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ABSTRACT OF THE DISSERTATION

Perturbation of Protein Ubiquitination and Mechanisms of Arsenic Toxicity

by

Ji Jiang
Doctor of Philosophy, Graduate Program in Cell, Molecular and

Developmental Biology, University of California, Riverside, March 2018
Dr. Yinsheng Wang, Chairperson

Arsenite exposure through drinking water and food has long been a health
concern because of its cellular toxicity and carcinogenic effects in inducing
various cancers and cardiovascular diseases. This dissertation research
focused on exploring the underlying mechanisms accounting for arsenite
toxicity. In particular, | explored the binding of trivalent arsenic to E3 ubiquitin
ligases to suppress ubiquitination of their substrate proteins, where
ubiquitination serve as important signals in multiple functional pathways and
proteasome-mediated degradation of proteins.

In chapter 1, | briefly described the background of arsenite toxicity and the
role of ubiquitination in cells. | also introduced the application of LC-MS for
proteomic analysis, especially the ubiquitin-modified proteome. By employing
LC-MS/MS couple with SILAC labeling and affinity enrichment, | was able to
identify ~1500 ubiquitinated peptides, of which ~40% peptides were
decreased upon arsenite exposure. | conducted a KEGG pathway analysis

and functional categories of the identified proteins and was able to find some

vii



interested protein targets, including FANCD2 and HMGCR that were studied
in chapters 2 and 3, respectively.

The LC-MS/MS results showed a 50% decrease of FANCD2-K561
ubiquitination upon arsenite treatment. | further demonstrated, for the first
time, that arsenite targets the RING finger domain of the E3 ubiquitin ligase,
FANCL, to suppress FANCD2 ubiquitination, using MALDI-TOF mass
spectrometry, and biotin-As pull down coupled with Western blot analysis.
This interaction was also found to impair chromatin localization of FANCD?2,
which is crucial for recruiting downstream repair factors for DNA interstrand
crosslink repair. Therefore, | revealed, for the first time, a role of arsenite in
perturbing the Fanconi anemia pathway for DNA interstrand crosslink repair
by targeting the RING finger of FANCL E3 ubiquitin ligase and inhibiting
FANCD2 monoubiquitination.

The LC-MS/MS results also detected a 70% decrease of HMGCR-K248
ubiquitination upon arsenite treatment, which is important for HMGCR
degradation and for maintaining cholesterol homeostasis in mammalian cells.
Indeed | found that arsenite could stabilize HMGCR protein level by inhibiting
its ubiquitination. This finding suggests a role of arsenite in affecting the
cholesterol biosynthesis pathway.

In chapter 4, | further expanded the role of arsenite in targeting E3 ubiquitin
ligase by measuring the interaction between arsenite and the E3 ubiquitin
ligase RBX1, which is responsible for Nrf2 ubiquitination. This provides a
novel insight in arsenite-mediated activation of antioxidant response.

Together, the research in this thesis provided novel insights into the
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mechanisms of arsenic toxicity.
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Chapter 1. General Overview

1.1 Arsenic toxicity

Arsenic, an environmental toxicant that threatens public health, is widely
present in ground water, air, soil and food derived from natural and
anthropogenic sources. The major concern of human arsenic toxicity arises
from drinking arsenic-contaminated water (1-3). In  many severely
contaminated areas, the arsenic concentration in drinking water largely
excesses the maximum permissible limit set by the World Health Organization
(50 ug/L). The permissible content of arsenic in drinking water in the United
States had been lowered from 50 parts per billion (ppb) to 10 ppb in 2001.
However, in many geographic areas such as the Millard County, the arsenic
content ranges from 14 ppb to 166 ppb. Long-term ingestion of arsenic from
water and food leads to high risk in developing diseases. The most common
and severe result of arsenic toxicity is its potential role of inducing cancers, as

well as cardiovascular diseases (4-10).

Figure 1.1 Map of common levels of Arsenic in the water supply (11)



1.1.1 Arsenic properties

Arsenic is a metalloid with chemical and physical properties that is
intermediate between a metal and a non-metal with an average atomic mass
of 74.92 Da. It has four oxidation states, -3, 0, +3 and +5, among which the +5
charged arsenate, As(V), and +3 charged arsenite, As(lll), are the
predominant oxidation states under oxygenated and reducing conditions,
respectively (12). There are inorganic arsenic compounds and organic
compounds in nature. The most common inorganic trivalent arsenic
compounds include sodium arsenite, arsenic trioxide and arsenic trichloride
(13), while the most common inorganic pentavalent arsenic compounds
include calcium arsenate, arsenic acid and arsenic pentoxide (14). Common
organic arsenic compounds include arsenobetaine, dimethylarsinic acid,

methylarsonic acid, and arsanilic acid (15). Arsenic in its inorganic form is

highly toxic (16).
Chemical name CAS Reg. No. Synonyms Formula
Arsanilic acid 98-50-0 Arsonic acid, (4-aminophenyl)- C,HAsSNO,
Arsenic* 7440-38-2 Metallic arsenic As
Arsenic(V) pentoxide 1303-28-2 Arsenic oxide [As,O,] As,O,
Arsenic(I1I) sulfide 1303-33-9 Arsenic sulfide [As,S ] As,S,
Arsenic(I1I) trichloride 7784-34-1 Arsenic chloride [AsCl,) AsCl,
Arsenic(I1I) trioxide*" 1327-53-3 Arsenic oxide [As,0,] As,O,
Arsenobetaine 64436-13-1 Arsonium, (carboxymethyl) trimethyl-, hydroxide, CH, AsO,

inner salt; 2-(trimethylarsonio)acetate

Arsine 7784-42-1 Arsenic hydride AsH,
Calcium arsenate 7778-44-1 Arsenic acid [H AsO,] calcium salt (2:3) (AsO,),.3Ca
Dimethylarsinic acid 75-60-5 Cacodylic acid C,H AsO,
Lead arsenate 7784-40-9 Arsenic acid [H AsO,], lead (2+) salt (1:1) HAsO_.Pb
Methanearsonic acid, 144-21-8 Arsonic acid, methyl-, disodium salt CH,AsO,.2Na
disodium salt
Methanearsonic acid, 2163-80-6 Arsonic acid, methyl-, monosodium salt CH,AsO,.Na
monosodium salt
Potassium arsenate? 7784-41-0 Arsenic acid [H AsO, ], monopotassium salt H,AsO K
Potassium arsenite 13464-35-2 Arsenous acid, potassium salt AsO,.K
Sodium arsenate 7631-89-2 Arsenic acid, [H,AsO ], monosodium salt H,AsO,.Na
Sodium arsenite 7784-46-5 Arsenous acid, sodium salt AsO,.Na
Sodium cacodylate 124-65-2 Arsinic acid, dimethyl-, sodium salt C,H,AsO,.Na

Figure 1.2 Common arsenic compounds (17)



1.1.2 Acute and chronic toxicity of arsenic

Acute exposure of excessive amount of arsenic could lead to severe
consequences. In most cases, acute arsenic poisoning is related to accidental
uptake of pesticides or insecticides, or prepense suicide in rare cases. It was
reported that in most cases, the acute toxicity of inorganic arsenic is much
greater than that of organic arsenic compounds, while the toxicity of As(lll) is
greater than that of As(V).The lethal dose of inorganic trivalent arsenic for
adult humans ranges from 1 mg/kg to 3 mg/kg. The clinical features of severe
acute arsenic toxicity includes, but not limited to gastrointenstinal discomfort,
nausea, vomiting, diarrhea, colicky abdominal pain, bloody urine, shock,
anuria, coma, convulsions and death (18-24).

Chronic exposure to arsenic affects multiple systems in the human body and
causes many diseases, with the hallmarks of skin lesions and malignancy.
The clinical features of chronic arsenic exposure vary among individuals from

different geographic areas and population groups (25-29).

System Effect

Skin Skin lesions

Cardiovascular Blackfoot discase

Nervous Peripheral neuropathy, encephalopathy

Hepatic Hepatomegaly, cirrhosis, altered heme
metabolism

Hematological Bone marrow depression

Endocrine Diabetes

Renal Proximal tubule degeneration, papillary

and cortical necrosis

Figure 1.3 Clinical features of chronic arsenic exposure in humans (30)



1.1.3 Arsenic carcinogenicity

Inorganic arsenic has been identified as a carcinogen by the International
Agency for Research on Cancer (IARC) in 1980 and the US Environmental
Protection Agency (EPA) in 1988. Humans exposed to arsenic have a high
risk of developing various cancers through inhalation or ingestion of arsenic
species (31). Lung tumors are primarily observed in people after inhalation of
arsenic (32-34), whereas skin lesions are the first signal of oral exposure to
arsenic (35). Arsenic-induced tumor can also be found in many organs
including bladder, kidney, prostate and liver (13,36-38). A large number of
animal experiments also demonstrated the correlation between arsenic
exposure and cancer development (39-42). The mechanisms underlying
arsenic carcinogenicity are complicated. Scientists have proposed several
distinct mechanisms to account for its carcinogenicity, including altered cell
proliferation, impaired DNA repair, aberrant DNA methylation and elevated

oxidative stress (43-47).

1.1.4 Arsenic metabolism

In human body, cells are equipped with a system for the detoxication of
arsenic species through a series of hepatic methylation processes. Inorganic
arsenic is methylated to monomethylarsonic acid (MMA) and dimethylarsinic
acid (DMA) that are less toxic, among which the dimethylarsinic acid is the
predominant metabolite during the process that is rapidly excreted out of the
body. The final product in this methylation process is the trimethylarsine oxide

(TMAO) that is detected with a very low amount in urine (48-51).



1.1.5 Potential action mechanisms of arsenic toxicity

Arsenate has similar structure and properties as phosphate, which enable it to
substitute phosphate in many biological reactions (52). Arsenate can replace
phosphate in the anion exchange transport system in human red blood cells,
as well as the sodium pump. In addition, arsenate can form glucose-6-
arsenate and gluconate-6-arsenate by reacting with glucose and gluconate,
respectively, which inhibits the function of hexokinase (53,54). Arsenate can
also inhibit ATP synthesis by competing with phosphate in the reaction
(55,56).

The mechanisms of trivalent arsenic toxicity are different from that of the
arsenate. Arsenite has been found to inactivate more than 200 enzymes that
are involved in many crucial cellular processes such as DNA repair and
cellular respiration, due to its high affinity towards thiols in cysteine residues,
especially those that are in close proximity (57,58). Cysteine residues in some
proteins assume important roles in their activation and function. The
interaction between arsenite and critical thiol groups of proteins may
deactivate proteins that are involved in crucial biological events. In this vein, it
was reported that arsenite inhibits pyruvate dehydrogenase (PHD) by binding
to the cofactor lipoic acid moiety, leading to decreased ATP production
(59,60). In addition, MMA was found to be a potential inhibitor for GSH

reductase, resulting in cellular redox status alteration and cytotoxicity (61).



1.1.6 Application of arsenic

Arsenic and arsenic compounds have been widely used in many areas for
centuries. Inorganic arsenic has been used to treat leukemia (62), chronic
bronchial asthema and psoriasis (63), while organic arsenic is used as an
antibiotic to treat protozoal disease (64). Due to their toxic effects, arsenic
compounds have also been used as pesticides and insecticides in the
agricultural industry, as well as biochemical weapons during wars. In addition,
arsenic compounds are also used as wood preservatives, and in glass

making, mining and semiconductor industries (65).

1.2 Ubiquitin code

As one of the most ubiquitous and important post-translational modifications
of proteins in mammalian species, protein ubiquitination plays major roles in
regulating almost all cellular processes such as signaling transduction,
protein-protein interaction and protein degradation (66). The ubiquitination
process is catalyzed by three enzymes, including ubiquitin-activating enzymes
(E1s), ubiquitin-conjugating enzymes (E2s) and ubiquitin ligase enzymes
(E3s). In the first step, ubiquitin is activated and binds to C-terminus of an E1
enzyme with the use of ATP, followed by the conjugation of the activated
ubiquitin to an E2 enzyme. Next, E2 interacts with an E3 ubiquitin ligase that
binds to a substrate protein, and transfers the ubiquitin to the lysine residues
in the substrates. All the enzymes are then dissociated form the substrate
protein to complete the ubiquitination process. These steps can be repeated

to form polyubiquitinated chains (67).



1.2.1 Properties of ubiquitin

Ubiquitin, a highly conserved protein, is composed of 76 amino acids that can
be recognized by the ubiquitin-binding domains of proteins (68-70). The most
crucial parts of a ubiquitin molecule are its N terminus and the seven lysine
residues in its amino acid sequence (K6, K11, K27, K29, K33, K48 and KG63),
which can be attached by other ubiquitin molecules to form various

polyubiquitination chains (71).
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Figure 1.4 The process of ubiquitination (72)

1.2.2 Diversity of protein ubiquitination

Owing to diverse lysine residues in proteins, proteins can be either
ubiquitinated on a single lysine residue or on multiple lysine residues,
resulting in monoubiquitination and multiubiquitination, respectively (73,74).

Moreover, proteins can also be polyubiquitinated by homotypically attaching a



number of ubiquitin molecules on the same lysine residue sequentially (74). In
addition, when the attachments of additional ubiquitin to the lysine residues of
the previous ubiquitin molecule at different positions, it leads to the formation
of branched polyubiquitination chains (75). Ubiquitination can also occur on
cysteine, threonine and serine residues in some cases, which make protein
ubiquitination more diverse (76-78).

The diversity of protein ubiquitination is of great significance for protein
functions. Different ubiquitination chains display variant structures that can be
recognized by different ubiquitin binding domains in a specific manner, leading
to different fates of proteins through different pathways. Monoubiquitination
was reported to be important for regulation of histone functions, modulation of
DNA repair, receptor endocytosis and gene expression (79-81). The
polyubiquitination chains through K63 is thought to be involved in the
regulation of kinase activity, signal transduction and DNA damage response
(82,83). The K48- and K11-linked polyubiquitination, on the other hand, mainly
guides proteins for proteasome-mediated degradation (84,85). The
monoubiquitination of histone H2A is mediated by the branched ubiquitination
chains on RING1B E3 ubiquitin ligase through ubiquitinating lysine residues at
position 6, 27 and 48 (86). In a word, the structural diversity of ubiquitination
chains serves as important signal for distinct functions of proteins. The
generation of various types of ubiquitination chains arises from the distinct
combination of E2 and E3 enzymes used in the ubiquitination processes. Up
to date, there are more than 30 E2s and 1000 E3s discovered in mammalian

system. Nevertheless, the mechanism of the distinct selection of E2s and E3s



for different types of ubiquitination remains largely elusive (87).

1.2.3 Ubiquitin chain formation specificity

The main specificity of a typical ubiquitination process is largely dependent on
the selection of E3 ubiquitin ligases, since each E3 ubiquitin ligase targets its
own substrates for ubiquitination. E3 ubiquitin ligases catalyze the transfer of
an ubiquitin molecule to the substrate proteins. According to the way through
which ubiquitin is transferred, the E3 ubiquitin ligases are generally clarified
into two classes: E3 ubiquitin ligases with homologous to E6-AP carboxy-
terminus (HECT) domain and E3 ubiquitin ligases with Really Interesting New
Genes (RING) finger domain, which are called HECT E3s and RING finger
E3s in short (87).

HECT E3s are a large group of E3 ubiquitin ligases with two major functional
domains. The N-terminal domain of HECT E3s attracts E2s, and the C-
terminal domain of HECT E3s is a catalytic domain containing an active site
cysteine. The E2s transfer ubiquitin to HECT E3s by charging the catalytical
cysteine in this domain with active ubiquitin to form a thioester linkage, which
is attacked by acceptor lysine residues to take over ubiquitin (88). Rather than
selection of specific E2s, the ubiquitination linkage specificity mainly depends
on specific HECT E3s (89). For example, The E6-associated protein (E6-AP)
specifically directs Lys48 ubiquitination. Lack of E6-AP causes an inherited
neurologic disorder, Angelman’ syndrome (90). Another example is yeast
RSPS or human Nedd4. They specifically assemble Lys63 linkage. Lack of

Nedd4 results in Liddle’ syndrome (91).



The RING finger E3s guides ubiquitination through a different mechanism.
The RING finger E3s contains a RING finger with 40-60 amino acids
harboring 2 zinc-binding motifs. The zinc-binding motifs contain core cysteine
and histidine residues that can coordinate with zinc ions, which stabilize
protein structure and maintain protein function. RING finger E3s can either
function individually or form complexes with other cofactors to act as E3
ubiquitin ligase complexes, of which both act as scaffolds that bring the E2
and substrates into close proximity to promote the conjugation of ubiquitin to
substrates (92). The linkage specificity for RING finger E3s is not determined
by RING finger E3s, but E2s, supported by the fact that many RING finger
ubiquitin ligases can form various types of ubiquitination chains combined with
different E2s (93). For instance, the RING finger E3s BRCA1-BARD1 and
MuRF can enable the synthesis of Lys63-linked ubiquitination chain with
Ube2N-Uev1A E2, while facilitate the synthesis of Lys48-linked ubiquitination
chain with the help of Ube2K E2 enzyme (94,95). Another example is the
CHIP E3, which directs the Lys63-linked ubiquitination with Ube2N-Uev1A
while showing no specificity with Ube2D (95). In addition, some E2s
themselves display distinct preferences towards types of ubiquitination. For
example, Ube2R and Ube2G2 specifically assemble Lys48-linked

ubiquitination, and Ube2S a Lys11-specific E2 (95).

1.2.4 Major E3 ubiquitin ligase categories
There are individual E3 ubiquitin ligases and E3 ubiquitin ligase complexes

composed of the E3 and other cofactors. The oncoprotein Mdm2 is a
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monomeric RING finger E3 that acts as a regulator for p53 and guides its
proteasome-mediated degradation by monoubiquitinating p53 (96). Other
monomeric RING finger E3s include muscle RING finger-1 (MuRF-1), E3a
and c-Cbl. MuRF-1 and E3a are important for the processes of muscle
atrophy, and c-Cbl ubiquitinates several cell surface receptors (97,98).

The anaphase-promoting complex (APC/C) is the largest and most complex
E3 that is composed of 11-13 highly conserved subunits. It plays a key role in
marking target cell cycle proteins for the 26S-proteasome-mediated
degradation, including securin and S/M cyclins (99,100).

The largest groups of E3 ubiquitin complexes are the Cullin-RING ubiquitin
ligases. Cullins act as scaffolds to bind to RING finger E3 ligases and bring
the E2 and substrate proteins into close proximity. There are eight cullin
genes in the human genome that form part of a multi-subunit ubiquitin
complex. The typical RING component binding to the Cullins is Rbx1/Roc1
that can ubiquitinate different substrates with the aid of different adaptor

proteins (101,102).

1.2.5 Ubiquitination response to arsenic toxicity

Ubiquitination response to arsenic toxicity is complicated and not conclusive.
In some studies, it was reported that arsenic exposure could activate the
ubiquitin-proteasome system by activating specific E3 ubiquitin ligases. In this
vein, arsenic trioxide has been found to increase the level of Parkin protein in
mitochondria in mice, which is the E3 ubiquitin ligase for the ubiquitination of

the voltage-dependent anion channel 1 (VDAC1). The activation of Parkin by
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arsenic trioxide led to the polyubiquitination of VDAC1 and its proteasome-
mediated degradation, contributing to cellular and mitochondria homeostasis
(103). In addition, arsenic trioxide was reported to enhance the expression of
Pirh2 E3 ubiquitin ligase to activate proteasome-dependent degradation of
p53 protein (104). Moreover, arsenic could stabilize RNF4 and E3 ubiquitin
ligases to promote the ubiquitination and proteasome-mediated degradation
of PML (105,106).

It was also found that arsenic could stabilize proteins by disrupting the
function of their upstream E3 ubiquitin ligases. In this vein, our previous work
showed that arsenite targets the RING finger domain of RNF20/40 E3
ubiquitin ligase by binding to the thiol groups of core cysteine residues (44).
This interaction disrupts the binding of zinc ions to the RING finger maotif,
which impairs the E3 ligase activity of RNF20/40. As a result, the
ubiquitination of histone H2B was perturbed since H2B is the substrate of
RNF20/40 E3 ubiquitin ligase, which suppresses the DNA double strand break

repair pathway (44).

1.3 Technologies to study proteomics

The rapid development of biological and biochemical techniques allows us to
study biology in a more advanced and profound way. For example, the
development of shotgun sequencing technologies laid a solid foundation for
the sequencing of the whole human genome (107). The discovery of
CRISPR/Cas9 system gave rise to a powerful tool that enables gene editing

that is faster, cheaper, more accurate and more efficient (108).
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The large-scale analysis of proteins was first named as “proteomics” by Peter
James in 1997, including studies of protein function, protein-protein
interaction, protein modifications, localization, etc. (109). Proteomics is the
next step to study biological system following genomics and transcriptomics.
However, the study of proteomics is more complex than genomics and
transcriptomics because proteome varies from cell to cell and among different
time points due to alternative splicing of mMRNA, post-translational
modifications on proteins and some other factors (110,111). Multiple
technologies have been developed for the study of proteomics. In general,
people either detect targeted proteins by immunoassays using specific
antibodies, or utilize mass spectrometry for large-scale detection of proteins

(112,113).

1.3.1 Immunoassays for protein detection

Antibodies are the most commonly used tools for biologists to detect targeted
proteins by immunoassays nowadays. Western blot is the most widely used
technique to detect specific proteins in tissues, cells or in vitro. It normally
combines with gel electrophoresis, which separate proteins according to their
molecular weights. Briefly, the denatured proteins are subjected to a gel
electrophoresis and transferred to a stationary membrane. The membrane
carrying all the proteins is then incubated with antibodies that detect specific
proteins. A secondary antibody is needed to bind to the primary antibody,
which is subsequently detected by various methods including radioactivity,

immunofluorescence, staining, etc. (114). The enzyme-linked immunosorbent

13



assay (ELISA) is another technique that uses antibodies and color change to
detect specific proteins. Normally antigens are attached to a solid surface and
incubated with specific primary antibodies. These antibodies are linked to an
enzyme that can catalyze the chemical reaction of substrates added in the

final step to produce a color change that can be observed (115).

1.3.2 Mass-spectrometry-based characterization of proteome

Mass spectrometry is a powerful tool to quantitatively and qualitatively
analyze properties of chemical and biological species. It has been applied to
study proteomics for decades in a profound way. For absolute and relative
quantification of proteins, mass spectrometry is normally combined with other
techniques such as stable isotope labeling by amino acids in cell culture
(SILAC), isobaric tag for relative and absolute quantification (iTRAQ), Tandem
Mass Tag (TMT) labeling, and absolute quantification of proteins (AQUA)
(116-118). Mass spectrometry is also coupled with affinity immunoprecipitation
to study protein-protein interaction and protein complexes (119). By doing this,
the protein-protein interaction networks can be established as called
“‘interactome” that is important for revealing the roles of proteins in different
signaling pathways (120).

Another application of mass spectrometry is to identify protein post-
translational modifications (PTMs) (110). After translation, proteins can
undergo various types of modifications that are important for protein function
and cell signaling, including methylation, phosphorylation, acetylation,

oxidation, ubiquitination and so on. PTMs can either occur by modifying the

14



existing functional groups or attaching new functional groups to proteins such
as ubiquitin and methyl groups, and these modifications change protein
structures and properties that are normally difficult to be identified by
immunoassays (121). Mass spectrometry overcomes those shortcomings and
allows for the identification of PTMs by providing the specific site information,
chemical structures and relative or absolute amount of these modifications in

an efficient way.

1.3.3 Mass spectrometry instrumentation and methodology

In this dissertation, | utilized mass spectrometry coupled with nano liquid
chromatography (nano-LC-MS) to identify and quantify arsenite-induced
alteration of protein ubiquitination in the whole proteome. Before injected into
LC-MS, the SILAC samples were digested and immunoprecipitated with an
antibody that specifically enrich di-glycine containing peptides. The enriched
samples were then injected into LC-MS/MS analysis and searched using
Maxquant software for peptide mapping. The instrument | used for this study
is the Thermo Q Exactive-Plus Hybrid Quandrupole-Orbitrap™ Mass
Spectrometer.

The Q Exactive-Plus MS used electrospray ionization (ESI) to ionize proteins
or digested peptides. ESI is a type of soft ionization method that produces
ions using an electrospray. The electrospray is applied with a high voltage,
which disperses and charges the droplets containing analytes of interests.
The ESI-MS is compatible to liquid-based separation tools such as liquid

chromatography (122).
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There are several ion fragmentation methods that are widely used for mass
spectrometry analysis of analytes. Collision-induced dissociation (CID) is the
most frequently used fragmentation method for proteomics study. The
precursor ions undergo collisions with neutral gas molecules, which break the
amide bonds in the peptide backbone, producing b and y ions that can be
detected by mass analyzer. The CID fragmentation method has a bias
towards small, low charged peptides and is not suitable for the analysis of
intact proteins or labile post-translational modifications such as
phosphorylation. The higher-energy collision dissociation (HCD) is a beam-
type CID fragmentation method. The feature of HCD is that it uses higher
activation energy and shorter activation time. HCD fragmentation method has
no low mass cut-off limitation and provides higher mass accuracy. Other
fragmentation methods include electron-capture dissociation (ECD) and
electron-transfer dissociation (ETD). ECD generates radical cations for
protonated proteins or peptides, while ETD transfers electrons to protonated
proteins or peptides. Both ECD and ETD cleave the N-Ca bonds along the
peptide backbone and generate ¢ and z ions that can be detected by the
mass analyzer. ECD and ETD are complementary to CID and HCD.
Combination of ECD/ETD and CID/HCD provides more peptide information by
generating more fragmented ions (123-127). The Q-Exactive Plus MS uses
HCD as fragmentation methods for peptides identification.

Another core component of a mass spectrometer is the mass analyzer. In
general, there are four types of mass analyzers used for the study of

proteomics (quadrupole, ion trap, time-of-flight and Fourier transform ion
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cyclotron resonance). Each of them has its advantages and limitations. For
example, the quadrupole mass analyzer has good reproducibility but limited
resolution, and the ion trap mass analyzer has high sensitivity but poor
dynamic range. On the other hand, time-of-flight (TOF) mass analyzer has a
faster scan rate but lower resolution compared to the ion cyclotron resonance
(ICR) mass analyzer, while the ICR mass analyzer has the highest resolution
but limited dynamic range. Therefore, hybrid mass spectrometers are
developed to make good for deficiency to get a better performance in terms of
mass accuracy, resolving power, dynamic range, scan rate and so on. The Q-
Exactive Plus hybrid mass spectrometer combines the quadrupole and

Orbitrap mass analyzers (128-132).

1.4 Scope of the dissertation

This dissertation focused on arsenite-induced alteration of ubiquitin-modified
proteome in cultured mammalian cells. By employing LC-MS-based
quantification of ubiquitinated peptides, | was able to find three interesting
protein targets, of which their ubiquitination is perturbed upon arsenite
treatment, as discussed in chapters 2 to 4 individually. | also studied the
function of ubiquitination of these proteins and discovered new roles of

arsenite in affecting their function by inhibiting their ubiquitination.
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Chapter 2. Arsenite Binds to the RING Finger Domain of FANCL E3

Ubiquitin Ligase and Inhibits DNA Interstrand Cross-link Repair
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Introduction

Arsenic is a naturally occurring metalloid that is ubiquitously present in the
environment throughout the world. Prolonged exposure to arsenic through
drinking and cooking using contaminated groundwater poses significant
threats to public health. In this vein, human exposure to arsenic compounds is
known to be associated with a variety of cancers including those of the skin,
bladder, kidney, liver and lung, as well as other human diseases
encompassing neurological disorders, cardiovascular diseases and diabetes
(133).

Several mechanisms have been proposed to account for the carcinogenic
effects of arsenic species, including perturbation of growth factor signaling,
induction of oxidative stress, inhibition of DNA repair, alterations of DNA and
histone methylation, and binding to vicinal thiols in proteins (134,135). In this
respect, in-vitro studies with model synthetic peptides revealed that As(lll)
binds much more strongly to Cys3His (C3H)- or Cys4 (C4)-type zinc fingers
than those of the Cys2His2 (C2H2)-type (136).

Emerging recent studies have demonstrated that As(lll) may compromise
DNA repair by binding directly to DNA repair proteins, or through modulating
histone epigenetic marks that are crucial in DNA repair. As(lll) could bind to
the zinc finger motifs of xeroderma pigmentosum complementation group A
(XPA) (137,138) and poly(ADP-ribose) polymerase 1 (PARP1) (139), thereby
inhibiting nucleotide excision repair (NER) and base excision repair (BER)

(137-139), respectively. Our recent study showed that As(lll) could bind to the
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RING finger motifs of RNF20/RNF40 histone E3 ubiquitin ligase, which leads
to diminished ubiquitination of histone H2B at lysine 120 (140). Consistent
with the notion that this ubiquitination is important for decompacting the 30 nm
chromatin fiber and for establishing a biochemically accessible chromatin
environment required for DNA double strand break (DSB) repair (141), we
observed that As(lll) exposure could result in compromised repair of DNA
DSBs via the homologous recombination and non-homologous end-joining
pathways (140). Along this line, As(lll) was also observed to bind to the C3H-
type zinc fingers in ten-eleven translocation (Tet) family of enzymes, which
perturbs DNA epigenetic marks through inhibition of Tet-mediated oxidation of
5-methylcytosine to 5-hydroxymethylcytosine (142). On the other hand,
arsenic trioxide has been successfully employed in the clinical remission of
acute promyelocytic leukemia (APL), especially for those patients carrying the
PML-RARc fusion oncogene (143). In this vein, the fusion with PML led to the
constitutive activation of the RARa transcription factor, and As(lll) was found
to bind to the RING-finger domain of PML, resulting in the oligomerization and
proteasomal degradation of PML-RARa fusion protein (143,144). Thus, As(lIl)
induces the clinical remission of APL and perturbs DNA DSB repair on the
basis of the same chemical rationale, i.e., through targeting zinc finger
proteins, though the cellular protein targets differ under these two scenarios.

Not much is known about whether As(lll) also interferes with the repair of DNA
interstrand cross-link lesions (ICLs). In this respect, DNA ICLs may arise from
endogenous metabolism or from exposure to chemotherapeutic agents such

as mitomycin C (MMC) (145). Owing to the covalent linkage of two strands of
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DNA and the ensuing blockage of crucial cellular processes including DNA
replication and transcription, the ICLs are extremely cytotoxic (145). Thus,
multiple repair pathways have been evolved to repair ICLs, which encompass
the NER, homologous recombination (HR), and Fanconi anemia (FA)
pathways (145). So far 19 genes involved in the FA pathway have been
identified (146,147). Specifically, the anchor complex of the FA pathway,
comprised of FANCM, FAAP24, MHF1 and MHF2, is activated by recognition
of the ICL sites, which leads to the recruitment of the FA core complex that
consists of FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL,
FAAP20, and FAAP100 (146,147). Within the core complex, FANCL harbors a
PHD/RING finger domain and is an E3 ubiquitin ligase, which
monoubiquitinates FANCI and FANCD2. These monoubiquitination events are
thought to be crucial for the recruitment of nucleases and downstream repair
factors in the NER and HR pathways to remove DNA ICL lesions (146,147).

On the grounds of the previous findings that As(lIl) was capable of binding to
the zinc finger domain of proteins, we reasoned that As(lll) may also interact
with the RING finger domain of FANCL, thereby blocking its E3 ubiquitin
ligase activity and perturbing the repair of DNA ICLs. In the present study, we
demonstrated the interaction between As(lll) and FANCL in vitro and in
cultured human cells by using streptavidin agarose affinity assay, mass
spectrometry (MS) and fluorescent microscopy measurements. We also
showed that arsenite exposure could compromise MMC-induced
monoubiquitination of FANCD2, and reduce the recruitment of FANCD2 to

chromatin and DNA damage sites in cultured human cells. Additionally, we
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found that arsenite exposure rendered cells sensitive toward ICL-inducing
agents. Together, our study established a novel mechanism underlying the

carcinogenic effects of arsenite.

Experimental Section

Cell Culture

All cell culture experiments were conducted at 37°C in a humidified
atmosphere containing 5% CO,. HEK293T human embryonic kidney epithelial
cells (ATCC, Manassas, VA) and Hela cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, ATCC) supplemented with 10% fetal bovine
serum (FBS, Invitrogen, Waltham, MA) containing 100 U/mL penicillin and
streptomycin.

For stable isotope labeling by amino acids in cell culture (SILAC) experiments,
the complete light or heavy media were prepared by adding light and heavy
lysine ([**Cs,'°N]-L-lysine) and arginine ([**C¢]-L-arginine) into RPMI 1640
medium without L-lysine or L-arginine. The light and heavy SILAC medium
also contained 10% dialyzed FBS and 100 U/mL penicillin and streptomycin.
The GMO00637 cells were cultured in heavy medium for at least 10 days to

ensure complete stable isotope labeling prior to further experiments.
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Plasmid Construction

The expression plasmids of GFP-FANCL harboring C312,315A or C364,367A
mutations were obtained from the plasmid for expressing the wild-type GFP-
FANCL provided by Dr. Grover C. Bagby from Oregon Health and Science
University (148) by using GeneArt Site-directed Mutagenesis Kit (Thermo
Fisher Scientific, Waltham, MA), following the vendor’s recommended

procedures.

In-vitro Arsenite Binding Assay

The RING finger peptide derived from the PHD domain of FANCL (with amino
acid sequences DCGICYAYQL DGTIPDQVCD NSQCGQPFHQ
ICLYEWLRGL LTSRQSFNII FGECPYCSK) was obtained from New England
Peptide, Inc. (Gardner, MA) and purified by HPLC. The peptide was dissolved
in 20 mM Tris-HCI (pH 6.8) containing 1 mM dithiothreitol. Aliquots of 100 uM
peptide were incubated with 200 uM NaAsO- on ice for 1 hr and subsequently
diluted by 100 fold. The resultant solution was mixed with an equal volume of
2,5-dihydroxybenzoic acid matrix solution followed by spotting onto a sample
plate (136). The sample was then analyzed by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) MS on a Voyager DE STR
instrument in the linear, positive-ion mode (Applied Biosystems, Foster City,

CA).
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Streptavidin Agarose Affinity Assay and Western Blot

The streptavidin agarose affinity assay was performed with the use of a biotin-
As probe as described previously (149,150). Briefly, HEK293T cells were
transfected with GFP-FANCL plasmid for 24 hr followed by treatment with 5
uM biotin-As probe (149,150) in Opti-MEM medium (Invitrogen, Carlsbad, CA)
for 2 hr. The cells were subsequently lysed in CelLytic M lysis buffer
supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO), and incubated with streptavidin agarose beads at 4°C for 3 hr.
Streptavidin agarose beads were then washed for 6 times with 1x PBS
containing 0.5% NP-40 and resuspended in SDS-PAGE loading buffer.

After SDS-PAGE separation, the proteins on the gel were transferred to a
nitrocellulose membrane using a buffer containing 10 mM NaHCOs;, 3 mM
Na,COs, and 20% methanol. The membrane was subsequently blocked with
5% non-fat milk in PBS-T at room temperature for 2 hr and incubated with
anti-GFP primary antibody (1:10000 dilution, Sigma-Aldrich) at 4°C overnight.
After washing with PBS-T for 6 times, the membrane was incubated with anti-
rabbit secondary antibody at room temperature for 1 hr, and subsequently
washed with PBS-T for 6 times. The secondary antibody was detected using
ECL Advanced Western Blotting Detection Kit (GE Healthcare, Chicago, IL)
and visualized with Hyblot CL autoradiography film (Denville Scientific, Inc.,
Metuchen, NJ). Similar experiments were carried out by transfecting
HEK293T cells with FANCL-C312,315A and C364,367A mutants, or by pre-
treating cells with 10 uM Zn?*, NaAsO, or PAPAO for 1 hr prior to treatment

with the biotin-As probe.
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Fluorescence Microscopy

HEK293T cells were seeded on cover glasses in 24-well plates at a density of
~ 1 x 10° cells per well and transfected with 1 ug plasmid encoding GFP-
FANCL, GFP-FANCL-C312,315A, or GFP-FANCL-C364,367A for 24 hr. The
cells were then incubated with Opti-MEM containing 5 uM ReAsH-EDT;
(Invitrogen) at 37°C for 2 hr, washed for 3 times with BAL buffer, fixed with 4%
paraformaldehyde, stained with DAPI, and imaged using a Leica TCS SP2
confocal microscope (Leica Microsystems, Buffalo Grove, IL). Similar
experiments were carried out by pre-treating cells with 10 uM Zn**, NaAsO, or
PAPAO for 1 hr prior to transfection with GFP-FANCL plasmid and treatment

with ReAsH-EDTo.

Isolation of Chromatin-associated Proteins

Chromatin-associated proteins were isolated following previously described
procedures (151). Briefly, cells were first lysed by incubating, for 30 min on
ice, in a cytoplasmic lysis buffer, which contained 10 mM Tris-HCI (pH 8.0),
0.34 M sucrose, 3 mM CaClz, 2 mM MgCl,, 0.1 mM EDTA, 1 mM DTT and
0.5% NP-40. The intact nuclei were isolated by centrifugation at 5000 rpm for
2 min and lysed with nuclear lysis buffer, which contained 20 mM HEPES (pH
7.9), 1.5 mM MgCly, 1 mM EDTA, 150 mM KCI, 0.1% NP-40, 1 mM DTT, 10%
glycerol, as well as protease and phosphatase inhibitors. The chromatin-
enriched fraction was isolated by centrifugation at 14000 rpm for 30 min,

resuspended in a buffer containing 20 mM HEPES (pH 7.9), 1.5 mM MgCly,
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150 mM KCI, 10% glycerol, protease and phosphatase inhibitors, and 0.15
unit/uL benzonase (Sigma-Aldrich, St. Louis, MO). After incubating on ice for
1 hr, the chromatin-associated proteins were obtained by collecting

supernatant after centrifugation (152).

Ubiquitin Remnant Peptide Immunoprecipitation and LC-MS/MS Analysis
GMO00637 cells cultured in RPMI 1640 medium containing heavy or light lysine
and arginine were treated with or without 5 uM sodium arsenite for 24 hr,
followed by treatment with 5 uM MG132 for 1 hr. The cells were then
harvested and lysed in a lysis buffer with 8 M urea and mixed at a 1:1 ratio,
and digested with trypsin overnight at an enzyme/substrate ratio of 1:50 (by
mass). The resulting peptides were desalted on a Sep-Pak C18 column
(Waters), followed by immunoprecipitation of peptides carrying the K-¢-GG
ubiquitin remnant using the PTMScan® Ubiquitin Remnant Motif (K-e-GG) Kit
(Cell Signaling). The enriched ubiquitinated peptides were eluted with 0.15%
trifluoroacetic acid and injected for LC-MS/MS analysis on a Q Exactive Plus

quadrupole-Orbitrap Mass Spectrometer (Thermo).

Recruitment of FANCD2 to DNA Damage Sites Induced by 4,5,8-
Trimethylpsoralen (TMP)

Hela cells were plated in 35 mm glass-bottom culture dish. On the next day,
the cells were incubated for 15 min in media containing 6 uM TMP with or

without NaAsO, (5 or 20 uM), prior to laser treatment to photoactivate the
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TMP and generate laser-localized ICLs. Localized irradiation was performed
using a Nikon Eclipse TE2000 confocal microscope (Nikon Instruments Inc.,
Melville, NY) equipped with an SRS NL100 nitrogen laser-pumped dye laser
(Photonics Instruments, St. Charles, IL) that fires 5 ns pulses with a repetition
rate of 10 Hz at 365 nm, at a power of 0.7 nW, which was measured at the
back aperture of the 60x objective. The laser was directed to a specified
rectangular region of interest (ROI) within the nucleus of a cell visualized with
a Plan Fluor 60x/NA1.25 oil objective. The laser beam was oriented by
galvanometer-driven beam displacers and fired randomly throughout the ROI
until the entire region was exposed. Throughout the experiment, the cells
were maintained at 37°C, 5% COzand 80% humidity using an environmental
chamber. For each plate, cells in successive fields along a cross on the glass
(made with a diamond pen) were targeted during the course of 20 min. The
plate was immediately fixed in freshly prepared 4% formaldehyde in PBS at
room temperature for 10 min, followed by immunostaining for yH2AX (05-636,
Millipore) and FANCD2 (NB100-182, Novus). Image processing and
subsequent quantification of FANCD2 intensity in the ICL stripe minus the

nuclear background were performed in Volocity (PerkinElmer, Waltham, MA).

Clonogenic Survival Assay

HEK293T cells were seeded in 6-well plates at densities of 100-400 cells per
well. After incubation with 5 yM NaAsO, for 24 hr, the cells were exposed to
various doses of MMC (0-72 ng/uL) or TMP (0-75 ng/uL) + 100 J/m? UVA in

DMEM medium, and cultured for 10 days. The colonies were then fixed with
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6% glutaraldehyde and stained with 0.5% crystal violet. Colonies with more

than 50 cells were counted under a microscope (153).

Results

As(lll) Binds to the RING-finger Domain of FANCL Protein in vitro and in
Cells

To test our hypothesis that As(lll) exposure may compromise DNA interstrand
cross-link repair via the FA pathway, we first examined the interaction
between As(lIl) and the PHD-finger-containing protein FANCL. To this end, we
performed an in vitro binding assay to examine whether As(lll) can interact
directly with the RING finger domain of FANCL protein with the use of a
synthetic RING finger peptide derived from human FANCL protein (see
Experimental Section). MALDI-TOF MS data revealed the mass increases of
72 and 144 Da upon incubation of the synthetic peptide with As(lll). These
mass increases reflect the binding of one and two As(lll) to the peptide along
with the releases of three and six protons, respectively, from cysteine residues
at the RING finger domain (Figure 2.1) (136,140). This result supports that
As(lll) can bind directly to the RING-finger domain of FANCL protein in vitro.
We next asked whether this interaction also occurs in cells. Toward this end,
we incubated HEK293T cells with a synthetic biotin-As probe followed by

streptavidin agarose affinity pull-down assay to assess the interaction
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between As(lll) and FANCL. Western blot analysis showed that incubation of
HEK293T cells with the biotin-As probe facilitates the pull-down of ectopically
expressed FANCL protein, indicating that As(lll) is indeed able to bind to
FANCL in cells (Figure 2.2a). Mutations of two critical cysteine residues in the
RING-finger domain to alanines led to marked diminution in this interaction,
suggesting that the interaction between FANCL and As(lll) necessitates the
intact RING-finger domain of FANCL (Figure 2.2b). To further substantiate this
finding, we performed fluorescence microscopy experiments using an As(lll)-
containing dye, ReAsH-EDT,, which displays red fluorescence after its
arsenic moieties bind to four cysteine residues in proteins (154). Indeed,
fluorescence microscopy results revealed that the GFP-tagged FANCL, but
not the FANCL mutants, co-localizes with ReAsH-EDT, (Figure 2.3-2.4), again
supporting the binding between As(lll) and the RING-finger domain of FANCL
in cells. However, pretreatment of cells with NaAsO, or PAPAO, but not Zn2+,
led to significant reductions in the co-localization between ReAsH-EDT, and
FANCL (Figure 2.5-2.6), supporting the competitive binding of As(lll) to

cysteine residues in the RING finger motif of FANCL.

Arsenite Binding to FANCL Perturbs the Ubiquitination and Chromatin
Localization of FANCD2

Having demonstrated the interaction between As(lll) and FANCL, we next
investigated the effect of this binding on the function of FANCL. To this end,
we treated HEK293T and Hela cells with MMC to induce ICLs in cells and

subsequently incubated the cells with As(lll). Western blot results illustrated
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that the level of monoubiquitination of FANCD2 was significantly elevated
after MMC treatment; however, the MMC-stimulated ubiquitination of FANCD2
was dramatically reduced after incubation with arsenite (Figure 2.7).
Considering that FANCL is the major E3 ligase involved in the
monoubiquitination of FANCD2 (155), the above results supported that the
binding of arsenite to the RING finger motif of FANCL diminishes its E3
ubiquitin ligase activity. In addition, chromatin fractionation assay results
showed that the ubiquitinated FANCDZ2 was primarily localized in the
chromatin fraction (Figure 2.8), which agrees with the notion that the
recruitment of ubiquitinated FANCDZ2 to chromatin is an important step in DNA
ICL repair (156). Moreover, treatment of cells with increasing concentrations
of arsenite led to a dose-dependent decrease in the localization of FANCD2 to
chromatin (Figure 2.9). These results support that arsenite binding to the
RING finger motif of FANCL perturbs its E3 ligase activity, thereby resulting in
diminished ubiquitination and chromatin localization of FANCD?2.

To further confirm the diminished ubiquitination of FANCD2 after arsenite
treatment, we conducted a quantitative proteomic experiment to assess the
level of this ubiquitination with the use of SILAC labeling, immunoprecipitation
of tryptic peptides containing the ubiquitin remnant (i.e. diglycine-modified
lysine), and LC-MS/MS analysis (Figure 2.10). We were able to detect the
[M+2H]** ions for both the light (m/z 576.3217 for the monoisotopic peak) and
heavy (m/z 584.3246 for the monoisotopic peak) forms of the FANCD2
peptide harboring the ubiquitin remnant at Lys561 (Figure 2.10-2.12). The LC-

MS data revealed that the level of FANCD2 ubiquitination at Lys561 was
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decreased by more than 2 fold after arsenite treatment (Figure 2.10-2.12).

Arsenite Exposure Led to Compromised Recruitment of FANCD2 to DNA
Damage Sites and Sensitized Cells toward DNA ICL Agents

We next utilized immunofluorescence microscopy to examine the effect of
arsenite treatment on the recruitment of FANCDZ2 to DNA damage sites upon
ICL induction. In this vein, HelLa cells were exposed to TMP and UVA light
(TMP+UVA) (157) to induce ICLs and subsequently stained with yH>AX (158)
and FANCD2 antibodies to reveal the co-localization of damage sites and
FANCD?2 protein in the presence or absence of arsenite treatment. Compared
to the control group, the recruitment of FANCD2 to ICL sites was substantially
reduced upon arsenite treatment (Figure 2.13). Moreover, recruitment of
FANCD2 to DNA damage sites decreases with the dose of arsenite used
(Figure 2.13-2.14). This finding, in conjunction with the results obtained from
the chromatin fractionation assay, led us to conclude that, upon ICL induction
by MMC or TMP+UVA, arsenite inhibits the recruitment of FANCD2 to ICL
sites, which may compromise the repair of ICLs via the FA pathway.

To further substantiate the above findings, we performed a clonogenic survival
assay to assess whether arsenite exposure sensitizes cultured human cells
toward DNA interstrand cross-linking agents. To this end, we treated the cells
with increasing concentrations of arsenite prior to exposure to MMC or
TMP+UVA. After culturing the cells for 10 days, we quantified the survival
rates of cell colonies. Our results showed that the number of surviving

colonies reduced with the dose of arsenite, suggesting that arsenite conferred
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elevated sensitivities of cells toward the cytotoxic effects of DNA interstrand

cross-linking agents (Figure 2.15).

Discussion

Arsenic is a widespread environmental carcinogen (159), and binding to
vicinal thiols in proteins is thought to be one of the major mechanisms
underlying the cytotoxic and carcinogenic effects of arsenic species (135).
Zinc fingers are small structural motifs in proteins characterized by the
coordination of one or more zinc ions with their Zn**-binding regions. They
assist to stabilize the folded structures of proteins and maintain their functions
(160). It was observed previously that As(lll) displayed stronger binding
affinity towards C3H- and C4-types of zinc fingers (136). Arsenite was found
to bind to C4-type zinc finger in XPA (137,138) and C3H-type zinc finger in
PARP-1 (139), which impair their functions in DNA repair. RING finger is a
specific type of Zn2+-binding domain that contains a C3HC4 amino acid motif
and can coordinate two zinc ions (161). RING finger is present in many E3
ubiquitin ligases including, among others, APC/C, MDM2, BRCA1, and the
above-mentioned RNF20/40 (162). Replacement of Zn** ions with As(lll) in
the RING finger domain of PML was found to lead to the proteasomal
degradation of PML-RARa fusion protein (144). Arsenite binding to the RING
finger domains of RNF20-RNF40 E3 ubiquitin ligase inhibits the ubiquitination

of lysine 120 in histone H2B and produces a chromatin environment that is
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not biochemically accessible for DNA double-strand break repair (140).

The Fanconi anemia syndrome is a genetic disease manifested with
progressive bone marrow failure, developmental abnormalities and increased
cancer susceptibility (163). FA arises from germ-line mutation in one of the 19
FA genes discovered to date, resulting in compromised repair of DNA ICLs as
well as stalling of DNA replication and transcription machineries (145-147).
Central to the FA-mediated DNA repair pathway is the genotoxic stress-
induced monoubiquitination of Lys561 in FANCD2 by FANCL in complex with
E2 ligases UBE2T or UBE2W (164), which promote the initiation of
downstream nucleolytic incisions by recruiting MTMR15/FAN1 to DNA
damage sites (165). Monoubiquitination of FANCD?2 is required for its binding
to chromatin, its interactions with BRCA1 (164) and MTM15/FAN1 (166), DNA
repair and normal cell cycle progression. FANCD?2 is deubiquitinated by USP1
once DNA repair is complete (167).

As a component of the FA core complex that ubiquitinates FANCD2 and
FANCI, the E3 ubiquitin ligase FANCL, harboring a C4HC3 RING finger motif
(168), plays an important role in the FA pathway for the repair of ICLs. Our
present study demonstrated that arsenite binds to the RING finger domain of
FANCL both in vitro and in cultured human cells. In keeping with the fact that
the coordination of Zn?* ions with the RING finger motif of FANCL is essential
for its structural integrity, protein interaction and E3 ligase activity (168), we
found that the occupancy of As(lll) at the Zn?**-binding sites of FANCL led to a
diminished ubiquitination and compromised localization of FANCD2 to

chromatin and DNA damage sites. The impaired ubiquitination of FANCD2
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triggered by arsenite exposure perturbs the FA pathway-mediated repair of
DNA ICL lesions. Consistent with this notion, we observed that cells exposed
to arsenite exhibited diminished resistance to agents that can induce DNA ICL
lesions. Together, we uncovered, for the first time, that arsenite is able to bind
to the RING finger domain of FANCL and this binding leads to diminished
DNA ICL repair. This novel discovery provides a better understanding of the

mechanism underlying the carcinogenic effect of arsenite.
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Figure 2.1 MALDI-TOF mass spectrum showing the interaction between
As3+ and the RING-finger peptide of FANCL. The peptide was capable of

binding up to two As3*,
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Figure 2.2 az Streptavidin agarose affinity assay revealed the interaction
between As>* and FANCL protein in HEK293T cells. Biotin-As probe was
used to assess the binding between As®*" and ectopically expressed
GFP-FANCL protein. b) Streptavidin agarose affinity assay revealed the
abolished interaction between As®** and FANCL protein mutants in
HEK293T cells, where the RING-finger cysteine residues 312 and 315 or
364 and 367 were mutated into alanines.
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FANCL-C312,315A

Figure 2.3 Fluorescence microscopy results revealed the colocalization
of As3+-bearing ReAsH-EDT2 and GFP-FANCL in HEK293T cells, and

mutations of cysteines to alanines in the RING-finger domain diminished
the colocalization.
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Figure 2.4 Quantitative analysis of the extents of colocalization between
ReAsH-EDT2 and FANCL or its mutants. The signal intensities of
fluorescence emission in each channel were determined by using
Imaged. The colocalization ratios were calculated as the signal intensity
of ReAsH-EDT2 divided by the signal intensity of GFP. The data
represent the mean and standard deviation of results obtained from
images of 30 different cells. ***P < 0.001. The P values were calculated
using two-tailed, unpaired Student’s t test.
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Figure 2.5 Fluorescence microscopy showing the colocalization
between As3"'-bearing ReAsH-EDT2 and GFP-FANCL in HEK293T cells.
The colocalization was abolished in cells pretreated with 10 yM NaAsO2

or PAPAO, but not Zn2+, prior to staining with ReAsH-EDT»5.

39



*k*x

*k*
:\3 60 7 ]
s ([ p
o
N 40 -
®
0 -
o
S
U 20 1 ]
< ! 1
O R Y v Y - 4 - T
Ny ¥ ¥ (8]
J = {2
Q-’F v,;«\'v v,;b'v‘ xqvg
@0 Q_‘ Q"Q

Figure 2.6 Quantitative analysis of the frequencies of colocalization
between ReAsH-EDT2 and FANCL. The data represent the mean and

standard deviation of results obtained from images of 30 different cells.

***P < 0.001. The P values were calculated using two-tailed, unpaired
Student’s t test.
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Figure 2.7 Streptavidin agarose affinity assay revealed the interaction

between As3+ and FANCL protein in HEK293T cells. The interaction was
diminished after pretreatment with 10 pM NaAsO2 or PAPAO, but not

Zn2+.
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Figure 2.8 a) The Western blot result revealed that As3* exposure

elicited reduced ubiquitination of FANCD2 in the lysate of HelLa cells

after As3* exposure upon ICL induction by MMC. b) Quantitative data of
relative levels of FANCD2 ubiquitination after MMC treatment. The data
represent the mean and standard deviation of results obtained from
three biological replicates.
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Figure 2.9 a) As3* exposure diminished the ubiquitination level of
FANCD2 and perturbed its chromatin localization. “CF” and “SF”
designate the chromatin and soluble fractions, respectively. b)
Quantitative data of total FANCD2 level in chromatin fractions. The
levels of FANCD2 were represented as the ratio of FANCD2/histone H3
in chromatin fractions, and the relative level of FANCD2 in the control
group was normalized to unity.
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Figure 2.10 a) Levels of FANCD2-ub were diminished upon arsenite
treatment in a dose dependent manner. b) The relative levels of FANCD2
ubiquitination were calculated as the ratios of FANCD2-ub over
unmodified FANCD2 in chromatin fractions, and the ratio for the control
group was normalized into unity. *P < 0.05; **P < 0.01; ***P < 0.001. The P
values were calculated using two-tailed, unpaired Student’s t test.
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Figure 2.11 MS results for FANCD2 K561 ubiquitination from the forward
and reverse SILAC labeling samples. In the forward sample, cells
cultured in light SILAC medium were treated with 5 yM NaAsO2 for 24 h

and mixed with an equal amount of lysate from untreated cells cultured
in heavy SILAC medium. In the reverse sample, lysate of cells cultured
in heavy medium and treated with 5 yM NaAsO5 was mixed with an

equal amount of lysate of untreated cells cultured in light medium. The

spectrum shows the [M + 2H]2"' ions for FANCD2 K(ub)QLSSTVFK (light,
m/z 576.3217) and K(ub)*QLSSTVFK* (heavy, m/z 584.3246) peptides.
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Figure 2.12 Relative levels of ubiquitination of K561 in FANCD2 with or
without arsenite treatment. The data represent the mean and standard
deviation of results obtained from three independent experiments. The
level of FANCD2 ubiquitination in the control group was normalized into
1.0. ***P < 0.001, and the P values were calculated using a two-tailed,
unpaired Student’s t test.
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K(ub)*QLSSTVFK* (heavy) peptides.
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Figure 2.14 Cells were treated with TMP * NaAsO2 (5 or 20 uM) and

targeted with a 365 nm laser in a defined ROIl in the cell nuclei to
photoactivate the 4,5°,8-trimethylpsoralen and introduce ICLs. The cells
were subsequently fixed and stained for yH2AX and FANCD2 to quantify
the recruitment of FANCD2 to laser-localized ICLs as a function of time.
Representative images showing yH2AX (damage marker) and the
colocalizing FANCD2 stripe for each condition at the different time
intervals following ICL induction.
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Figure 2.15 Quantification results for the data shown in A. The intensity
of FANCD2 in the stripe and the nuclear background was quantified in at
least 30 cells per time point per condition analyzed, where the images
were acquired under identical exposure conditions. Three independent
experiments were performed and showed equivalent results. Means
were compared using a Rank-sums test (*P < 0.05; **P < 0.01; ***P <
0.001).
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Figure 2.16 Clonogenic survival assay showing diminished resistance

toward ICL agents upon As3* exposure. (A) HEK293T cells were plated
in six- well plates and treated with increasing doses of MMC to induce

ICLs and exposed to As3*. After being cultured for 10 days, the cells

exposed to As3* displayed diminished resistance to MMC as reflected
by lower survival rates relative to the control group. (B) HEK293T cells
were treated with increasing doses of TMP and irradiated with 365 nm
light to photoactivate the 4,5',8-trimethylpsoralen to introduce ICLs.

Compared to the control group, the cells exposed to As3* manifested
increased sensitivity to TMP + UVA. **P < 0.01; ***P < 0.001. The P values
refer to the comparisons between the groups treated with ICL agents

alone and those treated with ICL agents together with As3+, and the
values were calculated using a two- tailed, unpaired Student’s t test.
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Chapter 3. A Quantitative Study of Ubiquitin Proteome Identifies TRC8

as a New Target of Arsenite to Inhibit HMGCR ubiquitination
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Introduction

Being a metalloid, arsenic is ubiquitously present many places around the
world, especially in soil and ground water (169). It's originally derived from the
earth crust, which contains arsenic in the range of 1 mg/kg to 490 mg/kg, with
a mean of 2 mg/kg (170). Arsenic species were brought to the surface through
volcano eruption, which makes the surroundings an arsenic-rich area (171).
Arsenic often coordinates with sulfide to form sulfide minerals like pyrite (172).
In water, inorganic arsenic is dominant over a few organic arsenic species,
which is the main concern of arsenic for human health (173). The mechanism
of arsenic toxicity has caught the attention of researchers for decades
because arsenic exposure leads to severe human diseases including cancers
and cardiovascular diseases (174-178). Recent studies have revealed that
As(lll) is able to interact with the side-chain sulfhydryl groups in vicinal
cysteine residues of RING-finger containing E3 ubiquitin ligase proteins,
which inhibits protein ubiquitination (44,57,179-182).

Protein ubiquitination is one of the most important post-translational
modifications (PTM) that play significant roles in regulating protein-protein
interactions, signal transduction and protein degradation, etc. (183-186). The
ubiquitination process starts by the conjugation of a ubiquitin to a substrate
Lys residue, with the aid of ubiquitin-activating enzymes (E1), ubiquitin
conjugating enzymes (E2) and ubiquitin ligases (E3). The 76-amino acid
protein ubiquitin can be ubiquitinated on the N-terminus or one of its seven
Lys residues, creating diverse polyubiquitination chains that encompass

complex topologies (187). Over the past several decades, researchers have
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been using mass spectrometry combined with other biological techniques to
identify protein ubiquitination sites. In most cases, researchers ectopically
overexpressed affinity-tagged ubiquitin and enriched ubiquitinated proteins by
immunoprecipitation (188,189). However, identification of ubiquitinated
proteins by these methods were found to be challenging because of the
ubiquitin chain types arising from diverse ubiquitination process and the low
stoichiometry of ubiquitinated proteins. The disadvantages of these methods
also came from sample complexity, in which both ubiquitinated and
nonubiquitinated peptides are present in the sample after enzymatic digestion
(190). This may lead to a poor coverage of ubiquitinated peptides if they are
overwhelmed by nonubiquitinated peptides, especially for those ubiquitinated
peptides with low abundances. Along this line, quantitative analysis of
ubiquitinated proteome by LC-MS/MS coupled with these methods permits the
identification of ubiquitinated proteins in a large scale, whereas it loses the
information of specific ubiquitination sites.

A technique to specifically enrich only ubiquitinated peptides of substrate
proteins is required for the quantitative identification of ubiquitination sites in
the whole proteome. In this vein, substantial progress has been made from
the development of antibodies that specifically recognize the di-Glycine
remnant generated on lysine resides of trypsin-digested ubiquitinated
peptides (191-194). In a ubiquitination process, the C-terminal glycine residue
of ubiquitin protein is attached to the lysine residue of a substrate protein.
Digestion of ubiquitinated proteins by trypsin cleaves lysine and arginine

residues of the proteins, leaving the two C-terminal glycine residues attached
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to the e-amino group of the ubiquitinated lysine residues, producing K-e-GG
containing peptides that can be prevented from being cleaved by trypsin and
recognized and immunoprecipitated by the di-Glycine remnant antibodies,
which enables the global identification of ubiquitination sites in the whole
proteome (195).

Since our previous work has already demonstrated that arsenite can suppress
ubiquitination of several proteins by targeting to their E3 ligases, here we
expanded our study toward the analysis of alterations in ubiquitinated
proteome induced by arsenite exposure. By analyzing whole-cell protein
lysate derived from arsenite-treated cells using LC-MS/MS coupled with
SILAC labeling (116) and di-Glycine remnant antibody immunoprecipitation,
we were able to detect ~1000 ubiquitination sites, among which we found that
the ubiquitination level of HMGCR at Lys248 was decreased by four-fold upon
arsenite treatment, which led us to explore the role of arsenite in stabilizing
HMGCR since HMGCR is a rate-limiting enzyme in cholesterol biosynthesis
(196). We also demonstrated that arsenite targets the TRC8 E3 ubiquitin

Ligase to inhibit HMGCR ubiquitination.
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Experimental Procedures

Plasmid construction

To construct the pCDNA3.0-HMGCR-FLAG plasmid, the total RNA of
HEK293T were extracted from HEK293T cells using the E.Z.N.A.® Total RNA
Kit I (Omega, Norcross, GA), and used as a template to construct the cDNA
library by reverse-transcription. Two primers were designed to amplify the
coding sequence of human HMGCR from HEK293T cDNA library by PCR.
The coding sequence of HMGCR was subsequently ligated into the
BamHI/Xbal sites of pCDNA3.0 vector. The construct was confirmed by
sequencing (Retrogen Inc, San Diego, CA).

Similar procedure was performed to insert the coding sequence of TRC8 into
Agel/Xhol sites of pEGFP-C3 vector to construct pEGFP-C3-TRC8 plasmid.
HMGCR primers:

forward (5-AAAGGATCCGGCTGTCTTCTTGGTGCAAG-3)

reverse (5-AAATCTAGAATGTTGCTAAGACTTTTTCGAATGCA-3’)

TRCS8 primers:

forward (5-AAAACCGGTATGGCGGCCGTGGGGCCCCC-3’)

reverse (5-CCGCTCGAGGTCAGTATCATCATTAAATTCTTCA-3)

The designed primers for the construct PLKO-shTRC8 were annealed,
phosphorylated, and ligated to the dephosphorylated Ecorl/Agel sites of
PLKO vector. The ligation product was transformed into Escherichia coli cells
for amplification. The plasmid was extracted and its identity was validated by

Sanger sequencing.

55



shTRCS8 primers:

forward (5-CCGGCCTTTC TGTTAGCTGCA ACTTCTCGAG AAGTTGCAGC
TACAGAAAGG TTTTT-3’)

reverse (5-AATTCAAAAA CCTTTCTGTT AGCTGCAACT TCTCGAGAAG
TTGCAGCTAA CAGAAAG-3’)

The HA-ub plasmid was purchased from Addgene.

Cell culture and transfection

HEK293T human embryonic kidney epithelial cells and GM00637 cells were
maintained in a humidified atmosphere containing 5% CO, at 37°C, and
cultured in Dulbecco’s Modified Eagle Medium (DMEM, ATCC, Manassas, VA)
containing 10% fetal bovine serum (FBS, Invitrogen, Waltham, MA) and 100
U/mL penicillin and streptomycin. Typically, 1 ug plasmid or 100 pmol siRNA
was transfected into cells with 5 uL of Lipofectamine 2000 (Thermo Fisher,

Waltham, MA).

SILAC Labeling and As(lll) exposure of cells

GMO00637 cells were cultured in either light or heavy RPMI 1640 medium. In
heavy medium, the cells were labeled with isotopic *Cg "°N; L-lysine (K8) and
*Cg L-arginine (R6). A labeling efficiency of >95% was confirmed by LC-
MS/MS analysis. Cells were then mock treated in light medium and treated
with 5 uM As(lll) in heavy medium or vise verse for 24 hr, followed by 5 uM

MG132 treatment for 1 hr. The light and heavy cells were harvested and the
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whole cell lysate were mixed at 1:1 ratio, as quantified by Bradford assay. Ten
mg tryptic digested mixture of lysates was subjected to the pull-down of di-

Glycine peptides.

Ubiquitin Remnant Peptide Immunoprecipitation

A mixture of 10 mg of the light and heavy lysate was first reduced with DTT
and alkylated by iodoacetamide, followed by trypsin digestion at an
enzyme/substrate mass ratio of 1:50 overnight. The tryptic peptides were
subjected to a Sep-Pak C18 column (Waters) for sample desalting and
purification following the published protocol (197). The eluted peptides after
desalting were subsequently incubated with the commercial antibody from the
PTMScan Ubiquitin Remnant Motif (K-e-GG) Kit (Cell Signaling) that
specifically recognizes di-Glycine-containing peptides. The
immunoprecipitated di-Glycine-containing peptides were eluted with 0.15%
trifluoroacetic acid, desalted with ZipTip (EMD Millipore), and subsequently

subjected to LC-MS/MS analysis.

LC-MS/MS Analysis of ubiquitinated Peptides and Peptide Mapping to
the Database

The samples were injected into a Thermo Q Exactive Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer coupled with nano-LC for a data-dependent scan
analysis with a top 20 method using a 181-min gradient with a flow rate of 230

nl/min. Water and acetonitrile with 0.1% TFA were used as solvent A and
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solvent B, respectively. The gradient we used was listed below:

0 min — 0% B, 5 min — 9% B, 155 min — 39% B, 156 min — 88% B, 166 min —
95% B, and 181min - 95% B.

The full-MS scans were obtained in the Orbitrap mass analyzer within the m/z
range from 200-1200 with a resolution 35000 at m/z 200. Twenty most
abundant ions were fragmented in the HCD collision cell, and the full tandem
mass spectra were acquired in the Orbitrap mass analyzer with a resolution
17500 at m/z 200. The maximum injection time for the full-MS scans and the
tandem mass spectra were 100 ms and 75 ms, respectively.

After LC-MS/MS analysis, the raw data files were subjected to Maxquant
software for peptide mapping searching against FASTA human whole
proteome database with a false discovery rate 0.01. Trypsin digestion was
chosen and GlyGly on Lys was set as a variable modification, while cysteine

carbamidomethylation was set as a fixed modification.

Evaluation of HMGCR Expression Level and Ubiquitination Level by
Western Blot

To monitor HMGCR expression level, HEK293T cells were exposed to
increasing concentrations of As(lll) for 24 hr. The treated cells were
harvested, lysed and subsequently subjected to SDS-PAGE analysis. The
separated proteins were transferred to a nitrocellulose membrane and probed
for HMGCR and f-actin with the use of anti-HMGCR and anti-actin primary

antibodies, respectively.
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In parallel, cells were also co-transfected with 1 ug FLAG-HMGCR and 500
ng HA-ubiquitin plasmids for 24 hr and subsequently treated with 5 uM As(lIl)
for 24 hr day, followed by 5 uM MG132 treatment for 2 hr. An amount of 80
ug whole cell lysate was incubated with 30 uL anti-FLAG M2 magnetic beads
overnight. The binding protein was eluted with 1x SDS loading buffer at 95 °C
for 5 min after washing the beads with 1xPBS three times. The eluted proteins
were subjected to SDS-PAGE separation and probed for HA using anti-HA

primary antibody to detect the ubiquitination of HMGCR.

Fluorescence Microscopy

HEK293T cells (1 x 10°) were seeded on cover glasses and transfected with
the pEGFP-C3-TRC8 plasmid (0.5 ug each). After 24 hr, the transfected cells
were incubated with 5 uM ReAsH-EDT, (Invitrogen, Waltham, MA) in Opti-
MEM medium at 37°C for 1 hr, and subsequently washed with BAL buffer for
3 times, fixed with 4% paraformaldehyde for 20 min, and stained with 4',6-
diamidino-2-phenylindole (DAPI). The sample slides were subjected to a
Leica TCS SP5 confocal microscope (Leica Microsystems, Buffalo Grove, IL)
for imaging in the wavelength range of 425-450 nm, 500-550 nm and 580-650
nm for DAPI, GFP and ReAsH, respectively. Competition experiments were
performed in a similar procedure with pretreatments with 10 uM ZnCly,

NaAsO, or PAPAOQ, respectively.
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Results

Identification of ubiquitinated peptides by LC-MS/MS

To begin with, we were interested to investigate how arsenite affects
ubiquitination levels in the whole proteome. To this end, we developed a
workflow that can assess quantitatively the ubiquitin remnant peptide by
immunoprecipitation and LC-MS/MS analysis of the SILAC-labeled GM00637
cells. Briefly, we treated SILAC GMO00637 cells with arsenite and
immunoprecipitated di-Glycine-containing peptides with an antibody that
specifically recognizes di-Glycine after trypsin digestion and purification of
samples with Sep-Pak C18 column. The samples were desalted and
subjected to LC-MS/MS analysis in the data-dependent acquisition mode, and
the raw data were searched against the FASTA human whole proteome
database using Maxquant (Figure 3.1). As shown in the results, we were able
to quantify 1458 site-specific ubiquitinated peptides from 352 proteins and
6638 non-ubiquitinated peptides from ~2000 proteins, among which 277 of
the ubiquitinated peptides in 197 proteins were downregulated upon arsenite
treatment and 306 of the ubiquitinated peptides in 167 proteins were
upregulated upon arsenite treatment, suggesting a role of arsenite in
modulating the ubiquitinated proteome and potentially affecting protein

function (Figure 3.2) (cut off ratio 1.5). Since we are typically interested in

arsenite-mediated inhibition of ubiquitination, we conducted a KEGG pathway
analysis and functional category analysis for all the 197 proteins in which the

downregulated ubiquitinated peptides were identified. Both the KEGG

60



pathway and functional category analyses revealed a role of arsenite in
decreasing ubiquitination of proteins involved in cholesterol biosynthesis
pathway. In this vein, we identified eight cholesterol-synthesis-related proteins
including HMGCR, which is the rate-limiting enzyme that is crucial for

cholesterol biosynthesis (198) (Figure 3.3-4.4a).

Arsenite exposure led to diminished ubiquitination and proteasome-
mediated degradation of HMGCR

We were also able to identify the HMGCR Lys248 ubiquitinated peptide using
LC-MS/MS analysis (Figure 3.4b). The relative abundance of this di-Glycine-
containing peptide was found to be decreased by ~73.4% upon arsenite
exposure (Fig 4.5b). We detected both the light and heavy ubiquitinated
peptide of HMGCR Lys248 as shown in the MS (Fig 4.5a-4.6). This indicated
that arsenite exposure significantly downregulates ubiquitination of HMGCR at
Lys248, which is thought to be important for the proteasome-mediated
degradation of HMGCR (199). In addition, we monitored the total
ubiquitination level of HMGCR by immunoprecipitation coupled with Western
blot. In this vein, cells were transfected with plasmids for the ectopic
overexpression of FLAG-HMGCR and HA-tagged ubiquitin, followed by
treatment with arsenite at different doses. The cells were subsequently
treated with MG132 to inhibit the degradation of proteins by the 26S
proteasome, and the FLAG-HMGCR was pulled down by incubation of anti-

FLAG M2 magnetic beads. The Western blot results showed that the levels of
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HMGCR ubiquitination level were diminished upon arsenite treatment in a
dose dependent manner (Fig 4.8a). Taken together, we found that arsenite
exposure led to diminished ubiquitination of HMGCR.

It is well established that HMGCR ubiquitination is responsible for its
degradation (200). To explore if arsenite-mediated inhibition of HMGCR
ubiquitination accounts for the stabilization of HMGCR, we measured the
basal levels of HMGCR protein in HEK293T cells exposed with increasing
doses of arsenite (Figure 3.9). The Western blot results showed that exposure
with elevated doses of arsenite resulted in heightened level of HMGCR in
cells, indicating that the diminished ubiquitination of HMGCR by arsenite

correlates with the stabilization of HMGCR.

TRC8 is a major E3 ubiquitin ligase that ubiquitinates HMGCR in
HEK293T cells

Having demonstrated that arsenite negatively regulates the ubiquitination of
HMGCR in cells, we next examined the underlying mechanism. To this end,
we first assessed which E3 ubiquitin ligase is responsible for HMGCR
ubiquitination in HEK293T cells, since there are several E3 ubiquitin ligases
that were reported to ubiquitinate HMGCR, including gp78, TRC8, MARCHG6
and HRD1 (201-204). Toward this end, we first confirmed the role of the four
E3 ubiquitin ligases in HMGCR ubiquitination in HEK293T cells by knocking
down their expression levels using constructed shRNAs, and monitored the
ensuing ubiquitination level of HMGCR. Since ubiquitination serves as a

signal for the proteasome-mediated degradation of HMGCR, the level of
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HMGCR ubiquitination is tightly regulated and limited under basal conditions.
In order to observe an obvious ubiquitination of HMGCR, we ectopically
expressed FLAG-tagged HMGCR and HA-tagged ubiquitin in HEK293T cells,
and subsequently treated the transfected cells with a proteasome inhibitor,
MG132, to stabilize ubiquitinated HMGCR. We probed for HA to monitor
HMGCR ubiquitination by Western blot after immunoprecipitating FALG-
HMGCR using anti-FLAG M2 magnetic beads. The results showed that the
expression levels of all the E3 ligases were downregulated by approximately
75%, as confirmed by RT-PCR (Fig 4.7a). However, we only observed a
significant decrease of HMGCR ubiquitination after knocking down TRCS,
demonstrating that TRC8 is the major E3 ubiquitin ligase for HMGCR

ubiquitination in HEK293T cells (Fig 4.7Db).

Arsenite binds to TRC8 to inhibit the ubiquitination of HMGCR

Since the E3 ubiquitin ligase TRC8 contains a RING finger domain (205), we
next investigated if arsenite perturbs HMGCR ubiquitination by interacting with
TRCS8. Therefore, we performed a fluorescence microscopy-based assay with
the use of ReAsH-EDT,, which contains two As** and displays red
fluorescence when cysteine residues in proteins bind to its arsenic moieties
(206,207). Along this line, we ectopically expressed GFP-tagged TRCS8 in
HEK293T cells and subsequently incubated the cells with ReAsH-EDT,. We
observed an obvious co-localization between the GFP-TRC8 and the ReAsH,
suggesting an interaction between TRC8 and As** in cells (Figure 3.10).

We next asked if the interaction between arsenite and TRC8 is responsible for
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the inhibition of HMGCR ubiquitination and degradation. To this end, we
monitored the levels of HMGCR ubiquitination in TRC8-knockdown HEK293T
cells by Western blot. The results showed that arsenite could diminish the
ubiquitination of HMGCR in HEK293T cells, whereas this diminution was
compromised in cells transfected with shTRC8, demonstrating the critical role
of TRC8 in arsenite-mediated perturbation of HMGCR ubiquitination and
degradation (Fig 4.8b). Hence, our results showed, for the first time, that
arsenite targets TRC8 to inhibit HMGCR ubiquitination and degradation,

which may contribute to the upregulation of cholesterol synthesis.

Discussion

The use of LC-MS coupled with the di-Gly immunoprecipitation has been
recently established as a robust workflow to study ubiquitin-modified
proteome and to identify ubiquitination sites in the global proteome (208).
Scientists have been using the K-e-GG antibody for multiple experiments that
include studies of cullin-RING ubiquitin ligase substrates, and the effects of
proteasome inhibitor on the landscape of ubiquitination (209,210). This
workflow helps to establish ubiquitination networks in core signaling
pathways, and the identification of specific ubiquitination sites allows for
studying the roles of ubiquitination in a site-specific manner. Researchers
have also combined other techniques to further optimize the workflow to

expand the number of identified ubiquitinated peptides and reduce noise,
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including fractionation of digested peptides by using basic pH reverse-phase
chromatography and crosslinking of the K-e-GG antibody to agarose beads
before immunoprecipitating peptides (116,192,211).

The enrichment of di-Gly containing peptides by K-e-GG antibody helps to
reduce the interference of non-ubiquitinated peptides that are produced from
the same protein after trypsin digestion, which allows for the identification of
ubiquitinated peptides of low abundance. In this study, we applied this
workflow to investigate arsenite-mediated alteration of ubiquitin-modified
proteome, and were able to identify ~1450 ubiquitinated peptides in GM00637
cells. Consistent with the fact that Lys248 is the dominant site for HMGCR
ubiquitination, we were able to detect the ubiquitinated Lys-2480-containing
peptide of HMGCR by LC-MS/MS. On the other hand, we also performed off-
line SDS-PAGE or affinity pull down to purify and enrich HMGCR protein
before LC-MS/MS analysis. However, we failed to detect HMGCR Lys248
ubiquitination using either method, suggesting a low abundance of this
ubiquitinated peptide, which is not surprising viewing that this ubiquitination
event leads to HMGCR degradation (data not shown). In addition, we
observed a diminished level of ubiquitination of Lys248 in HMGCR upon
arsenite treatment, indicating that arsenite may influence the cholesterol
synthesis pathway by affecting HMGCR ubiquitination. Along this line, we
observed decreased total ubiquitination levels of HMGCR, as well as
increased basal HMGCR levels upon arsenite treatment in a dose-dependent
manner in HEK293T cells by Western blot, suggesting that the arsenite-

induced suppression of HMGCR ubiquitination stabilizes HMGCR protein.
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Cholesterol is one of the essential components of cell membranes and it helps
maintain the membrane integrity and fluidity that enables animal cells to alter
shape rapidly in response to condition change (212). It's also a precursor for
the biosynthesis of many important molecules such as vitamin D, bile acid and
sterol hormones (213-215). Cholesterol is synthesized through the
mevalonate pathway, in which the conversion of HMG-CoA to mevalonate by
HMGCR is the rate-limiting step (216). Therefore, the level of HMGCR in cells
tightly correlates with the biosynthesis of cholesterol and nonsterol
isoprenoids. Cells modulate cholesterol biosynthesis through a feedback
mechanism, of which the level of the rate-limiting enzyme, HMGCR, is
negatively regulated by sterol. That is to say, sterol facilitates the
ubiquitination of HMGCR and its subsequent degradation by proteasome,
thus forming a negative feedback loop that maintains cholesterol homeostasis
(217,218). Several E3 ubiquitin ligases have been proposed to account for the
ubiquitination of HMGCR in a cell type specific manner, including gp78, TRCS,
MARCH®6 and HRD1. In our study, we knocked down each E3 ubiquitin ligase
individually in HEK293T cells and found that only the knockdown of TRC8
compromised ubiquitination of HMGCR, suggesting TRC8 is the major
specific E3 ubiquitin ligase in ubiquitinating HMGCR in HEK293T cells.

In our previous work, arsenite was found to interact with the RING finger
domain of several E3 ubiquitin ligases to inhibit the ubiquitination of their
substrate proteins (12,13). In keeping with our previous finding, we also
observed an interaction between arsenite and TRC8 E3 ubiquitin ligase, as

demonstrated by a fluorescence-microscopy-based assay with the use of the
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ReAsH-EDT,. This led us to consider if arsenite reduces HMGCR
ubiquitination through binding to TRCS8, since we already demonstrated the
major role of TRC8 in ubiquitinating HMGCR in HEK293T cells. Indeed, the
arsenite-induced perturbation of HMGCR ubiquitination was completely
abolished after knocking down TRCS8 in HEK293T cells, supporting our
hypothesis that arsenite targets TRC8 to inhibit HMGCR ubiquitination and
degradation.

In summary, by using LC-MS coupled with SILAC labeling and di-Gly peptide
immunoprecipitation, we quantitatively assessed the alteration of ubiquitin-
modified proteome induced upon arsenite exposure in mammalian cells, and
identified TRC8 as a new target for arsenite binding to inhibit HMGCR

ubiquitination and degradation in HEK293T cells.
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Figure 3.1 Workflow of di-Glycine immunoprecipitation and identification
of ubiquitinated peptides by LC-MS/MS
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KEGG_PATHWAY Ribosome - 14 44 23E-6  2.6E-4
. KEGG_PATHWAY Arrhythmogenic right ventricular cardiomyopathy (ARVC) RT ; 1 34 11E-4  6.1E-3
B KEGG_PATHWAY Steroid biosynthesis RT & 6 1.9 1.3E-4 4.8E-3
. KEGG_PATHWAY Dilated cardiomyopathy Rl w 1 34 53E-4  15E-2
B KEGG_PATHWAY Systemic lupus erythematosus RT = 11 3.4 09.6E-4 2.1E-2
B KEGG_PATHWAY Leukocyte transendothelial migration RT = 12 38 1.1E-3 2.0E-2
3 KEGG_PATHWAY ECM-receptor interaction RT & 10 31 1.1E-3 1.8E-2
. KEGG_PATHWAY Hypertrophic cardiomyopathy (HCM) RT w 10 31 1263  17E-2
- KEGG_PATHWAY Focal adhesion RT 16 5.0 14E-3  1.8E-2
. KEGG_PATHWAY Tight junction RT w 12 3.8 29E-3  3.3E-2
- KEGG_PATHWAY Proteasome RT & 7 22 3263 3262
. KEGG_PATHWAY Neurotrophin signaling pathway RT w 11 34 5.1E-3  47E-2
- KEGG_PATHWAY Viral myocarditis RT & 8 2.5 6.3E-3  5.4E-2
B KEGG_PATHWAY Pathogenic Escherichia coli infection RT & 7 2.2 B8.3E-3 6.5E-2
- KEGG_PATHWAY Endocytosis RT & 12 38 28E-2  1.9E-1
. KEGG_PATHWAY Adherens junction RT & 7 22 3.3E2 2.1E1
5 KEGG_PATHWAY Regulation of actin cytoskeleton RT = 13 41 3.6E-2  2.2E-1
B KEGG_PATHWAY Cell adhesion molecules (CAMs) RT & 9 2.8 5.4E-2 2.9E-1
3 KEGG_PATHWAY Vibrio cholerae infection RT & 5 1.6 9.7E-2 4,5E-1

Figure 3.3 KEGG pathway analysis of downregulated ubiquitinated
proteins
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Figure 3.4 a) Ubiquitination of proteins involved in cholesterol synthesis
were inhibited upon arsenite treatment. b) Sequence structure of
HMGCR Lys248 ubiquitinated peptide
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Figure 3.10 ReAsH staining shows a co-localization between TRC8 and
As**-containing ReAsH.
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Chapter 4. Arsenite Targets the RING Finger Domain of Rbx1 E3

Ubiquitin Ligase to Inhibit Proteasome-mediated Degradation of Nrf2
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Introduction

Arsenic is one of the most ubiquitous toxic substances in the environment,
and more than 150 million people in > 70 countries are chronically exposed to
excessive amounts of arsenic speciesin drinking water, leading to high
incidences of skin, lung, kidney, liver, and bladder cancers as well as
neurological disorders, cardiovascular diseases and diabetes(219,220).
Numerous studies have been conducted to explore the molecular
mechanisms underlying the toxic and carcinogenic effects of arsenic species,
where DNA hypomethylation, perturbation of signal transduction, repression of
DNA repair, alteration of gene expression, and induction of oxidative stress
are thought to be important(221,222).

Previous studies have shown that arsenite could bind to side chain sulfhydryl
groups in vicinal cysteine residues in the zinc finger domains of proteins,
which may contribute to arsenic toxicity and carcinogenicity(135). In this
aspect, arsenite was found to bind to the Cys3His (C3H)- or Cys4 (C4)-type
zinc fingers much more strongly than those of the Cys2His2 (C2H2)-
type(136). Since most RING finger domains harbor a C3H- and a C4-type zinc
finger(87,162,223), our recently published work demonstrated the interactions
between arsenite and the RING finger domains of proteins, including several
E3 ligases such as FANCL and RNF20-RNF40, and these interactions
ultimately led to inhibition of repair of DNA interstrand crosslink lesions and
double strand breaks, respectively(140,224). Our previous work also

elucidated the interaction between arsenite and the RING finger domains of
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Tip60 histone acetyltransferase and ten-eleven translocation (Tet) family
proteins, which perturbs histone and DNA epigenetic marks(179,225).
Oxidative stress has also been proposed to contribute to arsenic toxicity(226).
Under normal physiological conditions, reactive oxygen species (ROS), such
as hydrogen peroxide, hydroxyl radical, and superoxide anion, are regulated,
which serve as signaling molecules to modulate multiple biological processes
including inflammation, cell division, autophagy and stress response(227-
231). Nonetheless, ROS are excessively produced in cells exposed to
arsenite, which results in oxidative stress that impairs cellular functions and
induces cell cycle arrest, apoptosis, and even cancer development(232-234).
Activation of the Nrf2-Keap1 pathway is the main cellular defense mechanism
to protect cells from oxidative stress(235). Under unstressed conditions, Nrf2
is negatively regulated by Keap1, which functions as an adaptor of Nrf2 to
facilitate its ubiquitination and degradation by Cul3-Rbx1 E3 ubiquitin ligase
and the 26S proteasome, respectively(236). However, under stress
conditions, Nrf2 is stabilized due to the deactivation of Keap1, which activates
transcription of downstream antioxidant genes such as NQO7 and HO-1(237).
Keap1 is a highly susceptible target for thiol-reactive chemical species
because it contains a large number of cysteine residues(238). Indeed,
cysteine residues at positions 151, 257, 288 and 297 were previously
identified as the sites for attack by electrophilic species and thought to be
crucial for Keap1'’s function(239).

Since arsenite is known to induce oxidative stress, previous studies have

demonstrated that the Nrf2-Keap1 pathway can also be activated by
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arsenite(240). However, arsenite-induced activation of Nrf2 has been shown
to be independent of cysteine residues in Keap1, suggesting a distinct
mechanism contributing to the arsenite-induced activation of the Nrf2-Keap1
pathway(241). It remains insufficiently understood about the exact mechanism
underlying this pathway, though it was found to be p62-dependent(242).

On the grounds of the previous findings that arsenite could bind to the RING
finger domain of proteins, we hypothesized that arsenite is capable of binding
to the RING finger domain of Rbx1, the E3 ubiquitin ligase component of the
Cul3-Rbx1 complex, which may inhibit Nrf2 ubiquitination and activate

antioxidant response through stabilizing Nrf2 protein in cells.
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Experimental Procedures

Plasmid Construction and Site-directed Mutagenesis

Primers 5-AAACTCGAGGCGGCAGCGATGGATGTGGATA-3' and 5-
AAAGATCCCTAGTGCCCATACTTTTGGAATTCCC-3' were designed to
construct pEGFP-C3-Rbx1 plasmid. Total RNA was extracted from HEK293T
cells using the E.Z.N.A.® Total RNA Kit | (Omega, Norcross, GA) and reverse-
transcribed into a cDNA library, which served as a template to clone the
coding sequence of Rbx1 into the BamHlI/Xhol sites of pEGFP-C3 vector by
PCR.

The pCDNAS3.1-Nrf2-FLAG and HA-ubiquitin plasmids were purchased from
Addgene, and the pCDNAS3.1-Rbx1-HA plasmid was kindly provided by Dr.
Pengbo Zhou at Weill Cornell Medical College. Primers 5'-GTAAC CATGC
TTTTT GCTTC CACTG-3', 5-GTGGA AGCAA AAAGC ATGGT TACAG-3' or
5-GCTTT TCACT TCCAC CACAT CTCTC-3', 5-GCGAG AGATG TGGTG
GAAGT GAAAA-3' were designed and used to construct plasmids of Rbx1-HA
and Rbx1-GFP harboring H80C or C83H mutations, respectively, by
employing GeneArt Site-directed Mutagenesis Kit (Thermo Fisher Scientific,

Waltham, MA).

Cell Culture and Transfections
HEK293T human embryonic kidney epithelial cells were maintained in a
humidified atmosphere containing 5% CO, at 37°C, and cultured in

Dulbecco’s Modified Eagle Medium (DMEM, ATCC, Manassas, VA) containing
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10% fetal bovine serum (FBS, Invitrogen, Waltham, MA) and 100 U/mL
penicillin and streptomycin. Typically, 1 ug plasmid or 100 pmol siRNA was
transfected into cells with 5 uL of Lipofectamine 2000 (Thermo Fisher,

Waltham, MA).

In Vitro Arsenite Binding Assay

The procedures for monitoring the interaction between the RING finger
peptide of Rbx1 and As(lll) were previously described(179). Briefly, the RING-
finger peptide derived from Rbx1 (VDNCAICRNAFHFHCISR) was
synthesized by Genemed Synthesis Inc. (San Antonio, TX), dissolved in 50%
acetonitrile and used for the in-vitro binding assays. Aliquots of 100 uM
peptide were mixed with 200 uM NaAsO,, 100 uM dithiothreitol (DTT) and
incubated on ice for 1 hr. The solution was subsequently mixed with an equal
volume of 2,5-dihydroxybenzoic acid matrix solution and spotted onto a
sample plate. The samples were analyzed on a MALDI TOF/TOF™ 5800
system in the positive-ion, reflection mode. Competition experiments were
conducted by incubating the peptide with NaAsO;, and ZnCl, at varying molar
ratios. The peptide was also titrated with increasing amount of NaAsO, and
subjected to UV absorption measurements on a Varian Cary 50 UV-visible
spectrophotometer (Palo Alto, CA). The UV absorbance was monitored in the

wavelength range of 230-400 nm.
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Streptavidin Agarose Affinity Assay and Western Blot

HEK293T cells were seeded in 6-well plates at a density of 1 x 10° cells per
well and transfected with wild-type or mutant pCDNAS3.1-Rbx1-HA plasmids
for 24 hr. The cells were then mock-treated or treated with 5 uM ZnCl,,
NaAsOz or PAPAO for 1 hr, and subsequently incubated with 5uM biotin-As
probe for 1 hr, as described previously(140). The cells were then harvested
and lysed in CelLytic M lysis buffer containing 1% protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO). Streptavidin agarose beads (Thermo Fisher,
Waltham, MA) were incubated with the whole cell lysate at 4°C overnight,
washed with 1 x PBS for three times, re-suspended in SDS-PAGE loading
buffer, and subjected to SDS-PAGE analysis.

After SDS-PAGE separation, proteins were transferred to a nitrocellulose
membrane at 40 V for 2 hr in a buffer containing 10 mM NaHCOs;, 3 mM
Na,COs, and 20% methanol. The membrane was then pretreated with
phosphate buffered saline with Tween-20 (PBS-T) containing 5% non-fat milk
at room temperature for 1 hr and incubated with anti-HA primary antibody
(Abcam, Cambridge, MA) at 4°C overnight. The membrane was subsequently
incubated with anti-rabbit secondary antibody at room temperature for 1hr,
and thoroughly washed with PBS-T. The protein bands were detected by ECL
Advanced Western Blotting Detection Kit (GE Healthcare, Chicago, IL) and
visualized with Hyblot CL autoradiography film (Denville Scientific, Inc.,
Metuchen, NJ). The membranes were also probed for input Rbx1 and p-actin
using anti-HA and anti-actin antibodies (Abcam, Cambridge, MA) to confirm

equal protein loading.
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Fluorescence Microscopy

Wild-type and mutant pEGFP-C3-Rbx1 plasmids (0.5 ug each) were
transfected individually into 1 x 10° HEK293T cells seeded on cover glasses.
After 24 hr, the transfected cells were mock treated or treated with 10 uM
ZnCly, NaAsO, or PAPAO, and then incubated with 5 uM ReAsH-EDT,
(Invitrogen, Waltham, MA) in Opti-MEM medium at 37°C for 1 hr, washed with
BAL buffer for 3 times, fixed with 4% paraformaldehyde for 20 min, and
stained with 4',6-diamidino-2-phenylindole (DAPI). The sample slides were
subjected to a Leica TCS SP$5 confocal microscope (Leica Microsystems,
Buffalo Grove, IL) for imaging in the wavelength range of 425-450 nm, 500-

550 nm and 580-650 nm for DAPI, GFP and ReAsH, respectively.

Nrf2 Ubiquitination Assay

HEK293T cells were seeded in 6-well plates at a density of 2 x 10° cells per
well. A 100 pmol of siRbx1 targeting the 3-UTR of Rbx1 mRNA (5'-
GACUUUCCCUGCUGUUACCUAAdTAT-3') was transfected into each well to
knock down endogenous Rbx1 protein. After 24 hr, 1 ug siRNA-resistant
plasmid encoding wild-type or mutant Rbx1-HA, 1 ug Nrf2-FLAG and 0.5 ug
ubiquitin-HA plasmids together with Lipofectamine 2000 were added into each
well. After one day, the cells were treated with 5 uM NaAsO, for 24 hr, and
subsequently incubated with 10 uM MG132 for 2 hr. The resulting whole cell

lysate was incubated with anti-FLAG M2 magnetic beads (Sigma, St. Louis,
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MO) at 4°C overnight, and the beads were then resuspended in SDS-PAGE
loading buffer. After SDS-PAGE separation, Western blot analysis was
performed to detect Nrf2 ubiquitination using anti-HA antibody. The input Nrf2
and p-actin were detected using anit-Nrf2 (Santa Cruz Biotechnology, Dallas,

Texas) and anti-Actin antibody.

Results

Arsenite binds to the RING finger domain of Rbx1 in vitro

To explore if Rbx1 plays a role in arsenite-induced Nrf2 activation, we first
assessed the interaction between arsenite and the RING finger domain of
Rbx1. To this end, we performed a matrix-assisted-laser-desorption/ionization-
time-of-fly (MALDI-TOF MS)-based in-vitro binding assay with the use of a
synthetic peptide derived from the RING finger domain of human Rbx1
protein, which contains a CyszHisCys;HisAsp (C3HC2HD)-type zinc
finger(243) (Figure 4.1a). The [M+H]" ion of the apopeptide was detected at
m/z 2106 in MALDI-MS, while a mass increase of 72 Da was found upon
incubation of the synthetic peptide with As>* at a molar ratio of 1:2 (Fig 3.2).
This mass increase reflects the coordination of one As®** with the peptide
along with the releases of three protons from the sulfhydryl groups of cysteine
residues in the RING finger domain(136).We also added increasing
concentrations of Zn?* to the As**-peptide mixture, and found that, even in the

presence of excessive amount of Zn** relative to As®*, we could still observe
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the interaction between As>* and the synthetic peptide in MALDI-MS, while
the corresponding peptide-Zn?* complex was not detectable, suggesting that
As®" binds to the peptide much more strongly than Zn** (Figure 4.2).

The alteration in charge-transfer electronic transitions of the peptide forged by
coordination of As*" with the sulfhydryl group of cysteine residues in the RING
finger domain can be monitored by UV absorptionin the wavelength range of
230-400 nm(244). As expected, a heightened absorbance of the peptide was
detected upon titrating the peptide with increasing amounts of As*" from 0 to
2eq, indicating a gradual increase in binding of As* to the RING finger peptide
(Figure 4.1b). Together, the above results demonstrated that As>* could bind

to the RING finger domain of Rbx1 in vitro.

Arsenite interacts with Rbx1 in cells

Having demonstrated the interaction between As®* and Rbx1 in vitro, we next
performed a streptavidin agarose affinity pull-down assay to examine if this
interaction could also be observed in mammalian cells. Toward this end, we
ectopically expressed HA-tagged Rbx1 protein in HEK293T cells and
incubated the transfected cells with a synthetic biotin-As probe(245) (Figure
4.3a). We subsequently precipitated biotin-As-binding proteins with
streptavidin beads(246) and probed for HA-Rbx1 by using Western blot. The
results showed that biotin-As probe could facilitate the pull-down of HA-Rbx1
from HEK293T cells with the use of streptavidin beads, manifesting that
arsenite could indeed bind to Rbx1 in cells (Figure 4.3b). Next we asked if

As** could compete with Zn** to bind to Rbx1 protein. In this vein, we
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pretreated cells with Zn**, As>*or p-aminophenyl arsenoxide (PAPAO) before
we incubated cells with the biotin-As probe. Our results showed that the
interaction between biotin-As and Rbx1 was substantially compromised upon
pretreatment with As®" or PAPAO, though a slight suppression was also
detected with Zn?* pretreatment, demonstrating a stronger binding of Rbx1

toward As®* than Zn** (Figure 4.4a-3.4b).

Arsenite interacts with the RING finger domain of Rbx1 in cells

To further illustrate the interaction between arsenite and the RING finger
domain of Rbx1, we employed a fluorescence-microscopy-based assay with
the use of the ReAsH-EDT, dye, which contains two As** and displays red
fluorescence when cysteine residues in proteins bind to its arsenic
moieties(154) (Figure 4.5a). We observed substantial co-localization of the
ectopically expressed Rbx1 and ReAsH, suggesting the interaction between
As®" and Rbx1 protein (Figure 4.5b).

To test if cysteine residues in the RING finger domain of Rbx1 are crucial for
this interaction, we also expressed mutant Rbx1 proteins, i.e. Rbx1-H80C and
Rbx1-C83H, in HEK293T cells and measured their co-localization with
ReAsH. Our results revealed that, relative to wild-type GFP-Rbx1, GFP-Rbx1-
H80C exhibited a slightly elevated co-localization with ReAsH, whereas this
co-localization was nearly abolished for GFP-Rbx1-C83H (Figure 4.5-3.6).
Together, our results revealed that arsenite could co-localize with ectopically
expressed Rbx1 in mammalian cells, and the co-localization requires the

cysteine residues in the RING finger domain of RBX1. In addition, we
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pretreated transfected cells with Zn?*, As®** or PAPAO prior to incubating cells
with the ReAsH-EDT, dye. As expected, we observed a reduced co-
localization between GFP-Rbx1 and ReAsH upon pretreatment with As®* or
PAPAO, but not Zn?", supporting the competitive binding of As** to cysteine

residues in the RING finger motif of Rbx1 (Figure 4.7-3.8).

Interaction between arsenite and Rbx1 is required for arsenite-induced
stabilization of Nrf2

Exposure of cells to arsenite has been known to activate the Nrf2-induced
antioxidant pathway, though the detailed mechanism remains incompletely
understood(240). Having demonstrated the interaction between arsenite and
Rbx1 both in vitro and in cells, we next asked if this interaction could affect the
activation of Nrf2. We first exposed HEK293T cells with increasing
concentrations of As®** from OuM to 5 uM. Not surprisingly, the levels of
endogenous Nrf2 were increased, in a dose-dependent manner, with arsenite
exposure, indicating that arsenite could stabilize Nrf2 protein in cells (Figure
4.9).

It is well established that Nrf2 is ubiquitinated by Keap1-Cul3-Rbx1 E3 ligase
complex(247). When endogenous Rbx1 was depleted using siRNA, the
ubiquitination level of Nrf2 was dramatically decreased (Figure 4.10, lane 1-2).
Nevertheless, if we complemented cells with siRNA-resistant constructs for
the expression of wild-type or mutant Rbx1 proteins after knocking down
endogenous Rbx1, the ubiquitination of Nrf2 was rescued to a similar level as
to the control (Figure 4.10, lanes 1and 3-5). These results indicated that Rbx1

is essential for Nrf2 ubiquitination.
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Previous studies have revealed that arsenite could perturb ubiquitination of
proteins by targeting E3 ubiquitin ligases(140). As expected, we observed a
significant reduction of Nrf2 ubiquitination in cells upon arsenite treatment
(Figure 4.10, lanes 1 and 6). This result suggested that arsenite stabilized
Nrf2 protein through inhibiting its ubiquitination and proteasomal degradation.
To further demonstrate that the binding of arsenite with the RING finger
domain of Rbx1 accounts for the perturbation of Nrf2 ubiquitination, we
complemented HEK293T cells with plasmids for the ectopic expression of
wild-type or mutant Rbx1 proteins, followed by arsenite treatment. The results
showed that Nrf2 ubiquitination was only rescued in cells reconstituted with
Rbx1-C83H (Figure 4.10, lane 8-10). This finding is in keeping with the fact
that arsenite could not target Rbx1-C83H as strongly as wild-type Rbx1 or
Rbx1-H80C, as shown from the aforementioned fluorescence microscopy
experiments. Thus, the above results support that the binding of arsenite to
the RING finger domain of Rbx1 is crucial for Nrf2 ubiquitination. However,
arsenite could still suppress Nrf2 ubiquitination even in the presence of Rbx1-
C83H (Figure 4.10, lane 5 and 10), though the suppression was not as
pronounced as in the presence of wild-type Rbx1 or Rbx1-H80C (Figure 4.10,
lane 8-10). The latter might be attributed to the presence of other mechanisms
contributing to arsenite-induced perturbation of Nrf2
ubiquitination(241,242,248).

Taken together, our finding suggested that arsenite targets the RING finger
domain of Rbx1 E3 ubiquitin ligase, which is responsible for stabilizing Nrf2

protein by inhibiting its ubiquitination and proteasome-mediated degradation.
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Discussion

A global genome-wide analysis of Nrf2 targets has identified a number of
antioxidant-element-containing genes such as heme oxygenase-1 (HO-17),
glutathione S-transferase (GST), and NAD(P)H-quinone oxidoreductase
(NQOT), revealing the major role of Nrf2 to activate antioxidant response and
for the detoxification of harmful substances(249). Along this line, Nrf2-
knockout mice displayed higher sensitivity towards a wide range of oxidative
stress inducers, including, but not limited to, tert-butylnydroquinone ({BHQ),
sulforaphane (SF) and arsenite(250-254). The activity of Nrf2 is suppressed
under basal conditions. The Cul3-Rbx1 guides the polyubiquitination and
rapid degradation of Nrf2 by proteasomes with the aid of Keap1, which acts
as a substrate adaptor to localize Nrf2 to the Cul3-Rbx1 E3 ligase, leading to
a low constitutive level of Nrf2 protein with a turnover rate of ~20 min under
normal conditions(255,256). Hence, the constant assembly/disassembly cycle
of Keap1 to Cul3-Rbx1 E3 ligase is required for Keap1-mediated Nrf2
ubiquitination and degradation, whereas both enhanced and diminished
associations of Keap1 with Cul3-Rbx1 E3 ligase could lead to Nrf2
stabilization(257). Nrf2 inducers such as tBHQ and SF were found to activate
Nrf2 by negatively modulating the interaction between Keap1 and
Cul3(258,259). Several distinct reactive cysteine residues in Keap1 serve as
sensors for inducers to modify and impede Nrf2 ubiquitination. In this vein,
C273 and C288 were shown to be crucial for suppression of Nrf2 under basal

conditions, whereas C151 was required for activation of Nrf2 by inducers like
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tBHQ and SF(239). It was also found that different inducers might target
different cysteine residues. For example, C288 is a sensor for alkenals,
whereas C226/C613 serve as a sensor for Zn?*(260). The preferences of
disparate cysteine residues for different inducers suggest the presence of
“cysteine codes” for Nrf2 activation by various chemicals.

The “cysteine codes” of Keap1 are not always sufficient for understanding the
activation of Nrf2 since some inducers require additional protein factors. For
instance, unlike tBHQ and SF, arsenite was found to activate Nrf2 by
enhancing the interaction between Keap1 and Cul3 in a Keap1 C151-
independent manner(241), promoting us to explore distinct mechanisms of
arsenite-induced activation of Nrf2. Since the interaction between arsenite
and vicinal thiols in proteins has been proposed to account for the
carcinogenic and cytotoxic effects of arsenic species(135), cysteine residues
in Nrf2, which is an evolutionarily conserved protein, have been found to be
arsenite sensors to facilitate Nrf2 activation. Studies in mouse cells have
revealed an interaction between arsenite and wild-type Nrf2, whereas this
interaction was compromised in Nrf2 C311/C316, C235, C414 and C506
mutants. Moreover, arsenite activated wild-type Nrf2 but not Nrf2 C191A,
C235A, C311A/C316A, C414A, or C506A mutants in mouse cells(248).
Another protein factor that is important for arsenite-induced activation of Nrf2
is p62, which is a selective substrate adaptor for the degradation of specific
proteins through autophagy(261). Arsenite deregulates autophagy and causes
an overexpression of p62, which directly binds to Keap1 to block Keap1-

mediated Nrf2 ubiquitination. Interestingly, this p62-dependent pathway is only

92



responsible for arsenite-induced activation of Nrf2, but not for the activation of
Nrf2 by tBHQ or SF(242). The Bcl-XL-interacting protein PGAMS and p53-
regulated p21 were also identified as disruptors for the binding of Keap1 with
Nrf2 to activate Nrf2(262,263).

Rbx1 is a major player in the activation of Nrf2 antioxidant pathway since it
serves as the E3 ubiquitin ligase that ubiquitinates Nrf2. Based on the fact
that it contains a cysteine-rich RING finger domain, it prompted us to
investigate if cysteine residues in Rbx1 could also serve as sensors for
arsenite-induced activation of Nrf2. In this study, we demonstrated the
interaction between arsenite and the RING finger domain peptide of Rbx1 by
MALDI-TOF MS analysis. We also revealed, for the first time, the competitive
binding of arsenite to wild-type Rbx1 in human cells by streptavidin agarose
affinity pull down assay and ReAsH-EDT, fluorescent microscopy assay,
whereas Rbx1-C83H mutant failed to co-localize with As**-containing ReAsH,
indicating the critical role of the cysteine residue in the RING finger domain for
arsenite binding to Rbx1. Furthermore, we demonstrated the significance of
this interaction in arsenite-mediated impairment of Nrf2 ubiquitination, where
the Rbx1-C83H mutant compromised the arsenite-induced activation of Nrf2.
To summarize, our novel finding provides a distinct mechanism underlying

activation of antioxidant Nrf2 pathway by arsenite.
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Figure 4.1 a) The interaction between As3+ and a peptide derived from
the RING finger domain of RBX1 (a.a 39-47 and 78-84). b) UV absorption
spectrum of the RING finger peptide of Rbx1. The synthetic peptide was
sequentially titrated with increasing concentrations of NaAsO2, and its
UV absorbance was monitored in the wavelength range of 230-400 nm.
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Figure 4.2 MALDI-TOF mass spectrum showing the interaction between
Arsenite and the RING-finger peptide of Rbx1. The synthetic peptide was
incubated with different molar ratios of As*/Zn** as indicated in each
spectrum. The results showed that the apopeptide could bind to one

As**
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Figure 4.3 a) The chemical structure of the biotin-As probe. b)
Streptavidin agarose affinity pull-down assay indicating the interaction
between As** and Rbx1 in cells. Biotin-As probe was used to pull down
ectopically expressed HA-Rbx1 in HEK293T cells. The HA-Rbx1 signal
was detected using anti-HA antibody, and the input HA-Rbx1 and actin
were also detected as below.
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Figure 4.4 a) Streptavidin agarose affinity assay revealed the interaction
between As®** and Rbx1 protein in HEK293T cells. The interaction was
substantially diminished upon pretreatment with 10 uM NaAsO,, PAPAO,
and to a less extent, 10 uM Zn?%. b) Quantitative analysis of relative
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Figure 4.5 Fluorescence microscopy results revealed the co-localization
between ReAsH-EDT, and ectopically expressed GFP-Rbx1. Mutation of
histidine to cysteine in the RING finger domain of Rbx1 enhanced the
co-localization, whereas mutation of cysteine to histidine diminished the
co-localization.
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Figure 4.6 Statistical analysis of the extents of co-localization between
ReAsH-EDT; and wild-type Rbx1, Rbx1-H80C and Rbx1-C83H. The signal
intensities of each fluorescence channel were measured using ImageJ.
The ratios were calculated by dividing the signal intensity of ReAsH-
EDT, with that of GFP. The data represented the mean and standard
deviation of the ratios obtained from 30 individual cells. The P values
were calculated using unpaired two-tailed student’s t-test (**, P<
0.005;***, P< 0.001). Shown in the inset is the structure of ReAsH-EDT>,
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Figure 4.7 Fluorescence microscopy results revealed the co-localization
between ReAsH-EDT, and ectopically expressed GFP-Rbx1. The co-
localization was significantly diminished in cells pretreated with 10 yM
NaAsO; or PAPAO, but not Zn**.
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Figure 4.8 Quantitative analysis of the frequencies of co-localization
between ReAsH-EDT. and Rbx1. The data represent the mean and
standard deviation of results obtained from images of 30 different cells.
The P values were calculated using two-tailed, unpaired Student’s t test
(*, P< 0.05; ***, P< 0.001). Shown the insert is the structure of p-
aminophenyl arsenoxide (PAPAO).
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Figure 4.9 a) Arsenite exposure stabilized Nrf2 protein in cells.
HEK293T cells were transfected with FLAG-Nrf2 treated with
increasing concentrations of As®*. After MG132 treatment, the levels
of Nrf2 and p-actin were detected by using anti-Nrf2 and anti-g-actin
primary antibody. b) Relative protein levels of Nrf2 in cells exposed
to arsenite. The data represent the means and standard deviations of
each group acquired from 3 biological replicates. The P values were
calculated using unpaired two-tailed student’s t-test (*, P< 0.05).

102



As(lll) - +

IP: Flag
IB: HA

Rbx1

Actin

Figure 4.10 HEK293T cells were either transfected with control, non-
targeting siRNA (lane 1 and 6) or siRbx1 (lane 2-5 and 7-10),
complemented with wild-type Rbx1 (lanes 3 and 8), Rbx1-H80C (lanes 4
and 9), or Rbx1-C83H (lanes 5 and 10), and transfected with FLAG-Nrf2
and ubiquitin-HA, followed by treatment with 5 uM As** (lanes 6-10) and
5 uM MG132 (lanes 1-10). Anti-FLAG M2 beads were used to
immunoprecipitate the FLAG-Nrf2 protein, and the ubiquitination of Nrf2
was detected by Western blot using anti-HA antibody.
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Chapter 5. Conclusions and Future Research

The study in this dissertation is mainly focused on discovering arsenite-
targeted E3 ubiquitin ligases that play functional roles in mammalian cells. In
this respect, | conducted an LC-MS/MS-based quantitative assessment of
arsenite-regulated ubiquitin proteome, and was able to identify and quantify
~1500 ubiquitinated peptides in a site-specific manner. Digging into the
peptide list, | found that arsenite could bind to three E3 ubiquitin ligases,
FANCL, TRC8 and Rbx1, to suppress the ubiquitination of FANCD2, HMGCR
and Nrf2, to modulate DNA interstrand crosslink repair, cholesterol
biosynthesis and antioxidant response, respectively.

In Chapter 2, arsenite was found to target the E3 ubiquitin ligase FANCL to
inhibit FANCD2 ubiquitination. The cysteine residues at the RING finger was
found to be important for the arsenite-protein interaction, while mutations of
those cysteine residues compromised the interaction between arsenite and
FANCL. The monoubiquitination of FANCD2 at K561 was found to be
decreased by half upon arsenite exposure in GM00637 and HEK293T cells.
The perturbation of this ubiquitination event by arsenite led to an impaired
chromatin localization of FANCD2 to the damage sites, which abolished the
DNA interstrand crosslink repair pathway and sensitized cells to crosslinking
reagents.

In Chapter 3, | identified TRC8 as a main E3 ubiquitin ligase that can be
targeted by arsenite, thus inhibiting ubiquitination and proteasome-mediated
degradation of HMGCR in HEK293T cells. | uncovered the role of arsenite in

stabilizing HMGCR by suppressing its ubiquitination, and this suggests that
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arsenite may affect cholesterol biosynthesis pathway. More studies need to be
carried out to investigate if arsenite could negatively regulate cholesterol level
in HEK293T cells, to further demonstrate the effect of arsenite in this area.

In Chapter 4, it was found that arsenite could bind to the RING finger domain
of Rbx1 E3 ubiquitin ligase, which is responsible for the ubiquitination and
proteasomal degradation of Nrf2, a key transcription factor involved in
regulation of oxidative stress. Taken together, the research in this thesis
uncovers several RING-finger-containing E3 ubiquitin ligases as novel targets
of arsenite, and the role of arsenite in multiple cell signaling pathways was
further expanded.

In total, we identified 277 ubiquitinated peptides from 197 proteins that are
downregulated upon arsenite treatment in GM00637 cells by LC-MS/MS
analysis. In the future, we will explore other protein targets that play important
roles in cells from these 197 proteins, identify the corresponding E3 ubiquitin
ligases, and examining their interactions with arsenite. This will further expand

the mechanisms underlying arsenite toxicity and carcinogenesis.
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