutants (ATHA, BTHA, IPEX,
LUPUS, FABRY, SCHOE-MT), where RNA targets containing mutations in AUhexamer region to study the contribution of the AU-hexamer to CPSF30-RNA
interaction. The mutations made to AU-hexamer region were based on known
polyadenylation signal mutations.10, 29 ASYN30 was used as the template for these
mutants study because it has been shown to bind tightly to CPSF30 and lacks any
secondary structure.11 The second group of RNA targets consist of AU-rich targets,
consisting of variations of the AU-rich hexamer and variations of the ARE sequence,
which is the mRNA sequence TTP recognizes (Table 3.1).
3.3.3 Fluorescence Anisotropy (FA) Studies
CPSF30 interaction with RNA oligonucleotides was studied using fluorescence
anisotropy (FA). Binding studies were performed using a ISS PC1 spectrofluorometer
configured in the L-format with an excitation wavelength/band pass of 493 nm/2 nm and
an emission wavelength/band pass of 517 nm/1 nm. A 1mm path quartz fluorometer
cuvette (Starna Cells, Inc.) containing 500 μL of 5nM fluorescently labeled RNA (5’ endlabeled with fluorescein) in 50 mM Tris, 50 mM potassium chloride (KCl), 0.2 mg/mL
bovine serum albumin (BSA), and 0.4 mg/mL poly-rC was equilibrated for 10 minutes.
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Name

Sequence (5’→3’)
AU-Hexamer Mutants

ASYN-30

UCUCACUUUAAUAAUAAAAAUCAUGCUUAU

ATHA
BTHA
IPEX
LUPUS
FABRY
SCHO-MT

UCUCACUUUAAUAAUAAGAAUCAUGCUUAU
UCUCACUUUAAUAACAAAAAUCAUGCUUAU
UCUCACUUUAAUAAUGAAAAUCAUGCUUAU
UCUCACUUUAAUAAUAGAAAUCAUGCUUAU
UCUCACUUUAAUAUUAAGAAUCAUGCUUAU
UCUCACUUUAAUAAGAAAAAUCAUGCUUAU
AU-rich Sequences
AAUAAUAAUAAU
AAUAAUAAUAAUAAUAAUAAUAAU
CACUUUAAUAAUAAAAAUCAUGCU

AAU-12
AAU-24
ASYN-24
ASYN-38
ZNF644
ZNF644-M

CCCAUCUCACUUUAAUAAUAAAAAUCAUGCUUAU
AAGC
UAUAACCUCAAUAAACAACUUAAC
AAAUCUAAUAAUAAAAAUGUUUAA

AU-HEX-24
ARE-16
ARE-18
ARE-20
ARE-24
ARE-30
ARE-38

AAUAAAAAUAAAAAUAAAAAUAAA
AAUAAAAAUAAAAAUAAAAAUAAA
AUUAUUUAUUUAUUUA
UUAUUAUUUAUUUAUUUA
UUUAUUAUUUAUUUAUUUAG
AUUUAUUUAUUAUUUAUUUAUUUA
UUUAUUAUUUAUUUAUUAUUUAUUUAUUUA

Kd
115.0 ±
3.6
150 ± 7
163 ± 10
n.b.
n.b.
n.b.
n.b.
n.b
74 ± 10
143.8 ±
3.8
93.5 ± 2.7
n.b.
171 ± 12
165 ±12
165 ± 12
1002 ± 82
671 ± 49
499 ± 37
265 ± 31
163 ± 10

Table 3.1 List of fluorescently labeled RNA substrates. Each RNA substrate used in
study contains a corresponding dissociation constant (Kd) found via fluorescence
anisotropy.
CPSF30 (20 mM Tris and 50 mM sodium chloride (NaCl), pH 7) was then titrated (until
saturation) into the cuvette with an equilibration time of 5 minutes between each titration.
F.A titrations were conducted in triplicates and each data point comprised of 60 readings
taken over a period of 115 s. Prior to data analysis, raw anisotropy values were corrected
due to potential changes in quantum yield (changes in fluorophore intensity due to
interaction with protein) using the equation below30:
𝑟𝑐 =

𝑟0 (𝑟𝑏 -r)+ (𝑟fQ(r-𝑟0 ))
(𝑟𝑏 -r + Q(r-𝑟0 ) )
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Where Q is quantum yield (photons emitted as fluorescence/photons absorbed), r is the
raw anisotropy, rc is the corrected anisotropy, r0 is the anisotropy of the free
fluorescently-labeled RNA, and rb is the anisotropy of the RNA-protein complex at
saturation. Corrected anisotropy was plotted against protein concentration and analyzed
using a cooperative binding model:
𝑛𝑃 + 𝑅 → 𝑃𝑛 𝑅
𝐾=

[𝑃𝑛 𝑅]
[𝑃]𝑛 [𝑅]

Where nP indicates the number of protein required to bind to a single RNA molecule (R)
and K signifies the dissociation constant of this interaction. Protein-RNA binding
isotherm were fitted using Prism 7 (GraphPad Software, Inc.) based on a non-linear
regression shown below.
𝑟0 + (𝑟𝑏 − 𝑟0 ) ((
𝑟𝑡𝑐 =
1+(

[𝑃] ℎ
) )
[𝑃]1/2

[𝑃] ℎ
)
[𝑃]1/2

Where rtc is the total corrected anisotropy, [P] is the protein concentration, [P]1/2 is the
protein concentration at which half of the protein ensemble is saturated, and h is the hill
coefficient.
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3.3 Results and discussion
3.3.1 CPSF30 Binding to AU-hexamer Mutants Associated with Hematological,
Immunological, and Neurological Disorders
To determine how mutations the AU-hexamer associated with hematological,
immunological, and neurological disorders affect CPSF30’s ability to bind to RNA,
direct fluorescence anisotropy titrations of CPSF30 with pre-mRNA were performed.
We had previously shown that CPSF30 binds to the AU-hexamer of pre-mRNA using αsynuclein as a representative pre-mRNA sequence.11 Modifications to the AU hexamer
were made as follows: ATHA-AACAAA, BTHA-AAUAAG, IPEX-AAUGAA, LUPUSAUUAGA, FABRY-AUUAAG, and SCHOE-MT-AAGAAA listed in Figure 3.1. We
found that binding was not affected for the α-thalassemia (ATHA) and β-thalassemia
(BTHA) sequences; whereas binding was completely abrogated for IPEX, LUPUS,
FABRY and SCHOE-MT.
The mutation for ATHA was in the 6th position of the AU-hexamer, the adenine
was modified to guanine (AAUAAG) with similar binding to α-synuclein RNA was
observed (150 ± 7 nM versus 115 ± 3.6 nM) (Figure 3.2). This suggests that either (1)
the identity of the residue in position six is not specific, or that this residue must be a
purine. For BTHA, the uracil in position 3 was modified to cytosine, and binding was
similar to that for α-synuclein RNA (163 ± 10 nM versus 115 ± 3.6 nM) (Figure 3.2).
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ASYN30

CACUUUAAUAAUAAAAAUCAUGCU

Modifications

AACAAA
α-thalassemia

AAUAAG
β-thalassemia

AAUGAA
IPEX syndrome

AAUAGA
Lupus

AUUAAG
Fabry disease

AAGAAA
Schönemann et al

Figure 3.1 AU-hexamer mutants of ASYN30. Sequence of RNA target, ASYN-30
with the AU-hexamer shown in red. Mutations to this hexamer were done to create six
mutant sequences. Only the AU-hexamer of each mutant is shown and the nucleotide
substitution is highlighted in red. The name of the disease each mutation is associated
with is shown below each box with the exception of of AAGAAA which is a mutant
variant of a sequence from study performed by Schönemann et al.10
Like the mutation for ATHA, the mutation for BTHA retains the same ring structure
(pyrimidine to pyrimidine) and the same conclusions regarding recognition can be made.
The mutant RNA sequences for IPEX (AAUGAA), and LUPUS (AAUAGA) also
retained the same ring structure (adenine to guanine; retaining the purine position);
however, CPSF30 did not bind to these mutants, suggesting that the specific base is
required for RNA binding (Figure 3.2). FABRY (AUUAAG) and SCHOE-MT
(AAGAAA) mutants do not retain the same ring structure-FABRY in position 2 is A to U
(purine to pyrimidine) and SCHOE-MT is U to G (pyrimidine to purine) in position 3
(Figure 3.2). Together, these data show that single base pair variability at positions 2, 3,
4, and 5 of the pre-mRNA target sequence can result in abrogated CPSF30/RNA binding,
indicating that the identity of the bases in these positions is critical. It is interesting to
note that position 3 which is normally an uracil can be modified to a cytosine (BTHA)
without any affect on CPSF30/RNA binding, suggesting that the requirement at this
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position is to retain a pyrimidine, not a specific base. Similarly, position 6 appears to
accommodate retention of a ring structure, in this case a purine (A or G)

Anisotropycorr

0.3

0.2

0.1

0.0
10

100

1000

[CPSF30] nM
Figure 3.2 Fluorescence anisotropy plot of CPSF30 binding to mutants of
ASYN30. Binding of six mutants of ASYN30 (black circles): ATHA (pink circles),
BTHA (light blue circles), LUPUS (orange circles), IPEX (green circles), FABRY
(dark purple circles), SCHO-MOT (light purple circles) to CPSF30 as measured by
fluorescence anisotropy. The anisotropy of targets that bound to CPSF30 were
corrected for changes in quantum yield (see material and methods) while targets that
failed to bind CPSF30 were uncorrected. For each target, binding curves were fit to a
cooperative binding model with the error bar indicating the standard error of the fit
based on the average of three trials.
3.3.2 Base pairs beyond the AU-rich Hexamer are Important for Binding:
CPSF30 contains five Cys3His domains, suggesting that bases outside of the AUhexamer may also be important for protein/RNA binding. We made the observation that
additional adenine and uracil residues are present beyond the AU-hexamer in the α72

synuclein RNA target. To test whether these were important, we examined binding to
another pre-mRNA sequence called ZNF644, with or without additional AU-rich
elements (Figure 3.3).

ASYN24

CACUUUAAUAAUAAAAAUCAUGCU

Figure 3.3 Analysis of sequences beyond the AU-hexamer. Sequence of RNA
target, ASYN-24 is shown with the AU-hexamer highlighted in red. The enclosed
nucleotides indicate the AU-hexamer and flanking AU-rich residues.
We found that when AU-rich elements beyond the AU-hexamer was absent, CPSF30 did
not bind to ZNF644; indicating the additional AU sequences are required for binding
(Figure 3.4). This finding led us to examine a series of AU-rich target sequences in
which the AU-hexamer was repeated as strings of AAUAAU or the complement,
UUAUUU was repeated (Figure 3.5). We found that a CPSF30 bound most tightly to a
24 oligonucleotide sequence of AAU repeats (165 ± 12 nM) and did not bind to a 12
oligonucleotide sequence of AAU repeats, suggesting length is important for
CPSF30/RNA binding.
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Figure 3.4 Fluorescence anisotropy plot of CPSF30 binding to RNA targets,
ZNF644 and ZNF644-M. Binding of ZNF644 (UAUAACCUCAAUAAACAA
CUUAAC) and ZNF644-M (AAAUCUAAUAAUAAAAAUGUUUAA) to CPSF30
as measured by fluorescence anisotropy. Corrected anisotropy values were plotted
against log of CPSF30 concentration and fit to a cooperative binding model.
Corrected anisotropy is obtained by factoring in potential changes in quantum yield
(material and methods). Error bars shown represent the standard error obtained from
the nonlinear regression fit of the average of three trials.
We also examined the complement, UUUAUUU sequences, which are targets for the
tristetraprolin RNA sequence and another common AU-rich sequence found in cells
(typically at mRNA). Here, binding, albeit weaker than the AAUAAA target was
observed until a 30 oligonucleotide sequence was examined. CPSF30 is a homolog of
TTP which recognizes UUUAUUU sequences and these data suggest that Cys3His type
domain preferentially recognizes sequences that are A or U rich.
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Figure 3.5 Comparing the binding of affinity CPSF30 for ARE targets. The
dissociation constant (Kd) for six ARE RNA targets based on the average of two trials.
Error bars are standard error of the nonlinear fit of the average of the two trials. (See
Table 1 for the Kd of each target).
3.4 Conclusion
Through fluorescence anisotropy titrations, we have discovered new parameters in
RNA recognition of CPSF30 for tight protein-RNA binding. This is the first step towards
understating how CPSF30 recognizes pre-mRNA sequences as well as identifying new
RNA targets that are recognized by CPSF30. Future work into CPSF30-RNA
recognition will involve examining CPSF30 in an in vivo model, testing the parameters
determined in this study.
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Chapter 4
Cu(I) disrupts the Structure and Function of the Non-Classical Zinc Finger Protein
Tristetraprolin (TTP)1
4.1 Introduction
Zinc finger (ZF) proteins are eukaryotic proteins that use zinc as a structural cofactor to fold and function.1, 2 The common feature of all ZF proteins is that they contain
modular domains with conserved cysteine and/or histidine residues, which serve as zinc
coordinating ligands.1-4 Upon zinc coordination, ZFs adopt secondary structure that
allows for function. ZFs are involved in a range of biological processes including
neuronal development, inflammatory response, viral development and oncogenesis.1, 2, 5-13
Biochemical roles for ZFs include serving as transcription factors via DNA binding,
regulating translation via RNA binding, and regulating signaling upon binding to other
proteins. 1, 2, 14-16
The best-studied ZF is the ‘classical’ ZF, which was the first ZF to be identified.17
Classical ZFs contain Cys2His2 sequence repeats, adopt an alpha-helical beta strand fold
upon zinc coordination, and function primarily in transcriptional regulation by binding to
specific DNA sequences.1, 2 In addition to the classical ZFs, at least 14 other classes of
ZFs are known.1, 2, 4, 14, 18 Collectively these are called non-classical ZFs, and they are
grouped based upon the number of cysteine and histidine residues, the spacing between
the residues and the structure that is formed upon zinc coordination (if known).1-3, 14, 15, 18

1

Adapted from publication: Shimberg, G. D.; Ok, K.; Neu, H. M.; Splan, K. E.; Michel,
S. L. J. 2017 Inorganic chemistry, 2017, 56 (12), 6838-6848.
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For many non-classical ZFs, experimental evidence for Zn coordination has not yet been
obtained, and they have been annotated as ZFs based upon their amino acid sequence.19
Although zinc is the presumed metal co-factor for ZF proteins, the presence of
mixed sulfur and nitrogen donor ligands within ZF motifs allows for ZFs to coordinate
other metal ions. There are several reports of other divalent, monovalent and trivalent
metal ions binding to ZF sites. These include Sb(III), Au(III), As(III), Fe(II), Cd(II),
Pb(II), Cu(II), Ni(II), Au(I) and Cu(I).20-53 In some instances, the alternative metal ions
are toxic (e.g. Pb) and their coordination to ZFs has been proposed to be part of the
mechanism of toxicity.23-26, 42, 54 In other cases, alternate metal ions have been proposed
to substitute for zinc under conditions of zinc depletion (e.g. Fe(II)).28, 31, 32, 44
One metal of particular interest is copper. Copper is the third most abundant
transition metal ion present in eukaryotic cells. Copper serves as a co-factor for several
key enzymes including superoxide dismutase and cytochrome c oxidase.55-57 In the
reducing environment of the cell, copper is present in the cuprous state Cu(I). Free Cu(I)
can be toxic, because it can undergo Fenton chemistry with reactive oxygen species
(ROS) leading to cellular damage including targeting metalloprotein sites and disrupting
their function. 58-61 As a result, cellular Cu levels must be tightly controlled and there is
limited labile or ‘free’ Cu present in cells. 55, 62-64 There is some interesting recent
evidence that pools of exchangeable copper can be present under certain conditions,
suggesting that Cu may be more bioavailable than initially described.65, 66 Cu(I) is
thiophilic, and thiol rich proteins such as ZFs, are potential cellular targets for Cu(I) when
available (e.g. from the exchangeable pool or under conditions of overload).37, 65, 67
Recent work by one of our laboratories examined Cu(I) binding to several ZF peptides.37
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These previous studies involved measuring Cu(I) coordination to the ZF consensus
peptides CP-CCHH, CP-CCHC, and CP-CCCC that all form the classical  fold upon
Zn(II) coordination and differ only in the metal binding residues, and the C-terminal
domain of the HIV nucleocapsid protein (NCP7), a non-classical ZF with a Cys2HisCys
(or CCHC) ligand set, often referred to as a zinc knuckle peptide.37 Cu(I) bound to all
four peptides studied and was thermodynamically favored over both Co(II) and Zn(II).
However, unlike the Zn(II) bound species, addition of Cu(I) to selected peptides did not
induce the formation of any secondary structure observable via circular dichroism
spectroscopy. The lack of folding for these Cu(I)-ZF single peptides suggest that when
Cu(I) binds to a functional ZF (i.e. with 2 or more domains, single ZF peptides are not
functional), DNA or RNA binding will be significantly compromised for ZF proteins
based upon these two specific folds.
The functional effects of Cu(I) coordination to any ZF have, to our knowledge,
not been determined. Here, we sought to investigate how Cu(I) interacts with a functional
ZF construct to determine how Cu(I) coordination to a ZF affects function. The protein
chosen for these studies was TTP, which is a Cys3His (CCCH) type ZF (Figure 4.1).1
TTP plays a key role in regulating inflammation by controlling levels of cytokines

Figure 4.1 The sequence of TTP-2D. CCCH domains are colored purple and the
additional histidine residues colored yellow.
(inflammatory proteins), at the mRNA level.68, 69 Specifically, the two CCCH domains of
TTP bind to a specific AU-rich sequence found in cytokine mRNA forming a complex
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that is then degraded.68, 70-72 The two CCCH domains must be bound to zinc (or iron) and
folded in order for the protein to bind to mRNA. 1, 44 There is evidence that Cu(I) levels
are elevated during inflammation,73, 74 suggesting that Cu(I) may target TTP and affect its
function, making it a particularly relevant ZF to utilize for studies aimed at understanding
how Cu(I) can target ZF sites. We prepared a single and double domain construct of TTP,
called TTP-1D and TTP-2D, and measured the structural and, for TTP-2D, the functional
affects of Cu(I) binding. We report that Cu(I) binds to the CCCH domains of TTP, but
does not induce any secondary structure. We developed a novel filtration/inductively
coupled plasma mass spectrometry assay to measure metal stoichiometry for TTP-2D,
and determined that Cu(I) binds in a 3:1 ratio while Zn(II) binds in a 2:1 ratio. Cu(I)TTP-2D does not recognize the physiologically relevant RNA sequence,
UUUAUUUAUUU while Zn(II)-TTP-2D does. When Cu(I) is titrated with Zn(II)-TTP2D/RNA, RNA binding is disrupted. These results are discussed in the context of a
functional role for Cu and TTP in modulating the inflammatory response.
4.2 Methods and Materials
4.2.1 Co(II), Zn(II), Cu(I) binding titrations.
CuCl (Sigma Aldrich) stock solutions were prepared in a Coy anaerobic chamber
by dissolving CuCl in 0.01M HCl/1.0M NaCl. The concentrations of the resulting
solutions were determined upon the addition of small aliquots of the Cu(I) stock to 1 mM
bicinchoninate (BCA) in 200 mM HEPES buffer at pH 7.5 to form Cu(BCA)2. The
[Cu(I)] in the resulting solution was quantitated via published data for the Cu(BCA)2
complex (A562nm; = 7,900 M-1/cm-1 for Cu(BCA)2).75 The addition of Cu(II) to excess
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BCA will result in the reduction of Cu(II) to Cu(I) over time and a concomitant increase
in absorbance at 562 nm. Therefore, we monitored the absorbance of Cu(BCA)2 over
time during our concentration determinations to ensure that our Cu(I) stock solutions
remain fully reduced. During this process, no increase in absorbance was observed over
time, nor did the addition of ascorbate as a reducing agent produce additional absorbance
increases as 562 nm, indicating that the copper stock solution is stabilized as Cu(I).
ZnCl2 (Sigma Aldrich) and CoCl2 (EM Science) stock solutions were also prepared in a
Coy anaerobic chamber by dissolving in degassed MilliQ water. Stock solutions used for
Co(II), Zn(II), and Cu(I) titrations for TTP-1D and TTP-2D were buffered in 200 mM
HEPES, 100 mM NaCl at pH 7.5. Titrations of TTP-1D and TTP-2D with Co(II), Zn(II)
and Cu(I) were performed in screw capped quartz cuvettes (Starna Cells) maintained in a
Coy anaerobic chamber (97% nitrogen/3% hydrogen atmosphere) and spectra were
measured on a Perkin Elmer Lambda 25 spectrometer. The buffer used for all titrations
was 200 mM HEPES, 100 mM NaCl at pH 7.5. The buffers were prepared using metalfree reagents, and water that had been purified via a MillQ purification system and Sigma
chelex resin, to prevent adventitious metal binding. All experiments were performed in
triplicate.
4.2.2 TTP-1D.
A peptide corresponding to the first ZF domain of TTP (called TTP-1D) was
purchased from Biosynthesis (Lewisville, TX) at > 75% purity. TTP-1D has the
sequence, TSSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQ, (cysteine and
histidine ligands are underlined). To ensure reduction of cysteine thiols, 10 equivalents
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of dithiothreitol was added to TTP-1D and the peptide was heated at 55 C for 2 hours.
Apo-TTP-1D then purified using a Symmetry-C18 reversed phase HPLC column on a
metal free, non-metallic HPLC (Waters 626 LC). A solvent gradient of
H2O:CH3CN:TFA was utilized for the separation, and the peptide eluted as a single peak
at 65% H2O/ 35% CH3CN/0.1% TFA. The TTP-1D peptide was then transferred to a Coy
anaerobic chamber (97% nitrogen/3% hydrogen atmosphere) where it was lyophilized in
a Savant SpeedVac concentrator. All further manipulations were performed
anaerobically.
4.2.3 TTP-2D over-expression and purification.
A construct of TTP, called TTP-2D, that encodes for the two ZF domains of TTP,
with the amino acid sequence of:
MSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQ
GRCPYGSRCHFIHNPTEDLAL was overexpressed and purified. The expression vector,
previously reported by our laboratory, was based on the pET-15b vector to which the
gene that encoded for the two domain construct of TTP-2D was ligated.44 The expression
vector was transformed into BL21-(DE3) competent cells (Novagen) and the cells were
grown in Luria-Bertani (LB) medium containing 100µg/mL ampicillin and 100 mM
ZnCl2 at 37˚C until mid-log phase (~OD600 of 0.6-0.8). At this point, protein expression
was induced via addition of 1mM IPTG (Isopropyl β-D-1-thiogalactopyranoside). At 4
hours post induction, the cells were harvested by centrifugation at 7800 x g for 15mins at
4˚C. A solution of 8M urea, 10mM MES buffer at pH 6 and EDTA-free protease
inhibitor mini-tablet (Roche) was then utilized to re-suspend the cells. The cells were
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then lysed by sonication (Fisher Scientific Sonic Dismembrator Model 100) on ice, and
centrifuged at 12,100 rpm for 15 minutes at 4˚C to remove cellular debris. The
supernatant was then applied to an SP-Sepharose column at room temperature and
equilibrated via rocking for 60 minutes. Separation was accomplished by performing a
step gradient from 0 to 2M NaCl in 4M Urea, 10mM MES pH 6; TTP-2D eluted at 600
mM NaCl. To ensure that the cysteine thiols of the isolated TTP-2D were fully reduced,
25 mM DTT was added to the peptide and the peptide was heated at 56˚C for 2 hours. A
second purification step was then preformed. The peptide was applied to a C18-reverse
phase HPLC column on a Waters 626 bioinert LC and a H2O:CH3CN:TFA gradient was
applied. TTP-2D eluted at 32% CH3CN. Purified TTP-2D was then transferred to a Coy
anaerobic chamber (97% nitrogen/3% hydrogen atmosphere) where it was lyophilized to
dryness (Savant SpeedVac concentrator). The purity of the peptide was verified by SDSPAGE and MALDI-MS (calculated 8581.8 Da; observed 8581.7 Da). All subsequent
handling of TTP-2D was performed anaerobically, to prevent cysteine oxidation.
4.2.4 Co(II) and Zn(II) Binding
To verify that the isolated apo-TTP-1D and apo-TTP-2D bound Zn(II), as
expected, Co(II) was used as a spectroscopic probe following the protocol we previously
published.44 In a typical experiment, either apo-TTP-1D or apo-TTP-2D (40-50 µM) was
titrated with CoCl2 past saturation and the data were fit to a 1:1 binding equilibrium, by
plotting data in the d-d regions (e.g. at 655 nm). A co-titration with ZnCl2 was then
performed, and the relative affinities of Zn for TTP-1D and TTP-2D were determined.
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4.2.5 Direct Titrations of TTP-1D and TTP-2D with Cu(I)
CuCl was added to apo-TTP-1D or apo-TTP-2D in a stepwise fashion. For apoTTP-1D, the following additions were made: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
1.25, 1.5, 1.75, 2.0, 2.5, 3.0 equivalents of Cu(I). After the addition of 3 equivalents, the
baseline drifted upwards, suggesting precipitation or aggregation. For apo-TTP-2D the
following additions were made: 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0
equivalents of Cu(I). After the addition of 6 equivalents, the baseline drifted upwards,
suggesting precipitation or aggregation.
2.6 Job’s plot.
Solutions of apo-TTP-2D and CuCl at a constant concentration of 10 μM were
prepared in screw capped cuvettes maintained in a coy anaerobic box. The mole fraction
of Cu (I) in each sample was varied as 0.09, 0.19, 0.38, 0.53, 0.7, 0.77 and 0.87. A Job’s
plot was generated from the data by plotting the corrected absorbance (A–A0) at 238 nm
versus mole fraction [Cu (I)] / {[Cu (I)]+[apo-TTP-2D]}. The maximum absorbance in
the Job’s plot of [Cu (I)] / {[Cu (I)]+[apo-TTP-2D]} was reached at 0.74, indicating 2.8:1
binding stoichiometry.
4.2.7 Cu(I)TTP-2D affinity and stoichiometry measured via Cu(BCA)2 competition
assays.
Apo-TTP-2D was added stepwise into a solution of Cu(I)BCA2 prepared at a
defined molecular ratio (either 9.5 M Cu(I)/ 0.5 mM BCA or 9 M Cu(I)/ 5 mM
BCA)S. The loss of the Cu(I)BCA2 signal at 562 nm was monitored. The data were
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analyzed according to methods described by Xiao et al., resulting in an approximate KD
for the Cu(I)-TTP-2D interaction.76
4.2.8 Indirect Titrations of Co(II)-TTP-2D with Cu(I) or Zn(II).
Co(II)-TTP-2D was prepared by addition of 2.4 equivalents of CoCl2 to apo-TTP2D, followed by addition of CuCl or ZnCl2. 0.6, 1.2, 1.7, 2.3, 2.8, and 3.8 equivalents of
CuCl or ZnCl2 were added, resulting in a diminution of the d-d bands. 2.8 equivalents of
Cu and 2.3 equivalents of Zn were required for complete loss of the d-d bands, which was
accompanied by some baseline drift indicative of precipitation or aggregation.
4.2.9 Preparation of ICP-MS samples.
Cu(I)-TTP-2D and Zn(II)-TTP-2D samples for ICP-MS analysis were prepared
by addition of 5.0 equivalents of CuCl or ZnCl2 to 40 μM of apo-TTP-2D in 200 mM
HEPES, 100 mM NaCl at pH 7.5. Control samples were 200 μM CuCl, 200 μM ZnCl2
and 40 μM apo-TTP-2D. All samples were incubated via shaking at 300 rpm for 30
minutes at room temperature. After incubation, the samples were applied to 3KDa
MWCO centrifugal filters (Amicon Ultra – 0.5 mL) and spun for 14,000 x g for 30
minutes on a 40º angle fixed table-top centrifuge (Denville 260D). The flow-through was
then diluted in 200 mM HEPES, 100 mM NaCl at pH 7.5 to 500 μL and the spin filter
step was repeated (3x total). The samples were split in half. One half was used to measure
metal content - 6% nitric acid was added, and ICP-MS performed. The other half of the
sample was utilized to measure peptide concentration. The peptide was unfolded via
addition of HCl and the peptide concentration measured via absorbance spectroscopy
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(A276;  = 8520 M-1 cm-1). All samples were prepared under anaerobic conditions (3%H2,
97%N2, anaerobic chamber, Coy Laboratories). Measurements were performed in
triplicate.
4.2.10 Copper and Zinc Detection by ICP-MS.
The concentrations of copper and zinc in protein samples were determined by
injecting samples into an Agilent 7700x ICP-MS (Agilent Technologies, Santa Clara,
CA, USA). Metal levels were detected using an Octopole Reaction System cell (ORS) in
He mode to remove interferences. The ICP-MS parameters used for the analysis were: an
RF power of 1550 W, an argon carrier gas flow of 0.99 L/min, helium gas flow of 4.3
mL/min, octopole RF of 190 V, and OctP bias of -18 V. Samples were directly infused
using the 7700X peristaltic pump with a speed of 0.1 rps and a micromist nebulizer.
Copper and zinc concentrations in samples were derived from a calibration curve
generated by a series of dilutions of atomic absorption standard (Fluka Analytical)
prepared in the same matrix as the samples. Data analysis was performed using Agilent’s
Mass Hunter software.
4.2.11 Circular Dichroism (CD) Studies.
To investigate changes in secondary structure due to Zn(II) and Cu(I)
coordination to TTP-2D, the far-UV Circular Dichroism (CD) spectra were obtained
using a JASCO-810 spectropolarimeter. 50 M apo-TTP-2D was prepared in 300 L of
10mM sodium phosphate, pH 7.5 (prepared using chelex-treated water and degassed).
Either 2 molar equivalents of ZnCl2 or 3 molar equivalents of CuCl were added to the
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cuvette and scans of either Zn(II)-TTP-2D or Cu(I)-TTP-2D were performed. CD data
were collected over the wavelength range of 180 to 280 nm, with a scan rate of 100
nm/min, at 25 °C in a 1 mm path length quartz rectangular cell (Starna Cells). A total of 5
scans were obtained for each point, and the average was determined. Experiments were
performed in triplicate.
4.2.12 RNA binding studies.
Fluorescence anisotropy (FA) was performed to determine how Cu(I)
coordination to TTP-2D affects RNA recognition and binding. The 3’-Fluorescein (F)labeled RNA oligonucleotide with the sequence UUUAUUUAUUU-F (Dharmacon
Research Inc, PAGE-purified, deprotected, and desalted and dissolved in DEPC treated
water) was utilized for these studies. An ISS PC-1 spectrofluorometer, configured in the
L format, was used for all FA measures. FA experiments performed with the excitation
wavelength/band-pass at 495nm/2nm, and the emission wavelength/band-pass at
517nm/2nm, identified from a full excitation/emission scan of the RNA probe. The
buffer system for the experiments was 200 mM HEPES, 100mM NaCl, 0.05mg/mL
bovine serum albumin (to prevent protein adherence to the cuvette) at pH 7.5 and the
cuvettes utilized were Spectrosil far-UV quartz window fluorescence cuvettes (Starna
Cells). Three experiments were performed: (1) 10 nM of UUUAUUUAUUU-F was
titrated with the Zn(II)-TTP-2D to verify RNA binding, as previously reported by one of
our laboratories.44 10 nM of UUUAUUUAUUU-F was titrated with Cu(I)-TTP-2D to
determine if Cu(I)-TTP-2D binds RNA and (3) 10 nM of UUUAUUUAUUU-F was
titrated with Zn(II)-TTP-2D to saturation followed by addition of Cu(I)Cl. In all
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experiments, the anisotropy (r) was monitored and the data were analyzed. Each data
point is the average of 31 readings obtained over 100 s. All titrations were carried out in
triplicate.
4.3 Results
4.3.1 Cu(I) binding to single and double domain constructs of TTP.
To determine whether Cu(I) bound to each construct, direct titrations with CuCl
under anaerobic conditions were performed.37 For the titration of the single ZF domain
with Cu(I), TTP-1D, peaks at 238 nm and 262 nm with a shoulder at 300 nm grew in as
Cu(I) was added (Figure 4.2).

Figure 4.2 Plot of the change in the absorption spectrum, between 230 and 500 nm,
as CuCl is added to apo-TTP-1D. The apo-TTP-1D spectrum has been subtracted, and
the titration was performed in 200 mM HEPES, 100 mM NaCl, pH 7.5.
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The peaks are proposed to be Cu-S charge transfer bands, as such bands have been
observed for metallothionein and Cu(I)ZF- peptides.37 A plot of absorbance versus
concentration of Cu(I) (Figure 4.3) revealed a clear break point upon the addition of a
single Cu(I) equivalent, indicating that Cu(I) binding initially yields a 1:1 stoichiometry.
We note that the absorption at 238 and 262 nm does not perfectly saturate. This may be
due to Cu(I)-buffer (Hepes)

Figure 4.3 Plot of absorbance versus concentration of Cu(I) bound to TTP-1D.
Plot of the increase in absorbance at 238 nm (green triangles), 262 nm (red circles) and
300 nm (blue squares), as CuCl is added to apo-TTP-1D
interactions, as previously reported by Splan et al, or to either non-specific binding to the
peptide or aggregation, as has been reported previously by LeBrun and Giedroc and
Merchant.37, 40, 77
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For the titration of the double ZF domain, TTP-2D, with Cu(I) absorbance peaks
at 238 nm, 262 nm and 300 nm again appeared (Figure 4.4).

Figure 4.4 Plot of the change in the absorption spectrum, between 230 and 500 nm,
as CuCl is is added to apo-TTP-2D. The apo-TTP-2D spectrum has is subtracted, and
the titration was performed in 200 mM HEPES, 100 mM NaCl, pH 7.5.
A plot of Cu(I) concentration versus absorbance showed a break point at 3 equivalents of
Cu(I)/TTP-2D (3:1) (Figure 4.5). These data also show absorption at 238 and 262 nm
that do not saturate, like the data observed for TTP-1D. In addition, a slight shift is
observed in the data after the addition of one equivalent of Cu(I) which suggests
sequential metal binding wherein the second metal exhibits a slightly different spectral
signature.78 To further investigate the stoichiometry of Cu:TTP2D, we used Job’s
method.79, 80
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Figure 4.5 Plot of absorbance versus concentration of Cu(I) bound to TTP-2D.
Plot of the increase in absorbance at 238 nm (blue squares), 262 nm (green triangles)
and 300 nm (red circles), as CuCl is added to with apo-TTP-2D
As shown in Figure 4.6, the Job plot indicates a 2.8:1 binding stoichiometry. These data
are consistent with the direct Cu binding titration data. To examine binding under copper
limiting conditions wherein weak and/or non-specific binding is prohibited, further
experiments were conducted in the presence of the copper-specific chelator BCA.
Addition of Cu(I) to excess BCA results in a highly stable, colored 1:2 complex ((A562nm;
 = 7,900 M-1 cm-1 for Cu(BCA)2; log 2 = 17.2) 75 As shown in Figure 4.7, addition of
increasing amounts of TTP-2D resulted in the loss of absorbance signal owing to
Cu(BCA)2, indicating that TTP-2D effectively competes with BCA for available copper.
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Figure 4.6 Job’s plot (X axis: mole fraction; [Cu (I)] / {[Cu (I)]+[apo-TTP-2D]}, Y
axis: A – A0 at 238 nm).

Figure 4.7 Plot of the change in the absorption spectrum between 450 and 650
nm as apo-TTP-2D is is added to Cu(I):BCA2 (9.5 µM Cu: 0.5 mM BCA).
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Analysis of the decrease in absorbance as a function of protein added revealed
that, even in the presence of 500 M BCA for which stoichiometric titration data are
observed, TTP-2D binds Cu(I) with a stoichiometry of ~ 3:1, consistent with our data
presented above (Figure 4.8.). While the direct titration data presented in Figures 2-5 do
not fully saturate and leave the question of stoichiometry uncertain, this observed 3:1
stoichiometry under limited copper availability that more closely approximates
intracellular conditions strongly support the conclusion that TTP-2D binds three Cu(I)
ions.
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Figure 4.8 Plot of the absorption spectrum at 592 nm as apo-TTP-2D is added to
Cu(I):BCA2 [9.5 M Cu: 0.5 mM BCA (red) and 9 M Cu: 5 mM BCA(black)].
Experiments were performed in 200 mM HEPES, 100 mM NaCl, pH 7.5.
Upon increasing the amount of BCA present in the experiment to 5 mM, equilibrium
binding data was observed and was used to estimate an average dissociation constant
(KD) for the binding of Cu(I) to TTP-2D per the method described by Xiao et al.75, 76
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Therein, the average KD (per copper ion) for a protein or peptide that binds multiple
Cu(I) ions can be calculated from equation 1:
1−𝜃 1/𝑛

𝐾𝐷 = (

𝜃

)

[𝐶𝑢]𝑓

(1)

where n equals the number of Cu(I) ions bound to the protein. Fractional occupancy and
[Cu]f were calculated from the total concentrations of Cu(I), TTP-2D, and BCA.
Assuming n = 3, a dissociation constant KD ~ 10-18 M for the Cu(I)-TTP-2D interaction
was estimated, which is within the range of several Cu(I)-protein interactions previously
reported.75 The upper limit KD for Zn(II) binding to TTP-2D has previously been
reported.44 This affinity is 6.2 × 10-11 M, which is weaker than the affinity of Cu(I) for
TTP-2D.
TTP-2D contains two CCCH domains, therefore a 2:1 not a 3:1 stoichiometry is
expected if each Cu(I) binds to a single CCCH site. Therefore, an assay based upon
inductively coupled plasma mass spectrometry (ICP-MS) was developed. In this assay,
outlined in Figure 4.9, M-TTP-2D complexes (M = Cu(I) or Zn(II)) were prepared by
addition of 5 equivalents (excess) of the metal ion to apo-TTP-2D followed by incubation
to form the M-TTP-2D complex.
The complex was then applied to a 3 kilodalton molecular weight cut off
spin filter, and washed 3 times to remove any adventitiously bound metal ions. This
approach should isolate the fully-metal bound TTP-2D species.

96

Figure 4.9 Outline of spin-filter/ICP-MS assay developed.
The resultant M:TTP-2D stoichiometry was determined by measuring the total metal
content via Inductively Coupled Plasma Mass Spectrometery (ICP-MS). Total protein
content was determined by denaturing the protein and using the determined extinction
coefficient of  = 8520 M-1 cm-1 at 276 nm.29 The metal:TTP-2D stoichiometry was then
determined from this ratio. As shown in Table 4.1, the Cu:TTP-2D stoichiometry was
3.1:1, matching the UV-visible data. The Zn-TTP-2D stoichiometry was 2.3:1, which
was expected based upon previously reported NMR data.34 The consistency seen in the
Zn and Cu data, between ICP-MS and other measures of stoichiometry provides strong
support for the viability of this spin filtration/ICP-MS approach.
Cu analysis

Zn analysis

Cu-TTP-2D 3.1 (± 0.27*, ± 0.13**)

Zn-TTP-2D 2.3 (± 0.41*, 0.10**)

apo-TTP-2D 0.034 (±0.013*, ±0.004**)

apo-TTP-2D 0.004 (±0.005*, 0.001**)

Buffer† 0.057 (±0.097*, ±0.028**)

Buffer† 0.027 (±0.010*, 0.002**)

Table 4.1 Measurement of metal: TTP-2D stoichiometry using ICP-MS. * SD,
Standard Deviation, ** SEM, Estimated Standard Error of the Mean (n=12), †Buffer =
200 mM HEPES, 100 mM NaCl, pH 7.5
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TTP-2D has two CCCH domains. When zinc is bound, each CCCH domain
provides four ligands – all three cysteines and the histidine – resulting in four coordinate,
tetrahedral complexes. The 3:1 Cu:TTP-2D binding stoichiometry observed here suggests
that the coordination number and geometry differs when Cu(I) is bound instead of Zn(II).
Cu(I) typically binds with a coordination number of 2-3 and is often planar.81 Therefore,
the three Cu(I) ions may bind to the two CCCH domains by utilizing 2-3 ligands per
Cu(I). We also note that within the amino acid sequence of TTP-2D, there are three
additional histidine residues that are not part of the CCCH domains. These may also
serve as ligands for Cu(I).
4.3.2 Competitive Metal Titrations: Displacement of Co(II) by Cu(I) and Zn(II).
To determine if Cu(I) binds to the CCCH sites, like Zn(II), competition titrations
were performed. In these experiments, the TTP-2D peptide was loaded with a slight
excess of Co(II) (2.4 equivalents), and then aliquots of either Zn(II) or Cu(I) were added
(Figure 4.10 & 4.11). Co(II) is a surrogate for Zn(II) - it binds to the CCCH domains in
a tetrahedral geometry and exhibits distinct d-d bands between 550-750 nm indicative of
this coordination; however it can be displaced by Zn(II) which binds more tightly to
tetrahedral sites than Co(II), due to ligand field stabilization energy preferences.1, 2, 44
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Figure 4.10 Plot of the change in the absorption spectrum, between 550 and 750
nm, as 0.6, 1.2, 1.7, 2.3, 2.8 and 3.8 equiv. of CuCl is added to Co(II)-TTP-2D.
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Figure 4.11 Plot of the change in the absorption spectrum, between 550 and 750
nm, as 0.6, 1.2, 1.7, 2.3, 2.8 and 3.8 equiv. of ZnCl2 is added to Co(II)-TTP-2D.
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Addition of 2.3 equivalents of Zn and 2.8 equivalents of Cu were sufficient to fully
replace the Co as evidenced by the loss of the Co d-d bands (Figure 4.12). The finding
that slightly more Cu is required to replace Co than Zn is consistent with our observation
of a 3:1 Cu:TTP-2D stoichiometry from both the direct titrations of apo-TTP-2D with
Cu(I) and ICP-MS analysis. Cu(I) typically binds with a lower coordination number than
Zn(II) or Co(II) and we propose that the third Cu(I) binds to some of the ligands within
the CCCH domains and possibly to other ligands within the TTP-2D sequence.
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Figure 4.12 Plot of the absorption spectrum at 650 nm as a function of either
added Cu(I) or Zn(II). Titrations were performed with 16.5 μM Apo-TTP-2D in 200
mM HEPES, 100 mM NaCl, pH 7.5.
The property of metal ions displacing Co and binding to the CCCH domains of TTP
appears to be generalizable for TTP: we have previously shown that Fe(II), Fe(III), and
Cd(II) all displace Co from Co-TTP and that Cu(I) will displace Co(II) from the ZF
consensus peptides and zinc knuckle peptides.34, 37, 44
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4.3.3 Circular dichroism (CD) of apo-TTP-2D, Zn(II)TTP-2D and Cu(I)TTP-2D.
Circular Dichroism (CD) spectroscopy was employed to measure the secondary
structure of TTP-2D as a function of metal coordination. As shown in Figure 4.12, apoTTP-2D adopts a random coil conformation while Zn(II)-TTP-2D shows some evidence
of secondary structure, mostly alpha helical character.

Figure 4.13 Overlay of the CD spectra of 50μM apo-TTP-2D (black line), Zn(II)TTP-2D (red dot) and Cu(I)-TTP-2D (green line). All experiments performed in 10
mM sodium phosphate, pH 7.5.

This is in keeping with the NMR structures of TTP and a close homolog Tis11d –
both of which exhibit some alpha helical structure upon Zn binding.82, 83 The Cu(I)TTP2D spectrum lacked any secondary structure, and instead is similar to the spectrum of
apo-TTP-2D. These results indicate that while Cu(I) binds to TTP-2D, as evidenced by
changes in the UV-visible spectrum including the appearance of charge transfer bands
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between Cu(I) and sulfur, that the metal coordination is not accompanied by adoption of
any secondary structure.
4.3.4 Cu(I)-TTP-2D/RNA binding
TTP-2D binds specifically to the mRNA sequence: UUUAUUUAUUU, which is
found at the 3’ end of cytokine mRNAs. When Zn(II) is bound to TTP-2D, high affinity
binding to this RNA target is observed.1, 44, 82, 84 Similar high affinity RNA binding is
observed when Fe(II), Fe(III) or Cd(II) are coordinated to TTP-2D.34, 44 To determine
how Cu(I)-TTP-2D binds to RNA, a fluorescence anisotropy assay, developed by one of
our laboratories, was utilized. 34, 44 In the experiment, Cu(I)-TTP-2D was added to a
fluorescently labeled RNA target sequence, UUUAUUUAUUU-F (F = fluorescein), and
binding was monitored via a change in anisotropy (r). No binding to RNA was observed
(Figure 4.14) in the presence of Cu(I)-TTP-2D. This contrasts with Zn(II)-TTP-2D,
Fe(II)-TTP-2D, Fe(III)-TTP-2D, and Cd(II)-TTP-2D, all of which bind to the AU-rich
RNA sequence with high affinities (Kd = 16 ± 1 nM, 12 ± 1 nM, 25 ± 3 nM, 2.4 ± 0.2
nM).34, 44
This result suggests that when Cu(I) binds to TTP-2D, in lieu of Zn(II), or other
divalent or trivalent metal ions, the protein is not functional. This lack of function is
likely due to the effect of Cu(I) on folding. While Cu(I) binds to TTP-2D, as evidenced
by the appearance of charge transfer bands in the UV-visible spectrum (Figures 2 and 4)
the protein does not exhibit any secondary structure, as indicated by the CD spectrum of
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Cu(I)-TTP-2D, which resembles that of apo-TTP-2D. Moreover, the observation that 3
equivalents of Cu(I) bind to TTP-2D provides further support for altered/disrupted
structure of TTP-2D.

Figure 4.14 Zn-TTP-2D and Cu(I)-TTP-2D binding to AU rich sequence.
Comparison of the change in anisotropy upon the addition of Zn(II)-TTP-2D (red), or
Cu(I)-TTP-2D (teal green) to the RNA oligonucleotide UUUAUUUAUUU-F (F=
fluorescein).
A second fluorescence anisotropy experiment, in which Cu(I) was added to
Zn(II)-TTP-2D bound to RNA was also performed. The goal was to determine if Cu(I)
disrupts the protein/RNA binding interaction. We observe that addition of Cu(I), starting
with 0.5 equivalents (vs. 1 equivalent Zn(II)-TTP2D/RNA), resulted in a diminution of
anisotropy.
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Figure 4.15 Zn-TTP-2D/RNA complex with addition of Cu(I). Plot of the change
in anisotropy upon the addition of Zn(II)-TTP-2D (red) to the RNA oligonucleotide
UUUAUUUAUUU-F (F= fluorescein) followed by addition of CuCl. All FA
experiments were performed in a 200 mM HEPES, 100 mM NaCl, at pH 7.5
After the addition of 3.5 equivalents of Cu(I), the anisotropy equaled that of free RNA,
indicating that Zn(II)-TTP binding to RNA was completely inhibited (Figure 4.15).
These data suggest a potential role for Cu(I) in turning off TTP function by disrupting the
protein/RNA binding interaction.
4.4 Conclusions
The work described in this manuscript is the first study of how Cu(I) can affect
the function of a ZF protein. Cu(I) coordinated TTP-2D does not bind to RNA and Cu(I)
inhibits Zn(II)-TTP-2D/RNA binding. The lack of RNA binding when Cu(I) is
coordinated to TTP-2D is likely due to the lack of folding of the CCCH domains.
Although TTP-2D has limited fold when the native Zn(II) metal is bound, this limited
fold is clearly important for RNA binding. The inhibition of Zn(II)-TTP-2D/RNA by
Cu(I) suggests that Cu(I) can also associate with the Zn(II)-TTP-2D/RNA complex and
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disrupt function. Whether Cu(I) disrupts the function of other types of ZF proteinsclassical or non-classical remains to be seen. We note that the only other study of Cu(I)
binding to a ZF site, besides that of one reported by one of our laboratories that examined
Cu(I) binding to short ZF peptides,37 examined Cu(I) binding to the zinc binding domain,
SBP, from the copper response regulator 1 (CRR1) protein from Chlamydomonas
reinhardtii.40 Cu(I)-SBP adopted the same structure as Zn(II)-SBP, as measured by CD,
in contrast to TTP (vide supra) , CP-CCHC and NCp7_C which all exhibited no
secondary structure when Cu(I) was coordinated. This finding suggests that the type of
ZF (i.e. types of ligands at each ZF domain), must play a role in whether Cu(I) leads to a
structured domain. The functional effects of Cu(I)-SBP were not investigated; and it
would be interesting to learn how this protein’s ability to bind to DNA is effected by
Cu(I) coordination.
Copper levels are upregulated during inflammation, and consequently cytokine
levels are elevated.73, 85, 86 The mechanisms by which increased copper leads to
inflammation are not clearly understood. One current hypothesis is that copper is released
from the protein Ceruloplasmin, a multi-copper oxidase, that stores most of the
circulating copper in the plasma.69 Once released, the copper can bind to other proteins,
and inflammatory mediators such as NFB have been proposed to be targets. TTP is
another inflammatory mediator, and participates in the same signaling pathway as NFB,
making it a potential target. Our biochemical data revealed that TTP does not bind to
RNA when Cu(I)-loaded suggesting that in cells, Cu(I)-TTP may inhibit TTP’s function
to shut off cytokine production (and therefore the inflammatory response), leading to
over-inflammation. Work is now underway to examine how TTP function is modulated
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by metal ions in an in vivo model.
More broadly, the ability of Cu(I) to disrupt Zn-metalloproteins may have clear
implications in the context of copper toxicity and/or metallo-regulation. While under
most cellular conditions Cu(I) levels are tightly controlled and free Cu(I) concentrations
are very low,62 several disease states are characterized by mis-regulation of cellular
copper. 56, 73, 87-91 A clear understanding of Cu(I)-binding to Zn(II)-metalloproteins is
important in identifying putative targets for disruption by Cu(I) under conditions of
copper mis-regulation. Previous work has shown that the ZF-based Sp1 transcription
factor regulates the expression of multiple copper-binding proteins in response to
fluctuations in copper concentrations, and it is hypothesized the ZFs in Sp1 function as
intracellular copper sensors via copper interaction at the zinc binding sites.92-95 The
disruption of TTP-2D function by Cu(I) observed here suggests that Cu(I) may also play
a regulatory role in the inflammatory response, and may be another example of
metalloprotein substitution for regulatory purposes. Finally, recent work suggests that
fluctuations of intracellular transition metal ion concentrations, including Cu(I), may play
an important roles in signal transduction, providing support for the notion that transition
metal ion-protein interactions are more dynamic than previously believed. 65, 66
A final contribution of this work is the utilization of a rapid ICP-MS approach to
measure metal:protein stoichiometry. Conventionally, UV-visible monitored titrations
are used to determine stoichiometry; however, this approach relies on the presence of
clear absorbance bands (often charge transfer bands), which can be obscured or
modulated by protein bands making it difficult to definitively ascribe stoichiometry.44
Our approach directly measures metal stoichiometry via a rapid spin filter/ ICP-MS
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approach, and we envision its use in confirming metal stoichiometry for other
metalloprotein systems.
4.5 References
1.
Lee, S. J., and Michel, S. L. (2014) Structural metal sites in nonclassical zinc finger
proteins involved in transcriptional and translational regulation, Acc Chem Res 47, 26432650.
2.
Michalek, J. L., Besold, A. N., and Michel, S. L. (2011) Cysteine and histidine
shuffling: mixing and matching cysteine and histidine residues in zinc finger proteins to
afford different folds and function, Dalton Trans 40, 12619-12632.
3.
Decaria, L., Bertini, I., and Williams, R. J. (2010) Zinc proteomes, phylogenetics
and evolution, Metallomics 2, 706-709.
4.
Bertini, I., Decaria, L., and Rosato, A. (2010) The annotation of full zinc proteomes,
J Biol Inorg Chem 15, 1071-1078.
5.
Gower-Winter, S. D., and Levenson, C. W. (2012) Zinc in the central nervous
system: From molecules to behavior, Biofactors 38, 186-193.
6.
Swamynathan, S. K. (2010) Kruppel-like factors: three fingers in control, Hum
Genomics 4, 263-270.
7.
Shifera, A. S. (2010) The zinc finger domain of IKKgamma (NEMO) protein in
health and disease, J Cell Mol Med 14, 2404-2414.
8.
Heyninck, K., and Beyaert, R. (2005) A20 inhibits NF-kappaB activation by dual
ubiquitin-editing functions, Trends Biochem Sci 30, 1-4.
9.
Todorova, T., Bock, F. J., and Chang, P. (2015) Poly(ADP-ribose) polymerase-13
and RNA regulation in immunity and cancer, Trends Mol Med 21, 373-384.
10.
Yang, C., Huang, S., Wang, X., and Gu, Y. (2015) Emerging Roles of CCCH-Type
Zinc Finger Proteins in Destabilizing mRNA Encoding Inflammatory Factors and
Regulating Immune Responses, Crit Rev Eukaryot Gene Expr 25, 77-89.
11.
Mori, M., Kovalenko, L., Lyonnais, S., Antaki, D., Torbett, B. E., Botta, M.,
Mirambeau, G., and Mely, Y. (2015) Nucleocapsid Protein: A Desirable Target for Future
Therapies Against HIV-1, Curr Top Microbiol Immunol 389, 53-92.

107

12.
Mani, R. S. (2014) The emerging role of speckle-type POZ protein (SPOP) in
cancer development, Drug Discov Today 19, 1498-1502.
13.
Jen, J., and Wang, Y. C. (2016) Zinc finger proteins in cancer progression, J Biomed
Sci 23, 53.
14.
Laity, J. H., Lee, B. M., and Wright, P. E. (2001) Zinc finger proteins: new insights
into structural and functional diversity, Curr Opin Struct Biol 11, 39-46.
15.
Klug, A. (2010) The discovery of zinc fingers and their development for practical
applications in gene regulation and genome manipulation, Q Rev Biophys 43, 1-21.
16.
Klug, A. (2010) The discovery of zinc fingers and their applications in gene
regulation and genome manipulation, Annu Rev Biochem 79, 213-231.
17.
Berg, J. M. (1986) Potential metal-binding domains in nucleic acid binding
proteins, Science 232, 485-487.
18.
Andreini, C., Banci, L., Bertini, I., and Rosato, A. (2006) Counting the zincproteins encoded in the human genome, J Proteome Res 5, 196-201.
19.
Andreini, C., Bertini, I., and Cavallaro, G. (2011) Minimal functional sites allow a
classification of zinc sites in proteins, PLoS One 6, e26325.
20.
Laskay, U. A., Garino, C., Tsybin, Y. O., Salassa, L., and Casini, A. (2015) Gold
finger formation studied by high-resolution mass spectrometry and in silico methods, Chem
Commun 51, 1612-1615.
21.
Bertrand, B., Spreckelmeyer, S., Bodio, E., Cocco, F., Picquet, M., Richard, P., Le
Gendre, P., Orvig, C., Cinellu, M. A., and Casini, A. (2015) Exploring the potential of
gold(III) cyclometallated compounds as cytotoxic agents: variations on the C^N theme,
Dalton Trans 44, 11911-11918.
22.
Jacques, A., Lebrun, C., Casini, A., Kieffer, I., Proux, O., Latour, J. M., and
Seneque, O. (2015) Reactivity of Cys4 zinc finger domains with gold(III) complexes:
insights into the formation of "gold fingers", Inorg Chem 54, 4104-4113.
23.
Ordemann, J. M., and Austin, R. N. (2016) Lead neurotoxicity: exploring the
potential impact of lead substitution in zinc-finger proteins on mental health, Metallomics
8, 579-588.
24.
Petering, D. H., Huang, M., Moteki, S., and Shaw, C. F., 3rd. (2000) Cadmium and
lead interactions with transcription factor IIIA from Xenopus laevis: a model for zinc finger
protein reactions with toxic metal ions and metallothionein, Mar Environ Res 50, 89-92.
108

25.
Zawia, N. H., Crumpton, T., Brydie, M., Reddy, G. R., and Razmiafshari, M. (2000)
Disruption of the zinc finger domain: a common target that underlies many of the effects
of lead, Neurotoxicology 21, 1069-1080.
26.
Hanas, J. S., Rodgers, J. S., Bantle, J. A., and Cheng, Y. G. (1999) Lead inhibition
of DNA-binding mechanism of Cys(2)His(2) zinc finger proteins, Mol Pharmacol 56, 982988.
27.
Nagaoka, M., Kuwahara, J., and Sugiura, Y. (1993) Alteration of DNA binding
specificity by nickel (II) substitution in three zinc (II) fingers of transcription factor Sp1,
Biochem Biophys Res Commun 194, 1515-1520.
28.
Besold, A. N., Lee, S. J., Michel, S. L., Sue, N. L., and Cymet, H. J. (2010)
Functional characterization of iron-substituted neural zinc finger factor 1: metal and DNA
binding, J Biol Inorg Chem 15, 583-590.
29.
Lee, S. J., and Michel, S. L. (2010) Cysteine oxidation enhanced by iron in
tristetraprolin, a zinc finger peptide, Inorg Chem 49, 1211-1219.
30.
Hider, R. C., Bittel, D., and Andrews, G. K. (1999) Competition between iron(III)selective chelators and zinc-finger domains for zinc(II), Biochem Pharmacol 57, 10311035.
31.
Conte, D., Narindrasorasak, S., and Sarkar, B. (1996) In vivo and in vitro ironreplaced zinc finger generates free radicals and causes DNA damage, J Biol Chem 271,
5125-5130.
32.
Omichinski, J. G., Trainor, C., Evans, T., Gronenborn, A. M., Clore, G. M., and
Felsenfeld, G. (1993) A small single-"finger" peptide from the erythroid transcription
factor GATA-1 binds specifically to DNA as a zinc or iron complex, Proc Natl Acad Sci
U S A 90, 1676-1680.
33.
Malgieri, G., Palmieri, M., Esposito, S., Maione, V., Russo, L., Baglivo, I., de
Paola, I., Milardi, D., Diana, D., Zaccaro, L., Pedone, P. V., Fattorusso, R., and Isernia, C.
(2014) Zinc to cadmium replacement in the prokaryotic zinc-finger domain, Metallomics
6, 96-104.
34.
Michalek, J. L., Lee, S. J., and Michel, S. L. (2012) Cadmium coordination to the
zinc binding domains of the non-classical zinc finger protein Tristetraprolin affects RNA
binding selectivity, J Inorg Biochem 112, 32-38.

109

35.
Malgieri, G., Zaccaro, L., Leone, M., Bucci, E., Esposito, S., Baglivo, I., Del Gatto,
A., Russo, L., Scandurra, R., Pedone, P. V., Fattorusso, R., and Isernia, C. (2011) Zinc to
cadmium replacement in the A. thaliana SUPERMAN Cys(2) His(2) zinc finger induces
structural rearrangements of typical DNA base determinant positions, Biopolymers 95,
801-810.
36.
Kothinti, R. K., Blodgett, A. B., Petering, D. H., and Tabatabai, N. M. (2010)
Cadmium down-regulation of kidney Sp1 binding to mouse SGLT1 and SGLT2 gene
promoters: possible reaction of cadmium with the zinc finger domain of Sp1, Toxicol Appl
Pharmacol 244, 254-262.
37.
Doku, R. T., Park, G., Wheeler, K. E., and Splan, K. E. (2013) Spectroscopic
characterization of copper(I) binding to apo and metal-reconstituted zinc finger peptides, J
Biol Inorg Chem 18, 669-678.
38.
Hutchens, T. W., Allen, M. H., Li, C. M., and Yip, T. T. (1992) Occupancy of a
C2-C2 type 'zinc-finger' protein domain by copper. Direct observation by electrospray
ionization mass spectrometry, FEBS Lett 309, 170-174.
39.
Hutchens, T. W., and Allen, M. H. (1992) Differences in the conformational state
of a zinc-finger DNA-binding protein domain occupied by zinc and copper revealed by
electrospray ionization mass spectrometry, Rapid Commun Mass Spectrom 6, 469-473.
40.
Sommer, F., Kropat, J., Malasarn, D., Grossoehme, N. E., Chen, X., Giedroc, D.
P., and Merchant, S. S. (2010) The CRR1 nutritional copper sensor in Chlamydomonas
contains two distinct metal-responsive domains, Plant Cell 22, 4098-4113.
41.
Bal, W., Schwerdtle, T., and Hartwig, A. (2003) Mechanism of nickel assault on
the zinc finger of DNA repair protein XPA, Chem Res Toxicol 16, 242-248.
42.
Magyar, J. S., Weng, T. C., Stern, C. M., Dye, D. F., Rous, B. W., Payne, J. C.,
Bridgewater, B. M., Mijovilovich, A., Parkin, G., Zaleski, J. M., Penner-Hahn, J. E., and
Godwin, H. A. (2005) Reexamination of lead(II) coordination preferences in sulfur-rich
sites: implications for a critical mechanism of lead poisoning, J Am Chem Soc 127, 94959505.
43.
Ghering, A. B., Jenkins, L. M., Schenck, B. L., Deo, S., Mayer, R. A., Pikaart, M.
J., Omichinski, J. G., and Godwin, H. A. (2005) Spectroscopic and functional
determination of the interaction of Pb2+ with GATA proteins, J Am Chem Soc 127, 37513759.
44.
diTargiani, R. C., Lee, S. J., Wassink, S., and Michel, S. L. (2006) Functional
characterization of iron-substituted tristetraprolin-2D (TTP-2D, NUP475-2D): RNA
binding affinity and selectivity, Biochemistry 45, 13641-13649.
110

45.
Bernardes, V. H., Qu, Y., Du, Z., Beaton, J., Vargas, M. D., and Farrell, N. P. (2016)
Interaction of the HIV NCp7 Protein with Platinum(II) and Gold(III) Complexes
Containing Tridentate Ligands, Inorg Chem 55, 11396-11407.
46.
Abbehausen, C., Peterson, E. J., de Paiva, R. E., Corbi, P. P., Formiga, A. L., Qu,
Y., and Farrell, N. P. (2013) Gold(I)-phosphine-N-heterocycles: biological activity and
specific (ligand) interactions on the C-terminal HIVNCp7 zinc finger, Inorg Chem 52,
11280-11287.
47.
Spell, S. R., and Farrell, N. P. (2015) [Au(dien)(N-heterocycle)](3+): reactivity
with biomolecules and zinc finger peptides, Inorg Chem 54, 79-86.
48.
de Paula, Q. A., Mangrum, J. B., and Farrell, N. P. (2009) Zinc finger proteins as
templates for metal ion exchange: Substitution effects on the C-finger of HIV nucleocapsid
NCp7 using M(chelate) species (M=Pt, Pd, Au), J Inorg Biochem 103, 1347-1354.
49.
Demicheli, C., Frezard, F., Mangrum, J. B., and Farrell, N. P. (2008) Interaction of
trivalent antimony with a CCHC zinc finger domain: potential relevance to the mechanism
of action of antimonial drugs, Chem Commun, 4828-4830.
50.
Demicheli, C., Frezard, F., Pereira, F. A., Santos, D. M., Mangrum, J. B., and
Farrell, N. P. (2011) Interaction of arsenite with a zinc finger CCHC peptide: evidence for
formation of an As-Zn-peptide mixed complex, J Inorg Biochem 105, 1753-1758.
51.
Frezard, F., Silva, H., Pimenta, A. M., Farrell, N., and Demicheli, C. (2012) Greater
binding affinity of trivalent antimony to a CCCH zinc finger domain compared to a CCHC
domain of kinetoplastid proteins, Metallomics 4, 433-440.
52.
Spuches, A. M. and Wilcox, D. E. (2008) Monomethylarsenite competes with Zn2+
for binding sites in the glucocorticoid receptor, J Am Chem Soc 130, 8148-8149.
53.
Franzman, M. A., and Barrios, A. M. (2008) Spectroscopic evidence for the
formation of goldfingers, Inorg Chem 47, 3928-3930.
54.
Godwin, H. A. (2001) The biological chemistry of lead, Curr Opin Chem Biol 5,
223-227.
55.
Robinson, N. J., and Winge, D. R. (2010) Copper metallochaperones, Annu Rev
Biochem 79, 537-562.
56.
Besold, A. N., Culbertson, E. M., and Culotta, V. C. (2016) The Yin and Yang of
copper during infection, J Biol Inorg Chem 21, 137-144.

111

57.
Sheng, Y., Abreu, I. A., Cabelli, D. E., Maroney, M. J., Miller, A. F., Teixeira, M.,
and Valentine, J. S. (2014) Superoxide dismutases and superoxide reductases, Chem Rev
114, 3854-3918.
58.
Valko, M., Jomova, K., Rhodes, C. J., Kuca, K., and Musilek, K. (2016) Redoxand non-redox-metal-induced formation of free radicals and their role in human disease,
Arch Toxicol 90, 1-37.
59.
Jomova, K., and Valko, M. (2011) Advances in metal-induced oxidative stress and
human disease, Toxicology 283, 65-87.
60.
Brewer, G. J. (2007) Iron and copper toxicity in diseases of aging, particularly
atherosclerosis and Alzheimer's disease, Exp Biol Med 232, 323-335.
61.
Gaetke, L. M., Chow-Johnson, H. S., and Chow, C. K. (2014) Copper: toxicological
relevance and mechanisms, Arch Toxicol 88, 1929-1938.
62.
Rae, T. D., Schmidt, P. J., Pufahl, R. A., Culotta, V. C., and O'Halloran, T. V.
(1999) Undetectable intracellular free copper: the requirement of a copper chaperone for
superoxide dismutase, Science 284, 805-808.
63.
Boal, A. K., and Rosenzweig, A. C. (2009) Structural biology of copper trafficking,
Chem Rev 109, 4760-4779.
64.
Nevitt, T., Ohrvik, H., and Thiele, D. J. (2012) Charting the travels of copper in
eukaryotes from yeast to mammals, Biochim Biophys Acta 1823, 1580-1593.
65.
Dodani, S. C., Firl, A., Chan, J., Nam, C. I., Aron, A. T., Onak, C. S., RamosTorres, K. M., Paek, J., Webster, C. M., Feller, M. B., and Chang, C. J. (2014) Copper is
an endogenous modulator of neural circuit spontaneous activity, Proc Natl Acad Sci U S A
111, 16280-16285.
66.
Krishnamoorthy, L., Cotruvo, J. A., Jr., Chan, J., Kaluarachchi, H., Muchenditsi,
A., Pendyala, V. S., Jia, S., Aron, A. T., Ackerman, C. M., Wal, M. N., Guan, T., Smaga,
L. P., Farhi, S. L., New, E. J., Lutsenko, S., and Chang, C. J. (2016) Copper regulates
cyclic-AMP-dependent lipolysis, Nat Chem Biol 12, 586-592.
67.
McElwee, M. K., Song, M. O., and Freedman, J. H. (2009) Copper activation of
NF-kappaB signaling in HepG2 cells, J Mol Biol 393, 1013-1021.
68.
Blackshear, P. J. (2002) Tristetraprolin and other CCCH tandem zinc-finger
proteins in the regulation of mRNA turnover, Biochem Soc Trans 30, 945-952.

112

69.
Brooks, S. A., and Blackshear, P. J. (2013) Tristetraprolin (TTP): interactions with
mRNA and proteins, and current thoughts on mechanisms of action, Biochim Biophys Acta
1829, 666-679.
70.
Carballo, E., Lai, W. S., and Blackshear, P. J. (1998) Feedback inhibition of
macrophage tumor necrosis factor-alpha production by tristetraprolin, Science 281, 10011005.
71.
Carballo, E., Lai, W. S., and Blackshear, P. J. (2000) Evidence that tristetraprolin
is a physiological regulator of granulocyte-macrophage colony-stimulating factor
messenger RNA deadenylation and stability, Blood 95, 1891-1899.
72.
Carrick, D. M., Lai, W. S., and Blackshear, P. J. (2004) The tandem CCCH zinc
finger protein tristetraprolin and its relevance to cytokine mRNA turnover and arthritis,
Arthritis Res Ther 6, 248-264.
73.
Pereira, T. C., Campos, M. M., and Bogo, M. R. (2016) Copper toxicology,
oxidative stress and inflammation using zebrafish as experimental model, J Appl Toxicol
36, 876-885.
74.
Malavolta, M., Giacconi, R., Piacenza, F., Santarelli, L., Cipriano, C., Costarelli,
L., Tesei, S., Pierpaoli, S., Basso, A., Galeazzi, R., Lattanzio, F., and Mocchegiani, E.
(2010) Plasma copper/zinc ratio: an inflammatory/nutritional biomarker as predictor of allcause mortality in elderly population, Biogerontology 11, 309-319.
75.
Xiao, Z., Brose, J., Schimo, S., Ackland, S. M., La Fontaine, S., and Wedd, A. G.
(2011) Unification of the copper(I) binding affinities of the metallo-chaperones Atx1,
Atox1, and related proteins: detection probes and affinity standards, J Biol Chem 286,
11047-11055.
76.
Xiao, Z., Loughlin, F., George, G. N., Howlett, G. J., and Wedd, A. G. (2004) Cterminal domain of the membrane copper transporter Ctr1 from Saccharomyces cerevisiae
binds four Cu(I) ions as a cuprous-thiolate polynuclear cluster: sub-femtomolar Cu(I)
affinity of three proteins involved in copper trafficking, J Am Chem Soc 126, 3081-3090.
77.
Kihlken, M. A., Leech, A. P., and Le Brun, N. E. (2002) Copper-mediated
dimerization of CopZ, a predicted copper chaperone from Bacillus subtilis, Biochem J 368,
729-739.
78.
Roehm, P. C., and Berg, J. M. (1997) Sequential metal binding by the RING finger
domain of BRCA1, Biochemistry 36, 10240-10245.
79.
Gil, V. M. S., and Oliveira, N. C. (1990) On the use of the method of continuous
variations, J Chem Ed 67, 473-478.
113

80.
Leeladee, P., Baglia, R. A., Prokop, K. A., Latifi, R., de Visser, S. P., and Goldberg,
D. P. (2012) Valence tautomerism in a high-valent manganese-oxo porphyrinoid complex
induced by a Lewis acid, J Am Chem Soc 134, 10397-10400.
81.
Cotton, F. A., Wilkinson, G., Murillo, C. A., and Bochmann, M. (1999) Advanced
Inorganic Chemistry, Wiley, New York.
82.
Hudson, B. P., Martinez-Yamout, M. A., Dyson, H. J., and Wright, P. E. (2004)
Recognition of the mRNA AU-rich element by the zinc finger domain of TIS11d, Nat
Struct Mol Biol 11, 257-264.
83.
Amann, B. T., Worthington, M. T., and Berg, J. M. (2003) A Cys3His zinc-binding
domain from Nup475/tristetraprolin: a novel fold with a disklike structure, Biochemistry
42, 217-221.
84.
Brewer, B. Y., Malicka, J., Blackshear, P. J., and Wilson, G. M. (2004) RNA
sequence elements required for high affinity binding by the zinc finger domain of
tristetraprolin: conformational changes coupled to the bipartite nature of Au-rich MRNAdestabilizing motifs, J Biol Chem 279, 27870-27877.
85.
Saghiri, M. A., Asatourian, A., Orangi, J., Sorenson, C. M., and Sheibani, N. (2015)
Functional role of inorganic trace elements in angiogenesis-Part II: Cr, Si, Zn, Cu, and S,
Crit Rev Oncol Hematol 96, 143-155.
86.
Brewer, G. J. (2014) Alzheimer's disease causation by copper toxicity and treatment
with zinc, Front Aging Neurosci 6, 92.
87.
Mercer, J. F. (2001) The molecular basis of copper-transport diseases, Trends Mol
Med 7, 64-69.
88.
Marchetti, C. (2014) Interaction of metal ions with neurotransmitter receptors and
potential role in neurodiseases, Biometals 27, 1097-1113.
89.
Gaggelli, E., Kozlowski, H., Valensin, D., and Valensin, G. (2006) Copper
homeostasis and neurodegenerative disorders (Alzheimer's, prion, and Parkinson's diseases
and amyotrophic lateral sclerosis), Chem Rev 106, 1995-2044.
90.
Sheng, Y., Chattopadhyay, M., Whitelegge, J., and Valentine, J. S. (2012) SOD1
aggregation and ALS: role of metallation states and disulfide status, Curr Top Med Chem
12, 2560-2572.
91.
Culotta, V. C., Yang, M., and O'Halloran, T. V. (2006) Activation of superoxide
dismutases: putting the metal to the pedal, Biochim Biophys Acta 1763, 747-758.

114

92.
Song, I. S., Chen, H. H., Aiba, I., Hossain, A., Liang, Z. D., Klomp, L. W., and
Kuo, M. T. (2008) Transcription factor Sp1 plays an important role in the regulation of
copper homeostasis in mammalian cells, Mol Pharmacol 74, 705-713.
93.
Liang, Z. D., Tsai, W. B., Lee, M. Y., Savaraj, N., and Kuo, M. T. (2012) Specificity
protein 1 (sp1) oscillation is involved in copper homeostasis maintenance by regulating
human high-affinity copper transporter 1 expression, Mol Pharmacol 81, 455-464.
94.
Ogra, Y., Suzuki, K., Gong, P., Otsuka, F., and Koizumi, S. (2001) Negative
regulatory role of Sp1 in metal responsive element-mediated transcriptional activation, J
Biol Chem 276, 16534-16539.
95.
Bellingham, S. A., Coleman, L. A., Masters, C. L., Camakaris, J., and Hill, A. F.
(2009) Regulation of prion gene expression by transcription factors SP1 and metal
transcription factor-1, J Biol Chem 284, 1291-1301.

115

Chapter 5
Conclusions and Future Directions
5.1 Zinc Finger Proteins
Zinc Finger (ZF) proteins comprise approximately 3-5% of the human genome
and, involved in a myriad of important biological processes.1-3 ZF proteins are metal cofactored, and the protein is only active when metal is bound.2, 4-6 ZFs are divided in to
different families or classes based upon the ligand set used to coordinate metal ions.2-3, 7-8
My thesis research has focused on the class known as CCCH ZFs which contain
three cysteine and one histidine residue per ZF domain. I have investigated the roles of
metal coordination for two CCCH ZFs: CPSF30 and TTP, and the relationships between
metal coordination and RNA recognition.
5.2 CPSF30
Cleavage and Polyadenylation Factor 30 (CPSF30) is a protein involved with the
3’-end processing of pre-mRNA during polyadenylation.2, 9 Mammalian CPSF30
contains five CCCH ZF domains and one CCHC ZF domain, notably called a ‘zinc
knuckle’ domain. The homologs of CPSF30 can range from 3-5 CCCH ZF domains and
1-2 CCHC ZF domains.2, 9-10 However, CPSF30 among all homologs function similarly,
which is some involvement in processing pre-mRNA during polyadenylation.11 CPSF30
is part of a larger protein complex known as the CPSF, containing five other proteins
(CPSF70, CPSF100, CPSF160, Fip1, and Wdrr33), each with an unknown specific
function in the 3’-end processing of pre-mRNA.11-14 The process of polyadenylation that
the CPSF complex is involved with involves multiple parts of the pre-mRNA sequence;
the polyadenylation site (PAS), the polyuridine tail (poly(U) tail), and the linker sequence
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between the PAS and poly(U) tail.15-18 Each protein within the CPSF complex has a
function among each of the parts affected by polyadenylation, but the exact functions are
not well understood.
5.2.1 Metals Bound to CPSF30
My research initially focused on isolating CPSF30 in the fully metal loaded state.
I discovered that CPSF30 is a reddish protein (when isolated either alone or with an
affinity tag – MBP or GST). The reddish color turned out to be iron, as evidence by UVvisible spectroscopy and Inductively coupled plasma mass spectrometry (ICP-MS). I
discovered that CPSF30 is loaded with four zinc ions and two iron ions in a 4:2 ratio. In
a collaboration with Dr. Tim Stemmler (Wayne State), X-ray absorption spectroscopy
(XAS) was utilized to determine the ligands binding to the zinc and iron ions bound to
CPSF30. The zinc ions bound to CPSF30 were shown to bind to the CCCH ligand set in
a tetrahedral geometry. However, the iron ions bound to CPSF30 were also shown to
bind to the CCCH ligand set, but in a 2Fe-2S cluster set. This was the first time that
CPSF30 was shown to bind to iron, let alone contain a 2Fe-2S cluster set.19
5.2.2 RNA Recognition of CPSF30
I also sought to identify whether CPSF30 binds to RNA and, if so, what sequence.
Other CCCH ZFs have been shown to recognize AU-rich RNA targets, and CPSF30 is
part of the pre-mRNA processing complex for which an AU-hexamer is present. Thus, I
hypothesized that CPSF30 binds to AU-rich RNA sequences. Using EMSA’s, we
determined that CPSF30 binds to the pre-mRNA sequence of α-synuclein, a pre-mRNA
sequence that contains the AU-rich hexamer found in the poly(A) site in eukaryotic premRNA.19 To corroborate the data found from the EMSA experiment, fluorescence
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anisotropy was used to quantify the interaction between CPSF30 and α-synuclein. It was
determined that CPSF30 binds to α-synuclein in a cooperative manner, with a hill
coefficient ranging from 1.58 ± 0.07 to 1.67 ± 0.07, when RNA of between 24-38
oligonucleotides was examined.19 We also determined that by mutating the AU-hexamer
of pre-mRNA to a poly(U), GU-rich, or poly(C) sequence, binding was abrogated,
indicating that CPSF30 requires the AU-hexamer sequence for binding.19 High affinity
binding required both zinc and iron be bound to CPSF30. I also examined CPSF30
binding to modified RNA sequences with relevance to several diseases.20 I found that
single modification in the AU-hexamer could abrogate binding, hinting at the role for
CPSF30/pre-mRNA binding in these disease states.20 I similarly looked at the
length/sequence of the RNA target and obtained evidence for a role of addition AUsequence beyond the AU-hexamer for CPSF30/RNA binding. Together, these studies
allowed me to begin to decipher the rules for CPSF30/RNA binding.
5.3 Future Directions for CPSF30
We have been able to characterize CPSF30 and determine that CPSF30 contains a
2Fe-2S cluster, an observation never seen in literature, as well as determine the possible
RNA features needed for CPSF30 recognition of RNA. However, many questions
regarding CPSF30 function remain.
5.3.1 Further Characterization of CPSF30’s 2Fe-2S cluster
When we determined that CPSF30 contained a 2Fe-2S cluster, we wanted to
determine where the 2Fe-2S cluster was bound to CPSF30.19 We knew that the iron
bound to CPSF30 was within the cysteine and histidine residues of the CCCH ZF
domain, but we did not know which of the five CCCH domains contained the 2Fe-2S
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cluster. Our first attempt at determining the location of the 2Fe-2S cluster was to perform
site directed mutagenesis on the CCCH domains of CPSF30. Our hypothesis during
these experiments was that the 1st ZF domain would contain the 2Fe-2S cluster due to the
fact that the iron-sulfur cluster is usually bound near the N-terminus of the protein.21-23
We changed each cysteine and histidine residues to alanine residues, which would cause
no metal to bind to the ZF domain for each of the CCCH domains of CPSF30.19 Through
ICP-MS, we saw a loss of zinc over the iron bound to CPSF30 among each of the five
mutants.19 This showed that the iron bound to CPSF30 is promiscuous to all the CCCH
ZF domains of CPSF30, while there is always a loss of zinc bound.
We also wanted to determine the function of the 2Fe-2S cluster of CPSF30. Since
we know that CPSF30 is an RNA binding protein, we hypothesized that the 2Fe-2S
cluster is an oxidative sensor, which could control CPSF30’s ability to recognize RNA.2425

When we purify CPSF30, we purify it in aerobic conditions, which would make the

iron bound in the Fe(III) state. Since the iron in the 2Fe-2S cluster is in the Fe(III) state,
the iron-sulfur cluster is in the oxidized state. We wanted to determine if we could
reduce the 2Fe-2S cluster, causing one of the Fe(III) ions to become an Fe(II) ion, the
reduced state.26-27 In order to determine the reduction of the 2Fe-2S cluster, we would
perform electron paramagnetic resonance (EPR).28-30 By determining the reduced and
oxidized state of the 2Fe-2S cluster, we can determine which state of 2Fe-2S cluster of
CPSF30 binds to RNA via fluorescence anisotropy.
5.3.2 Further Characterization of CPSF30-RNA Interaction
From our research, we were able to characterize the RNA targets of CPSF30.
However, we did not know which ZF domains of CPSF30 bound the AU-hexamer of pre119

mRNA. From our mutagenesis studies of CPSF30, we were able to determine which ZF
domains were needed for RNA binding via fluorescence anisotropy.19 We determined
that ZF domains 1, 3, and 5 showed weaker binding to the α-synuclein pre-mRNA
compared to wild-type CPSF30. ZF domain 4 was shown to have equal binding to αsynuclein pre-mRNA as the wild-type CPSF30. However, ZF domain 2 was necessary
for RNA binding, as the knockout of the domain showed no binding to α-synuclein premRNA. Overall, we were able to determine that ZF domain 2 of CPSF30 is necessary for
RNA binding.
In order to corroborate this data, we have begun to perform hydrogen-deuterium
exchange (H/DX) of the CPSF30-RNA interaction. H/DX is a biophysical technique
used to determine which arts of a protein are easily accessible to protonation by the
exchange of hydrogens of the amide backbone, to deuterium.31 Preliminary results have
shown that when RNA is bound to CPSF30, there is protection of ZF domains 1, 2, and 4
from deuterium exchange via RNA protection. This gives us the conclusion that these ZF
domains are necessary for RNA binding, not originally seen by the mutagenesis studies.
In the future, a crystal structure of CPSF30 or CPSF30 bound to RNA would be
necessary to determine protein-RNA interaction of CPSF30. This would allow a better
understanding of 1) how CPSF30 binds RNA and 2) which ZF domains of CPSF30 bind
RNA. A couple of techniques that can be used to determine the structure of CPSF30 or
the CPSF30-RNA complex are x-ray crystallography or cryo-electron microscopy. Both
techniques are used for the purpose of determining the structural biology of proteins or
protein-RNA complexes.
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5.3.3 Characterization of NS1A, an Influenza Protein, with CPSF30
NS1 (non-structured protein 1A), a protein from the influenza A virus (H1N1),
has been shown to inhibit pre-mRNA processing by binding directly to host pre-mRNA
processing proteins, such as CPSF30.32-34 The NS1A protein of influenza A is a small,
multipurpose protein that performs both protein-RNA and protein-protein interactions.32,
35

NS1A consists of two domains, a RNA binding domain and an effector domain.32, 35

The NS1A RNA binding domain is known to bind to double-stranded RNA, which is
RNA that codes for viral RNA.36-37 The effector domain of NS1A has been shown to
have a variety of functions, including deregulating host mRNA processing and
upregulating viral mRNA translation.37 This is achieved in part by the effector domain
binding the 2nd and 3rd ZF domains of CPSF30 in the host.33-34, 38 This protein-protein
binding event is predicted to inhibit RNA binding.34 Recently, a construct of the 2nd and
3rd ZF domain of CPSF30 was crystallized with the NS1A effector domain.34 In this
structure, both the ZF domains and the NS1A effector domain are present as dimers to
form an overall heterodimer.34 The biological significance of dimerization is not known.
Moreover, the role(s) of the additional ZF domains of CPSF30 in the NS1A/CPSF30
interaction along with the effects of NS1A/CPSF30 binding on RNA recognition have not
been determined. Our goal was to characterize the interactions between NS1A/CPSF30
and RNA to delineate the mechanism of NS1A inhibition of CPSF30 function.
So far, we have been able to over-express and purify the effector domain of
NS1A. The NS1A effector domain is ligated into the pET21-NESG vector used to obtain
the X-ray crystal structure of NS1A. We have been able to optimize a protocol for
purification of the NS1A effector domain to determine its interactions with CPSF30 and
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the CPSF30-RNA complex. Simple biophysical techniques, such as UV-Vis and Circular
Dichroism, have shown that we can obtain NS1A protein from purification and that
NS1A has a large amount of secondary structure, which is known from the crystal
structure of the NS1A effector domain. Current fluorescent anisotropy studies have
shown that NS1A can bind the CPSF30-RNA complex, but the results so far are
inconclusive.
For future studies, we would like to create better methods to determine the
mechanism of the NS1A for CPSF30 inhibition. Isothermal titration calorimetry (ITC)
has been discussed to measure the binding affinity of NS1A to CPSF30.39 This would
allow us to measure the kinetics of the NS1A-CPSF30 interaction with or without the
presence of RNA. X-ray crystallography has also been discussed to determine the
interactions of NS1A and CPSF30. There is a crystal structure of the NS1A effector
domain with the 2nd and 3rd zinc finger domains of CPSF30, but not with the five CCCH
ZF domains of CPSF30 construct or with/without a known pre-mRNA target.34 If X-ray
crystallography is deemed difficult for the NS1A-CPSF30 complex, H/DX of the NS1A
protein (with a known crystal structure) with CPSF30 can be performed to determine
which ZF domains are actually involved with the NS1A-CPSF30 complex with the full
CPSF30 protein.
Once we determine the interaction of NS1A-CPSF30 by determining the amino
acids that are protected during H/DX or by a new crystal structure of the NS1A effector
domain and the five CCCH domains of CPSF30, we will be able to look into creating
inhibitor compounds that can disrupt the interaction of NS1A to CPSF30. In the known
crystal structure of NS1A-CPSF30 complex, there are specific amino acids of the NS1A
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effector domain that have shown to interact with the 2nd and 3rd ZF domains of CPSF30.
Recently, there have been studies on compound libraries for inhibitors of NS1A to other
pre-mRNA processing proteins.40-42 However, there has not been a good in vitro model
to test the inhibitor compounds of NS1A and a desired pre-mRNA processing. With our
known construct of CPSF30 and NS1A, we can look into creating an in vitro model to
test inhibitor compounds from compound libraries or through synthesis of new inhibitor
compounds.
5.4 Tristetraprolin
Tristetraprolin (TTP) is a ZF protein that contains two CCCH ZF domains, known
to regulate the degradation of excess mRNA products.43-44 These excess pre-mRNA
products are usually cytokines, proteins that are involved in inflammatory processes in
the cell.45-47 The mechanism of mRNA regulation by TTP involves the CCCH ZF
domains recognizing the AU-rich sequence located in the 3’ UTR of the mRNA target.
By recognizing the AU-rich sequence, TTP can transport the mRNA target for
degradation via the exosome. TTP has also been shown to bind to other divalent metal
ions that are not Zn, suggesting that TTP is opportunistic to metal binding to available
metals in the cell.48-50
5.4.1 TTP and Cu(I)
We showed that Cu(I) can affect the function of the ZF protein, TTP.51 When
Cu(I) is coordinated by the cysteine and histidine residues of the ZF domains of TTP,
TTP cannot bind to RNA and when Cu(I) is present with the Zn(II)-TTP/RNA complex,
RNA binding is inhibited. Cu(I) bound to TTP also shows limited folding, different then
the folded structure of Zn(II)-TTP, which could be a reason for the lack of RNA binding
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for Cu(I)-TTP.51 This suggests that Cu(I) can disrupt apo-TTP or Zn(II)-TTP function of
RNA recognition. This also suggests that Cu(I) can inhibit the function of other ZF
proteins, due to the thiophilic nature of Cu(I) to the cysteine residues of ZF proteins. We
were also able to determine that TTP binds to Cu(I) in a 3:1 ratio compared to Zn(II),
which is bound in a 2:1 ratio to TTP. This was noticed by determining stoichiometry via
UV-Vis, but also by creating a new rapid spin-filter/ICP-MS approach to corroborate the
stoichiometry of Cu(I) to TTP.51
5.4.2 Luminescent Probe of the TTP-RNA Interaction
We were able to use the known TTP-RNA interaction to design an in vitro
luminescent probe containing a Tb3+ ion to quantitate the TTP-RNA interaction.52 The
probe was able to monitor the interaction of TTP to the specific RNA sequence
UUUAUUUAUUU in the noted nanomolar range for Kd and TTP:RNA ratio of 1:1.52
This new type of probe will allow for future measurements of other proteins involved in
inflammation and cancer pathways, like TTP.
5.5 Future Directions for TTP
We were able to further characterize TTP function that we had not seen before.
We determined that TTP, when bound to Cu(I), does not recognize RNA, which is the
first known metal where TTP loses function when bound to a metal ion. We also
determined that a luminescent probe can be used to measure the reaction of TTP to its
known AU-rich RNA target. However, there is much to characterize about TTP function.
5.5.1 TTP in an in cellulo Model
From our lab research, we know that TTP binds to the AU-rich RNA sequence in
an in vitro model. We propose to express TTP in a human cell line to determine 1) where
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TTP localizes in the cell, 2) what other RNA targets besides the known cytokine RNA
signals, and 3) what the reaction rate of TTP to RNA in the cell.53-55 These three
questions that can be answered with an in cellulo model, which will help corroborate the
in vitro results our lab has obtained by studying TTP.
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Foreword of Appendices
The following appendix chapters are supplementary to the work that I have done
in the chapters described previously. Appendix I describes work on the design of a
luminescent probe to measure the binding affinity of TTP-2D with its RNA target. My
role in the work was to provide TTP-2D for the luminescent experiment and manuscript
writing on TTP-2D. This work was accepted to Chemical Sciences in 2017. Appendix II
is a review for Methods in Enzymology describing the methods used to determine the FeS cluster in CPSF30. My role in this review article was to write about the biophysical
methods used to determine the Fe-S cluster in CPSF30. This work was submitted to
Methods in Enzymology earlier this month.

130

Appendix I
Design of a synthetic luminescent probe from a biomolecule binding domain:
selective detection of AU-rich mRNA sequences1
I.1 Introduction
Fluorescence spectroscopy is routinely utilized in laboratories to study biological
systems because it is a sensitive, cheap and easy-to-use technique.1 To go one step further
in understanding life at the molecular level, smart luminescent probes that selectively
detect, quantify or image the key components (DNA, RNA, protein, small molecules or
metal cations) involved in specific biological processes are needed. Even though
synthetic chemists have developed a large number of low-molecular weight fluorescent
probes that can detect various analytes (reactive oxygen species, amino acids, anions or
metal cations) or that can respond to their microenvironment (pH, redox potential),2-8
selective sensing of larger biomolecules such as proteins, DNA or RNA is more
challenging with small molecular probes.4, 9-16 Compared to low-molecular-weight
analytes, the selective recognition of large biomolecules requires a high number of
interactions between the probe and its target, which are difficult to implement and control
with small synthetic molecular probes.
An attractive strategy for the design of luminescent probes of biomolecules is to
exploit the native recognition properties of certain biomolecules for other biomolecules.
For instance, DNA/RNA or DNA/DNA recognition has been used successfully to design
selective fluorescent probes for specific RNA or DNA sequences. The approach relies on
1

Adapted from publication: Raibaut, L.; Vasseur, W.; Shimberg, G. D.; Saint-Pierre, C.;
Ravanat, J. L.; Michel, S. L. J.; Seneque, O. 2017 Chem Sci, 8 (2), 1658-1664. Geoff’s
role was to provide TTP-2D for luminescent experiments.
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the hybridization of the target RNA or DNA strand with a complementary DNA strand
that incorporates a suitable fluorophore (and a quencher in the case of molecular
beacons).10, 12, 17-18 The binding domains of proteins are also attractive for the design of
probes for various analytes, including biomolecules. Here, the best examples are the
genetically encoded probes that have been developed for various small bio-analytes,19-24
(metal cations (Ca2+, Zn2+, Cu+), Cl-, H2O2, cAMP) or larger biomolecules like DNA25 or
RNA26 oligonucleotides. These probes were created by linking fluorescent proteins with a
protein that binds the analyte of interest. One advantage of this approach is that the
binding domains of proteins intrinsically feature the required selectivity and affinity as
well as association and dissociation kinetics in a suitable range for reversible and
dynamic exchange of the analyte in biological media. This makes them ideal recognition
units to design probes for biological applications. However, there are several drawbacks
to the use of genetically encoded sensors: they can only be used in organisms that can be
genetically modified and control of the levels of the probe's expression, localization and
optical properties is not straightforward. Alternative strategies, such as the development
of synthetic luminescent probes of large biomolecules – and more generally bio-analytes
– that can be tuned and utilized for applications in vitro or in vivo (in any organism) are
needed. To meet this need, one approach would be to prepare synthetic probes that
replicate the biomolecule-binding domains of proteins. However, these domains are
typically large (>50 amino acids) and the entire domain must be synthesized in order for
it to adopt the stable three-dimensional structure required for an optimal interaction with
the target biomolecule. This approach is therefore synthetically challenging. A few
examples of synthetic luminescent probes of biomolecules have been described based
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upon short peptide segments (<25–30 amino acids) derived from protein- or DNA- or
RNA-binding proteins.27-30 These peptide-based probes are almost unfolded in the
absence of the analyte and fold upon analyte binding. The energy cost associated with
this folding event lowers the affinity of the probe for the analyte compared to the wellfolded parent protein. Therefore, such probes are less sensitive. Recent progress in
chemical protein synthesis31-33 allowed us to envision the design of synthetic luminescent
probes based on biomolecule-binding domains of proteins comprising up to more than
100 amino acids and incorporating chromophores/fluorophores with optimized and
tunable optical properties. Such probes should have superior sensitivity to short peptide
based probes.
The main challenge in designing a luminescent sensor is to couple the binding
event to the emission event, i.e. the change in light emission is due only to the binding of
the receptor to its target. Trivalent lanthanide ions (Ln3+) are appealing emitting moieties
for biological sensing applications because of their desirable luminescence properties.34-37
These properties include narrow emission bands that are not influenced by the
environment, emission spectra covering the visible to NIR domain depending on Ln3+
and long luminescence lifetimes that allow for time-resolved detection to suppress
background fluorescence contributions. Additionally, sensitization of Ln3+ luminescence
requires the presence of a proximal chromophore, called an antenna. Once excited, the
antenna transfers its energy to generate the excited state of the Ln3+ ion. Modulation of
the lanthanide emission can be achieved by varying the antenna/Ln3+ distance, which
alters the energy transfer.34 This approach has the potential to be generalizable as it only
requires that the probe adopts different conformations in the bound and unbound states,
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affecting the antenna/Ln3+ distance.34
In this article, we demonstrate that a biomolecule-binding domain of a protein can
be re-engineered into a lanthanide based turn-on luminescent probe that retains the
intrinsic binding properties of the native protein. We describe the rational design, the
synthesis and the characterization of a luminescent probe that detects the 9-nucleotide
long UUAUUUAUU RNA sequence located in the adenylate-uracylate-rich elements
(AU-rich elements) of the 30-untranslated region of messenger RNA (mRNA). The probe
utilizes lanthanide luminescence and it was designed based upon the tandem zinc finger
RNA binding domain (RBD) of TIS11d (also called ZP36L2), a protein of the
tristetraprolin (TTP, also called ZP36) family that plays critical roles in mRNA regulation
by simultaneously regulating multiple cytokines associated with inflammation (e.g.
TNFα) and also functions as a tumor suppressor.38-40 The probe was obtained by
chemical synthesis, is selective for the target mRNA sequence and exhibits a similar
binding affinity compared to that of the native TIS11d RBD with the same RNA target.
These findings provide the proof-of-principle that fully synthetic biomolecule-based
luminescent probes that are selective for a specific target can be prepared.
I.2 Methods and Materials
I.2.1 Reagents and solvents
N-α-Fmoc-protected amino acids for peptide synthesis, PyBOP and HATU
coupling reagent were obtained from Novabiochem or Iris Biotech. Fmoc-Glu(Cs124)OH was synthetized according to literature procedure.41 SEA-PS and NovaPEG Rink
Amide resin were purchased from X’prochem and Novabiochem, respectively. DOTA134

tris(tBu) ester was purchased from CheMatech. Other reagents for peptide synthesis,
solvents, buffers and metal salts were purchased from Sigma-Aldrich. HPLC-purified
oligonucleotides were purchased from Eurofins Genomic, dissolved in water before use
and stored at -80°C. The concentrations of oligonucleotides solutions were determined by
measuring the absorption at 260 nm. All buffer or metal solutions for spectroscopic
measurements were prepared with MilliQ water (Millipore). Buffer solutions were treated
with Chelex 100 resin (Biorad) to remove trace metal ions.
I.2.2 Analyses and purifications
Analytical HPLC separations were performed on an Agilent Infinity 1200 system
using Merck PurospherStar RP-18e (5 µm, 150 mm × 4.6 mm) or Merck Chromolith RP18e (100 mm × 4.6 mm) columns at 1 and 2 mL/min, respectively. Preparative HPLC
separations were performed on a VWR LaPrepΣ system using a Waters XBridge Peptide
BEH130 C18 (5 µm, 150 mm × 19 mm) column. Mobile phase consisted in a gradient of
solvent A (0.1% TFA in H2O) and B (0.1% TFA in MeCN/H2O 9:1). Eluate was
monitored by electronic absorption at 214, 280 and 331 nm. ESI-MS analyses were
performed on a Thermo LXQ spectrometer. MALDI-TOF mass spectra were recorded in
positive mode with a Bruker Microflex spectrometer. UV-Vis absorption spectra were
recorded on a Perkin-Elmer Lambda 35 spectrophotometer. Emission spectra were
recorded on a Cary Eclipse spectrometer. CD spectra were recorded on an Applied
Photophysics Chirascan spectropolarimeter. All optical spectrometers are equipped with a
thermo-regulated cell holder.
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I.2.3 Peptide sequences
apo-LTISTb:AcATRYKTELCK(DOTA[Tb])PFEESGTCKYGEKCQFAHGFHELRKLQR
HPKYKTELCRTFHTIGFCPYGE(Cs124)RCHFIHNA-NH2
1a:Ac-ATRYKTELC(StBu)K(DOTA)PFEESGTC(StBu)KYGEK-SEAoff
1:Ac-ATRYKTELCK(DOTA[Tb])PFEESGTCKYGEK-S(CH2)2COOH
2:C(StBu)QFAHGFHELRKLQRHPKYKTEL-SEAoff
3: CRTFHTIGFCPYGE(Cs124)RCHFIHNA-NH2 (Figure I.1)
I.2.4 Peptide elongation
Peptide elongation was performed using standard SPPS protocols using Fmoc/tBu
chemistry either manually or on an automated peptide synthesizer (CEM Liberty1
Microwave Peptide Synthesizer). Double couplings (30 min) were performed using 4fold molar excess of Fmoc-L-amino acid, 4- fold molar ex cess of PyBOP and 8-fold
molar excess of DIEA at room temperature. A capping step was performed after each
coupling with Ac2O/DIEA in DMF (5 min). Fmoc removal was performed using 20%
piperidine in DMF (2×10 min).
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Figure I.1 Alternative view of the solution structure of TIS11d in complex with
RNA UUAUUUAUU (pdb 1RGO51). Model shows the positions of Arg160 (pink) and
Pro210 (cyan), chosen to introduce the DOTA[Tb] complex and the Cs124 antenna.
The two zinc fingers are displayed in red and blue, the linker region in green and the
RNA in yellow.
I.2.5 SEAoff N-terminal segment 1a
Peptide elongation was performed as described above on SEA-PS resin (0.1
mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling
(30 min) using 10-fold excess of Fmoc-Lys(Boc)-OH, 9.5-fold excess of HATU and 10fold excess of DIEA in DMF with preactivation (5 min) followed by acetylation using
(Ac2O/DIEA/DCM 2:1:17 by vol., 10 mL, 2×5 min).42 After acetylation of the Nterminus, removal of the N-Alloc protecting group of the Lys(Alloc) was performed
using with Pd(PPh3)4 (0.05 mmol, 0.5 eq., 58 mg) and phenylsilane (2.5 mmol, 25 eq.,
0.3 mL) in degassed anhydrous DCM (15 mL) for 1h in the dark.43 The resin was then
washed successively with DCM (2×2 min), DMF (2×2 min), 1% H2O in DMF (2×2
min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 min), sodium
diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). DOTA-tris(tBu)
ester (0.2 mmol, 114 mg, 2 eq.) was dissolved in a small amount of DMF and added to
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the resin, then a solution of PyBOP (0.2 mmol, 104 mg, 2 eq.) and DIEA (0.6 mmol, 104
µL, 6 eq) in DMF (2 mL) was added. The resin was agitated overnight at room
temperature and the coupling step was repeated once for 4h. The resin was washed with
DMF (2×2 min), DCM (2×2 min) and Et2O (2×2 min) and dried. Removal of acid-labile
side chain protecting groups and cleavage of the peptididyl resin was performed with
TFA/H2O/TIS/thioanisole (92.5/2.5/2.5/2.5 by vol., 10 mL) during 4h. The peptide was
then precipitated in ice-cold Et2O/heptane (1:1 by vol., 100 mL), dissolved in deionized
water, and lyophilized. The peptide was dissolved in H2O/AcOH and treated with a
solution of I2 (200 mM in DMSO) to oxidize the C-terminal SEAon group into SEAoff
group.42, 44 After 30 s, DTT (65 mM in water, 500 µl) was added to quench the excess of
iodine. The oxidized peptide was immediately purified by HPLC to give 1a (25 mg, 7%
yield, 0.1 mmol scale) (Figure I.2). ESI-MS: average m/z = 1131.3 (3+), 848.8 (4+),
679.3 (5+) / calculated av. m/z = 1131.35 [M+3H]3+, 848.76 [M+4H]4+, 679.21 [M+5H]5+
for M = C146H233N35O45S6; deconvoluted mass found = 3391.2 / expected mass = 3391.02
(average isotopic composition)(Figure I.3).
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Figure I.2 Synthetic pathway for preparation of the N-terminal segment 1a.
denotes standards protecting groups for Fmoc SPPS (tBu for Glu, Ser, Thr, Tyr, Pbf for
Arg, Boc for Lys). The StBu protecting groups are used for the cysteines instead of
classical Trityl groups to prevent irreversible oxidation of unprotected Cys residues
during step (v), i.e. I2 oxidation of the SEA group.

Figure I.3 Analytical HPLC chromatogram (λ = 214 nm) and ESI-MS spectrum.
(positive mode) of the purified N-terminal segment 1a.
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I.2.6

N-terminal segment thioester 1
A TCEP/MPA solution was prepared by dissolving TCEP (129 mg, 0.45 mmol) in

a MPA solution (5% vol. in H2O, 5 mL) and adjusting the pH to 4.3 using aq. NaOH (1
N). 1a (10 mg, 3 µmol) and TbCl3 (13 mg, 0.035 mmol, 12 eq.) were dissolved in the
above solution (4.2 mL, final peptide concentration 0.7 M). The reaction mixture was
stirred at 37°C for 24 h and then diluted with water (5 mL) and 10% aqueous TFA (2
mL) (Figure A1.4). The solution was extracted with Et2O and immediately purified by
HPLC to give 1 (4 mg, 40% yield). ESI-MS: average m/z = 1114.7 (3+), 836.3 (4+),
669.4 (5+) / calculated av. m/z = 1114.83 [M+3H]3+, 836.37 [M+4H]4+, 669.30 [M+5H]5+
for M = C137H211N34O47S3Tb; deconvoluted mass found = 3341.2 / expected mass =
3341.47 (average isotopic composition) (Figure A1.5).

Figure I.4 Synthetic pathway for the preparation of the N-terminal segment
thioester 1.
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Figure I.5 Analytical HPLC chromatogram (λ = 214 nm) and ESI-MS spectrum
(positive mode) of the Nterminal segment thioester 1.

I.2.7 SEAoff central segment 2
Peptide elongation was performed as described above on SEA-PS resin (0.1
mmol, 0.16 mmol/g) after attachment of the first amino acid by double manual coupling
(30 min) using 10-fold excess of Fmoc-Leu-OH, 9.5-fold excess of HATU and 10-fold
excess of DIEA in DMF with pre-activation (5 min) followed by acetylation using
(Ac2O/DIEA/DCM 2:1:17 by vol., 10 mL, 2×5 min).42 The resin was washed with DMF
(2×2 min), DCM (2×2 min) and Et2O (2×2 min) and dried. Removal of acid-labile side
chain protecting groups and cleavage of the peptididyl resin was performed with
TFA/H2O/TIS/thioanisole (92.5/2.5/2.5/2.5 by vol., 10 mL) during 4h. The peptide was
then precipitated in ice-cold Et2O/heptane (1:1 by vol., 100 mL), dissolved in deionized
water, and lyophilized. The peptide was dissolved in H2O/AcOH and treated with a
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solution of I2 (200 mM in DMSO) to oxidize the C-terminal SEAon group into SEAoff
group.42, 44 After 30 s, DTT (65 mM in water, 500 µl) was added to quench the excess of
iodine (Figure I.6). The oxidized peptide was immediately purified by HPLC to give 2
(39 mg, 12% yield, 0.1 mmol scale). ESI-MS: average m/z = 1025.2 (3+), 769.0 (4+),
615.6 (5+) / calculated av. m/z = 1025.24 [M+3H]3+, 769.19 [M+4H]4+, 615.55 [M+5H]5+
for M = C138H215N41O31S4; deconvoluted mass found = 3072.9 / expected mass =
3372.71 (average isotopic composition) (Figure I.7).

Figure I.6 Synthesics pathway for the preparation of the central segment 2. The
StBu protecting groups is used for the N-terminal cysteine instead of a classical Trityl
group to prevent irreversible oxidation of unprotected Cys residues during step (iii), i.e.
I2 oxidation of the SEA group.
I.2.8 C-terminal segment 3
Peptide elongation was performed manually on Rink-PEG-PS resin (Nova PEG
Rink Amide, 0.1 mmol, 0.41 mmol/g) after attachment of the first amino acid by single
manual coupling (30 min) using 2-fold excess of Fmoc-Leu-OH, 2-fold excess of PyBOP
and 6-fold excess of DIEA in DMF followed by acetylation using (Ac2O/pyridine/DMF
1:2:7 (by vol.), 10 mL, 5 min). Fmoc-Glu(Cs124)-OH (2 eq.) was coupled for 2h using
HATU (1.9 eq.) and DIEA (6 eq.) in DMF with 5 min pre-activation and completion of
the coupling was controlled by using a TNBS assay.
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Figure I.7 Analytical HPLC chromatogram (λ = 214 nm) and ESI-MS spectrum
(positive mode) of the central segment 2.
After complete synthesis of the peptide segment, removal of side chain protecting groups
and cleavage were performed using TFA/H2O/TIS/thioanisole (92.5:2.5:2.5:2.5 by vol.,
10 mL) for 2 h. The peptide was precipitated in cold Et2O/heptane (1:1 by vol., 150 mL),
centrifugated, dissolved in deionized water, lyophilized and purified by HPLC to give 3
(33 mg, 12% yield, 0.1 mmol scale) (Figure I.8). ESI-MS: average m/z = 922.5 (3+),
692.3 (4+), 554.1 (5+) / calculated av. m/z = 922.73 [M+3H]3+, 692.30 [M+4H]4+, 554.04
[M+5H]5+ for M = C126H174N38O28S3); deconvoluted mass found = 2765.2 / expected
mass = 2765.17 (average isotopic composition) (Figure I.9).

Figure I.8 Synthetic pathway for the preparation of the C-terminal segment 3.
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Figure I.9 Analytical HPLC chromatogram (λ = 214 nm) and ESI-MS spectrum
(positive mode) of the Cterminal segment 3.

I.2.9 apo-LTISTb
A MPAA solution was prepared by dissolving MPAA (34 mg, 0.2 mmol) in a
guanidine–HCl (6 M) / sodium phosphate (0.1 M) buffer pH 7.2 (1 mL) and adjusting to
pH to 7.1 using aq. NaOH (6 N). A TCEP solution was prepared by dissolving TCEP
(143 mg, 0.5 mmol) in a guanidine–HCl (6 M) / sodium phosphate (0.1 M) buffer pH 7.2
(1 mL) and adjusting to pH to 7.1 using aq. NaOH (1 N). All solutions were degassed
under argon. Segments 1, 2 and 3 were assembled by the one-pot methodology described
by Melnyk et al.44-45 The N-terminal segment 1 (6 mg, 1.6 µmol) and the central segment
2 (7.3 mg, 1.8 µmol, 1.1 eq) were dissolved in the MPAA solution (233 µL, final
peptides concentration 7 mM). The solution was stirred at 37°C but under an argon
atmosphere in a plastic reaction tube with a screw cap and the progress of the ligation
was monitored by HPLC. After the completion of the ligation of the N-terminal and
central segments (ca. 24 h as judge by the disappearance of the central segment), the
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SEAoff ligation product was reduced by addition of the TCEP solution (93 µL, final
peptide concentration 5 mM). The C-terminal segment 3 (6.7 mg, 1.9 µmol, 1.2 eq.) was
then added to the reaction mixture and stirred at 37°C under argon. The formation of the
synthetic protein apo-LTISTb was monitored by HPLC. After 48 h, the reaction was
completed. The reaction mixture was diluted with water (2 mL), acidified with 5% aq.
TFA (2 mL) and extracted with Et2O to remove the excess of MPAA. The crude product
was directly purified by HPLC to give apo-LTISTb (7 mg, 40% yield). MALDI-TOF MS
(using sinapinic acid as a matrix): observed m/z = 8851.2 (average isotopic composition)
/ calculated m/z = 8850.8 [M+H]+ for C390H578N112O104S6Tb.
I.2.10 Expression and purification of the two-domain TTP construct
A construct of TTP, called TTP-2D, that encodes for the two ZF domains of TTP,
with the amino acid sequence of:
MSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQ
GRCPYGSRCHFIHNPTEDLAL (aa 107-180) was overexpressed and purified. The
expression vector was prepared by ligating the gene fragment of TTP-2D into a pET-15b
vector such that the resultant vector eliminated the hexahistidine tag from the coding
region.46 The vector was transformed into BL21-(DE3) competent cells (Novagen) and
grown in Luria-Bertani (LB) medium containing 100µg/mL ampicillin at 37˚C until midlog phase (~OD600 of 0.6-0.8) followed by induction of protein expression with 1 mM
IPTG (Isopropyl β-D-1-thiogalactopyranoside). At 4 hours post induction, the cells were
harvested by centrifugation at 7800 x g for 15mins at 4˚C. Cell pellets were resuspended
in 8M urea, 10mM MES pH 6, with EDTA-free protease inhibitor mini-tablet (Roche),
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lysed by sonication (Fisher Scientific Sonic Dismembrator Model 100) on ice, and
centrifuged at 12,100 rpm for 15 minutes at 4˚C to remove cellular debris. The
supernatant was applied to a SP-Sepharose column at room temperature, equilibrated via
rocking for 60 minutes, and a step gradient from 0 to 2 M NaCl in 10mM MES, 4M Urea,
pH 6 was applied. TTP-2D eluted at 600 mM NaCl. The eluted peptide was then heated
in 25 mM DTT at 56˚C for 2 hours to reduce any disulfide bonds. A second purification
step was then performed via gradient C18- reverse phase HPLC (Waters 626 bioinert
LC). apo-TTP-2D eluted at 32% acetonitrile, 68% H2O. The purified TTP-2D was then
transferred to a Coy anaerobic chamber (97% nitrogen/3% hydrogen atmosphere) and the
protein was lyophilized using a Savant SpeedVac concentrator. The purity of TTP-2D
was assessed via SDSPAGE and MALDI MS. Zn-TTP-2D was prepared by addition of
two equivalents of ZnCl2 to the protein.
I.2.11 Zn-loading of LTISTb
Zinc binding to LTISTb was monitored by CD and Tb3+ luminescence
spectroscopies. For CD measurements, apo-LTISTb was dissolved in a phosphate buffer
(20 mM, pH 7.0) containing TCEP (250 mM). The concentration of the protein was
determined using measured absorption at 342 nm and reported extinction coefficients for
the Cs124 amide chromophore (ε = 10 500 M-1 cm-1 ).47 A titration was performed in a
0.4 cm path length cuvette using a ZnCl2 solution (1.68 mM) in H2O. CD spectra were
recorded from 195 to 300 nm every 1 nm with 4 s averaging. The CD titration is shown
in Figure I.10A. For luminescence measurements, the zinc-free probe apo-LTISTb (0.1
mg) was dissolved in a HEPES buffer (10 mM, pH 7.5) containing DTT (2.5 mM). The
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concentration of the protein was determined by UV absorption at 341 nm. Aliquots of a
ZnCl2 solution (1.68 mM) in H2O were added to the protein solution and Tb3+
luminescence spectra (λex = 330 nm) were recorded from 450 to 650 nm in time-gated
mode (200 µs delay time) after each Zn2+ addition. Figure I.10B shows the change in
Tb3+ luminescence intensity upon Zn2+ addition. Both CD and luminescence titrations
indicates that the protein binds 2 Zn2+ ions. The CD spectrum of apo-LTISTb is
characteristic of a random-coil peptide whereas that of the Zn-loaded LTISTb is very
similar to the CD spectra reported in the literature for Zn-loaded recombinant TIS11d or
TTP RNA binding domains indicating the correct folding of Zn-loaded LTISTb.48-49

Figure I.10 Titration of apo-LTISTb by Zn2+. This is monitored by monitored (A)
CD and (B) luminescence spectroscopies. (A) Titration of apo-LTISTb (3.5 µM) in a
phosphate buffer (20 mM, pH 7.0). (B) Titration of LTISTb (3.5 µM) in a HEPES buffer
(10 mM, pH 7.5). Tb3+ emission spectra (λex = 330 nm) were recorded in time-gated
mode with a 200 µs delay time.
I.2.12 11AU binding to LTISTb
The titrations of LTISTb by the 11-mer RNA 5’-UUUAUUUAUUU-3’ (11AU)
was performed in a fluorescence cell containing a solution of LTISTb (100 nM) in a
HEPES buffer (10 mM, pH 7.5, 50 mM NaCl, 2.5 mM DTT, 0.7 mg/mL acetylated147

BSA). Aliquots of 11AU (83.4 µM in H2O) were added successively up to 2.2
equivalents. Tb3+ emission spectra (λex = 330 nm) were recorded in time-gated mode
(delay time = 200 µs) 30 s after each addition of RNA (equilibration is reached within a
few seconds). Cs124 fluorescence emission (λex = 330 nm) was also recorded during the
titration (Figure I.11A and Figure I.11B). A 20% fluorescence 9 decrease was observed
upon 11AU binding. Tb3+ luminescence excitation (λem = 545 nm) spectra recorded in the
absence and presence of 11AU demonstrate that Cs124 is the sensitizing antenna (Figure
I.11C). Tb3+ luminescence decays were recorded in the absence and presence of 11AU to
determine the Tb3+ luminescence lifetime, which remains constant and equal to 1.9 ms
(Figure I.11D).
I.2.13 Titration of 11AU·LTISTb by TTP-2D
The affinity of LTISTb for the 11-mer RNA 11AU (5’- UUUAUUUAUUU-3’)
was assessed by competition with the recombinant TTP construct TTP-2D. A
fluorescence cuvette containing a solution of LTISTb (100 nM) in a HEPES buffer was
prepared as described above for titration and 1 equiv. of 11AU was added. Aliquots of
TTP-2D were added successively up to 4 equiv. vs LTISTb. Tb3+ luminescence emission
spectra (λex = 330 nm) were recorded in time-gated mode (delay = 200 µs) after each
addition. The titration was fitted using the program SPECFIT, which yielded a value of
0.35 ± 0.03 for the ratio of dissociation constants Kd(LTISTb)/Kd(TTP-2D). Given a Kd
of 16 nM for TTP-2D,46 this gives a Kd value of 5.6 ± 0.8 nM for the 11AU·LTISTb
complex.
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Figure I.11 Experiments of LTISTb A) Absorption spectrum of LTISTb (9 µM) in a
HEPES buffer (10 mM, pH 7.5, 2.5 mM DTT). B) Fluorescence excitation (λem = 370
nm, left) and emission (λex = 330 nm, right) spectra of LTISTb (black) and 11AU·LTISTb
(red). (C) Tb3+ luminescence excitation (λem = 540 nm, delay = 200 µs, left) and
emission (λex = 330 nm, delay = 200 µs, right) spectra of LTIS Tb (black) and
11
AU·LTISTb (red). (D) Tb3+ luminescence decay of LTISTb (top) and 11AU·LTISTb
(bottom). Red solid lines correspond to mono-exponential fits, which yielded
luminescence lifetimes τ = 1.94 ms and 1.98 ms for LTIS Tb and 11AU·LTISTb,
respectively.
I.2.14 Selectivity
The binding selectivity of LTISTb was investigated by Tb3+ luminescence
spectroscopy. For this purpose, fluorescence cuvette containing a solution of LTIS Tb (100
nM) in a HEPES buffer were prepared as described above for titrations. A Tb3+
luminescence spectrum (λex = 330 nm, delay = 200 µs) was recorded. Then, 1 equiv. of
various RNA or DNA oligonucleotides (RNAs: 5’-UUUUUUUUUUU-3’ (85 µM in
H2O), 5’- UUUGUUUAUUU-3’ (82.5 µM in H2O) and 5’-UUUGUUUGUUU-3’ (69.2
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µM in H2O); DNA: 5’- TTTATTTATTT-3’ (137 µM in H2O)) and a Tb3+ luminescence
spectrum was recorded 30 s after oligonucleotide addition.
I.3 Results
I.3.1 Design of the probe
Among the proteins of the TTP family, TTP/ZFP36, TIS11b/ ZFP36L1, and
TIS11d/ZFP36L2 are highly homologous and all bind to same AU-rich mRNA targets.
We chose TIS11d as the basis for our designed luminescent probe because it is the only
homolog for which there is an NMR structure of the two CCCH domains bound to RNA.
This allowed us to identify amino acids that we could mutate without affecting the RNA
binding activity. TIS11d is a ca. 500 amino acid protein that features a 70 amino acid
RBD comprised of two non-classical CCCH zinc fingers39, 50 separated by a ca. 10residue flexible linker (Figure I.12A).51-52 RNA binding brings the two zinc fingers
closer together and the RNA-bound TIS11d RBD (Figure I.12B) adopts a more compact
fold than the free form, as revealed by its NMR solution structure and by molecular
dynamic calculations.51-53 We speculated that this conformational change could be
harnessed to design a luminescent probe, named LTISTb, by grafting a DOTA[Tb3+]
complex onto one of the zinc fingers of the RBD and a sensitizing antenna onto the other.
A more efficient electronic energy transfer (EET) between the antenna and the lanthanide
was expected in the presence of the target UUAUUUAUU RNA sequence, resulting in a
stronger Tb3+ emission (Figure I.12C). The use of an energy transfer system with an
organic donor/Ln3+ acceptor pair rather than an organic donor/organic acceptor pair was
motivated by both the luminescence properties of lanthanides and by the requirement of a
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short distance between the antenna and the lanthanide (below ca. 10–15 A) for efficient
sensitization of Ln3+ luminescence. Purely organic systems require distances up to 40–60
A in ˚ order for efficient energy transfer to occur. This distance exceeds the size of the
TIS11d RBD (ca. 40 A, based upon the NMR ˚ structure of RNA-bound TIS11d RBD51).
To design LTISTb, we used a 68 amino acid peptide with the sequence
corresponding to residues 151 to 218 of human TIS11d, which is the RBD. For the
antenna, we utilized Carbostyril 124 (Cs124) because it is excited in the 325–350 nm
which is a wavelength range where RNA or DNA nucleobases do not absorb. Cs124 is an
efficient sensitizer of Tb3+ luminescence54 that can be used in the vicinity of an
oligonucleotide,55 without quenching the sensitizing process by nucleobases.29, 56 Due to
the short antenna/Ln3+ distance required for efficient energy transfer, we searched for
ideal positions to introduce the Ln3+ complex and the antenna on the TIS11d RBD
sequence. The amino acid residues had to be (i) in close proximity when TIS11d RBD
binds RNA, (ii) solvent exposed, (iii) not conserved among TIS11d homologs so as not to
be functionally important and (iv) not involved in hydrogen bonding or hydrophobic
interactions with the RNA strand or with other amino acids of the protein. Inspection of
the solution structure of TIS11d51 revealed that Arg160 and Pro210 fulfilled all of these
criteria, with a ca. 5.5 A gap between their side chains. Therefore, positions 160 and 210
in the sequence of TIS11d were chosen to incorporate the Tb3+ complex and the Cs124
antenna, respectively (Figure I.12A).
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Figure I.12 Overview of TIS11d A) Structure of TIS11d. The two zinc fingers (ZF1
and ZF2) are displayed in red and blue (with Zn2+ in grey) and the linker region in green.
B) NMR solution structure (pdb 1RGO) of TIS11d bound to the RNA nonamer
UUAUUUAUU (yellow) with Arg160 and Pro210 displayed in pink and cyan,
respectively. C) Principle of AU-rich elements sensing by LTISTb.

I.3.2 Synthesis of the probe
Inspired by recent achievements in the field of protein chemical synthesis for
accessing small functional protein domains,33 we synthesized LTISTb by assembling three
short unprotected peptide segments in water by the combination of native chemical
ligation (NCL)57 and SEA ligation (SEA ¼ bis(sulfanylethyl)amido),58 taking advantage
of the numerous zinc-binding cysteines present in TIS11d RBD (Figure I.13). The Nterminal segment 1 features a DOTA[Tb] complex on a lysine side chain in the middle of
its sequence and an alkylthioester at its C-end.
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The peptide was obtained by solid phase peptide synthesis on SEA-PS resin and the
DOTA ligand was introduced onto the resin by coupling the commercially available
DOTA–tris(tBu) ester on the lysine side chain after removal of its alloc protecting group.

Figure I.13 One-pot N-to-C three-segment assembly of apo-LTISTb. Amino acid
numbering of TIS11d is used for clarity. The StBu group on the N-terminal Cys of
segment 2 is introduced as a protecting group for synthetic reasons and is removed
in situ by MPAA in step 1.

After cleavage from the resin, the unprotected peptide displaying a SEA group at
its C-terminus was both converted into an alkyl thioester using 3-mercaptopropionic acid
and metallated with Tb3+ in a one-pot reaction in water at pH 4.3. The central segment 2
displays the latent thioester SEA group in its oxidized form (SEAoff) at its C-terminus to
prevent oligomerization or cyclization during NCL assembly of segments 1 and 2. 50
Finally, the C-terminal segment 3 displays the Cs124 chromophore on the side chain of a
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glutamate. This chromophore was introduced using Fmoc–Glu(Cs124)–OH51 during
solid phase peptide synthesis of the segment. The one pot assembly of the three segments
was performed as described by Melnyk et al.45 1 and 2 were assembled in a phosphate
buffer (pH 7.2) containing mercaptophenylacetic acid (MPAA) to unmask the C-terminal
cysteine of 2 and catalyze NCL. After completion of this first ligation step (24 h), 3 was
added to the reaction mixture along with the reducing agent tris(carboxyethyl)phosphine
(TCEP) to convert the SEAoff group at the C-end of the (1+2) segment into an active
SEAon form and initiate the SEA ligation step.45 The overall process was completed
within 48 h and apo-LTIS was obtained in 48% yield after purification. Figure I.14A and
Figure I.14B show the HPLC chromatogram and mass spectrum of purified apo-LTIS.
The CD spectrum of apo-LTISTb (Figure I.14C) is characteristic of a random coil
(unstructured) peptide. A CD titration with Zn2+ shows that the synthesized protein can
bind 2 equiv. Zn2+ to yield LTISTb, which displays a CD spectrum similar to that of the
Zn-loaded RBD of TIS11d homologs with a local maximum and minimum at 215 and
230 nm, respectively.48-49 This indicates that LTISTb is able to adopt the correct fold in
the presence of Zn2+.
I.3.3 RNA-binding properties
The RNA binding properties of LTISTb were investigated by luminescence
spectroscopy in HEPES buffer (pH 7.5) with the RNA 11-mer UUUAUUUAUUU
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(11AU), which comprises the target sequence of proteins of the TTP family. In the
absence of RNA, excitation at 330 nm promotes emission from the 5D4 excited state of
Tb3+ with characteristic 5D4 / 7FJ (J= 6, 5, 4, 3) transitions at 490, 545, 585 and 623 nm,
respectively (Figure I.15A).

Figure I.14 Further Experiments of LTISTb A) HPLC chromatogram and B)
MALDI-TOF spectrum of purified apo-LTISTb (expected MW ¼ 8850.8). C) CD
spectra of the apo- (dotted line) and Zn-loaded (solid line) forms of LTISTb (5 mM)
recorded in a phosphate buffer (10 mM, pH 7.0).
The excitation spectrum confirms that Cs124 acts as a sensitizing antenna for Tb3+
luminescence (see ESI†). Upon addition of 11AU to LTISTb (90 nM), the intensity of the
Tb3+ emission increases progressively and plateaus after 1 equiv. RNA, with a 5.6-fold
enhancement of Tb3+ emission (Figure I.15A and Figure I.15B). This indicates the
formation of a high affinity 1:1 complex 11AU·LTISTb and confirms that LTISTb acts as a
turn-on sensor for the target RNA sequence, as expected. The Tb3+ luminescence lifetime
remains constant and equal to 1.9 ms during the titration. In order to assess the
dissociation constant Kd of the 11AU·LTISTb complex and assess the reversibility of
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RNA binding, we performed a competition titration with TTP-2D, a recombinant protein
corresponding to the RBD of murine TTP protein, which has a Kd of 16±1 nM for
11AU.46 As expected, addition of TTP-2D to a 1:1 mixture of LTISTb and 11AU induces a
decrease of Tb3+ emission in agreement with the displacement of 11AU from LTISTb to
TTP-2D (Figure I.15C). Fitting the data to the equilibrium 11AU·LTISTb + TTP-2D ↔
LTISTb + 11AU-TTP-2D yielded a Kd of 5.6±0.8 nM for 11AU-LTISTb, in the 3–7 nM
range reported for TIS11d RBD.52 These data show that the introduction of the
DOTA[Tb] complex and the Cs124 antenna on the RBD does not affect RNA binding
properties. Of note, during all of these titrations, equilibrium is reached within the mixing
time (<10 s), which indicates that the association and dissociation kinetics for 11AULTISTb are rapid, a property that is required for efficient real time monitoring of
reversible biological processes. Another critical issue for biological probes is selectivity.
The selectivity of the luminescence response of LTISTb was investigated by measuring
the response of LTISTb with the 11-mer RNA sequence in which one or the two As were
changed for U or G (UUUUUUUUUUU, UUUGUUUAUUU and UUUGUUUGUUU,
which are common RNA benchmarks for TTP protein selectivity46, 49) as well as the
DNA sequence TTTATTTATTT (Figure I.15D). None of these sequences promoted any
Tb3+ luminescence increase, indicating that LTISTb responds selectively to the target
UUAUUUAUU RNA sequence, much like the native peptide.
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Figure I.15 Luminescence Experiments of LTISTb A and B) Time-gated Tb3+
luminescence (λex = 330 nm, delay time = 200 ms) titration of LTISTb (90 nM) by the
RNA 11-mer UUUAUUUAUUU (11AU). C) Time-gated Tb3+ luminescence titration
of a mixture of LTISTb (90 nM) and 11AU RNA (90 nM) by recombinant TTP-2D. The
solid line in C) corresponds to the fit of the data, which yielded KLTISTb/KTTP-2D =
0.35 0.03. (D) Selectivity diagram showing the relative emission of Tb3+ at 545 nm (λex
= 330 nm) of LTISTb (100 nM) in the absence and the presence of various RNA (a =
11
AU = UUUAUUUAUUU; b = UUUUUUUUUUU; c = UUUGUUUAUUU; d =
UUUGUUUGUUU) and DNA (e = TTTATTTATTT) 11-mer oligonucleotides (200
nM). Solutions were prepared in a 10 mM HEPES/50 mM NaCl/DTT 2.5 mM/0.7 mg
mL1 BSA buffer at pH 7.5 at 298 K.

I.3.4 Discussion
We have described the successful design and in vitro analysis of a selective
luminescent probe for the RNA sequence UUAUUUAUU. This sequence is the binding
site for TTP family proteins. In cells, the interaction of TTP with these RNA sequences is
a critical step in the regulation of inflammation and cancer. Thus, a probe that monitors
this pathway has potential as a novel tool to study inflammation and cancer signaling
157

pathways. For example, TTP simultaneously regulates multiple mRNAs that encode
select pro-inflammatory factors (e.g., TNFα, interleukins (IL)-2, -3, and -6, COX-2) and
loss of TTP results in systemic hyperinflammation.59-63 A TTP-based probe could
function to measure these cytokine levels in cells under different stimuli and therefore
serve as a read-out of inflammation. Similarly, TTP recognizes and destabilizes a large
number of tumor-related mRNAs (e.g. regulators of the cell cycle (e.g. cyclin D1),
angiogenesis (e.g. VEGF, HIF-1), and metastasis (e.g. MMP-1, uPA)),64-68 and we
envision using the TTP-based probes to monitor mRNA levels in cancer cells. Our
approach involved modifying the RBD of one of the TTP family proteins (TIS11d) with a
lanthanide ion (Tb3+) and a suitable chromophore to sensitize lanthanide luminescence.
By using TIS11d as the basis for the probe, we created a probe that kept the native RBD's
selective RNA binding properties, i.e. reversible and dynamic binding with the Kd in the
nM range. LTISTb is a rare example of a protein-based RNA sensor.29-30 Most RNA
sensors described to date are based on hybridization with a nucleic acid oligomer-based
fluorescent probe. With such a probe, the target RNA sequence must be longer than 15
nucleotides to form an RNA/probe hybrid with sufficient stability. LTISTb recognizes a
shorter RNA sequence (UUAUUUAUU, 9 nucleotides) showing that this protein-based
approach may be a valuable alternative to hybridization probes for the sensing of short
RNA sequences. In the LTISTb probe, the RNA binding event is transduced into an
increased Tb3+ emission based upon the modulation of Tb3+ sensitization though a
conformational change between the Cs124 antenna and Tb3+ ion. The use of a lanthanide
emitter is critical to the design of LTISTb as small conformational changes are sensed due
to the short distances required for efficient energy transfer from the antenna. The
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lanthanide complex and its antenna were introduced on the RBD of TIS11d based upon
simple structural and functional considerations. Moreover, lanthanide luminescence
offers unique properties to study biological systems. They have a long luminescence
lifetime – exemplified here by the 1.9 ms lifetime for Tb3+ luminescence in LTISTb – that
allows the time-resolved detection to suppress auto-fluorescence of the biological
background and increase the signal/noise ratio. With this promising prototype probe in
hand, we envision future studies in which modifications are made to the probe for
different applications. For example, we could apply the convergent synthetic pathway for
LTISTb in a combinatorial manner by varying the Ln3+ ion, its ligand (the DOTA ligand
usually leaves a free coordination site on the lanthanide that is occupied by water
molecules and this is detrimental to emission efficiency), the antenna and the position of
the DOTA and antenna on the RBD to optimize the probe's emission properties.
Additionally, we envision appending functionalities for in vivo applications, e.g. addition
of a cell penetrating peptide sequence or a second lanthanide complex to create a
ratiometric sensor. The work we have described here demonstrates that a fully synthetic
luminescent probe of a target analyte (RNA) based upon a biomolecule-binding domain
of a protein can be engineered. By utilizing the robust chemical ligation methodologies
that have been developed in the past decade for the chemical synthesis of proteins, the
straightforward preparation of a biomolecule with a conjugated antenna and lanthanide
complex from short peptide segments was achieved. The biomolecule utilized as the basis
for the probe contains two zinc finger domains. These types of domains are amenable to
chemical synthesis via chemical ligation methods69-71 because they contain numerous
zinc-binding cysteines (2 to 4 per Zn2+ ion, depending on the type of zinc finger). In
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addition, Nature often uses zinc fingers to fold biomolecule-binding sites and mediate
protein/protein, protein/DNA, protein/RNA and protein/low-molecular-weight molecules
interactions, suggesting that our approach can be expanded to target other biomolecules
by functionalizing other zinc fingers. Additionally, this design strategy is not limited to
zinc finger proteins or cysteine-containing proteins as progress in chemical ligation
methods now allows straightforward synthesis of proteins that do not contain cysteines,33,
72

thereby extending the scope of such probe design.

I.4 Conclusion
We have successfully engineered a luminescent sensor for the RNA sequence
UUAUUUAUU by modifying the RNA binding domain of TIS11d, a member of the TTP
family, such that it contains a Ln3+ complex and a sensitizing antenna. The sensor was
designed based on simple structural considerations and synthesized by the native
chemical ligation methodology, which allows straightforward introduction of the Ln3+
emitter and antenna. Of note, the probe retains all of the RNA binding properties of the
native TIS11d RBD, validating this approach. We believe that the design strategy has the
potential to be expanded to other biomolecule-binding proteins, providing a general
strategy for the development of luminescent probes.
I.5 References Cited
1.
Lakowicz, J. R., Principles of fluorescence spectroscopy. Springer: New York,
2006.
2.
Li, X.; Gao, X.; Shi, W.; Ma, H., Design Strategies for Water-Soluble Small
Molecular Chromogenic and Fluorogenic Probes. Chemical Reviews 2014, 114 (1), 590659.
160

3.
Hamilton, G. R.; Sahoo, S. K.; Kamila, S.; Singh, N.; Kaur, N.; Hyland, B. W.;
Callan, J. F., Optical probes for the detection of protons, and alkali and alkaline earth metal
cations. Chem Soc Rev 2015, 44 (13), 4415-32.
4.
Lee, M. H.; Kim, J. S.; Sessler, J. L., Small molecule-based ratiometric
fluorescence probes for cations, anions, and biomolecules. Chem Soc Rev 2015, 44 (13),
4185-91.
5.
You, L.; Zha, D.; Anslyn, E. V., Recent Advances in Supramolecular Analytical
Chemistry Using Optical Sensing. Chem Rev 2015, 115 (15), 7840-92.
6.
Yeung, M. C.; Yam, V. W., Luminescent cation sensors: from host-guest
chemistry, supramolecular chemistry to reaction-based mechanisms. Chem Soc Rev 2015,
44 (13), 4192-202.
7.
Lou, Z.; Li, P.; Han, K., Redox-Responsive Fluorescent Probes with Different
Design Strategies. Acc Chem Res 2015, 48 (5), 1358-68.
8.
Kaur, A.; Kolanowski, J. L.; New, E. J., Reversible Fluorescent Probes for
Biological Redox States. Angewandte Chemie 2016, 55 (5), 1602-13.
9.
Kubota, R.; Hamachi, I., Protein recognition using synthetic small-molecular
binders toward optical protein sensing in vitro and in live cells. Chem Soc Rev 2015, 44
(13), 4454-71.
10.
Yang, Y.; Zhao, L., Sensitive fluorescent sensing for DNA assay. TrAC Trends in
Analytical Chemistry 2010, 29 (9), 980-1003.
11.
Han, Y. W.; Sugiyama, H.; Harada, Y., The application of fluorescence-conjugated
pyrrole/imidazole polyamides in the characterization of protein-DNA complex formation.
Biomater Sci 2016, 4 (3), 391-9.
12.
Armitage, B. A., Imaging of RNA in live cells. Curr Opin Chem Biol 2011, 15 (6),
806-12.
13.
Liu, Y.; Jun, E. J.; Kim, G.; Lee, A. R.; Lee, J. H.; Yoon, J., A bispyrene derivative
as a selective fluorescent probe for RNA. Chem Commun (Camb) 2014, 50 (19), 2505-7.
14.
Laguerre, A.; Levillain, M.; Stefan, L.; Haudecoeur, R.; Katranji, F.; Pirrotta, M.;
Monchaud, D., Synthetic G-Quartets as Versatile Nanotools for the Luminescent Detection
of G-Quadruplexes. Chimia (Aarau) 2015, 69 (9), 530-6.
15.
Sparano, B. A.; Koide, K., Fluorescent sensors for specific RNA: a general
paradigm using chemistry and combinatorial biology. Journal of the American Chemical
Society 2007, 129 (15), 4785-94.
161

16.
Krasheninina, O. A.; Novopashina, D. S.; Lomzov, A. A.; Venyaminova, A. G., 2'Bispyrene-modified 2'-O-methyl RNA probes as useful tools for the detection of RNA:
synthesis, fluorescent properties, and duplex stability. Chembiochem 2014, 15 (13), 193946.
17.
Juskowiak, B., Nucleic acid-based fluorescent probes and their analytical potential.
Analytical and bioanalytical chemistry 2011, 399 (9), 3157-76.
18.
Hovelmann, F.; Seitz, O., DNA Stains as Surrogate Nucleobases in Fluorogenic
Hybridization Probes. Acc Chem Res 2016, 49 (4), 714-23.
19.
Zhang, J.; Campbell, R. E.; Ting, A. Y.; Tsien, R. Y., Creating new fluorescent
probes for cell biology. Nat Rev Mol Cell Biol 2002, 3 (12), 906-18.
20.
Morris, M. C., Fluorescent biosensors of intracellular targets from genetically
encoded reporters to modular polypeptide probes. Cell Biochem Biophys 2010, 56 (1), 1937.
21.
Palmer, A. E.; Qin, Y.; Park, J. G.; McCombs, J. E., Design and application of
genetically encoded biosensors. Trends Biotechnol 2011, 29 (3), 144-52.
22.
Hochreiter, B.; Garcia, A. P.; Schmid, J. A., Fluorescent proteins as genetically
encoded FRET biosensors in life sciences. Sensors 2015, 15 (10), 26281-314.
23.
Hessels, A. M.; Merkx, M., Genetically-encoded FRET-based sensors for
monitoring Zn(2+) in living cells. Metallomics 2015, 7 (2), 258-66.
24.
Carter, K. P.; Young, A. M.; Palmer, A. E., Fluorescent sensors for measuring metal
ions in living systems. Chem Rev 2014, 114 (8), 4564-601.
25.
Slomovic, S.; Collins, J. J., DNA sense-and-respond protein modules for
mammalian cells. Nature methods 2015, 12 (11), 1085-90.
26.
Ozawa, T.; Natori, Y.; Sato, M.; Umezawa, Y., Imaging dynamics of endogenous
mitochondrial RNA in single living cells. Nature methods 2007, 4 (5), 413-9.
27.
Pazos, E.; Vazquez, O.; Mascarenas, J. L.; Vazquez, M. E., Peptide-based
fluorescent biosensors. Chem Soc Rev 2009, 38 (12), 3348-59.
28.
Boyd, J. M.; Ensign, S. A., Evidence for a metal-thiolate intermediate in alkyl group
transfer from epoxypropane to coenzyme M and cooperative metal ion binding in
epoxyalkane:CoM transferase. Biochemistry 2005, 44 (39), 13151-62.

162

29.
Penas, C.; Pazos, E.; Mascarenas, J. L.; Vazquez, M. E., A folding-based approach
for the luminescent detection of a short RNA hairpin. Journal of the American Chemical
Society 2013, 135 (10), 3812-4.
30.
Penas, C.; Mascarenas, J. L.; Vazquez, M. E., Coupling the folding of a beta-hairpin
with chelation-enhanced luminescence of Tb(III) and Eu(III) ions for specific sensing of a
viral RNA. Chem Sci 2016, 2016 (4), 2674-2678.
31.
51.

Kent, S. B., Total chemical synthesis of proteins. Chem Soc Rev 2009, 38 (2), 338-

32.
Raibaut, L.; Ollivier, N.; Melnyk, O., Sequential native peptide ligation strategies
for total chemical protein synthesis. Chem Soc Rev 2012, 41 (21), 7001-15.
33.
Bondalapati, S.; Jbara, M.; Brik, A., Expanding the chemical toolbox for the
synthesis of large and uniquely modified proteins. Nat Chem 2016, 8 (5), 407-18.
34.
Thibon, A.; Pierre, V. C., Principles of responsive lanthanide-based luminescent
probes for cellular imaging. Analytical and bioanalytical chemistry 2009, 394 (1), 107-20.
35.
Bunzli, J. C., Lanthanide luminescence for biomedical analyses and imaging. Chem
Rev 2010, 110 (5), 2729-55.
36.
Eliseeva, S. V.; Bunzli, J. C., Lanthanide luminescence for functional materials and
bio-sciences. Chem Soc Rev 2010, 39 (1), 189-227.
37.
Sy, M.; Nonat, A.; Hildebrandt, N.; Charbonniere, L. J., Lanthanide-based
luminescence biolabelling. Chem Commun (Camb) 2016, 52 (29), 5080-95.
38.
Stumpo, D. J.; Lai, W. S.; Blackshear, P. J., Inflammation: cytokines and RNAbased regulation. Wiley Interdiscip Rev RNA 2010, 1 (1), 60-80.
39.
Lee, S. J.; Michel, S. L., Structural metal sites in nonclassical zinc finger proteins
involved in transcriptional and translational regulation. Acc Chem Res 2014, 47 (8), 264350.
40.
Tiedje, C.; Diaz-Munoz, M. D.; Trulley, P.; Ahlfors, H.; Laass, K.; Blackshear, P.
J.; Turner, M.; Gaestel, M., The RNA-binding protein TTP is a global post-transcriptional
regulator of feedback control in inflammation. Nucleic acids research 2016, 44 (15), 741840.
41.
Reynolds, A. M.; Sculimbrene, B. R.; Imperiali, B., Lanthanide-binding tags with
unnatural amino acids: sensitizing Tb3+ and Eu3+ luminescence at longer wavelengths.
Bioconjug Chem 2008, 19 (3), 588-91.
163

42.
Ollivier, N.; Raibaut, L.; Blanpain, A.; Desmet, R.; Dheur, J.; Mhidia, R.; Boll, E.;
Drobecq, H.; Pira, S. L.; Melnyk, O., Tidbits for the synthesis of bis(2-sulfanylethyl)amido
(SEA) polystyrene resin, SEA peptides and peptide thioesters. J Pept Sci 2014, 20 (2), 927.
43.
Nathalie Thieriet, J. A., Ernest Giralt, Francois Guibe, Fernando Albericio, Use of
Alloc-amino Acids in Solid-Phase Peptide Synthesis. Tandem Deprotection-Coupling
Reactions Usinf Neutral Conditions. Tetrahedron Letters 1997, 38 (41), 7275-7278.
44.
Boll, E.; Drobecq, H.; Ollivier, N.; Blanpain, A.; Raibaut, L.; Desmet, R.; Vicogne,
J.; Melnyk, O., One-pot chemical synthesis of small ubiquitin-like modifier protein-peptide
conjugates using bis(2-sulfanylethyl)amido peptide latent thioester surrogates. Nat Protoc
2015, 10 (2), 269-92.
45.
Ollivier, N.; Vicogne, J.; Vallin, A.; Drobecq, H.; Desmet, R.; El Mahdi, O.;
Leclercq, B.; Goormachtigh, G.; Fafeur, V.; Melnyk, O., A one-pot three-segment ligation
strategy for protein chemical synthesis. Angewandte Chemie 2012, 51 (1), 209-13.
46.
diTargiani, R. C.; Lee, S. J.; Wassink, S.; Michel, S. L., Functional characterization
of iron-substituted tristetraprolin-2D (TTP-2D, NUP475-2D): RNA binding affinity and
selectivity. Biochemistry 2006, 45 (45), 13641-9.
47.
Chen, J. Y.; Selvin, P. R., Synthesis of 7-amino-4-trifluoromethyl-2-(1H)quinolinone and its use as an antenna molecule for luminescent europium
polyaminocarboxylates chelates. J Photoch Photobio A 2000, 135 (1), 27-32.
48.
Deveau, L. M.; Massi, F., RNA-Binding Domain Disorder Modulates the RNA
Destabilizing Activity in the TTP Family of Proteins. Biophysical journal 2016, 110 (3),
557a-557a.
49.
Michalek, J. L.; Lee, S. J.; Michel, S. L., Cadmium coordination to the zinc binding
domains of the non-classical zinc finger protein Tristetraprolin affects RNA binding
selectivity. Journal of inorganic biochemistry 2012, 112, 32-8.
50.
Michalek, J. L.; Besold, A. N.; Michel, S. L., Cysteine and histidine shuffling:
mixing and matching cysteine and histidine residues in zinc finger proteins to afford
different folds and function. Dalton transactions 2011, 40 (47), 12619-32.
51.
Hudson, B. P.; Martinez-Yamout, M. A.; Dyson, H. J.; Wright, P. E., Recognition
of the mRNA AU-rich element by the zinc finger domain of TIS11d. Nat Struct Mol Biol
2004, 11 (3), 257-64.
52.
Morgan, B. R.; Deveau, L. M.; Massi, F., Probing the structural and dynamical
effects of the charged residues of the TZF domain of TIS11d. Biophysical journal 2015,
108 (6), 1503-15.
164

53.
Brewer, B. Y.; Ballin, J. D.; Fialcowitz-White, E. J.; Blackshear, P. J.; Wilson, G.
M., Substrate dependence of conformational changes in the RNA-binding domain of
tristetraprolin assessed by fluorescence spectroscopy of tryptophan mutants. Biochemistry
2006, 45 (46), 13807-17.
54.
Xiao, M.; Selvin, P. R., Quantum yields of luminescent lanthanide chelates and farred dyes measured by resonance energy transfer. Journal of the American Chemical Society
2001, 123 (29), 7067-73.
55.
Li, L. L.; Ge, P.; Selvin, P. R.; Lu, Y., Direct detection of adenosine in undiluted
serum using a luminescent aptamer sensor attached to a terbium complex. Analytical
chemistry 2012, 84 (18), 7852-6.
56.
Ancel, L.; Gateau, C.; Lebrun, C.; Delangle, P., DNA sensing by a Eu-binding
peptide containing a proflavine unit. Inorganic chemistry 2013, 52 (2), 552-4.
57.
Dawson, P. E.; Muir, T. W.; Clark-Lewis, I.; Kent, S. B., Synthesis of proteins by
native chemical ligation. Science 1994, 266 (5186), 776-9.
58.
Ollivier, N.; Dheur, J.; Mhidia, R.; Blanpain, A.; Melnyk, O., Bis(2sulfanylethyl)amino native peptide ligation. Organic letters 2010, 12 (22), 5238-41.
59.
Sanduja, S.; Blanco, F. F.; Young, L. E.; Kaza, V.; Dixon, D. A., The role of
tristetraprolin in cancer and inflammation. Front Biosci (Landmark Ed) 2012, 17, 174-88.
60.
Emmons, J.; Townley-Tilson, W. H.; Deleault, K. M.; Skinner, S. J.; Gross, R. H.;
Whitfield, M. L.; Brooks, S. A., Identification of TTP mRNA targets in human dendritic
cells reveals TTP as a critical regulator of dendritic cell maturation. RNA 2008, 14 (5), 888902.
61.
Mukherjee, N.; Jacobs, N. C.; Hafner, M.; Kennington, E. A.; Nusbaum, J. D.;
Tuschl, T.; Blackshear, P. J.; Ohler, U., Global target mRNA specification and regulation
by the RNA-binding protein ZFP36. Genome Biol 2014, 15 (1), R12.
62.
Stoecklin, G.; Tenenbaum, S. A.; Mayo, T.; Chittur, S. V.; George, A. D.; Baroni,
T. E.; Blackshear, P. J.; Anderson, P., Genome-wide analysis identifies interleukin-10
mRNA as target of tristetraprolin. The Journal of biological chemistry 2008, 283 (17),
11689-99.
63.
Taylor, G. A.; Carballo, E.; Lee, D. M.; Lai, W. S.; Thompson, M. J.; Patel, D. D.;
Schenkman, D. I.; Gilkeson, G. S.; Broxmeyer, H. E.; Haynes, B. F.; Blackshear, P. J., A
pathogenetic role for TNF alpha in the syndrome of cachexia, arthritis, and autoimmunity
resulting from tristetraprolin (TTP) deficiency. Immunity 1996, 4 (5), 445-54.
165

64.
Al-Souhibani, N.; Al-Ahmadi, W.; Hesketh, J. E.; Blackshear, P. J.; Khabar, K. S.,
The RNA-binding zinc-finger protein tristetraprolin regulates AU-rich mRNAs involved
in breast cancer-related processes. Oncogene 2010, 29 (29), 4205-15.
65.
Marderosian, M.; Sharma, A.; Funk, A. P.; Vartanian, R.; Masri, J.; Jo, O. D.; Gera,
J. F., Tristetraprolin regulates Cyclin D1 and c-Myc mRNA stability in response to
rapamycin in an Akt-dependent manner via p38 MAPK signaling. Oncogene 2006, 25 (47),
6277-90.
66.
Cha, H. J.; Lee, H. H.; Chae, S. W.; Cho, W. J.; Kim, Y. M.; Choi, H. J.; Choi, D.
H.; Jung, S. W.; Min, Y. J.; Lee, B. J.; Park, S. E.; Park, J. W., Tristetraprolin
downregulates the expression of both VEGF and COX-2 in human colon cancer. Hepatogastroenterology 2011, 58 (107-108), 790-5.
67.
Chamboredon, S.; Ciais, D.; Desroches-Castan, A.; Savi, P.; Bono, F.; Feige, J. J.;
Cherradi, N., Hypoxia-inducible factor-1alpha mRNA: a new target for destabilization by
tristetraprolin in endothelial cells. Mol Biol Cell 2011, 22 (18), 3366-78.
68.
Brennan, S. E.; Kuwano, Y.; Alkharouf, N.; Blackshear, P. J.; Gorospe, M.; Wilson,
G. M., The mRNA-destabilizing protein tristetraprolin is suppressed in many cancers,
altering tumorigenic phenotypes and patient prognosis. Cancer research 2009, 69 (12),
5168-76.
69.
Beligere, G. S.; Dawson, P. E., Synthesis of a three zinc finger protein, Zif268, by
native chemical ligation. Biopolymers 1999, 51 (5), 363-9.
70.
Futaki, S.; Tatsuto, K.; Shiraishi, Y.; Sugiura, Y., Total synthesis of artificial zincfinger proteins: Problems and perspectives. Biopolymers 2004, 76 (2), 98-109.
71.
Fehr, F.; Nadler, A.; Brodhun, F.; Feussner, I.; Diederichsen, U., Semi-synthesis
and analysis of chemically modified zif268 zinc-finger domains. ChemistryOpen 2012, 1
(1), 26-32.
72.
Maity, S. K.; Jbara, M.; Laps, S.; Brik, A., Efficient Palladium-Assisted One-Pot
Deprotection of (Acetamidomethyl)Cysteine Following Native Chemical Ligation and/or
Desulfurization To Expedite Chemical Protein Synthesis. Angewandte Chemie 2016, 55
(28), 8108-12.

166

Appendix II
Iron Sulfur Clusters in Zinc Finger Proteins1
II.1 Introduction.
Zinc finger (ZFs) are a large family of principally eukaryotic proteins that utilize
zinc as a co-factor to fold and function.1-4 ZFs contain repeats of four invariant cysteine
and/or histidine residues within their primary amino acid sequences, and these residues
serve as ligands for zinc .3-4 Although first identified in the 1980s, the ubiquity of ZFs
was not fully appreciated until the late nineties/early aughts, with the advent of whole
genome sequencing.5-10 From these sequencing efforts, between 3-10% of all proteins
were annotated as ZFs, based upon the presence of cysteine/histidine rich sequences.4
These ZFs have been separated into different classes, with ZFs grouped based upon the
number of cysteine and histidine residues within each ZF domain and the spacing
between the domains.3-4, 11-13 Presently, at least fourteen classes of ZFs have been
delineated.
Most of the ZFs that have been identified from genome sequencing have not yet
been studied experimentally, therefore in many cases whether these ‘zinc finger’ proteins
are bona fide zinc fingers is not known. In the last few years, several proteins annotated
as ‘zinc fingers’ have been found to harbor iron sulfur clusters, in lieu of or in addition to
zinc. The first of these proteins to be identified was mitoNEET, which contains a 3cysteine, 1-histidine (CCCH) motif within its primary sequence.14-18

1

Adapted from Shimberg, G.D., Pritts, J.D., Michel, S.L.J. 2017. Iron Sulfur Clusters in
Zinc Finger Proteins. Submitted to Methods in Enzymology
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Despite being annotated as a ‘zinc finger,’ mitoNEET turned red upon protein expression
and purification, and was found to contain a 2Fe-2S cluster, coordinated to the CCCH
‘zinc finger’ ligands (Figure II.1).14

Figure II.1 Structure of mitoNEET. The 2Fe-2s cluster is highlighted. (PDB
2R13, figure made in PyMol)
Subsequently, two close homologs of mitoNEET, Miner1 and Miner2 were also shown to
contain 2Fe-2S clusters bound to their CCCH motifs.15, 19 In addition, 2Fe-2S clusters
were identified in the E. coli iron-sulfur cluster assembly proteins IscR and IscU and the
yeast Grx3/4/Fra2 signaling proteins.20-21 These findings brought into question the dogma
that proteins with conserved cysteine/histidine sequences are always ZFs.
More recently, our laboratory identified another protein annotated as a ZF that
contains a 2Fe-2S cluster (as initially observed as a reddish colored protein) (Figure II.2)
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Figure II.2 Comparison of CPSF30 (Left) cell paste versus MBP (Right), post
overexpression. CPSF30 results in a rust-colored protein sample indicative of the
presence of an iron cofactor.

This protein, cleavage and polyadenylation specificity factor 30 (CPSF30) contains five
CCCH domains, and is a hybrid of an iron-sulfur cluster/ZF protein.22 CPSF30 houses a
2Fe-2S cluster with one CCCH ligand set, analogous to mitoNEET, Miner1 and Miner2,
and 4 zinc loaded CCCH ZF sites, analogous to traditional ZFs.22 The full biological role
of CPSF30 is not yet understood; however, we have shown that this protein binds preRNA in a sequence selective manner that requires that both iron and zinc sites be
present.22 In this chapter, we describe the methods we utilize to isolate metal loaded
CPSF30 and assess its RNA binding activity. Our approach utilizes established methods
used to isolate traditional ZF proteins combined with those for Fe-S protein. This
approach has the potential to be utilized for the isolation and analysis of other ZF proteins
that have been identified from genome sequences, but not yet characterized
experimentally.
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II.2 Approaches to clone zinc finger/ Fe-S cluster genes
II.2.1 Cloning strategy
When choosing the expression system for a ZF protein, like most proteins, a
wealth of options are commercially available. Choosing an appropriate vector is critical
to ensure that proper protein production is successful. The expression of proteins
containing ZFs as well as ZFs with Fe-S clusters are often achieved using commercial
pET vectors (Example: pET-28a, Novagen, Cat. No. 69864-3) containing either C or N
terminal hexahistidine tags (his-tag).23 This is an effective method when the protein is
inherently soluble and there are multiple examples of the use of a hexa-hisitine tag to
purify a protein with an Fe-S cluster, with some recent examples in these references as
well as for ZFs.24-26 As an example, the pET-28a expression system contains a N-terminal
His-tag, thrombin cleavage site, T7 tag, and an optional C-terminal his-tag. Upon protein
over-expression, purification is accomplished via Immobilized Metal Affinity
Chromatography (IMAC), in which the hexahistidine tag binds to nickel (or cobalt,
copper, or iron) loaded resin in the solid phase.27 The protein of interest can then be
purified using an imidazole buffer gradient. The protein is then eluted once an
appropriate amount of imidazole is achieved. The T7 tag can be utilized for further
purification of the protein of interest if needed. Incorporation of a thrombin cut site
allows cleavage of the N-terminal his-tag yielding native protein post purification.
Determination of whether to utilize a C versus N-terminal his-tag is accomplished
empirically – proteins with either tag appended are produced and the resultant protein’s
stability, solubility, and activity is assessed. N-terminal his-tags are generally more
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common, as cloning design and gene insertion into the vector is more straightforward, see
for example. We note that for some Iron-Sulfur proteins, a C-terminal hexahistidine tag
has proven more robust, as seen with RimO.28 If the protein of interest contains an Fe-S
cluster near the far end of the N-terminus, a C-terminal tag may be preferred as there is
concern that the hexahistidine residues may alter the Fe binding properties at the Fe-S
ligand site.29 The pET-28a expression system also contains Kanamycin resistance
allowing bacterial selection containing the plasmid 30. These expression systems are well
suited for small ZFs with moderate to high solubility.
Where native protein solubility is a concern, particularly for larger ZF proteins,
we and other laboratories have found that the utilization of a vector that encodes for a
maltose binding protein tag [e.g. pMAL-c5E (discontinued), pMAL-c5X or pMAL-p5X
from New England Biolabs] can often produce a more soluble protein (Cat. No.
E8200S).18, 31-34 The pMAL Protein Fusion and Purification System contains a cloning
site downstream of a malE gene encoding the 42.5 kDa maltose-binding protein (MBP)
and results in expression of an MBP-fusion protein. This MBP fusion increases protein
solubility, while maintaining proper folding and biological activity.35 In some cases MBP
appears to act as a chaperone to induce protein folding and stability.35 After expression,
the MBP-fusion protein allows for simple purification using amylose affinity
chromatography. Additionally, there is a 10 asparagine linker between the MBP and
protein of interest domains to inhibit significant binding interactions between the two
proteins. As a result, the protein of interest is maintained in a more native environment
away fπrom the MBP-tag and ensures the tag will be able to bind the amylose column
efficiently during purification. The pMAL vector also incorporates a Factor Xa or
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Enterokinase recognition site immediately before the cloning region to allow cleavage of
the MBP-tag post purification yielding native protein.36 Furthermore, different pMAL
vectors can allow protein expression in the cytoplasm or periplasm as desired by the
user.30 For added versatility, another cleavage site can be engineered into the expressed
protein during cloning. For example, the recognition sequence of the tobacco etch virus
(TEV) protease can be incorporated in the forward primer during PCR.37-38 Our
laboratory uses the pMAL vector to clone ZFs with Fe-S clusters, as described here.
II.2.2 Equipment
•

Thermocycler

•

Agarose gel running apparatus

•

SPD1 SpeedVac Concentrator (Thermo Fisher)

•

Light box

•

Scalpel

•

Centrifuge

II.2.3 Buffers and reagents
•

10x Taq DNA Polymerase PCR Buffer (200 mM Tris-HCl, 500 mM KCl, pH
8.4)(Thermo Fisher, Cat. No. 18067017)

•

dNTP’s

•

MgCl2

•

Platinum Taq Polymerase

•

DH5α E. coli cells
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•

LB agar (10 g/L Casein Peptone, 5 g/L Yeast Extract, 5 g/L Sodium Chloride, and 15
g/L Agar)(Affymetrix, Cat. No. 75851)

•

Ampicillin (Sigma Aldrich, Cat No. A9518)

•

Ethidium bromide (Fisher, Cat. No. BP 1302-10)

•

Tris/Acetic acid/EDTA (TAE) buffer (Bio Rad, Cat. No. 1610743)

•

Qiagen miniprep kit (Qiagen, Cat. No. 27106)

•

Qiagen PCR purification kit (Qiagen, Cat. No. 28104)

•

Buffer 4 (NEB, Cat. No. B7004S)

•

BSA (NEB, Cat. No. B9001S)

•

Nde1 (NEB, Cat. No. R0111)

•

BamH1 (NEB, Cat. No. R0136S)

•

6X loading dye (NEB, Cat. No. B7021S)

•

Qiagen gel extraction kit (Qiagen, Cat. No. 28704)

•

Invitrogen Super Optimal broth with Catabolite repression (S.O.C.) media (2%
tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM
MgSO4, 20 mM glucose)(Thermo Fisher, Cat. No. 15544034)

II.2.4 Protocol
Note: As a general guide, the pMAL Protein Fusion and Purification System
Instructional Manual (New England Biolabs) is followed with a few exceptions.
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II.2.5 Primer design
1. Design primers, as an example CPSF30 primers are indicated:
Forward: Non-coding (6 nucleotides) / Restriction site (6 nucleotides) / TEV cleavage
site (21 nucleotides) / CPSF30 DNA (24 nucleotides)
TTC TTC / CAT ATG / GAA AAT TTA TAT TTT CAA GGT / ATG GAC AAG
TCA GGG GCT GCT GTC
Note: A start codon is not necessarily needed as the beginning of the MBP sequence
contains a start codon
Reverse: Non-coding (6 nucleotides) / Restriction site (6 nucleotides) / Stop codons
x2 (6 nucleotides) / CPSF30 DNA (24 nucleotides)
Note: DNA and stop codon sequence are reverse compliments of coding DNA
TTC TTC / GGA TCC / TTA CTA / TTC AAA TCG AGG GTG CAT GAA TTT
II.2.6 PCR set up
2. The following reagents are combined for the PCR experiment, these values are
adapted from recommendation by New England Biolabs.39
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Reagents

Volume (µl)

Final concentration

Milli-Q water

34.5

-

PCR buffer (10x)

5

1x

MgCl2

1.5

1.5 mM

dNTPs (10mM)

1.5

3 mM

Forward Primer (5µM)

3

0.3 µM

Reverse Primer (5µM)

3

0.3 µM

Template DNA

1

-

Platinum Taq Polymerase

0.5

2.5u

50 µL

-

(5u/µl)
Total Volume

Table I.1 Ingredients for PCR. Note: Reagents are added to the PCR tube in the
order listed
II.2.7 PCR cycle
3. Each step of the PCR cycle should be varied to produce optimal product. The below
conditions typically work well for ZF gene amplification.
a. Initial denaturation of template DNA at 94°C for 3 minutes
b. Denature double stranded DNA at 94°C for 1 minute
c. Anneal primers at 65°C for 1 minute
d. Elongation of DNA at 72°C for 1 minute
e. Final elongation step at 72°C for 15 minutes
f. Final hold at 4°C
g. Repeat for 25 cycles
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4. Load the amplified PCR products onto a 1% agarose gel with ethidium bromide
staining to ensure that the correct length of DNA was copied. The agarose gel should
be prepared by adding 0.3 g of ultrapure agarose and 1 µl of ethidium bromide to 30
ml of 1X TAE buffer and allowed to solidify in the gel apparatus
5. Follow Qiagen’s PCR purification kit and elute DNA using Milli-Q water and store
the purified DNA at -20°C (Qiagen protocol, cat. 28104)
6. Load and run a 1% agarose gel, as previously described (#4 above) with all PCR
products and extracted pMAL-c5E plasmid to ensure the products and vector have
been amplified successfully
II.2.8 pMAL-c5E plasmid prep. The pMAL-c5E vector can be used as received, or
amplified and stored as described here.
7. Transform 1µl of pMAL-c5e plasmid into 50 µl of DH5α E. coli chemically
competent cells by pipetting 1µl of plasmid into a 50 µl aliquot of DH5α cells in a
1.8mL Eppendorf tube and gently vortex the tube to mix the reagents.
8. Incubate on ice for 5 minutes
9. Heat shock the plasmid and cell mixture for 45 seconds at 45°C
10. Incubate on ice for 2 minutes
11. Add 500 µl of S.O.C. media and triturate the solution to ensure proper mixing
12. Incubate at 37°C for 45 minutes
13. Plate 100 µl of the solution onto a LB-agar plate containing 100 µg/ml ampicillin.
Allow to incubate overnight at 37°C
14. Remove the plates and allow to cool to room temperature
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15. Select a single colony to grow in an overnight flask of 50 ml containing 100 µg/ml of
ampicillin at 37°C
16. The 50 ml overnight cultures of empty pMAL-c5E plasmid should be centrifuged
5250 x g at 4°C for 10 minutes
17. Isolate the DNA via a Qiagen miniprep kit (“Plasmid Miniprep Kit: QIAprep Spin
Miniprep Kit- QIAGEN Online Shop”)
18. Elute the DNA with Milli-Q water and store at -20°C
II.2.9 Double digest using Nde1 and BamH1
19. Dry all samples for one hour in vacuo in a SpeedVac concentrator
20. Using New England Biolabs “double digest finder”, find compatible working
conditions for both digestion enzymes. For Nde1 and BamH1, buffer 4 was used with
BSA at 37°C for 2 hours.
21. Re-suspend the pMAL-c5E vector in 32µl of Milli-Q water and PCR product in
15.8µl so that each is at concentration of about 25ng/µl
22. Add the following to each reaction
a. 2 µl of Buffer 4
b. 0.5 µl of BSA
c. 1 µl of Nde1
d. 1 µl of BamH1
23. Incubate for 2 hours at 37°C
Note: If the double-digestion step does not produce satisfactory yields of digested
DNA, single digests of the plasmid with each restriction enzyme should be performed
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followed by analysis on a 1% agarose gel to verify that both restriction enzymes are
active.
24. Add 2µl of 6X loading dye to each reaction mixture and load 10 µl per well on a 1%
agarose gel. Run the gel at room temperature for 50 minutes
25. Excise the bands from the gel using a light box and scalpel
26. Follow Qiagen’s gel extraction kit and elute DNA using 50µl of Milli-Q water
(“Plasmid Miniprep Kit: QIAprep Spin Miniprep Kit- QIAGEN Online Shop”)
27. Remove 1 µl aliquot of each reaction to verify purity by 1% agarose gel as previously
described
28. Dry samples in speedvac for 35 minutes
II.2.10 Ligation
29. We find that ligation is best performed under several conditions, and we select the
best product for future studies.
Reaction A

Reaction B

Reaction C

Reaction D

(µl)

(µl)

(µl)

(µl)

Ligase

1

1

1

1

10X ligase buffer

2

2

2

2

Insert DNA

1

3

4

5

Plasmid DNA

7

5

4

3

Water

9

9

9

9

Total volume

20

20

20

20

Table I.2 Ingredients for Ligation. Multiple reactions designed for optimizing
ligation reaction.
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30. Incubate the ligation reactions for 10 minutes at room temperature and then transform
as previously described (Step 7) into DH5α E. coli cells with the following exception:
5 µl of ligation mixture into 50µl of cells
31. Plate 150 µl of transformed cells onto LB-agar plates containing 100 µg/ml of
ampicillin
32. Incubate the LB-agar plates overnight at 37°C
33. Choose a single colony from the plate, and grow overnight in 50 ml of sterilized LB
containing 100 µg/ml of ampicillin at 37°C with shaking at 230 rpm
34. Spin down overnight culture in a 50 ml conical tubes at 5250 x g for 10 minutes at
4°C
35. Follow the Qiagen mini prep kit to extract the DNA; use 50 µl of Milli-Q water to
elute the DNA
36. Store at -20°C
37. Aliquot 10 µl of each sample to verify ligation by 1% agarose gel
38. Dilute sample with 5.8 µl and perform digestion protocol as previously described
39. Add 2 µl of DNA 6X loading buffer and run a 1% agarose gel as previously described
Note: A successful ligation should result in the presence of a single band on the
agarose gel at the length of the pMAL-c5E plasmid plus the length of your gene of
interest. If only the plasmid (no insert) is observed, a different colony should be
selected (as you may have selected a colony containing plasmid that was ligated to
itself.) If the ligation is unsuccessful, but does not include just the length of the
pMAL-c5E plasmid, one should systematically evaluate and repeat each previous step
in the protocol to identify the error.
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40. Quantitate DNA concentration by UV-Vis at A260. Dilute 3 µl of pure DNA in a
cuvette containing 500 µl of Milli-Q water and run full spectrum analysis
Concentration can be determined by:
[𝐷𝑁𝐴] = (50 µ𝑔/𝑚𝑙)𝑥 (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟)𝑥 𝐴260
Example
[𝐷𝑁𝐴] = (50 𝜇𝑔/𝑚𝐿)𝑥 (503 𝜇𝑙/3 𝜇𝑙)𝑥 (0.023924)
[𝐷𝑁𝐴] = 200 𝑛𝑔/µ𝑙
Note: 50 µg/ml is a normalization number for quantifying dsDNA. For ssDNA and
RNA 33 µg/ml and 40 µg/ml can be used respectively.40
41. The purity of the sample can be determined by a ratio of A260/A280. The sample
should have a ratio of 1.7-2.0 as pure DNA is ~1.8.40
42. Concentrate the sample in vacuo to the concentration desired by the sequencing
group you are using. For us, we needed samples at approximately 300 ng/µl.
43. Submit samples for DNA sequencing and verify that the correct sequence has been
inserted and that the MBP and insert are in the correct reading frame.
II.3 Expression of zinc finger proteins and adaptations for inclusion of iron-sulfur
clusters
II.3.1 General protocol for expression of zinc finger proteins containing iron-sulfur
clusters
Optimizing bacterial growth mediums and expression conditions plays an
essential role in successful protein overproduction. We express zinc finger proteins using
BL21 (DE3) E.coli cells in Lennox Luria Bertani Broth (LB) (BL21 (DE3) cells:
Invitrogen by Thermo Fisher, Cat. No. C600003). LB is one of the most commonly used
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growth mediums for cultivating E. coli since it was first described by Giuseppe Bertani in
1951.41-42 Additionally, there are many different E. coli expression strains to choose from.
Each strain has specific genetic modifications to increase production and inhibit
proteolysis of different types of proteins. BL21 (DE3) cells have high transformation
efficiency, express T7 polymerase during Isopropyl β-D-1-thiogalactopyranoside (IPTG)
induction, and are deficient of Lon and OmpT proteases making it suitable for
overproduction of non-toxic proteins.43-44.
Once the bacterial strain and growth medium have been selected, the growth
conditions need to be optimized. Varying induction temperature, IPTG concentrations,
shaking speed, and media supplementations can have large effects on protein yield and
quality.42 By reducing the induction temperature or IPTG concentration, bacterial growth
and protein expression can be slowed down.42 This can be beneficial if the protein of
interest is being expressed too quickly and yielding low quality or mis-folded protein 42.
We typically overexpress zinc finger proteins at 37°C with a final IPTG concentration of
1 mM. Incubator shaking speeds affect culture aeration and can help accommodate higher
cell densities in the culture and increase protein yields.42 To maintain proper aeration, we
utilize a production volume of 1 liter in 4 liter Erlenmeyer flasks and a shaker speed of
230 rpm. Some laboratories have shown success expressing zinc finger proteins in BL21
cells without the need of supplementing the media as seen with GATA-1 and MBNL,
while other labs have shown that additional supplementation to the growth media during
induction is needed to increase protein quality and biological activity. 43, 45 This has been
observed with HIV-1 NC and a zinc finger protein designed by Sangamo Biosciences.32,
46

Other labs have also shown success using GST fusion tags with expression under
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standard conditions as seen with Myt1.47 For expression of ZF proteins in our laboratory,
we supplement the media with ZnCl2 to improve zinc incorporation yields. We have
recently begun to supplement with FeCl3. as well. This helps facilitate increased
incorporation of the ZF and Fe-S domains into the protein thereby improving overall
activity in vitro when analyzed by fluorescence anisotropy RNA binding assays. Another
approach to optimize Fe-S cluster loading is to utilize a minimal media/metal
supplementation approach. Booker and Krebs describe this protocol for the expression of
RlmN and AstB Radical SAM proteins.29 This allows the levels of metal ions that are
present in the growth media to be controlled, in contrast to LB-broth, which contains
variable levels of metal ions (including iron and zinc). Minimal media contains the
essential salts and sugars that are required for cell growth. The metals, such as Zn or Fe,
added to the minimal media are controlled and no excess or undetermined metals are
available for cell uptake. Our general expression protocol for CPSF30 is described
below.
II.3.2 Equipment
•

Incubating Orbital Shaker, Model 3500I (VWR, Cat. No. 12620-946)

•

Innova Orbital Shaker

•

250 ml Erlenmeyer flasks

•

4 L Erlenmeyer flasks

•

Avanti J-20 XPI centrifuge (Beckman Coulter, SKU# 8043-30-1171)

•

J-LITE® JLA-10.500 Rotor Assembly with 500 ml bottles and aluminum canisters
(Beckman Coulter, Cat. No. 369681)
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•

Table top Microcentrifuge equipped for 1.5 ml Eppendorf tubes (Denville Scientific,
Cat No. C0260-24)

•

Lambda 25 UV-VIS Spectrometer (Perkin Elmer, Cat No. L600000B)

•

Autoclave

•

Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad, Cat. No. 1658004)

•

Oscillating platform shaker (Stovall Life Sciences, Cat. No. BDRAA115S)

•

Fisher Scientific dry bath incubator (Boekel, Cat. No. 110011)

II.3.3 Buffers and reagents For LB Over-expression
•

Milli-Q water system

•

Invitrogen S.O.C. media (Thermo Fisher, Cat. No. 15544034)

•

Lennox LB broth (American Bioanlytical Inc, Cat. No. AB01198)

•

100mg/mL ampicillin prepared from ampicillin sodium salt (Sigma Aldrich, Cat No.
A9518)

•

LB broth containing 0.2% glucose

•

100mM ZnCl2 (Sigma Aldrich, Cat. No. Z0152)

•

1M IPTG (Research Products International Corp through Fisher Scientific, Cat. No.
50-488-727)

•

2x Laemmli Sample Buffer (Bio-Rad, Cat. No. 1610737)

•

1X LAEMMNI buffer (25 mM Tris base, 19 mM Glycine, and 3.5 mM SDS)

•

Invitrogen BenchMark Protein Ladder (Thermo Fisher, Cat. No. 10747012)

•

Coomassie blue stain (3 mM Coomassie blue in 50% Methanol, 10% Acetic acid, and
40% Milli-Q water by volume)
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•

Destain (25% Methanol, 10% Acetic acid, and 65% Milli-Q water by volume)

II.3.4 Protocol
Day 1
1. Prepare overnight culture medium by adding 1 g of LB media to 50 ml of Milli-Q
water
Note: We typically set up these cultures in duplicate in case one of the overnight
cultures fails to grow.
2. Cover flasks with tin foil and autoclave the media for 20 minutes at 250°C
3. Pipette 2 µl of the plasmid into a 50 µl aliquot of BL21 (DE3) cells in a 1.5 ml
Eppendorf tube and flick the bottom of the tube to mix
4. Incubate on ice for 5 minutes
5. Heat shock the plasmid and cell mixture for 45 seconds at 45°C
6. Incubate on ice for 2 minutes
7. Add 500 µl of S.O.C. media and triturate the solution to ensure proper mixing
8. Incubate at 37°C for 45 minutes
9. Remove the overnight media from autoclave and allow to cool to room temperature
(~30 minutes)
10. Pipette 50 µl of 100 mg/ml ampicillin into the overnight flasks and swirl gently to
mix achieving an effective concentration of 100 µg/ml
11. Pipette 150 µl of transformed cells into the overnight flasks
Note: LB agar plates containing 100 µg/ml of ampicillin could be made as well to
save colonies for future overnight flasks
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12. Incubate the transformed cells in an incubating orbital shaker at 37°C with shaking at
230 rpm overnight for 12-16 hours
13. Prepare 1 liter of induction media containing 0.2% glucose by adding 20 g of LB and
2 g of glucose to 1 liter of Milli-Q water
14. Cover flasks with tin foil and autoclave for 20 minutes
15. Allow induction media to cool to room temperature
Note: Induction media can be left at room temperature overnight if tin foil is not
removed and handled aseptically after autoclaving
Day 2
1. Inoculate 1 liter induction with 15 ml of overnight culture
2. Incubate induction flask at 37°C with shaking at 230 rpm
3. Acquire 1 ml aliquot and obtain a starting UV-Visible measurement at 600 nm.
4. Monitor protein induction over time by taking 1 ml aliquots and measuring the
absorbance at 600 nm
5. When the flask reaches an absorbance at 600 nm of approximately 0.3, supplement
the media with 1 ml of 100 mM ZnCl2 to reach an effective concentration of 1 mM
Zn.
6. When the flask reaches an absorbance of 0.5-0.6 at 600 nm take a 1 ml aliquot to
reserve for SDS-PAGE analysis and induce with 1 ml of 1 M IPTG achieving an
effective concentration of 1 mM
7. Collect and preserve 1 ml aliquots of cells every hour to be used for SDS-PAGE
analysis
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8. At 3 hours post induction stop the protein expression and centrifuge 500 ml of the 1 L
induction media at 7,800 g for 20 minutes at 4°C. Repeat to centrifuge remaining 500
ml of the induction media.
Note: It is recommended to do inductions in batches of 2 or 4 to allow simple
balancing of the centrifuge. If only 1 batch is done, the centrifuge can be balanced
using a bottle containing only water of identical weight.
9. Remove supernatant and add the remaining 500 ml of induction media to the
container and centrifuge at 7,800 g for 20 minutes at 4°C
10. Remove supernatant and store cell pellets at -20°C
II.3.5 SDS-PAGE analysis
An example of SDS-PAGE analysis of CPSF30 is shown in Figure II.3

Figure II.3 15% SDS-PAGE of CPSF30 protein induction trial. From right to left
is the Invitrogen BenchMark Protein Ladder (Thermo Fisher), uninduced pellet, and
induced pellet after 1, 2, and 3 hours.
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1. Pellet 1ml aliquots by microcentrifugation and remove supernatant
2. Resuspend cell pellets in 100 µl of Milli-Q water and add an equal volume of 2x
laemmli sample buffer
3. Incubate resuspended cell pellets on a heat block at 90°C for 3-5 minutes
4. Run 5-15 µl of each sample on a 15% SDS-PAGE until the ladder reaches about 2 cm
from the bottom of the gel
5. Carefully remove the gel from the glass plates and transfer it to a suitable container
for staining
6. Add enough Coomassie blue stain to cover the gel and agitate for 30-60 minutes
using an oscillating rocker
7. Remove Coomassie blue stain and add enough destaining buffer to cover the gel and
return to the oscillating rocker
Note: Destaining buffer may need to be exchanged with fresh buffer 2 or 3 times
8. Destain until background Coomassie stain dissipates and the protein bands can be
resolved
9. Wash remaining destaining buffer from the container and the gel can be stored in
Milli-Q water
Note: It is advised that the gel be imaged immediately for record keeping. Although
the gel can be stored for up to 1 week in water, microbial growth and gel swelling can
begin to obfuscate the bands. Be careful not to allow the water to evaporate, as the
gel will dry, shrink, and become brittle. For storage of up to several weeks, gels can
be stored in 5% acetic acid at 2-8°C. If the gel is being retained for further analysis or
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for a laboratory notebook it can be stored dry as previously described or through
commercially available gel drying instruments.48
II.4 Protein Purification
II.4.1 Cell lysis
Once CPSF30 has been successfully overexpressed as evidenced by a clean,
enhanced band on SDS-PAGE, the protein must be extracted and purified from the
expression cells. Unless your protein has been engineered to be excreted from the cell
during expression the plasma membrane must be ruptured to release the protein of
interest, along with the entire cellular interior (which includes organelles, DNA, RNA,
and all of the host cells proteins). There are many different techniques available to disrupt
for the cell membrane and extract the protein of interest. These include sonication,
freeze-thaw, enzymatic digestion, chemical digestion, and french press. Our laboratory
finds that sonication is an effective strategy to lyse cells containing over-expressed ZFs.
Sonication uses ultrasonic sound waves to produce liquid shear and cavitation that
subsequently disintegrates the cell wall of the bacteria. Cavitation is the formation,
growth and collapse of vapor bubbles created by high intensity sound waves.49-50 The
collapse of these vapor filled bubbles causes intense local shock up at levels of thousands
of atmospheres disrupting the cells around them.49 One of the main drawbacks of
sonication is the heat generated.50 To overcome the potential risk of denaturing the
protein at high heat, it is advised that the samples are kept on ice and sonication methods
be optimized to short durations of pulses with resting periods to allow the sample to
cool.50
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II.4.2 Equipment
•

Fisher Scientific Sonic Dismembrator Model 100 (Fisher, Model No. XL2000-350R)

•

Avanti J-20 XPI centrifuge (Beckman Coulter, SKU# 8043-30-1171)

•

JA-25.50 Fixed-Angle Rotor equipped with 50ml centrifuge tubes (Beckman Coulter,
Cat. No. 363055)

II.4.3 Buffers and reagents
•

Lysis buffer (20 mM Tris, 200 mM NaCl, Adjust pH to 7.5 using NaOH or HCl)

•

Pierce™ Protease Inhibitor Tablets, EDTA-free (Thermo Scientific, Cat. No. 88266)

II.4.4 General sonication protocol
1. Remove cell pellet from -20°C storage and place on ice
2. Add 1 protease inhibitor tablet and re-suspend pellet in 25 ml of lysis buffer
3. Split into two equal fractions in 50 ml centrifuge tubes
4. Sonicate fraction at 22.5 kHz on level 6 of 10 for 20 seconds on ice
Note: Sonicator tip should be submerged approximately half way into the solution
and gently moved around without touching the walls of the centrifuge tube
5. Let the solution rest on ice for 40 seconds
6. Repeat steps 4 and 5
7. Sonicate fraction at 22.5 kHz on level 7 of 10 for 20 seconds
8. Let the solution rest on ice for 40 seconds
9. Repeat steps 7 and 8
10. Repeat steps 4-9 with the other fraction
11. Centrifuge both fractions for 20 minutes at 12,100 rpm (20,000 x g) at 4°C
12. Remove supernatants and combine to form load for amylose column purification
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Note: Retain aliquots of both the pellet and lysate for SDS-PAGE analysis
If you have an Fe-S cluster present, the supernatant will remain reddish-brown (Figure
II.4)

Figure II.4 Photograph of the soluble fraction of CPSF30 after sonication of the
CPSF30 pellet. Note that the protein retains the reddish hue.
II.4.5 Amylose column chromatography
CPSF30 has an MBP-tag, and we utilize amylose chromatography to purify. This
approach works well for all MBP-ZFs our laboratory has investigated. In the cell, MBP
mediates various maltodextrin metabolism pathways recognizing any alpha-(1→4)-Dglucose polysaccharide over 8 repeating units.30 Amylose affinity column
chromatography takes advantage of this native binding interaction by incorporating
repeating maltose polymers with these alpha-(1→4) linkages covalently bonded to
agarose beads in a stationary phase to work in a bind and elute purification procedure.
This makes for a specific and effective purification method that can yield pure protein
after just one purification step and we often obtain >95% purity of ZFs of interest.
MBP’s high activity in diverse environments increases its appeal as a purification method
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as it allows for a wide range buffer conditions varying pH and ionic strength without
sacrificing purification yields. The most common buffer conditions with high yields still
remain around neutral pH at about 7.5-8.0 and salt concentrations in the range of 100-500
mM.30 At high enough protein concentrations, MBP can effect pH as it has an acidic
isoelectric point so higher buffering capacity is ideal and it is generally recommended to
have concentrations of at least 20 mM.30 Even though purification of MBP using amylose
column chromatography is highly robust, it does have some caveats. Non-ionic
detergents like Triton X-100, polysorbate 20, and other additives that inhibit hydrophobic
interactions should be avoided during the purification process as they can reduce column
loading capacity and result in lower purification yields.30 Additionally, carbon sources in
the induction media other than glucose should be avoided as they can upregulate
expression of maltose scavenging proteins when maltodextrin concentrations are
depleted. These scavenging proteins can make their way into the sonicated lysate and can
bind, modify, or release maltose from the stationary phase of the column decreasing
loading capacity and allowing MBP loss in the flow through.30 To ensure glucose is the
primary carbon source in our media, we supplement with an additional 0.2% glucose
when expressing CPSF30.22
II.4.6 Equipment
•

Glass Econo-Column® Columns 2.5cm x 20cm (Bio Rad, Cat. No. 7374252)

•

50ml conical tubes

•

3.5 kD Dialysis tubing (VWR. Cat. No. 28170-166)

•

Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-30 membrane (Millipore, Cat.
No. UFC903008)
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•

SDS-PAGE instrumentation as previously described

II.4.7 Buffers and reagents
•

Wash buffer (20 mM Tris, 200 mM NaCl, pH adjusted to 7.5)

•

Elution buffer (20 mM Tris, 200 mM NaCl, 10 mM Maltose, pH adjusted to 7.5)

•

Amylose resin (New England Bio Labs, Cat. No. E8021S)
Note: The amylose resin has a binding capacity of 6-8 mg/ml of protein to column
bed volume. 15 ml of amylose resin can be used for up to 100 mg of crude MBP
fusion protein at a time 51.

•

Dialysis buffer (20 mM Tris, 50 mM NaCl, pH adjusted to 7.0)

•

Storage buffer (20% ethanol)

•

SDS-PAGE buffers and reagents as previously described

Note: Wash, elution, and dialysis buffers can vary depending on the protein of interest’s
stability in various pH, ionic strength, and buffering capacity conditions which are
usually determined experimentally
II.4.8 General amylose affinity column chromatography purification protocol
Note: Our purification procedure is performed at room temperature, but if protein
stability is a concern, all steps should be performed in a cold room
1. Slurry resin in 20% ethanol and add to column
2. Allow the resin to form a gravity settled bed at the bottom of the column
3. Equilibrate the column flowing through excess wash buffer
Note: At least 5 column volumes (CV) should be used for equilibration
4. Load cell lysis supernatant onto amylose column and seal the column
5. Place the loaded column on an orbital rocker and rock for 15-20 minutes
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6. Allow the resin to form a gravity packed bed and open the bottom valve of the
column capturing the flow through until the supernatant is just above the resin bed
Note: Be careful to never let the column run dry at any time during the purification
process
7. Add 45 ml (3 CV’s) of wash buffer to the column and capture it in a new 50 ml
conical tube. Place captured fractions on ice until purification procedure is completed.
8. Repeat step 5 three more times capturing each wash in a new conical tube
9. Add 15 ml (1 CV) of elution buffer and capture the flow through
10. Repeat step 8 two more times
11. Retain 50 µl aliquots of all fractions for SDS-PAGE analysis
12. Once purification has been verified by SDS-PAGE as previously described, combine
all elution fractions containing pure protein and prepare dialysis tubes for buffer
exchange
13. Place tubing in 4 liters of dialysis buffer to exchange overnight at 2-8°C
14. Concentrate protein samples to approximately 100-250 µM using Amicon spin filters
by centrifuging at 4000 x g for 25 minutes at 4°C
15. Repeat concentration (step 14) by removing filtrate and adding elution fractions until
all fractions are concentrated to approximately 1.5-5.0 ml
16. Fill retentate side of spin filter with fresh dialysis buffer and centrifuge at 4000 x g
for 25 minutes at 4°C
17. Repeat step 16 two more times
18. If pure, aliquot samples for storage at -80°C or store/prepare samples for size
exclusion chromatography
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19. Add storage buffer to column and allow approximately 3 column volumes to flow
through. Store column in excess storage buffer at 4°C
Note: Amylose resin can be reused up to 5 times
20. Before another use, the column can be regenerated by washing as follows: Milli-Q
water (3CVs), 0.1% SDS (3CVs), Milli-Q water (1CV), and Wash buffer (5CVs).
The column is then ready to be loaded again.
Example of SDS PAGE of purified CPSF30 at >95 % purity (Figure II.5)

Figure II.5 15% SDS-PAGE of CPSF30 post amylose column chromatography.

II.4.9 Additional polishing step via size exclusion chromatography.
CPSF30 is typically obtained at > 95% purity after one amylose column. If
desired, CPSF30 can be further purified using size exclusion chromatography (also
known as gel filtration chromatography). This method separates impurities based on size
and CPSF30 can be separated as a monomer (predominant species), dimer and non-MBPl. A standard curve for molecular weights should be constructed using a gel filtration
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markers kit for protein molecular weights 12,000-200,000 Da (Sigma Aldrich) on a
Superdex 200 10/300 gel filtration column (GE)52. This kit uses 6 standard proteins to
construct a calibration curve that can be used to determine molecular weights of proteins
in a mixed sample. These standards are cytochrome c (12.4 kDa), carbonic anhydrase (29
kDa), bovine serum albumin (66 kDa), alcohol dehydrogenase (150 kDa), β-amylase (200
kDa), and blue dextran (2,000 kDa). Blue dextran is not used in the calibration curve, but
is used to determine the void volume of the column as it does not interact with the bead’s
pores and elutes at the solvent front.52 This allows normalization of the elution volume
measurements of the other five calibration standards.

Figure II.6 Calibration Curve utilizing Sigma Aldrich gel filtration markers
kit for protein molecular weights 12,000-200,000 Da used to determine the
molecular weight of CPSF30.
The ratio of elution volume (Ve) to void volume (Vo) (Ve/Vo) can be determined for each
standard allowing the calibration curve to estimate the molecular weight of unknown
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proteins (such as CPSF30).52 This calibration needs to be conducted each time the size
exclusion column is used as retention rates can shift slightly when the column is moved
from one location to another changing packing factors or internal bead densities. Figure
II.6 gives an example of CPSF30 that has been purified via size exclusion
chromatography and referenced to the calibration curve.
Prior to loading the column, it is important to centrifuge your sample on a table
top centrifuge (Denville) at 14,000 rpm for 10-15 minutes to remove any aggregates in
the protein sample that could damage the FPLC system or the column. The sample can
then be loaded onto the Superdex 200 10/300 column (we use an AKTA Pure FPLC (GE)
with Unicorn software).53 The flow rate should be experimentally optimized to ensure
proper separation of your protein of interest from other impurities, but we use a flow rate
of 0.4 ml/min (31 cm/hr) to purify CPSF30. Figure II.7 shows the chromatogram for
purification of CPSF30.
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Figure II.7 UV-Visible monitored chromatogram of CPSF30 during
purification via Superdex 10/300.
II.5 Methods to characterize ZF proteins with Fe-S clusters.
To characterize ZF proteins isolated with an Fe-S cluster, three methods are
typically employed: optical spectroscopy to visualize iron, ICP-MS to quantify iron and
zinc, and XAS spectroscopy to determine oxidation states, geometry at the metal center
and ligand identity. We perform spectroscopy and ICP-MS at Maryland, and our
protocols are described below. XAS spectroscopy is performed by our collabarator, Tim
Stemmler (Wayne State University) and we refer you to our published collaborative
work.22
II.5.1 Protein characterization using ultraviolet-visible spectroscopy (UV-Vis)
Ultraviolet-visible spectroscopy (UV-Vis) is a work horse method in many
biochemistry laboratories for simple and informative characterization of proteins. UV-Vis
utilizes conserved and reproducible absorption properties of various substances to gain
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insight into different molecular dynamics including protein concentration, sample purity,
and presence of several different protein motifs like Fe-S clusters.54-56 Protein
concentration can be determined utilizing Beer’s law, A280=εbc, where A is the
absorbance of the sample in absorbance units, ε is the molar absorbtivity in L mol-1 cm-1,
b is the path length of the sample in cm, and c is the concentration of the sample in mol
L-1. Since the path length is known and ε can be determined theoretically or
experimentally for your protein, concentration is directly related to the absorbance
measurement at 280 nm where tryptophan, tyrosine, and disulfide bonds are known to
show absorption. In a pure sample, this technique is a quick and reproducible method to
determine protein concentrations. Additionally, since the purine and pyrimidine residues
in nucleic acids are known to absorb at 260 nm, a ratio of A260/A280 can be used as a
guide to determine protein purity within a sample 54. UV-Vis can also give some insight
into the presence of [2Fe-2S]2+ and [4Fe-4S]2+ clusters within a protein. Proteins
containing [2Fe-2S]2+ clusters typically show absorbance bands at approximately 405,
455, and 515 nm while [4Fe-4S]2+ clusters generally show a band around 420 nm.55-57
Loss of the peak at 420 nm over time can also be used to determine [4Fe-4S]2+ stability
or oxidation 55. Figure II.8 shows the UV visible spectra of CPSF30 loaded with both
zinc and the Fe-S site as well as the Fe-S only species.
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Figure II.8 Full UV-Visible spectrum of CPSF30 protein in 20 mM Tris, 100 mM
NaCl, pH 8 after purification. (inset) Close up of 300-650 nm range denoting the FeS cluster charge transfer peaks. The green band shows the spectrum of isolated CPSF30
with both Fe and Zn bound; the blue band is the spectrum observed upon Zn chelation
(Fe-only spectrum).

II.5.2 Equipment
•

Ultraviolet-visible spectrophotometer

•

Quartz cuvette

II.5.3 Buffers and reagents
•

20 mM Tris, pH 7.0, 50 mM NaCl
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II.5.4 General UV-Vis characterization protocol for proteins containing zinc finger
and iron-sulfur clusters
Note: Our method is performed under aerobic conditions, but if iron oxidation is a
concern, UV-Vis characterization should be done in the absence of an oxygen
atmosphere as previously described.55-56
1. Add approximately 500 µl of dialysis buffer to the cuvette and insert into
spectrophotometer
2. Blank the cuvette
3. Add 150 µl of pure protein solution and mix
4. Run a full UV-visible scan between 200 - 800 nm
5. Analyze spectrum for peaks around 280, 260, 405, 455, 515, and 420 nm
Note: If spectrum reaches maximum absorbance, a dilution may be necessary and the
experiment will have to be repeated
6. Calculate protein concentration using Beer’s law (A=εbc) and solve for concentration
Note: If ε has not been determined empirically for your protein, a theoretical estimate
can be obtained from http://web.expasy.org/protparam/. This estimate can vary
slightly from actual molar absorptivity values in solution as protein folding, pH, and
ionic strength can affect some aromatic residue’s ability to absorb light.58
7. Look for peaks around 405, 455, and 515 nm indicating [2Fe-2S]2+ cluster
incorporation or at 420 nm for a [4Fe-4S]2+ cluster incorporation
II.5.5 ICP-MS
ICP-MS, or Inductively Coupled Plasma Mass Spectrometry is used for elemental
analysis of CPSF30 to quantify the iron and zinc content of the isolated protein. ICP-MS
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is extremely sensitive - concentrations as low as one part per quadrillion can theoretically
measured (ppq).59 The instrument ionizes the sample with inductively coupled plasma
and then the ionized sample is passed through a mass spectrometer to separate and
quantify the metal/non-metal ions.60 ICP-MS works with better speed, precision, and
sensitivity to determine metal ions compared to inductively coupled plasma atomic
emission spectroscopy (ICP-AES) which can also be used to determine metal content of
proteins.61 The plasma used for ICP-MS is energized by heating argon gas with an
electromagnetic coil, which generates electrically conductive argon ions that can interact
with an aerosol sample to ionize elements for detection. The sample is converted into an
aerosol by passing through a nebulizer to create consistent droplet sizes to interact with
the charged argon gas. This is important to remove any large droplets from the sample
and increase reproducibility of detection. The detector is able to determine the ions that
are in the sample based on a calibration curve of the specific ions the user is analyzing. It
is also important to incorporate positive controls into your samples to monitor matrix
effects. Matrix effect is when a component of the sample, other than the analyte of
interest, skews the reported values of detection by having considerable impacts on
detection and is referred to as enhancement or suppression. This can be monitored by
analyzing a known element in a neat sample versus a spiked concentration in your matrix.
Another caveat to ICP-MS when working with 56Fe determination is interference with
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Ar16O+ and 40Ca16O+ as they all have a molecular weight of 56 and similar ionization

states.62 One way to overcome this interference is to use a helium (He) collision chamber
before the detector. The He collision mode differentiates monoatomic elements versus
polyatomic species by kinetic energy discrimination (KED) 63. Since diatomic species
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have a larger cross sectional area, they are prone to more collisions and move slower
through the collision cell. This allows the monoatomic elements (56Fe) with the same
mass to pass to the detector with less interference and allows analysis down to
concentrations as low as parts per billion (ppb). We routinely use a helium collision
chamber for our analysis. Secondarily, 57Fe can be analyzed with lower interference, but
due to its lower abundance sensitivity can be an issue.
ICP-MS protocol:
1.

Prepare 1 µM CPSF30 in 5 mL 2% trace metal nitric acid (Fisher). 150 µL internal
standard (100 µg/mL Bi, Ge, In, Li, Lu, Rh, Sc, and Tb; Agilent Technologies) is
added to samples to ensure accuracy.

2.

Zinc and iron calibration standards ranging from 0-500 ppb Zn/Fe are created using
iron and zinc atomic absorption standard dilutions (Fluka Analytical).

3.

Zinc and iron levels are detected on an Agilent 7700x ICP-MS using an octopole
reaction system in HE mode, an rf power of 1,550 W, an argon carrier gas flow of
1.0 L/min, argon make-up gas flow of 0.1 L/min, helium gas flow of 4.5 mL/min,
octopole rf of 160 V, QP bias of −15 V, and OctP bias of −18 V.

4.

Data analysis was performed using the Agilent 7700 x ICP-MS instrument provided
Mass Hunter software.

II.5.6 XAS
To determine the geometry at the metal site, the ligands involved in coordination and
metal oxidation state of ZF/Fe-S hybrid proteins, X-ray absorption spectroscopy (XAS) is
a common approach. Our laboratory collaborates with Timothy Stemmler’s laboratory at
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Wayne State to obtain these data, and we refer you to our published work.22 Below we
describe our protocol for sample preparation.
Protocol:
1. CPSF30 samples are prepared in 20 mM Tris, 50 mM NaCl pH 7 with 30% glycerol.
Metal concentrations of CPSF30 are confirmed via ICP-MS analysis with metal
concentrations greater than 0.5 mM of either Zn or Fe.
2. Samples are loaded into lucite XAS cells, prewrapped with kapton tape, flash-frozen
in liquid nitrogen, and stored in liquid nitrogen until data collection.
II.6 Activity assays to assess DNA or RNA binding for ZF/Fe-S hybrid proteins.
Once isolated, the function of a ZF/Fe-S hybrid protein must be assessed. ZFs
typically bind to other macromolecules (e.g. DNA or RNA) to promote transcription or
translation.64 In addition, in recent years, Fe-S co-factored proteins have been found to
also participate in DNA or RNA binding translation.64-65 Two general strategies to assess
RNA binding are Electrophoretic Mobility Shift Assays (EMSA) and fluorescence
anisotropy (FA). The application of these techniques for CPSF30/RNA binding are
described below.
II.6.1 Evaluation of CPSF30/RNA binding via Electrophoretic Mobility Shift Assays
(EMSA)
In the EMSA assay, the RNA (or DNA) target is radioactively labeled with P32, to
allow determination of an interaction between protein and substrate.66

67

In a typical

experiment, the P32-RNA is incubated with increasing concentrations of protein, and the
position of P32-RNA on the gel is shifted if binding occurs.
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EMSA assays for CPSF30/RNA utilized α-synuclein pre-mRNA; however, this assay can
be adapted to examine any RNA sequence. An example of an EMSA assay for CPSF30
is shown in Figure II.9.

Figure II.9 EMSA data for CPSF30. CPSF30 with RNA (α-synuclein pre-mRNA
sequence) at various sequence lengths, compared to a negative control with Rβ31.
Protocol:
1.

Inclubate 32P-labeled RNA with increasing concentrations of CPSF30 (between 0 –
1000 nM) in a 50 mM Tris, pH 8.0, 100 mM potassium chloride, 10% (vol/vol)
glycerol, 100 μM ZnCl2, 2 mM DTT, and 0.1 mg/mL BSA buffer.
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2.

Pipette the RNA or CPSF30/RNA mixture into lanes of a 5% (vol/vol) native
polyacrylamide gels containing 10% (vol/vol) glycerol, with a 0.5× (44.5 mM)
Trisborate buffer (pH 8.0)

3.

Run the gels between 1.5-2 hours at a low voltage.

4.

Image the gel (e.g GE Typhoon FLA9500)

II.6.2 Quantification of ZF/RNA binding via Fluorescence Anisotropy.
To quantify CPSF30/RNA binding (or other ZF/RNA binding), fluorescence
anisotropy (FA) can be utilized. FA is a solution based technique that measures the
differences in polarization (anisotropy) that occur when a fluorescently labeled
macromolecule binds to a non-fluorescently labeled macromolecule forming a
complex.68-69 The FA measure is indirectly proportional to tumbling rate of the
macromolecule, and when a complex forms, the tumbling rate decreases and an increase
in FA is observed. For the FA experiment with ZFs that bind RNA, we prefer to
conjugate fluorescein to the 3’ end of our RNA. We excite at 495 nM and observe an
emission at 517 nm. However, a number of other fluorophores can also be utilized. An
example of FA for CPSF30 with fluorescein labeled RNA is shown in Figure II.10 and
we describe our protocol described below. FA is very versatile, and can be adapted to any
protein/DNA, protein/RNA, or protein/protein interaction of interest.
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Figure II.10 FA monitored titration of CPSF30 with α-synuclein pre-mRNA
versus mutant pre-mRNA sequences. Binding is only observed with -synuclein premRNA and these data are fit to a cooperative binding model with a [P]1/2 = 143.8 ± 3.8
nM and a hill coefficient of 1.58 ± 0.07.

Protocol
1.

Fluorimeter schematics. Experiments are conducted in the L format on an ISS
PC-1 spectrofluorometer with polarizers. A full excitation/emission scan of Flabeled RNA to determine optimal excitation/emission wavelengths should be
performed. We recommend an excitation wavelength/band pass of 495 nm/2 nm
and an emission wavelength/ bandpass of 517 nm/1 nm for fluorescein labeled
RNA.

2.

Add 5 nM of fluorescently labeled RNA in 20 mM Tris, pH 7.0, 50 mM sodium
chloride with 0.2 mg/mL BSA, and 0.4 mg/mL poly-rC to reach a final volume of
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500 µl in a Spectrosil farUV quartz window fluorescence cuvette (Starna Cells).
BSA serves to prevent protein adherence to the quartz cuvette walls and poly-rC
is an internal negative control for non-specific protein/RNA interactions.
3.

Titrate the protein with the RNA and observe anisotropy until saturation.

4.

If a quenching of fluorescence during the titration, the anisotropy (r) should be
corrected for the change in quantum yield (Q, ffree/fbound, protein-dependent
change in fluorescence) using the following equation:

rc=

r0(rbound-r)+ (rfQ(r-r0))
(rbound-r + Q(r-r0) )

where rc is the corrected anisotropy, r0 is the anisotropy of the free fluoresceinlabeled oligonucleotide and rbound is the anisotropy of the RNA–protein complex
at saturation. Plot rc against the concentration of protein.
5.

Fit the data to an appropriate binding model. Our data was best fit to a cooperative
binding model using nonlinear regression (GraphPad Prism 5):

nP + R

PnR
K=

[Pn R]
[P]n [R]
(

[P] h
)
[P]1⁄

2
]
[P] h
(1 + (
) )
[P]1⁄

rTc = r0 + (rbound − r0 )[

2

207

rTc is the total, corrected anisotropy, r0 is the anisotropy of the free fluoresceinlabeled oligonucleotide, rbound is the anisotropy of the RNA-protein complex at
saturation, [P] is the concentration of protein, [P]1/2 is the concentration of protein
at half-maximal saturation, and h is the Hill coefficient. (Note: it is always best
practice to fit data to several models, beginning with the simplest 1:1 binding).
II.7 Conclusions
Most ZF proteins are annotated in genome databases, but only a handful have
been characterized experimentally. In this ‘Methods’ chapter, we aimed to convey the
general approach one should take to isolate a novel ZF protein, and to include methods to
evaluate whether additional metals – iron sulfur clusters- are present. We also present
activity assays, using EMSA and FA, that can be applied to most protein/DNA or
protein/RNA complexes.
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