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ABSTRACT
Environmental arsenic exposure affects around 100 million people worldwide.
Recent evidence shows that arsenite, even at low concentrations, may act as a cocarcinogen, by displacing zinc from the zinc finger motifs of certain DNA repair proteins,
leaving them vulnerable to redox modification and loss of protein function. This study
probes the physical chemistry underlying arsenite and zinc binding to XPA and PARP1,
in the hope of illuminating some of the aspects of protein structure that determine
susceptibility to arsenite binding. In this study, dissociation constants are determined for
zinc and arsenite binding to peptides corresponding to the C4 zinc finger motif of XPA,
and the first C3H1 motif of PARP1, as well as determining rate constants for arsenitepeptide binding. A kinetic advantage for PARP-1zf-1 arsenite binding over XPAzf
binding is demonstrated. Additionally, we have identified RPA70 as a novel target of
arsenite-mediated redox modification within the nucleotide excision repair pathway.

v

Table of Contents
Title Page .......................................................................................................................... ii
Dedication ......................................................................................................................... iii
Acknowledgements ........................................................................................................... iv
Abstract ............................................................................................................................. v
List of figures .................................................................................................................... ix
List of tables ...................................................................................................................... x
Chapter 1—Introduction ................................................................................................... 1
1.1. Arsenic and Human Health ............................................................................ 1
1.1.1. General health effects ..................................................................... 1
1.1.2 Arsenic as a carcinogen ................................................................... 2
1.2. Arsenic mediated induction of oxidative and nitrosative stress..................... 3
1.3. Mammalian DNA excision repair pathways .................................................. 4
1.3.1 Base excision repair ......................................................................... 4
1.3.2 Nucleotide excision repair ............................................................... 5
1.4. Protein zinc finger motifs and their functions................................................ 8
1.5 DNA repair protein targets of arsenic: Mechanism and impact ..................... 10
1.6 Co-exposure to supplemental zinc rescues arsenic-exposed PARP1 and
XPA....................................................................................................................... 13
1.7 Physical chemistry studies of zinc finger motifs ............................................ 14
1.8 Structure of human skin .................................................................................. 15
1.8.1. Normal skin function and structure................................................. 15
1.8.2 Neoplastic changes and skin cancer ................................................. 16
1.9 Rationale, Specific Aims and Hypothesis ....................................................... 17
Chapter 2—Kinetics and Thermodynamics of Zinc(II) and Arsenic (III) Binding to XPA
and PARP-1 Zinc Finger Peptides .................................................................................... 20
Abstract ................................................................................................................. 21
2.1 Introduction ..................................................................................................... 22
2.2. Materials ........................................................................................................ 26
2.2.1. Caution ............................................................................................ 26
2.2.2. Materials ......................................................................................... 26
vi

2.3. Experimental .................................................................................................. 26
2.3.1. Preparation of peptide and metal solutions ..................................... 26
2.3.2.Kinetic experiments ......................................................................... 27
2.3.3. Thermodynamic experiments.......................................................... 28
2.3.4. Collection of fluorescence spectra .................................................. 29
2.3.5. Calculation and Curve-fitting ......................................................... 29
2.3.5.1 Kinetic experiments .......................................................... 29
2.3.5.2. Thermodynamic experiments........................................... 30
2.4. Results ............................................................................................................ 31
2.4.1. As(III) or Zn(II) binding results in concentration-dependent altered
intrinsic fluorescence of C3H1 or C4 zinc finger peptide ........................ 31
2.4.2. XPAzf peptide shows similar affinities to Zn(II) and As(III), while
PARP-1zf-1 shows a slightly higher affinity for Zn(II) over As(III) ....... 32
2.4.3. Zn(II)binds faster than As(III) with both XPAzf and PARP-1zf-1
peptides ..................................................................................................... 35
2.4.4. The fast phase of As(III) binding to PARP-1zf-1 is more rapid than
that of As(III)-XPAzf binding .................................................................. 35
2.5. Discussion ...................................................................................................... 42
2.5.1. Differences and similarities between As(III)-XPAzf and As(III)PARP-1zf-1 binding thermodynamics and kinetics .................................. 42
2.5.2. The relative concentrations of Zn(II) and As(III) in a system may
significantly influence zinc finger occupancy, suggesting a potential
mechanism behind evidence for Zn(II)-rescue of As(III)-mediated adverse
effects ........................................................................................................ 43
2.6. Conclusion ..................................................................................................... 46
Chapter 3—Evidence for RPA70 as a Target of Arsenite ................................................ 48
3.1 Introduction ..................................................................................................... 48
3.2 Materials and Methods .................................................................................... 50
3.2.1 Materials .......................................................................................... 50
3.2.2 Cell culture, exposures, and collection ............................................ 51
3.2.3 Immunoprecipitation procedures ..................................................... 51
vii

3.2.4 Anti-S-OH western blotting ............................................................. 52
3.2.5 Quantification and statistics ............................................................. 52
3.3 Results ............................................................................................................. 52
3.3.1 Protein expression levels do not account for observed changes in
RPA70-SOH ............................................................................................. 52
3.3.2 Exposure to low-level arsenite results in oxidative modification to
RPA70 and PARP1 at 6 hours .................................................................. 54
3.4 Discussion ....................................................................................................... 56
3.4.1 Susceptibility of RPA70 and PARP to oxidation and redox rescue:
Current results in context .......................................................................... 56
3.4.2 Cellular implications of RPA70 modification by arsenite ............... 58
3.4.3 Future directions .............................................................................. 59
Chapter 4—Conclusions ................................................................................................... 60
References ......................................................................................................................... 61

viii

List of Figures
Chapter 1
Figure 1.1. Major events in the nucleotide excision repair pathway ................................ 8
Figure 1.2. Two-part mechanism of arsenic-induced zinc finger modification ................ 11
Figure 1.3. Arsenite-RPAzf peptide binding .................................................................... 13

Chapter 2
Graphical Abstract ............................................................................................................ 21
Figure 2.1. Zn(II)- and As(III)- dependent changes in fluorescence spectra of XPAzf and
PARP-1zf-1 ....................................................................................................................... 33
Figure 2.2. Fluorescence change over time at 303 or 350 nm for 30 µM XPAzf (A) and
PARP-1zf-1 (B) peptides respectively, with added As(III) or Zn(II) ............................... 36
Figure 2.3. Fluorescence decay over time for 30 µM XPAzf (A) and PARP-1zf-1 (B)
peptides with added As(III) .............................................................................................. 37

Chapter 3
Figure 3.1. RPA70 protein expression levels are equivalent across exposure groups at 3
and 6 hours ........................................................................................................................ 53
Figure 3.2. Relative oxidation of PARP and RPA70 under different exposure conditions
........................................................................................................................................... 55

ix

List of Tables

Table 2.1. Observed dissociation constants for Zn(II) and As(III) binding to XPAzf and
PARP-1zf-1 ....................................................................................................................... 34
Table 2.2. Values of kfast at 15, 30, 45, and 60 µM peptide for the binding of XPAzf (A)
and PARP-1zf-1 (B) by As(III)......................................................................................... 38
Table 2.3.Values of kslow at 15, 30, 45, and 60 µM peptide for the binding of XPAzf (A)
and PARP-1zf-1 (B) by As(III)......................................................................................... 39
Table 2.4. Values of kfast (A) and kslow (B) at 15, 30, and 60 µM peptide for As(III)
binding to the C4 mutant of PARP-1-zf-1 ........................................................................ 41

x

Zinc Finger DNA Repair Protein Targets of Arsenite in the Nucleotide Excision
Repair Pathway
By Juliana M. Huestis

Chapter 1—Introduction

1.1. Arsenic and Human Health
1.1.1. General health effects
Arsenic is a naturally occurring toxic metalloid. Historically, industrial processes and
agricultural uses have contributed to the cycling of arsenic in the environment, but
various organic and inorganic arsenical species occur naturally in soil, rock, and
groundwater (Agency for Toxic Substances and Disease Registry, 2007). While
inhalational and dermal exposures to arsenic have been connected to certain human
health effects, a vast number of adverse health outcomes have been documented through
oral ingestion of arsenicals—and around 100 million people worldwide are affected by
exposure to environmental arsenic (ATSDR, 2007). One of the most common routes of
chronic arsenic exposure is through contaminated groundwater, which contains a mixture
of inorganic and organic arsenical species (ATSDR). Inorganic arsenites (AsO2-) are
among the most toxic, and certain aspects of their behavior in a cellular context
investigated in the present study.
Public perception of arsenic as an old-timey poison belies the true nature of this
element as an environmental toxicant. In fact, an ingested water source would need to
contain over 60,000 ppb of arsenic to result in death in the short term (ATSDR, 2007).
This is an astronomically high level compared to the 10 ppb limit guideline set by the
World Health Organization for drinking water. In one study in Bangladesh, a country
1

with one of the most heavily arsenic-affected populations in the world, measured wellwater concentrations of arsenic ranged from <1 to 3644 ppb, though over 99 percent of
wells measured had concentrations of <1000ppb (Rahman et al., 2006). These exposure
levels are more than sufficient to bring about a wide range of human health consequences
associated with environmental exposure to arsenic. A partial list of these consequences
follows.
Skin lesions, including hyperpigmentation and keratosis (thickening) of the palms and
soles of feet, has been strongly associated with long-term oral arsenic exposure (Yang et
al., 2017; Wei et al., 2017; Mazumder et al., 1998; Mazumder 2003). A large number of
studies have demonstrated associations with adverse cardiovascular outcomes and
diabetes; these are well-reviewed in Kuo et al., (2017). Adverse developmental outcomes
have also been reported to result from prenatal maternal arsenic exposures (Liao et al.,
2018; Winterbottom et al., 2015; Wang, et al., 2018). Finally, multiple cancers, including,
those of the skin, liver, bladder, and lung, are associated with arsenic exposure (Zhou &
Xi, 2018; Schuhmacher–Wolz et al., 2009; Rahman et al., 2006; Schoen et al., 2004;
Yoshida et al., 2004; Yu et al., 2006).
1.1.2 Arsenic as a carcinogen
Arsenic is classified as a Group 1 human carcinogen by the International Agency for
Research on Cancer (IARC), which indicates that there exists sufficient evidence in
humans to establish a causal relationship between exposure and carcinogenesis. A
number of potential mechanisms underlying the carcinogenicity of arsenic have been
studied. In an extensive review on these studies, Zhou and Xi group these mechanisms
into categories based upon genotoxicity, epigenetic changes, signal transduction
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pathways, immunosuppression, and cytotoxicity and regeneration (2018). Multiple
animal studies have provided evidence that, at sufficient exposure levels, certain arsenical
species may act as complete carcinogens (Cui et al., 2006; Hayashi et al., 1998; Kinoshita
et al., 2007; Wei et al., 2002; Arnold et al., 2006). However, the health impact of lowlevel arsenic exposure remains incompletely understood. Importantly, even at low
micromolar exposure levels, arsenic may function as a co-carcinogen through inhibition
of DNA repair, thus allowing for the retention of various forms of DNA damage induced
by other carcinogens such as ultraviolet radiation (Holcomb et al., 2017; Maier et al.,
2002; Rossman et al., 2004; Ding et al., 2008; Ding et al., 2009).
It is currently understood that one mechanism contributing to the above phenomenon
stems from the combination of arsenic-mediated induction of oxidative and nitrosative
stress, and arsenic displacement of zinc in the zinc-finger motif of particular zinc finger
DNA repair proteins, which in turn enables oxidative and nitrosative modification of the
cysteines contained within these motifs. Zinc finger proteins and motifs will be discussed
further in section 1.4, and their modification by arsenic will be discussed in section 1.5.

1.2 Arsenic mediated induction of oxidative and nitrosative stress
Arsenic induces the production of both reactive oxygen (ROS) and reactive
nitrogen species (RNS). Arsenic exposure causes the production of superoxide via
induction of nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase, or
in humans, NOX) (Lynn et al., 2000; Chou et al., 2004; Qian et al., 2005; Cooper et al.,
2009). Arsenic also causes the production of nitric oxide through induction of iNOS—
inducible nitric oxide synthase—in HaCaT cells (Ding et al., 2008) and in normal
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keratinocytes (Zhou et al., 2016). Superoxide and nitric oxide serve as precursors for
additional ROS and RNS, including the reaction product of these two chemicals,
peroxynitrite, which has been shown to be a key molecule contributing to PARP1
inhibition by arsenic in human keratinocytes (Zhou et al. 2019). These species lead to
multiple adverse cellular events, including oxidative DNA damage and DNA strand
breaks (Wang et al, 2001). As will be discussed later, the impact of this damage is
compounded by the fact that arsenic exposure inhibits base excision repair (Hartwig,et
al., 2003b; Li & Rossman, 1989), the primary pathway that is used to repair these types
of DNA damage lesions.

1.3 Mammalian DNA excision repair pathways
Among the DNA repair pathways available to mammalian cells are the base
excision and nucleotide excision repair pathways, which together allow for the removal
and replacement of certain damaged regions of DNA. Base excision repair (BER) deals
primarily with lesions that do not significantly distort the DNA backbone, while
nucleotide excision repair (NER) removes bulky adducts that create significant helical
distortion (Chatterjee & Walker, 2017).
1.3.1 Base excision repair
Non-helix distorting damage repaired by this pathway includes damage sites
arising from oxidative stress, deaminated, alkylated or abasic sites, and single strand
breaks (as reviewed in Chatterjee & Walker, 2017). Classic BER involves lesion
recognition by one of the DNA glycosylases, followed by removal of damaged bases by
the glycosylase in tandem with apurinic endonuclease (APE1), as well as polynucleotide
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kinase (PNK) in the case of oxidative lesion removal (Wallace, 2014)). DNA is
resynthesized by a DNA polymerase and gaps in the DNA backbone are closed by DNA
ligase (Dantzer et al., 2000). The zinc finger protein poly (ADP-ribose) polymerase-1
(PARP1) also plays an important role in the BER pathway, by recognizing and binding to
single strand DNA breaks, and then catalyzing the NAD+-dependent auto-addition of
poly (ADP-ribose) (Woodhouse & Dianov, 2008), as well as PARylation of histones and
other chromatin associated proteins (Hou et al., 2019 Gagne et al., 2008, Ali et al; 2012).
Both dimeric (Woodhouse & Dianov; Pion et al., 2003) and monomeric (Langelier et al.,
2011; Eustermann et al., 2011; Lilyestrom et al., 2010; Spagnolo et al., 2012 ) DNAbinding modes have been reported in the literature for PARP1. Through PARylation,
PARP1 mediates the recruitment of and/or associates with a number of important proteins
in the completion of BER, including the scaffolding protein XRCC1 (Masson et al.,
1998), DNA Ligase IIIα (Leppard et al., 2003), and DNA polymerase β (Dantzer et al.,
2000).
1.3.2 Nucleotide excision repair
Nucleotide excision repair (NER) is the primary repair pathway for bulky, helix
distorting DNA damage lesions. These lesions include the 6-4 photoproducts (6-4 PPs)
and cyclobutane pyrimidine dimers (CPDs) generated through ultraviolet irradiation, as
well as a variety of bulky chemical adducts (Spivak, 2015; de Laat et al., 1999). Two subpathways of NER exist: Transcription-coupled (TC-NER) and global-genome NER (GGNER), where the former exists only on the transcribed strand of transcriptionally active
genes, and the latter may occur anywhere in the genome (Schärer, 2013). The initial
damage recognition step is the only major distinction between these two sub-pathways—
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in TC-NER, a stalled RNA polymerase initiates damage recognition, while in GG-NER,
the XPC-RAD23b complex recognizes and binds the lesion (Schärer, 2013). In both
pathways, the TFIIH complex is then recruited to the site of damage. TFIIH consists of
10 proteins, including the helicases XPB and XPD which unwind the DNA, creating a
20-30 nucleotide bubble around the lesion (Spivak). After the assembly of the preincision complex described above, xeroderma pigmentosum group A (XPA), replication
protein A (RPA), and XPG are recruited to the site of repair (Schärer; Spivak). The zinc
finger protein XPA interacts with multiple additional proteins in the NER pathway,
including RPA, thereby playing a critical role as a scaffolding protein in NER. RPA binds
and protects the undamaged strand of DNA, while helping to position ERCC1-XPF and
XPG on the damaged strand (De Laat; Spivak). Once in position, these two
endonucleases (ERCC1-XPF and XPG) incise upon either side of the damage lesion,
releasing the lesion along with the TFIIH complex (Kemp et al., 2012). The remaining
DNA gap is filled by polymerase ε (in replicating cells), δ or κ (Ogi et al., 2010;
Lehmann, 2011), in conjunction with PCNA, RFC and RPA (Spivak). The DNA is sealed
by ligase I (in replicating cells) or ligase IIIα in tandem XRCC1 (Schärer; Spivak). The
major protein players in NER are shown in Fig. 1.1.
PARP1, which as previously discussed plays a central role in BER, has also been
shown to contribute to nucleotide excision repair through a PAR-mediated association
with XPA (King et al., 2012). In the study by King et al., PARP inhibition also resulted in
retention of UVR-induced CPD lesions, suggesting that this association between PARP
and XPA materially contributes to NER efficiency (2012).
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XPA is essential for efficient NER; loss of function in this protein brings about an
often severe form of the genetic disease Xeroderma Pigmentosum (XP) (Fassihi et al.,
2016). XP is characterized by deficits in nucleotide excision repair and concomitant
increase in cancer risk (especially skin cancers), as well as neurological degeneration in
the case of XP arising from XPA mutations (Lehmann et al., 2011; Fassihi et al., 2016).
Like XPA, RPA plays a critical role in NER. The interaction between XPA and
RPA at the site of bulky lesion repair has also been determined to be crucial for efficient
NER (Topolska-Woś et al., 2020; Li et al., 1995; Missura et al., 2001). These two
proteins, along with PARP1, comprise three zinc finger DNA-repair proteins associated
with the NER pathway. The exact functions of these zinc finger domains in each protein
will be discussed later in this chapter.
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Figure 1.1. Major events in the nucleotide excision repair pathway. Lesion
recognition is initiated by XPC (in GG-NER) or a stalled RNA polymerase (TC-NER).
XPA plays a critical role in formation and stabilization of the pre-incision complex, while
RPA binds and protects the undamaged strand of DNA, helps to position XPF and XPG
on the damaged strand, and plays a role in gap-filling (Kemp & Hu, 2017).

1.4. Protein zinc finger motifs and their functions
Zinc finger motifs are amino acid sequences which allow for the coordination of
zinc, generally through a combination of histidine and cysteine residues. These motifs
8

have a multitude of purposes, including as a DNA-binding or protein-binding elements
(Cassandri et al., 2017; Matthews & Sunde, 2002). The classic and most common zinc
finger motif, often referred to as a C2H2 zinc finger, is characterized by two cysteines
and two histidines (Matthews & Sunde; Schmitges et al., 2016), but a multitude of zinccoordinating structures have been reported (Cassandri et al.; Matthews & Sunde). In the
classic configuration, the zinc is centered in a tetrahedral coordination between the
cysteine and histidine residues in a configuration involving two anti-parallel β-sheets and
a small α-helix (Kröncke & Klotz, 2009). Two important variations on this configuration
include C3H1 and C4 zinc finger types, the former of which is present in the PARP1
DNA binding domain, and the latter in all three of PARP1, XPA, and RPA proteins.
PARP1 contains two C3H1 motifs within its N-terminal DNA-binding domain that may
coordinate with one another in trans (in a PARP1 homodimer) to enable PARP1
recognition of and binding to single strand DNA breaks (Ali et al., 2012). These C3H1
motifs coordinate zinc using one histidine and three cysteine residues, while in the C4
motifs, four cysteine residues form the coordination structure. In addition to the C3H1
motifs described above, PARP1 contains a C4 zinc finger which mediates communication
between the DNA binding and catalytic domains (Langelier, et al., 2008).
The C4 zinc finger motif of XPA, also contained within the DNA binding region,
is essential to proper protein function; mutation of any one of the four cysteine residues
disrupts the zinc finger structure structure and inhibits NER (Miyamoto et al., 1992;
Asahina et al., 1994; Bartels & Lambert, 2007). In an illustration of the diversity of zinc
finger function, the C4 motif found in the 70 kDA subunit of RPA (RPA70) does not
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itself associate with DNA, but rather regulates the interaction of RPA70 with DNA
through redox activity (Park et al., 1999; Wang et al., 2001).
The sulfide moieties in the cysteine residues are susceptible to modification under
oxidative or nitrosative stress, and these modifications lead the motif to eject zinc from
the coordination site (Kröncke & Klotz, 2009; Kröncke et al., 2002). Conversely, the
presence of zinc has been shown to help protect against modification of these residues
under oxidizing conditions (Zhou et al., 2015). This susceptibility confers the ability for
these motifs to act as sophisticated molecular switches, wherein changes in redox
conditions may regulate the functionality of zinc finger proteins through modification of
these motifs (Kröncke & Klotz, 2009).

1.5 DNA repair protein targets of arsenic: Mechanism and impact
Inorganic arsenic, as sodium arsenite, has been shown to target certain zinc finger
DNA repair proteins through a two-part mechanism. First, arsenite coordinates with the
cysteine residues in the zinc finger motif itself, causing displacement of zinc (Zhou et al.,
2011). Secondly, as previously discussed, arsenite induces ROS and RNS in a NOX and
iNOS dependent manner (Lynn et al., 2000; Chou et al., 2004; Qian et al., 2005; Cooper
et al, 2009; Ding et al., 2008; Zhou et al., 2016). Although the coordination between
arsenite and the zinc finger cysteine residues is transitory (Zhou et al., 2015), this
interaction renders the cysteine residues vulnerable to oxidative or nitrosative
modification (Wang et al. 2013; Zhou et al., 2015; Zhou et al., 2016), which may
effectively be permanent (Kröncke & Klotz, 2009), thus inhibiting the re-binding of zinc
to the zinc finger motif, and subsequently, inhibiting protein function. Thus, arsenite-
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induced ROS/ROS and arsenite-mediated displacement of zinc work in tandem to inhibit
certain zinc finger proteins. A schema for this two part mechanism is shown in Fig. 1.2.

Figure 1.2. Two-part mechanism of arsenic-induced zinc finger modification.
Inorganic arsenic, shown here as trivalent arsenite, induces NOX activation and iNOS
induction, leading to increased oxidative and nitrosative stress. Concomitantly, arsenite
displaces zinc from selected zinc finger motifs, rendering them vulnerable to oxidative
(shown here) or nitrosative modification to cysteine residues.
Crucially, it has been shown that arsenite selectively targets zinc finger motifs
containing three or more cysteine residues, likely due to the favorability of three
coordination sites being present for this trivalent anion (Zhou et al., 2011). This
eliminates a great deal of the zinc finger proteome which consists of proteins containing
only C2H2 motifs, but retains PARP1, XPA and RPA zinc fingers.
PARP1 is among the best characterized of zinc finger targets of arsenite. The
ready availability of assays to measure catalytic activation of PARP proteins has made it
possible to obtain measurements of arsenite impact on PARP in a very direct manner
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(Hartwig et al., 2003a; Ding et al., 2009; Zhou et al 2011; Cooper et al., 2013). This
PARP inhibition has been shown to correlate with inhibition of BER (Ding et al., 2009;
Zhou et al., 2011; Cooper et al., 2013). The C4 zinc finger of XPA has also been shown
to be a cellular and molecular target of arsenite (Ding et al., 2017; Hartwig et al., 2003b).
Based upon the known importance of the structural integrity of this zinc finger motif in
facilitating XPA function and NER (Hu et al., 2016; Miyamoto et al., 1992; Asahina et
al., 1994; Bartels & Lambert, 2007), arsenite-mediated XPA zinc finger modification is
considered a putative contributor to arsenite-mediated NER inhibition; however, as XPA
has no intrinsic enzymatic activity, it is more difficult to definitively establish a direct
causal relationship between these two phenomena. The zinc finger motif of RPA70 is
predicted to be a target of arsenite by a bioinformatics study (L. Hudson, personal
communication, April 30, 2018), and by experimental data demonstrating arsenite
binding to a model peptide corresponding to this motif (Fig. 1.3.; Xixi Zhou, unpublished
data).
It is not yet known whether the additional thiol residue within a C4 zinc finger
motif might confer additional susceptibility to arsenite-mediated binding and
modification over a C3H1 motif. It is likely that vastly more arsenite targets exist in the
zinc finger proteome than have already been identified and characterized; thus, improving
the understanding of the relative susceptibility of these two types of motifs may confer
valuable information about the potential impact of low-level arsenite exposure in various
cellular pathways.
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Figure 1.3. Arsenite-RPAzf peptide binding. The left panel shows mass to charge ratio
of an apopeptide corresponding to the RPA70 zinc finger motif, while the right panel
demonstrates the mass to charge shift occurring in the presence of arsenite-bound
peptide.

1.6 Co-exposure to supplemental zinc rescues arsenic-exposed PARP1 and XPA
In arsenic exposed cells, as well as an experimental animal model, it has been
shown that the addition of supplemental zinc mitigates the adverse effects of arsenite
exposure, including rescue of zinc finger structure and function and rescue of excision
repair capacity. In HaCaT cells exposed to sodium arsenite, concomitant exposure to zinc
chloride significantly restores PARP1 catalytic activity (Qin et al., 2008; Ding et al.,
2009; Sun et al., 2014). This result was recapitulated in normal keratinocytes (HEKn) by
Cooper et al. (2013). In the same report, the authors demonstrated that arsenite-mediated
retention of UV-induced CPDs and 6-4 PPs was partially reversed by zinc
supplementation, in both HEKn cells and in SKH-1 hairless mice (Cooper et al.).
Importantly, both PARP-1 and XPA are validated zinc finger targets of arsenite in the
NER pathway. Thus while a correlation can be seen between rescue of PARP inhibition
13

and rescue of NER, and it is reasonable to propose a PARP1-mediated contribution to
arsenite inhibition and zinc rescue of NER, the potential contribution of XPA should be
emphasized, particularly in light of the more central role that XPA plays in NER.
Additionally, approximately one year after the publication of the manuscript that
comprises chapter 2 of this thesis, Ding et al. demonstrated that zinc supplementation
rescues both XPA zinc content and XPA DNA binding ability in arsenite-exposed cells
(2017).

1.7 Physical chemistry studies of zinc finger motifs
It has been observed that arsenite is a powerful modulator of zinc coordination to
zinc finger motifs, producing zinc displacement, redox modification and loss of protein
function even at low micromolar concentrations. However, supplementation with even
equimolar concentrations of zinc has significantly reversed this trend in cell culture (Sun
et al., 2014). Taken together, these two phenomena suggest a dynamic system wherein
multiple factors may influence whether arsenic or zinc has an advantage in zinc
occupancy. Cellular factors such as glutathione levels, local fluctuations in PH, and redox
status may play a role in determining zinc finger occupancy. However, on the most
fundamental level, little is known about the physical chemistry understanding of the
dynamics between zinc, arsenite, and zinc finger motifs.
Current understanding is that both zinc and arsenic bind to both the C3H1 zinc
finger motif of PARP1 and the C4 motif of XPA in a 1:1 stoichiometry; i.e., each motif
binds only one zinc or arsenite ion at a time. Under this assumption, the affinitity of zinc
or arsenite for a peptide model of each of these motifs can be described by the
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equilibrium dissociation constant [Kd], which is given by

[ ][ ]
d

[

]

, where [M] and [P]

are the equilibrium concentrations of unbound metal and peptide respectively, and [MP]
is the concentration of metal-peptide complex. Lower equilibrium dissociation constants
correlate to a higher affinity of metal for peptide, and may confer a thermodynamic
advantage for one metal over the other in terms of peptide binding. Alternatively, the
kinetics of arsenic or zinc binding to these peptide motifs may confer an advantage for
peptide-binding, and provide insight into the phenomena of arsenite modulation of zinc
finger motifs and reversal by zinc supplementation.

1.8 Structure of human skin
1.8.1. Normal skin function and structure
The skin is the largest organ of the human body, and serves the primary purpose
of shielding the body from environmental and microbial contaminants, while sweat
glands and skin vasculature simultaneously modulate body temperature (Rittié & Fisher,
2015). Two layers, the epidermis and dermis, comprise the skin, which is connected to
deeper musculoskeletal tissues of the body through a layer of subcutaneous fat and
superficial fascia commonly referred to as the hypodermis (Losquadro, 2017).
The inner layer of the skin is the dermis, which is further subdivided into the
structurally dense, collagen-heavy reticular dermis which adjoins the subcutaneous tissue,
and the papillary dermis, which is populated by collagen and elastin producing fibroblasts
and blood vessels (Losquadro, 2017). The collagen-containing extracellular matrix within
the dermis is largely responsible for the structural integrity and elasticity of the skin
(Rittié & Fisher, 2015).
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The outermost layer of human skin—the epidermis—may be divided into four
layers. From the innermost to the outermost layer, these are as follows: Stratum basale,
stratum spinosum, stratum granulosum, and stratum corneum (Losquadro, 2017). The
most populous epidermal cells by far, keratinocytes, originate from basal cells in the
stratum basale (Losquadro) before beginning their outward migration through the
epidermis. Over the course of about two weeks, keratinocytes undergo migration from the
stratum basale to the stratum corneum of the epithelium, while simultaneously
undergoing differentiation (Bolognia et al.) At the end of this process, keratinocytes will
have fully differentiated into corneocytes, immeshed in a lipid-enriched extracellular
matrix (Elias et al., 1977) to form the outermost protective layer of skin.
Though keratinocytes comprise the vast majority of cells in the epidermis, other
significant populations include melanocytes, Langerhans cells, and Merkel cells
(Bolognia et al., 2018). The tactile-sensing Merkel cells and melanocytes reside within
the stratum basale, while Langerhans cells, a type of skin-resident dendritic cell, reside in
the stratum spinosum, stratum granulosum, and stratum corneum (Losquadro, 2017)
1.8.2 Neoplastic changes and skin cancer
Non-melanoma squamous cell and basal cell carcinomas are also referred to as
keratinocyte carcinomas—named for the cells they arise from (Bolognia et al. 2018).
Basal cell carcinomas are slow-growing cancers that account for approximately 80
percent of NMSC (Gordon, 2013; Feuerstein & Geller, 2008; Porter & Kaplan, 2011).
Though rarely metastatic, growth can be locally disfiguring (Madan, Lear, & Szeimies,
2010; Gordon, 2013). Non-malignant actinic keratoses often serve as precursor lesions
for squamous cell carcinomas (Narayanan et al., 2010), which comprise approximately 16
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percent of skin cancers and are metastatic in 3-10 percent of cases (Gordon; Porter &
Kaplan).
Both basal and squamous cell skin cancers are particularly strongly associated
with arsenic exposure (Bolognia et al), but the most well-characterized skin cancercausing carcinogen is ultraviolet light, particularly that in the UVB range (Losquadro
2017). A number of factors are associated with non-melanoma skin cancer (NMSC)
development in keratinocytes exposed to carcinogens such as arsenite and UV radiation.
Apart from the aforementioned direct DNA damage lesions (e.g. CPDs and 6-4 PPs)
generated by UVR, UVR-mediated contributors to malignant progression also include
oxidative stress, inflammation, genetic mutation, and immunosuppression (Narayanan et
al., 2010; Meeran et al., 2008). Given that we are studying the impact of low-level
arsenite exposure on inhibition of DNA repair of lesions such as those generated by UV
light, primary keratinocytes are the most appropriate cellular model for our studies.

1.9 Rationale, Specific Aims and Hypothesis
Rationale: While the C4 zinc finger motif of XPA and the first C3H1 zinc finger motif of
PARP-1 are validated cellular targets of arsenite, the relative sensitivity of these motifs to
arsenite exposure, and the relative potential for zinc supplementation to mitigate adverse
arsenite-mediated effects is not completely understood. The most fundamental
understanding of the relative sensitivity of these targets relies on basic physical
chemistry. The additional cysteine within the XPA zinc finger motif may impart either a
kinetic or thermodynamically mediated advantage for XPA binding to arsenite; however,
it might also impart such an advantage for zinc binding. The purpose of the experiments
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described in chapter 2 is to facilitate a comparison between the two zinc finger structures
in question, by utilizing model peptides to investigate their relative affinities for arsenite
and zinc, and the relative speed of binding of each metal to each peptide. We
hypothesize that that the additional thiolate residue present within the C4 motif of
XPA may render this peptide more susceptible to arsenite binding on either a
thermodynamic or kinetic level.
The C4 zinc finger motif within RPA1 is susceptible to redox modification which
regulates RPA-DNA binding and may lead to NER inhibition (You et al., 2000; Wang et
al., 2001; Park et al., 1999; Guven et al., 2015). This susceptibility suggests that RPA1
zinc finger may be vulnerable to arsenite-induced oxidative stress. Additionally, a
bioinformatics study has predicted this motif to be a target of arsenic (Laurie Hudson,
personal communication, April 30th, 2018). Finally, a peptide corresponding to this zinc
finger motif has been demonstrated to bind with arsenite through MALDI-MS analysis
(Xixi Zhou, personal communication, May 4th, 2018) (Fig 1). Apart from the zinc finger
motif, seven additional cysteine residues are present in RPA70 which have the potential
to be modified subsequent to arsenite exposure. The purpose of the experiments
described in chapter 3 is to probe the impact of arsenite exposure on RPA70 cysteine
redox status. We will test the hypothesis that arsenite exposure mediates redox
modification of RPA70.

Aim 1: Determine the affinity and binding kinetics of both arsenite and zinc for model
peptides containing either three (C3H1) or four (C4) cysteine residues. Arsenite or zinc
will be incubated with peptides corresponding to the C4 zinc finger motif of XPA
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(XPAzf), and to the first C3H1 zinc finger motif of PARP-1 (PARP-1zf-1). A
SpectraMax plate reader will be used to monitor changes in intrinsic peptide fluorescence
associated with arsenite or zinc binding to determine observed dissociation constants for
each reaction, as well as reaction rate constants for each reaction. Our working
hypothesis is that the additional cysteine residue present within our C4 model peptide
may render this peptide more susceptible to arsenite binding on a thermodynamic or
kinetic level.

Aim 2: Evalate RPA70 as a cellular target of arsenite. Primary neonatal keratinocytes
(HEKn cells) will be left exposed to variable concentrations of arsenite, and assayed for
viability. Cells will be exposed to 2 μM arsenite with or without 400 μM vitamin C, or
100 μM H2O2. Oxidative modications will be labeled with 1 μM dimedone, while free
thiol groups are blocked using 10 μM N-ethyl-maleimide. The oxidatively modified
proteome will be immunoprecipitated using an antibody against 2-thio-dimedone,
followed by SDS-PAGE and Western blotting against RPA1 to positively identify
oxidative modification of RPA1. Our working hypothesis is that arsenite exposure
mediates zinc loss-dependent redox modification to RPA1.

Central Hypothesis: Due to a high susceptibility of C4 zinc finger motifs to arsenite
binding, we hypothesize that PARP1, XPA, and RPA70 will show distinct patterns of
vulnerability to arsenite exposure.
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Chapter 2—KINETICS AND THERMODYNAMICS OF ZINC(II) AND
ARSENIC(III) BINDING TO XPA AND PARP-1 ZINC FINGER PEPTIDES
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GRAPHICAL ABSTRACT (FIGURE)

GRAPHICAL ABSTRACT (SYNOPSIS)
As(III) and Zn(II) show comparable binding affinities for Xeroderma
Pigmentosum Complementation Group A zinc finger peptide (XPAzf). Zn(II) shows a
slightly higher affinity than As(III) for Poly (ADP-Ribose) Polymerase 1 zinc finger
peptide (PARP-1zf-1). As(III) shows similar affinities for PARP-1zf-1 and XPAzf, but
binds approximately 4 times faster to PARP-1zf-1.

ABSTRACT
Inhibition of DNA repair is an established mechanism of arsenic cocarcinogenesis, and may be perpetuated by the binding of As(III) to key zinc finger (zf)
DNA repair proteins. Validated molecular targets of As(III) include the first zinc finger
domain of Poly (ADP-Ribose) Polymerase 1 (PARP-1), and the zinc finger domain of
Xeroderma Pigmentosum Complementation Group A (XPA). In order to gain an
understanding of the thermodynamic and kinetic parameters of the interaction of As(III)
with these two zinc finger motifs, a fluorescence based approach was used to investigate
Zn(II) and As(III) binding to synthetic model peptides corresponding to the zf motif of
XPA and first zf motif of PARP-1, referred to in this paper as XPAzf and PARP-1zf-1,
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respectively. While XPAzf and PARP-1zf-1 display similar relative affinities for As(III),
PARP-1zf-1 shows a potential kinetic advantage over XPAzf for As(III) binding, with a
rate constant for the fast phase of formation of As(III)-PARP-1zf-1 approximately 4-fold
higher than for As(III)-XPAzf. However, the binding of Zn(II) with either peptide
proceeds at a faster rate than As(III). Notably, XPAzf demonstrates comparable affinities
for binding both metals, while PARP-1zf-1 shows a slightly higher affinity for Zn(II),
suggesting that the relative concentrations of Zn(II) and As(III) in a system may
significantly influence which species predominates in zinc finger occupancy. These
results provide insight into the mechanisms underlying interactions between zinc finger
structures and As(III), and highlight the potential utility of zinc supplementation in
mitigating adverse effects of As(III) on zinc finger functions in vivo.

KEYWORDS: Arsenic(III); Zinc(II); XPA; PARP-1; kinetics; thermodynamics.

2.1. INTRODUCTION
Arsenic is a naturally occurring toxic metalloid associated with numerous adverse
health outcomes as a result of human exposure, including the development of liver, lung,
urinary tract and skin cancers (US Department of Health and Human Services,1999;
Schuhmacher–Wolz et al., 2009; Smith & Steinmaus, 2009; Rahman et al., 2006; Schoen
et al., 2004; Yoshida et al., 2004; Yu, et al., 2006). At low levels, trivalent arsenic
(As(III)) has also been shown to act as a co-carcinogen, increasing the retention of DNA
damage caused by other carcinogens, such as benzo(a)pyrene and ultraviolet radiation
(Ding et al., 2008; Germolec et al., 1998; Maier et al., 2002; Rossman, et al., 2004; Ding
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et al., 2009). As(III) has been shown to modify or bind to certain key zinc finger DNA
repair proteins (Ding et al., 2009; Asmuss et al., 2000; Hartwig et al., 2003b; Hartwig et
al., 2003a; Piatek et al., 2008; Schwerdtle et al., 2003; Zhou et al., 2015). thus potentially
contributing to this phenomenon.
After the exposure of organisms to arsenite or arsenic trioxide, the formed As(III)
selectively targets zinc finger motifs containing either three or four cysteine residues
(hereafter referred to respectively as C3H1 or C4 zinc finger motifs), but does not
significantly bind to zinc finger proteins containing only two cysteine residues (referred
to as C2H2 motifs) (Zhou et al., 2011; Zhou et al., 2014). The finding that As(III) has
been demonstrated to complex with C3H1 and C4 zinc finger motifs by binding at least
three cysteine residues (Zhou et al., 2011; Zhou et al., 2014) suggests that the additional
fourth cysteine residue in C4 motifs could confer greater stability for As(III) binding.
However, little is known about the potential difference in As(III)-binding between the
C3H1 and C4 motifs.
Two important molecular targets of As(III) are the C3H1 zinc finger protein Poly
(ADP-Ribose) Polymerase-1 (PARP-1) (Ding et al., 2009; Qin et al., 2008; Wang et al.,
2013), and the C4 zinc finger protein Xeroderma Pigmentosum Complementation Group
A (XPA) (Asmuss et al., 2000; Schwerdtle et al., 2003), whose activities are central to
base excision repair and nucleotide excision repair, respectively (Malanga & Althaus,
2005; Rouleau et al., 2010; Köberle et al., 2006). In the base excision repair pathway,
PARP-1 binds to single-strand DNA breaks and catalyzes the addition of branched
poly(ADP-ribose) (PAR) chains to recruit additional key DNA repair proteins such as
DNA ligase III to the site of damage, thus facilitating completion of DNA repair
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(Malanga, & Althaus). PARP-1 contains three zinc finger motifs within its N-terminal
DNA binding domain. The first of these, a C3H1 zinc finger motif, is believed to be
essential for DNA binding, and susceptible to loss of function as a result of As(III)
binding or modification (Ding et al., 2009; Qin et al., 2008; Wang et al., 2013; Sun et al.,
2014). In model peptide studies, As(III) binding results in the replacement of divalent
zinc (Zn(II)) within the first zinc finger motif of PARP-1, and as a result, conformational
changes within the peptide (Sun et al., 2014). In cellular studies, As(III) displacement of
Zn(II) correlates with reduction in PARP-1 activity and increased retention of DNA
damage (Ding et al., 2009; Sun et al., 2014; Cooper et al., 2013). This binding has been
observed in tagged PARP-1 DNA binding domain isolated from As (III) exposed cells,
demonstrating that it occurs in the presence of physiological levels of glutathione (Zhou
et al., 2015).
In the nucleotide excision repair pathway, XPA serves a somewhat analogous
function to PARP-1 in base excision repair, through recognizing and binding to bulky
DNA damage lesions such as cyclopyrimidine dimers and 6'4-photoproducts, and
facilitating the recruitment of additional DNA repair proteins to the site of damage (Fuss
& Cooper, 2006; Riedl et al., 2003). In humans, mutatations to XPA result in a rare,
autosomal recessive genetic disorder of DNA repair known as Xeroderma Pigmentosum
(Fuss & Cooper, 2006; Riedl et al., 2003). The C4 zinc finger motif of XPA is believed to
be essential for its proper folding and function in nucleotide excision repair (Bartels &
Lambert, 2007; Miyamoto et al., 1992; Asahina et al., 1994). Previous studies have
demonstrated that this motif may be targeted for binding and modification by As(III)
(Asmuss et al., 2000; Hartwig et al., 2003b; Piatek et al., 2008; Schwerdtle et al., 2003;
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Zhou et al., 2015). Indirect evidence of As(III) binding, i.e. loss of Zn(II) from the zinc
finger motif, has been observed in both PARP-1 and XPA isolated from As(III) treated
cells (Zhou et al., 2015; Zhou et al., 2011). Direct evidence for As(III) displacement of
Zn(II) has been demonstrated through mass spectrometric approaches using peptides
based upon the zinc finger motifs of both PARP-1 (Ding et al., 2009; Zhou et al., 2015;
Zhou et al., 2011; Zhou et al., 2014), and XPA (Schwerdtle et al.; Zhou et al., 2014).
Evidence for As(III) occupation of these same zinc finger peptides has also been
provided through cobalt spectrometry (Zhou et al., 2014). In a previous study, preincubation of these peptides with As(III) resulted in a decrease in the characteristic
absorbance at 660 nm which indicates the formation of a complex between cobalt and
zinc finger motifs (Payne et al., 2003; Kopera et al., 2004), indicating a decrease in
available metal-binding sites within the peptides (Zhou et al., 2014).
In order to uncover the precise mechanisms underlying As(III)'s impact in a
cellular or in vivo context, it is necessary to improve our understanding of the physical
chemistry underlying Zn(II) and As(III) interactions with zinc finger motifs. The purpose
of this study is to investigate the kinetic and thermodynamic properties of the interactions
of As(III) and Zn(II) with model peptides corresponding to the first C3H1 zinc finger
motif of PARP-1and the C4 zinc finger motif of XPA. These peptides are hereafter
referred to as PARP-1zf-1 and XPAzf respectively, while the terms "XPA" and "PARP1" refer to full length proteins. This work seeks to investigate whether the rate of binding
to and/or affinity for these model peptides is greater for Zn(II) or As(III), as well as
whether As(III) may show greater affinity for and/or faster binding rate to a C4 zinc
finger peptide over a C3H1 peptide in an in vitro system.
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2.2. MATERIALS

2.2.1. Caution
Inorganic arsenic is a Group 1 human carcinogen and should be handled with
care. Tris (2-carboxyethyl) phosphine hydrochloride is corrosive and hazardous if inhaled
or ingested. Urea is mutagenic, an irritant, and may cause cardiac disturbances.

2.2.2 Materials
Synthetic peptides corresponding to the first zinc finger motif of PARP-1
[GRASCKKCSESIPKDKVPHWYHFSCFWKV], a C4 mutant of the first zinc finger
motif of PARP-1 [GRASCKKCSESIPKDKVPHWYCFSCFWKV], and the zinc finger
motif of XPA [DYVICEECGKEFMDSYLMNHFDLPTCDNCRDADDKDK] were
obtained from Genemed Synthesis Inc. (San Antonio, TX), at a purity > 95%. Sodium
meta-arsenite (NaAsO2) was obtained from Fluka Chemie (Buchs, Germany) at a purity ≥
99%. Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), zinc sulfate heptahydrate
(ZnSO4 · 7H2O), and urea were obtained from Sigma-Aldrich (St. Louis, MO). HEPES
(1M), was obtained from Life Technologies (Carlsbad, CA).

2.3. EXPERIMENTAL

2.3.1. Preparation of peptide and metal solutions.
TCEP was dissolved in 20 mM HEPES buffer to a final concentration of 0.25 mM
TCEP. HEPES buffer was chosen for the purposes of facilitating a comparison between
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the results of the present study and a previous investigation by Bossak et al. (2015) into
the affinity between PARP-1zf-1 and Zn(II). TCEP is a reducing agent used to prevent
oxidation of cysteine in the peptide. The resulting HEPES-TCEP stock solution (pH 7.4)
was used to dissolve PARP-1zf-1 and XPAzf peptide. Peptide concentration was
determined using an extinction coefficient at 280 nm of 12490 M-1 cm-1 for PARP-1zf-1
and PARP-1zf-1 C4 mutant, and of 2980 M-1 cm-1 for XPAzf, respectively, which were
calculated in accordance with a previously reported methodology (Anthis & Clore, 2013).
5 µL of peptide solution was incubated with 10 µL of 12 M urea for 30 minutes, diluted
with nanopure water to a final volume of 100 µL,and absorbance at 280 nm was
measured. Peptide stocks were then serially diluted to appropriate concentration, as
described in sections 3.2 and 3.3. Stock solutions of As(III) and Zn(II) were prepared
through dilution in HEPES-TCEP to 100 mM, 10 mM, 1 mM, and 250 µM for NaAsO2,
and to 50 mM, 5 mM, 500 µM and 125 µM for ZnSO4.

2.3.2.Kinetic experiments.
Solutions of ZnSO4 and NaAsO2 were prepared through serial dilution of 4 mM
stocks to yield final concentrations ranging from 50 to 200 µM when combined with the
peptide solution. Peptide solutions were prepared through serial dilution of 0.3 mM or 0.6
mM stock to give final concentrations of 15 µM, 30 µM, 45 µM or 60 µM when
combined with As(III) or Zn(II) solutions. For each experiment, 90 µL of peptide
solution was introduced to a cuvette containing 10 µL of Zn(II) or As(III) solution.
Fluorescence readings were collected using a SpectraMax M2 Multi-Mode Microplate
Reader (Molecular Devices, Sunnyvale, CA) at room temperature. Kinetics mode was
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used to monitor real-time changes in peptide conformation due to As(III) or Zn(II)
binding, using an average of 6 readings at 5 second intervals for 5-10 minutes, until a
plateau in fluorescence level was achieved. 274/303 nm and 280/350 nm were used as
excitation/emission wavelengths for experiments involving XPAzf peptide, and PARP1zf-1 peptide, respectively. These wavelengths were selected based upon the excitation
and emission maxima for tyrosine and tryptophan residues, and confirmed by collecting
fluorescence spectra for the XPAzf and PARP-1zf-1 model peptides as described in
section 3.4.

2.3.3. Thermodynamic experiments.
Samples were prepared from stock solutions of HEPES-TCEP, peptide, NaAsO2
and ZnSO4, to contain final peptide concentrations of 15 or 30 µM, and either Zn(II) at
concentrations ranging from 0.65 µM to 0.48 mM, or As(III) at concentrations ranging
from 1.3 µM to 36 mM. Based upon preliminary kinetics experiments, it was observed
that reaction equilibrium corresponding with a plateau in fluorescence is typically
reached in less than 10 minutes; however, in the interest of ensuring that the very broad
range of metal concentrations used in the thermodynamic experiments could react
completely with the available peptide, we extended the incubation time to 3 hours at
room temperature prior to assaying endpoint fluorescence and absorbance levels.
Fluorescence readings were collected using a SpectraMax M2 Multi-Mode Microplate
Reader at room temperature. Endpoint mode was used to measure changes in peptide
fluorescence intensity due to Zn(II) or As(III) binding after reaching equilibrium.
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274/303 nm and 280/350 nm were used as excitation/emission wavelengths for
experiments involving XPAzf and PARP-1zf-1 peptide, respectively.

2.3.4. Collection of fluorescence spectra.
Samples were prepared as described in section 3.3, to give a final peptide
concentration of approximately 30 µM, and metal concentrations ranging from 1.875 µM
to 262.5 µM for Zn(II) and from 3.75 µM to 525 µM for As(III). Fluorescence readings
were collected using a SpectraMax M2 Multi-Mode Microplate Reader at room
temperature. Spectrum mode was used to scan fluorescence spectra from 290 nm to 390
nm for both peptides with and without the addition of As(III) or Zn(II). 274 and 280 nm
were used as excitation wavelengths for XPAzf and PARP-1zf-1, respectively.

2.3.5. Calculation and Curve-fitting.
2.3.5.1 Kinetic experiments.
For As(III) binding kinetics, kinetic fluorescent curves were fit with 1- and 2phase exponential decay equations using GraphPad Prism 6 data analysis software.
Residual values for these fits were plotted, and show that the 2-phase decay equation
provided a superior fit for the data. The 2-phase decay model provided by Graphpad is as
follows:
SpanFast=(Y0-Plateau)*PercentFast*.01
SpanSlow=(Y0-Plateau)*(100-PercentFast)*.
Y=Plateau + SpanFast*exp(-kfast*X) + SpanSlow*exp(-kslow*X).
This model represents the sum of a fast and a slow process of exponential decay.
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The change in fluorescence intensity is assumed to correlate with extent of binding
process. Y0 thus corresponds to completely unbound peptide, while Y is fluorescent
intensity, and the plateau in fluorescence corresponds to reaction completion. X
corresponds with metal concentration.

2.3.5.2. Thermodynamic experiments.
For Zn(II) and As(III) binding thermodynamics, fluorescent signal was
normalized from 0 to 100%. The data were fit with the equations
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bound and unbound peptide respectively, where
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2.4. RESULTS
2.4.1. As(III) or Zn(II) binding results in concentration-dependent altered intrinsic
fluorescence of C3H1 or C4 zinc finger peptide.
Concentration-dependent alterations in intrinsic fluorescence due to Zn(II) or
As(III) binding were measured by collecting fluorescence spectra, from 290 nm to 390
nm, for both peptides in the presence and absence of Zn(II) or As(III). As no tryptophan
residues are present in XPAzf, tyrosine fluorescence must be measured instead for this
peptide, and the measured emission maximum of the XPAzf apopeptide lies at 305 nm
(Figure 1A), consistent with the emission maximum of 303 for tyrosine. Metal binding
induces a change in fluorescence intensity at 303 nm for XPAzf (Figure 2.1C). For
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PARP-1zf-1, the emission maximum of the apopeptide lies at 350 nm (Figure 2.1B), and
a similar binding-induced change in fluorescence intensity was observed (Figure 2.1D).
Consistent with previous reports, an increase in the fluorescence intensity of the peptide
is correlated with Zn(II) binding (Sun et al., 2014; Bossak et al., 2015; Bal et al., 2003),
and is negatively correlated with As(III) binding (Sun et al.) (Figures 2.1C and 2.1D).
Notably, these changes correspond to alterations in tertiary structure of the peptide, which
in the context of full-length protein may result in altered binding ability and protein
function (Sun et al.). These data validate fluorescence spectroscopy as a useful
methodology for investigating Zn(II) and As(III) binding of XPAzf and PARP-1-zf-1
peptides.
2.4.2. XPAzf peptide shows similar affinities to Zn(II) and As(III), while PARP-1zf-1
shows a slightly higher affinity for Zn(II) over As(III).
It has been observed that in a cellular environment, As(III) may replace bound
Zn(II) in certain zinc finger motifs, including the first C3H1 motif of PARP-1 (Ding et
al., 2009; Qin et al., 2008; Wang et al., 2013) and the C4 zinc finger of XPA (Asmuss et
al., 2000; Schwerdtle et al., 2003). However, the mechanisms underlying this
replacement are not well understood. To answer the question of whether the relative
affinity of As(III) is higher than that of Zn(II) for either or both of the model peptides,
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Figure 2.1. Zn(II)- and As(III)- dependent changes in fluorescence spectra of XPAzf
and PARP-1zf-1. Intrinsic fluorescence emission spectra of 30 µM XPAzf (A) and 30
µM PARP-1zf-1 (B) with added Zn(II) or As(III). Panels C and D show plots of
fluorescence at 303 nm and 350 nm of 15 µM XPAzf and PARP-1zf-1, respectively, vs.
concentration of As(III) or Zn(II). Maximum fluorescence is assumed to represent
maximum peptide binding by Zn(II), while minimum fluorescence is assumed to
represent maximum peptide binding by As(III). In panels C and D, the data point closest
to the X axis represents baseline fluorescence of the apopeptide.
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each peptide was titrated with a broad range of Zn(II) and As(III) concentrations. Sample
titration curves are shown in Figures 2.1C and 2.1D, which demonstrate concentrationdependent changes in peptide fluorescence intensities upon As(III) and Zn(II) binding.
As described in section 3.5, endpoint titration curves were normalized and the
resulting plots were fitted to determine values for observed dissociation constant, or
for each reaction. Table 2.1 lists the

,

values for each peptide, showing that, at each

utilized peptide concentration, Zn(II) and As(III) possess similar affinities for XPAzf
peptide while Zn(II) demonstrates a somewhat higher affinity for PARP-1zf-1 peptide
than As(III). These findings suggest that from the perspective of thermodynamic control,
the relative concentrations of As(III) and Zn(II) are likely to strongly influence zinc
finger occupancy in the presence of As(III). Significantly, As(III) shows no
thermodynamic advantage over Zn(II) for binding either XPAzf or PARP-1-zf-1 peptide.
Reaction

Zn(II)-XPAzf binding

As(III)-XPAzf binding

Zn(II)-PARP-1zf-1 binding

As(III)-PARP-1zf-1 binding

Observed

at 15 µM

Observed

peptide (µM)

peptide (µM)

1.4 ± 2.4

6.2 ± 4.5

R2=.9910

R2=.9945

2.3 ± 1.7

5.2 ± 2.6

R2=.9592

R2=.9773

0.10 ± 0.059

0.38 ± 0.28

R2=.9975

R2=.9923

5.4 ± 0.77

8.0 ± 3.2

R2=.9975

R2=.9823

at 30 µM

Table 2.1. Observed dissociation constants for Zn(II) and As(III) binding to XPAzf and
PARP-1zf-1. Values for XPAzf at 15µM are the average of the two best out of three data
sets, ± SEM. Values for all other peptide concentration are the average of 3 fits, ± SEM. R
squared values are listed below values of observed
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2.4.3. Zn(II)binds faster than As(III) with both XPAzf and PARP-1zf-1 peptides.
Given that As(III) may compete with Zn(II) in cells to bind zinc finger motifs, the
kinetics of As(III)-zinc finger interactions were compared with the kinetics of Zn(II)-zinc
finger interactions. To determine whether the rate of As(III)-peptide binding is faster than
Zn(II) binding, a series of kinetic experiments was performed to determine the apparent
binding constants of each binding process. The experiments were designed to observe
reaction progression in real-time by following the peptide fluorescence intensities. In this
assay, the fast phase of Zn(II) binding to either PARP-1zf-1 or XPAzf proceeded at a rate
too rapid to be measured with the current experimental setup. The initial fluorescence
readings after introducing peptide solution to the Zn(II) containing cuvette are
significantly higher than that of the apopeptide, thus providing insufficient data points for
reliable curve fitting (Figures 2.2A and 2.2B). Figure 2.2 shows representative curves
comparing the Zn(II) and As(III) binding data, demonstrating that the rate of Zn(II)
binding is qualitatively much faster than the rate of As(III) binding for both PARP-1zf-1
and XPAzf peptides. Thus, As(III) shows no kinetic advantage over Zn(II) in binding to
the model peptides.
2.4.4. The fast phase of As(III) binding to PARP-1zf-1 is more rapid than that of
As(III)-XPAzf binding.
In order to determine whether either peptide might exhibit a kinetic advantage for
As(III) binding, kinetic fluorescent curves were fit with both one and two-phase
exponential decay models in Graphpad Prism 6, as described in section 2.3.5.1.
Representative curves are shown in Figure 2.3. Examination of the residual plots (data
not shown) reveals that the two-phase decay is the better of the two fitting models. Half-
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Figure 2.2. Fluorescence change over time at 303 or 350 nm for 30 µM XPAzf (A)
and PARP-1zf-1 (B) peptides respectively, with added As(III) or Zn(II). Panels show
decreasing or increasing peptide intrinsic fluorescence intensity after the addition at
time=0 of As(III) or Zn(II) respectively. 90 µL of peptide solution was introduced to a
cuvette containing 10 µL metal solution to produce the final concentrations listed in the
legend. A SpectraMax M2 Multi-Mode Microplate Reader was used in kinetics mode to
monitor real-time changes in peptide conformation after metal addition, using an average
of 6 readings at 5 second intervals for 5-10 minutes. The appearance of a plateau in the
measured fluorescent intensity is correlated with reaction equilibrium.
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Figure 2.3. Fluorescence decay over time for 30 µM XPAzf (A) and PARP-1zf-1 (B)
peptides with added As(III). Decreasing peptide intrinsic fluorescence intensity over
time is seen after the addition of As(III) at time=0. 90 µL of peptide solution was
introduced to a cuvette containing 10 µL As(III) solution to produce the final
concentrations listed in the legend. A SpectraMax M2 Multi-Mode Microplate Reader
was used in kinetics mode to monitor real-time changes in peptide conformation after
As(III) addition, using an average of 6 readings at 5 second intervals for 5-10 minutes.
The appearance of a plateau in the measured fluorescent intensity is correlated with
reaction equilibrium.
lives for the fast and slow phases of the association are calculated as 0.6932/kfast and
0.6932/kslow respectively, and are thus inversely proportionate to the observed association
constants. Results from the two phase model are compared here.

While the values of

kslow are similar for PARP-1zf-1 and XPAzf, kfast values show a trend wherein the values
for PARP-1zf-1 exceed those for XPAzf. Values of kfast are shown in Table 2.2, while
Table 2.3 shows values for kslow. For the most robust analysis, the values of kfast for
XPAzf and PARP-1zf-1 are compared at 15 µM peptide, the concentration where residual
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A.
As(III)-XPAzf binding

50 µM

100 µM

150 µM

200 µM

As(III)

As(III)

As(III)

As(III)

1.8 ± 0.67

5.0 ± 2.4

1.7 ± 0.26

1.9 ± 0.30

1.4 ± 0.46

2.1 ± 0.27

1.4 ± 0.081

1.7 ± 0.092

1.5 ± 0.28

2.1 ± 0.11

1.7 ± 0.077

1.7 ± 0.049

2.8 ± 0.62

1.2 ± 0.06

2.2 ± 0.21

2.1 ± 0.11

As(III)-PARP-1zf-1

50 µM

100 µM

150 µM

200 µM

binding

As(III)

As(III)

As(III)

As(III)

kfast at 15 µM peptide

3.0 ± 0.078

4.3 ± 0.71

6.3 ± 0.090

7.9 ± 0.13

2.4 ± 0.55

3.0 ± 0.26

5.6 ± 0.37

5.4 ± 0.27

3.9 ± 0.54

5.6 ± 1.4

7.8 ± 0.53

8.9 ± 0.93

9.8 ± 1.6

8.3 ± 1.6

5.4 ± 0.38

9.2 ± 0.70

kfast at 15 µM peptide
(min-1)
kfast at 30 µM
peptide (min-1)
kfastat 45 µM
peptide (min-1)
kfast at 60 µM peptide
(min-1)

B.

-1

(min )
kfast at 30 µM
peptide (min-1)
kfastat 45 µM
peptide (min-1)
kfast at 60 µM peptide
(min-1)
Table 2.2. Values of kfast at 15, 30, 45, and 60 µM peptide for the binding of XPAzf (A)
and PARP-1zf-1 (B) by As(III). Values are the average of at least 2 data sets ± average
SEM.

38

A.
As(III)-XPAzf

50 µM As(III)

100 µM

150 µM

200 µM

As(III)

As(III)

As(III)

0.28 ± 0.055

0.46 ± 0.074

0.46 ± 0.090

0.48 ± 0.21

0.33 ± 0.051

0.33 ± 0.058

0.33 ± 0.066

0.34 ± 0.067

0.26 ± 0.015

0.36 ± 0.014

0.43 ± 0.041

0.32 ± 0.048

0.31 ± 0.031

0.30 ± 0.057

0.42 ± 0.055

0.34 ± 0.042

binding
kslow at 15 µM
peptide (min-1)
kslow at 30 µM
peptide (min-1)
kslowat 45 µM
peptide (min-1)
kslow at 60 µM
peptide (min-1)

B.
As(III)-PARP-1zf-1

50 µM

100 µM

150 µM

200 µM

binding

As(III)

As(III)

As(III)

As(III)

kslow at 15 µM peptide

0.20 ± 0.039

0.48 ± 0.090

0.21 ± 0.030

0.36 ± 0.030

0.54 ± 0.054

0.49 ± 0.025

0.29 ± 0.017

0.25 ± 0.042

0.24 ± 0.030

0.28 ± 0.016

0.34 ± 0.014

0.35 ± 0.019

0.57 ± 0.051

0.39 ± 0.030

0.20 ± 0.02

0.29 ± 0.031

-1

(min )
kslow at 30 µM
peptide (min-1)
kslow at 45 µM
peptide (min-1)
kslow at 60 µM peptide
(min-1)

Table 2.3.Values of kslow at 15, 30, 45, and 60 µM peptide for the binding of XPAzf (A)
and PARP-1zf-1 (B) by As(III). Values are the average of at least 2 data sets ± average
SEM.
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plots reveal the best fit of the 2 phase decay model, and 200 µM As(III). For this
concentration, the kfast value for PARP-1zf-1 (7.9 ± 0.13 min-1) shows approximately a
four-fold increase over the value for XPAzf (1.9 ± 0.30 min-1), demonstrating that while
As(III)-XPAzf formation is thermodynamically comparable to As(III)-PARP-1zf-1
formation, the latter reaction may be kinetically favorable.
In order to probe the specific contribution of zinc finger structure to determining
As(III)-binding rates, the As(III)-binding kinetic experiments were repeated with a
mutant PARP-1zf-1 peptide containing a histidine to cysteine mutation conferring a C4
zinc finger motif (PARP-1zf-1-C4mut). Data from these experiments were fit with the
same two-phase decay model as described above, and observed association rate constants
compared with those for PARP-1zf-1 and XPA-1. Values of kfast and kslow for As(III)
binding to PARP-1zf-1-C4mut are reported in Table 2.4. Observed values of kslow for the
association between the C4 mutant PARP-1zf-1 and As(III) are quite consistent with the
values observed for both wild type PARP-1zf-1 and XPAzf. The values for kfast for the C4
mutant PARP-1zf-1 are consistent with those observed for wild type PARP-1zf-1 and, as
with the values for wild type PARP-1zf-1, are higher than those observed for XPAzf.
Finally, at the 15 µM concentration of peptide with 200 µM As(III), kfast for the C4
mutant of PARP-1zf-1 shows approximately a four-fold increase over kfast for XPAzf, as
does kfast for wild type PARP-1zf-1. These results suggest that the kinetic advantage for
As(III)-PARP-1zf-1 formation over As(III)-XPAzf formation is likely due to additional
structural elements present within these peptides, rather than the additional thiolate
residue in the XPAzf peptide.
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A.
As(III)- PARP-1zf-1-C4mut binding 50 µM As(III) 100 µM As(III) 200 µM As(III)
kfast at 15 µM peptide (min-1)

2.9 ± 0.036

5.9 ± 0.062

8.4 ± 0.12

kfast at 30 µM

3.2 ± 0.11

6.8 ± 0.40

8.8 ± 0.19

4.1 ± 0.48

6.5 ± 0.23

11 ± 0.91

peptide (min-1)
kfast at 60 µM peptide (min-1)

B.
As(III)- PARP-1zf-1-C4mut binding 50 µM As(III) 100 µM As(III) 200 µM As(III)
kslow at 15 µM peptide (min-1)

0.35 ± 0.034

0.33 ± 0.030

0.46 ± 0.027

kslow at 30 µM

0.30 ± 0.024

0.33 ± 0.015

0.32 ± 0.014

0.30 ± 0.023

0.30 ± 0.017

0.31 ± 0.018

peptide (min-1)
kslow at 60 µM peptide (min-1)

Table 2.4. Values of kfast (A) and kslow (B) at 15, 30, and 60 µM peptide for As(III)
binding to the C4 mutant of PARP-1-zf-1. Reported values have been determined from
the average of at least 2 data sets ± average SEM.
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2.5. DISCUSSION:
2.5.1. Differences and similarities between As(III)-XPAzf and As(III)-PARP-1zf-1
binding thermodynamics and kinetics.
Under the present reaction conditions, the fast phase of As(III)-PARP-1zf-1
peptide binding proceeds at a rate approximately four times faster than the fast phase of
As(III)-XPAzf binding, suggesting that despite the similarity in binding affinities
between these two peptides, a kinetic advantage may still exist for As(III)-PARP-1zf-1
binding over As(III)-XPAzf binding. Additionally, the C4 mutant of PARP-1zf-1
demonstrated similar observed values of kfast to those seen for wild-type PARP-1zf-1.
Since As(III) may coordinate separately with three separate cysteine residues within
XPAzf or PARP-1zf-1, it is likely that kfast and kslow may represent separate steps of the
binding mechanism. It is not possible to determine which is the initial step. However,
while it is generally accepted that the slow step of the reaction mechanism determines
reaction rate, the coordination of As(III) with even one cysteine residue may disrupt zinc
finger structure sufficiently to prevent Zn(II) binding and function in the context of the
full-length protein. Thus, if kfast reflects the first of two reaction steps between As(III) and
the model peptides, As(III) may be said to show a kinetic advantage for binding PARP1zf-1 over XPAzf.
These findings suggest that for these peptides, and in the present experimental
system, the presence of a fourth cysteine residue in the zinc finger motif does not confer a
significant kinetic advantage for As(III) binding. However, the findings from one set of
C3H1 and C4 zinc finger peptides may not necessarily be extrapolated to all such motifs,
given that the variable three-dimensional structures of zinc finger motifs may influence

42

binding kinetics and thermodynamics independently of the number of cysteine residues.
Despite previous evidence that certain C4 zinc finger proteins may exhibit enhanced
affinity for As(III) (Zhao et al., 2012), a significant difference in observed Kd for As(III)
binding between PARP-1zf-1 and XPAzf peptides was not observed in the present study,
suggesting that the As(III)-binding affinity of these two model peptides is not exclusively
influenced by the number of thiolate residues. In comparing the kinetics of different
As(III)-zf interactions, the similar As(III)-binding rates of wild type PARP-1zf-1 and the
C4 mutant of PARP-1zf-1 suggest that the discrepancy in As(III) binding rates between
PARP-1zf-1 and XPAzf may likewise be attributable to structural elements apart from
their C3H1 vs. C4 motifs. Future kinetic studies utilizing an XPAzf mutant peptide with a
cysteine to histidine substitution may be useful in further confirming this finding.

2.5.2. The relative concentrations of Zn(II) and As(III) in a system may significantly
influence zinc finger occupancy, suggesting a potential mechanism behind evidence
for Zn(II)-rescue of As(III)-mediated adverse effects.
While it is known that As(III) may replace Zn(II) in the zinc finger motifs of
certain key DNA repair proteins, leading to adverse events, such as increased mutational
frequency, DNA-damage retention, and PARP-1 activity reduction (Ding et al., 2009;
Asmuss et al., 2000; Hartwig et al., 2003b; Hartwig et al., 2003a; Piatek et al., 2008;
Schwerdtle et al., 2003; Zhou et al., 2015; Zhou et al., 2011; Zhou et al., 2014; Qin et al.,
2008; Wang et al., 2013; Sun et al., 2014), it has also been demonstrated that Zn(II)
supplementation may mitigate these effects (Sun et al.; Cooper et al., 2013). Both of these
observations may be accounted for by the similar relative affinities of Zn(II) and As(III)
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for XPAzf peptide, and slightly higher affinity of Zn(II) for PARP-1zf-1 peptide over
As(III). The Kd values for these binding reactions suggest that in a cellular context,
relative levels of zinc finger occupancy may be dictated as a function of metal
concentration. Given that free zinc may be present in as low as picomolar concentrations
depending on cell type (Krężel & Maret 2006; Kochańczyk et al., 2015), it is plausible
that low-level As(III) exposure (at nanomolar level) could lead to As(III)-zinc finger
binding, and that local fluctuations in relative Zn(II) and As(III) concentration could
significantly contribute to this phenomenon.
The importance of relative metal concentrations is underscored by the
hypothesized existence of significant levels of cellular PARP-1 wherein the first zinc
finger remains unbound by zinc, a phenomenon suggested by Bossak et al. upon finding
that PARP-1zf-1 displays an extraordinarily low affinity for Zn(II) in comparison with
other measured Zn(II)-zf affinities (Bossak et al., 2015). Our observed Kd of 0.10 ± 0.059
µM for Zn(II) binding to 15 µM PARP-1zf-1 is in reasonable agreement with Bossak et
al.'s value of 26 nM. In another study by Bal et al., a tentative value of K=8.5 ± 1.5 × 108
M-1 is provided for the association constant between Zn(II) and XPAzf, corresponding to
a dissociation constant of approximately 1.2 nM. The value of Kd determined from the
present study is three orders of magnitude lower than this, possibly due to different
experimental conditions and methods; however, is still consistent with the idea that
XPAzf demonstrates a relatively low affinity for Zn(II) in comparison with many other
zinc finger proteins (Bal et al., 2003).
The comparison between Zn(II) and As(III) in terms of relative peptide-binding
affinity provides a possible explanation for the recent findings which have demonstrated
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a potential role for Zn(II) supplementation in reversing or helping to prevent adverse
outcomes from As(III) exposure in experimental systems (Sun et al., 2014; Cooper et al
2013). The more favorable kinetics of Zn(II) binding to XPAzf and PARP-1zf-1, and the
comparable stability of Zn(II) and As(III) interactions with each of these peptides,
suggest that in a physiological context, elevated cellular zinc levels due to
supplementation may cause reduced As(III) occupancy of these zinc finger motifs
through Zn(II) competition with As(III). Since PARP-1 and XPA are involved in DNA
repair, this evidence strongly suggests that dietary Zn(II) supplementation may have
potential utility as a chemopreventive intervention in vulnerable populations, to mitigate
adverse health effects of low level As(III) exposure. It is worth noting that dietary
selenium supplementation has also been proposed as another such potentially protective
intervention to alleviate As(III) exposure, however, distinct mechanisms likely underlie
the chemopreventive effects of Zn(II) and selenium (Gailer et al., 2000; Gailer, 2009;
Krohn et al., 2016).
It must be acknowledged that there are multiple factors in a cellular environment
that are not recapitulated in the present experimental system, which may influence
binding kinetics and thermodynamics of Zn(II) and As(III) interactions with zinc fingers.
On a fundamental level, co-factors present in the cellular environment may influence
binding affinities, through alterations in the precise conformation of the zinc finger motif,
or stabilization of protein-metal interactions. For example, a decrease in Zn(II)-zinc
finger affinity under acidic conditions has been previously reported, with no concomitant
effect on As(III)-zinc finger affinity (Zhao et al., 2014). The thermodynamic favorability
of zinc finger binding to one metal over the other may therefore be subject to change

45

based upon the specific conditions of the local cellular environment. Previous
investigations into the role of glutathione in both As(III)-zinc finger and Zn(II)-zinc
finger binding also highlight the complexity of the cellular environment in modulating
metal-zinc finger binding. Reduced glutathione has been shown to enhance the rate of
both Zn(II)-zinc finger (Piątek et al., 2009), and As(III)-zinc finger formation (Demicheli
et al., 2011), further underscoring the importance of local fluctuations in relative metal
concentrations in determining zinc finger occupancy. However, in vivo, such effects are
likely to be subject to local fluctuations in glutathione concentration and pH level. An
extensive analysis of these topics is therefore somewhat beyond the scope of this paper,
which focuses on generating a baseline understanding of the physical chemistry
underlying interactions between As(III), Zn(II), and the model peptides in the absence of
any endogenous compounds that may mediate such interactions in vivo. Nonetheless, in
future peptide-based studies, it would be interesting to see whether the inclusion of
varying concentrations of glutathione would have differential effects on As(III) binding
to zinc fingers, vs. Zn(II) binding to zinc fingers, or C3H1 binding vs. C4 zinc finger
binding to either of these metals.

2.6. CONCLUSION.
While both model peptides show similar relative binding affinities for As(III),
PARP-1zf-1 peptide shows a possible kinetic advantage over XPAzf peptide for binding
As(III) which is likely due to elements of three-dimensional peptide structure apart from
the number of cysteine residues present. The relative similar affinities that As(III) and
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Zn(II) show for each peptide suggest that zinc finger occupancy in a cellular system may
be strongly influenced by the relative concentrations of each metal.
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Chapter 3—EVIDENCE FOR RPA70 AS A TARGET OF ARSENITE

3.1 INTRODUCTION
Arsenite has been shown to selectively modify zinc finger motifs containing at
least three cysteine motifs. The C4 motif in RPA70 is itself a non-DNA binding element.
However, this motif is understood to regulate RPA70 binding to DNA through redox
regulation. There are 11 cysteine residues present in RPA70, including the four in the
zinc finger motif (UniProt Consortium, 2020). Along with the possibility of arsenitemediated displacement and modification of the zinc finger cysteine residues, it is also
conceivable that arsenite—mediated ROS and RNS generation could result in redox
modification of these other cysteines.
Several possibilities therefore exist as potential outcomes of RPA70 modification
by arsenite. First, if zinc finger cysteines are modified, it is highly plausible that the
interaction between RPA70 and ssDNA will be disrupted, as the zinc finger motif has
been shown to regulate RPA-DNA binding through redox (Park et al., 1999; You et al.,
2000, Wang et al., 2001). Secondly, the interaction of RPA70 with RPA32 is mediated
through an α-helix in the RPA70 C-terminal domain. The conformation of the RPA70C
domain is disrupted by zinc finger modifications (You et al.); thus, even if the interaction
between RPA32 and RPA70 is maintained, it is likely that this conformational change
may alter the formation of a trimerization core involving RPA70, RPA32 and RPA14,
and therefore the interaction between RPA32 and ssDNA. The significance of this is that
RPA32 contains its own DNA-binding domain (in addition to three in RPA70), and the
interaction of this domain and ssDNA is necessary for high-affinity binding of RPA to
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ssDNA (Bochkareva et al., 2002). Any potential effect on the conformation of the
trimerization core may have a potential impact on the proper positioning of RPA32
protein interacting partners around ssDNA as well.
Both RPA32 and RPA70 have quite a few protein interacting partners, which
interact across only a few regions on RPA (Fanning et al., 2006). In the case of RPA70,
the majority of known protein interacting partners interact within the N-terminal domain
or the RPA70-A DNA binding domain, distant from the zinc finger motif (Fanning et al.).
It is possible that modifications to cysteine residues within these domains may alter these
protein-protein interactions, but this remains unknown. Park et al. have shown that RPA
mutants with zinc finger mutations (Cys-Ala) maintain strong DNA binding affinity
under oxidizing conditions and are comparable to WT under reducing conditions (1999).
These data suggest that redox modification to other cysteine residues within RPA70 may
be transient or have little to no impact on ssDNA binding.
If zinc finger cysteines of RPA70 are oxidatively modified by arsenite exposure,
there may be significant impact on RPA70 binding to ssDNA, and therefore on cellular
processes which depend on this interaction, such as NER, replication, and recombination.
It is also possible that arsenite-dependent changes in the RPA protein interactome will
modulate the relative involvement of RPA in multiple pathways. If zinc finger cysteines
remain unaffected, this may provide valuable insight into protein structure determinants
of zinc-finger vulnerability to arsenite. This purpose of this study is to investigate
whether any of the cysteines in RPA70 are subject to oxidative modification by arsenite
exposure.
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3.2 MATERIALS AND METHODS
3.2.1 Materials
Primary antibodies used include rabbit anti-cysteine-sulfenic acid antibody (anti2-Thiodimedone, EMD Millipore 07-2139), rabbit anti-PARP (Cell Signaling
Technologies 9532), rabbit anti-RPA70 (Abcam ab12320), mouse anti-RPA32 (Abcam
ab88675), rabbit anti-XPA (Abcam 85914), mouse anti-XPC (Thermo Fisher Scientific
MA1-23328), and mouse anti-GAPDH (Abcam ab8245). Secondary antibodies include
goat anti-rabbit igG polyclonal antibody (IRDye® 680RD, LI-COR biosciences 92568071) and goat anti-mouse igG polyclonal antibody (IRDye® 800CW, LI-COR
biosciences 925-32210).
Arsenite (as sodium meta-arsenite, purity ≥ 99.0%) and vitamin C (as Sodum Lascorbate, purity ≥ 99%)) were obtained from Fluka Chemie (Buchs, Germany). Zinc
chloride (purity ≥ 99.999%) and 5,5-Dimethyl-1,3-cyclohexanedione (dimedone, purity =
95%)), and and n-ethylmaleimide (purity ≥ 99.5%), and dithiothreitol were obtained
from Sigma Aldrich (St. Louis, MO). 30-32% Hydrogen peroxide was obtained from
Avantor Performance Materials, LLC, (Radnor Township, PA). Odyssey® blocking
buffer and Intercept® buffer (an equivalent reagent produced after the discontinuation of
Odyssey buffer sales) were obtained from LI-COR Biosciences (Lincoln, NE).
Immobilon PVDF membrane was obtained from EMD Millipore (Burlington, MA).
Pierce™ RIPA buffer , HALT™ protease and phosphatase inhibitor, and Pierce™
protein A/G magnetic beads were obtained from Thermo Fisher Scientific (Waltham,
MA). Laemmli buffer was obtained from Bio-Rad (Hercules, CA).
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3.2.2 Cell culture, exposures, and collection.
Normal human neonatal epidermal keratinocytes (HEKn) were obtained as a 10donor pool from Lifeline Cell Technologies. Cells were cultured in Dermalife complete
media (Lifeline Cell Technologies) at 37 degrees C and 5% CO2. Stock solutions of 100
μM dimedone and 1 mM N-ethyl-maleimide were prepared in methanol. Stock solutions
of 2 mM arsenite, 100mM H2O2, 400 mM vitamin C, and 5 mM zinc were prepared
through serial dilution in ultrapure water, and introduced at a 1:1000 concentration into
cell culture media at the appropriate timepoint. Exposures include 2 μM arsenite for
either 3 or 6 hours, 100 μM H2O2 for 6 h, 2 μM arsenite co-exposed to 400 μM vitamin
C for 6 hours, or 2 μM arsenite co-exposed to 5 μM zinc chloride for 6 hours. After 6
hours, cells were rinsed with PBS and collected in RIPA buffer containing 1 μM
dimedone and 10 μM N-ethyl-maleimide and HALT™ protease and phosphatase
inhibitor. Cells between passage 3 and 6 were collected at 65-75% confluency.
3.2.3 Immunoprecipitation procedures
Cells were lysed on ice for 15 min, or stored at -80 degrees C. Lysate was then
scraped into microcentrifuge containers and clarified by centrifugation at 14,000 RPM.
Protein concentration of lysates were determined through bicinchoninic acid assay and
adjusted to equal quantities across samples. 50 μL of each sample were reserved for input
controls. Lysates were then incubated overnight at 4 degrees C with 3μg/ 1mg protein of
anti-cysteine sulfenic acid antibody. Protein-antibody complexes were then adsorbed onto
Pierce™ protein A/G magnetic beads through incubation at room temperature for one
hour with rotation. 40 μL bead slurry was used per 1mg protein in lysate. Beads were
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rinsed according to manufacturer protocol, and complexes were eluted in Laemmli buffer
containing 5 mM dithiothreitol.
3.2.4 Anti-S-OH western blotting
Samples were boiled for 5 minutes at 95 degrees C, then loaded onto 10%
polyacrylamide gel and separated through SDS-PAGE using a Bio-Rad Mini-Protean®
Tetra System. Proteins were transferred to Immobilon PVDF membrane using a Bio-Rad
Trans-Blot® Turbo™ Transfer System. Membranes were then blocked using Odyssey®
or Intercept® buffer for 1h at room temperature, and then incubated with antibody
against PARP (1:1000), RPA70(1:2000), or GAPDH (1:2000) overnight at 4 degrees C.
Blots were rinsed with PBST for 3x10 min., followed by incubation with secondary
antibody (goat anti-rabbit 1:10,000, and goat anti-mouse 1:5,000). Membranes were
imaged using an Odyssey CLx Imager (LI-COR) with Image Studio Software.
3.2.5 Quantification and statistics
For protein expression experiments, protein levels were normalized to GAPDH.
Levels of oxidatively modified RPA70 and PARP were normalized to corresponding
input levels. Replicates were analyzed for statistical significance using single factor
ANOVA and student‘s T-test. Outliers were removed using ROUT in GraphPad Prism
8.0.1 with Q=1%; this method is associated with a false discovery rate of less than 1%.

3.3 RESULTS
3.3.1 Protein expression levels do not account for observed changes in RPA70-SOH.
In order to evaluate RPA70 as a potential target of arsenic-mediated oxidation, the
oxidized proteome from cells exposed to arsenite for 3 or 6 h was compared with that
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from other control and exposure groups as described in 3.2.2. Protein levels in cell lysate
inputs were measured through SDS-page alongside immunoprecipitates, and were
normalized to GAPDH. No significant changes in RPA70 expression levels were
observed across any exposure groups (Fig. 3.1).
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Figure 3.1. RPA70 protein expression levels are equivalent across exposure groups
at 3 and 6 hours. HEKn cells were exposed to 2 μM arsenite, 100 μM H2O2, 400 μM
vitamin C, and/or 5 μM zinc chloride as described in 3.2.2. Cell lysates were collected
and analyzed through SDS-PAGE. Panel A shows sample western blots of RPA70 and
GAPDH, and panel B shows GAPDH-normalized densitometry of RPA70 bands. Data
shown are n = 3 ± S.D.
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3.3.2 Exposure to low-level arsenite results in oxidative modification to RPA70 and
PARP1 at 6 hours.
To determine the impact of arsenite exposure on RPA70 cysteines, HEKn cells
were exposed to arsenite, H2O2, zinc, and/or vitamin C as described in 3.2.2. Cells were
lysed in buffer containing dimedone in order to label cysteine sulfenic acid modifications,
and NEM to protect free thiol residues. Oxidatively modified protein was quantified
through immunoprecipitation with antibody against dimedone-derivatized cysteine
sulfenic acid, followed by SDS-PAGE and western blotting against RPA70 and PARP.
At the 6h timepoint, S-OH-modified RPA70 was increased by approximately 40%, and
oxidized PARP by approximately 100%, when normalized to the H2O2 exposure group
(Fig. 3.2). Oxidative modification of PARP1 has been previously established (Zhou et al.,
2015), therefore PARP was probed as a control.
3.3.2 Co-exposure to 400 μM vitamin C, but not 5 μM zinc, reduces oxidative
modification to RPA70 at 6 hours.
In cells co-exposed to arsenite and to 400 μM vitamin C for 6h, S-OH-modified
RPA70 levels were restored to the level of no-exposure controls. Vitamin C rescue of
protein redox status was observed only for RPA70; this phenomenon did not persist for
PARP. However, S-OH modification in cells co-exposured to arsenite and 5 μM zinc for
6h showed no significant difference from cells exposed to arsenite for 6h only, in either
RPA70 or PARP. Figure 3.2 shows these data.
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1.2

Figure 3.2. Relative oxidation of
PARP and RPA70 under different
exposure conditions. Cell exposures
and isolation of oxidized protein were
carried out as described in 3.2. Panel A
shows sample western blots of PARP
and RPA70, while panels B and C
show corresponding densitometry
analysis. Arsenite exposure
significantly increased the level of
oxidized PARP and RPA70 after 6h of
exposure, while co-exposure to vitamin
C rescued the redox status of RPA70,
but not PARP. Zinc rescue of redox
status was not detected for either
protein. Data shown are n ≥ 8 ± S.E.M.
* indicates p ˂ 0.05.
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3.4 Discussion
3.4.1 Susceptibility of RPA70 and PARP to oxidation and redox rescue: Current
results in context.
It is known that arsenite exposure oxidatively modifies PARP1 zinc finger
cysteine residues (Zhou et al., 2015), and both vitamin C (Wang et al., 2013) and zinc
(Sun et al., 2014) have previously been shown to rescue PARP1 function in protein
isolated from arsenite co-exposed cells. The implication of this is that vitamin C and zinc
rescue PARP zinc finger cysteine redox status; however, the experiments in the present
study do not show a significant reduction in PARP-SOH from vitamin C and zinc coexposed cells. It is likely that the assay is insufficiently sensitive to reliably detect
vitamin C or zinc rescue of arsenite-mediated oxidative modification at the 6h timepoint,
and of vitamin C rescue of PARP1. In contrast to PARP1, however, RPA70 redox status
was shown to be rescued by vitamin C (though not by zinc). While only very limited
conclusions can be drawn by a qualitative comparison between the two proteins, these
data evoke the possibility that RPA70 might conceivably be more susceptible to rescue
by vitamin C than PARP1.
As expected, an increase in both RPA70 and PARP oxidative modifications can
be seen after arsenite exposure. There exist several possibilities to account for the
observed RPA70 oxidation. One possibility is that the C4 zinc finger motif of RPA70 is
selectively modified by the two-part mechanism previously observed in PARP and XPA,
in which the arsenite-mediated displacement of zinc renders this motif vulnerable to
permanent redox modification and potential loss of protein function. This interpretation
is supported by a previous study by Men et al., demonstrating that under conditions of
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short term hydrogen peroxide exposure, disulfide bridges were formed between RPA70
zinc finger cysteine residues, but other cysteine residues in the protein remained intact
(2007).
Conversely, it is possible that cysteine residues from outside of the zinc finger
motif account for the observed oxidation of RPA70. There are 11 cysteines present in
human RPA70, so in theory, each protein contributing to the WB signal could
hypothetically have anywhere from 1 to 11 modifications. At face value, the lack of
RPA70 redox rescue by zinc is consistent with the idea that non-zinc finger cysteines are
contributing heavily to the observed WB signal; however, this interpretation is
inconsistent with previous data on RPA70 oxidation (Men et al., 2007). Furthermore,
considering the apparent contradiction between the present experimental results, and
previous data demonstrating zinc rescue of PARP1 function, it is highly plausible that the
present experimental conditions are simply not optimal to detect either PARP1 or RPA70
rescue by zinc.
Finally, this experiment uses cysteine-sulfenic acid modification as a surrogate
marker of all possible oxidative modifications; but notably, this is likely to be an
intermediate and relatively unstable modification (Saurin et al., 2004; Eaton, 2006; Jacob
& Ba, 2011). The precise modifications that have been implicated in modulation of
RPA70 ssDNA binding are two presumptive disulfide bridges formed among the C4 zinc
finger cysteines (You et al., 2000; Men et al., 2007). Thus, while the assay we have used
may detect whether any RPA70 cysteines are vulnerable to oxidative modification in
general, they may detect only a fraction of total oxidative modifications.
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3.4.2 Cellular implications of RPA70 modification by arsenite
Park et al. (1999) as well as You et al. (2000) have observed that cysteine to
alanine mutations of the RPA1 zinc finger motif rendered the motif insensitive to redoxregulation, while leaving its DNA-binding ability intact. When all four cysteines are
present under oxidizing conditions, the formation of two disulfide bridges across these
residues results in a steric distortion that prevents RPA70-ssDNA binding (You et al.).
However, Wang et al. have demonstrated that redox conditions do not affect the RPA70ssDNA interaction once a stable complex has formed—rather, only the initial interaction
is reduced (2001).
It is reasonable to infer that if arsenite exposure causes cysteine modifications
within the zinc finger motif of RPA70, that these modifications similarly prevent RPA70ssDNA binding. RPA plays roles in nucleotide excision repair, DNA replication and
recombination; as well as indirectly DNA damage checkpoint signaling through its
interaction with ATR interacting protein (ATRIP) (Zou & Elledge, 2003). Any impact
on RPA binding to ssDNA would potentially affect multiple pathways of DNA
processing.
As many protein interacting partners compete for a limited number of binding
surfaces on RPA70 and RPA32 (Fanning et al., 2006; Bhat & Cortez, 2018), it bears
noting that any changes in RPA conformation mediated by cysteine modification could
potentially influence relative association levels of these proteins with RPA32. For
example, the protein SMARCAL1, which is responsible for remodeling stalled
replication forks, shares an interacting surface on RPA32 with XPA and RAD52, among
other proteins (Bansbach et al., 2009; Ciccia et al., 2009; Mer et al., 2000). It is possible
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that modulation of the RPA protein interactome would potentially influence the relative
availability of RPA within distinct DNA processing pathways.
3.4.3 Future directions
In order to more conclusively determine whether the zinc finger cysteine residues
are those demonstrating oxidative modification by arsenic, future experiments to
determine relative zinc finger zinc content after exposure to arsenite may be performed.
ICP-MS and the colorimetric reagent 4-(2-pyridylazo)resorcinol (PAR) have both been
widely used to detect zinc content in protein samples, and these experiments would be
useful in providing evidence as to whether the RPA70 zinc finger cysteine residues are
the specific cysteine residues that are modified by arsenite exposure. DNA binding assays
may be used in the future to directly determine the impact of RPA70 zinc finger cysteine
modifications on RPA70 ssDNA binding.
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Chapter 4—CONCLUSIONS
DNA damage repair inhibition due to arsenite exposure is a measurable
phenomenon at very low concentrations of arsenite. As a result of this, chronic exposure
to even very low levels of environmental arsenite may materially contribute to the risk of
cancer development, constituting an important mechanism of arsenite-mediated cocarcinogenesis. While a slim handful of zinc finger DNA repair targets of arsenite have
been identified, including PARP1 and XPA, much work remains to be done to understand
the full impact of this mechanism on the zinc finger proteome, and subsequently on DNA
repair as well as on other DNA processing pathways.
It has been shown that arsenite selectively targets zinc finger motifs containing
three or more cysteine residues, raising the question of whether additional cysteine
residues within a motif provide an advantage for arsenite binding. Zinc finger structure is
only one of numerous aspects of protein structure with the potential to influence arsenite
and zinc binding. This study offers an investigation into the physical chemistry of two
known DNA repair protein targets within the nucleotide excision repair pathway, XPA
and PARP1, providing evidence as to the relative insignificance of the additional thiol
residue within a C4 zinc finger motif (compared to C3H1 motif) as a determinant of
arsenite affinity, at least in our model system.
In addition, to the best of our knowledge, this study represents the first direct
evidence of RPA70 oxidation by arsenite exposure, further elucidating the impact of
arsenite on nucleotide excision repair as well as suggesting future potential pathways of
inquiry in relation to RPA70 inhibition and other aspects of DNA processing.
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