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Abstract

The metabolism, disposition, and toxicity of arsenic are dramatically different in
humans and rats. To better understand the chemical and biochemical basis of these
differences and the modes of action of arsenic, here I studied the interaction of arsenic
species with hemoglobin (Hb) of both humans and rats.

Fast gel filtration chromatography combined with inductively coupled plasma
mass spectrometry, nanoelectrospray mass spectrometry, and tandem mass spectrometry
methods have been developed to facilitate the study. The three metabolically reactive
trivalent arsenic species, inorganic arsenite (iAs™), monomethylarsonous acid (MMA™),
and dimethylarsinous acid (DMA™), showed increasing binding affinity with the Hb of
rats and humans, with relative binding constants of 1:20:95 for rat Hb and 1:6.5:17 for
human Hb. Rat Hb has a binding affinity for these arsenic species 3—16 times stronger
than human Hb.

In vitro exposure of human and rat red blood cells (RBC) to iAs™, MMA™, and
DMA™ showed that rat RBC can take up 1.5-4.5-fold more arsenic than human RBC;
about 10-34-fold more arsenic species were bound to the Hb of rat RBC than to that of
human RBC, consistent with the higher binding affinity of rat Hb to arsenic species.

Rats exposed to arsenic compounds accumulated arsenic in their RBC, with
arsenic levels in the RBC being 185-1393-fold higher than in the plasma. Further
investigation demonstrated that about 99% of arsenic in RBC of rats was bound to cys-13
in the o unit of rat Hb in the form of Hbo-DMA™ complex irrespective of whether rats
were fed inorganic, monomethyl, or dimethyl arsenicals. The amount of rat Hbo-DMA™

is well correlated with the occurrence of hyperplasia and urothelial lesion severity in the
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rat bladder. In contrast, RBC from acute promyelocytic leukemia patients under arsenic
treatment only showed 2.5-4.5-fold higher arsenic in the RBC than in the plasma, with
~53% of arsenic in the RBC in the protein-bound form. The presence of the unique
cysteine-13 in the o chain of rat Hb may be responsible for the apparent significant

differences in arsenic disposition, metabolism, and toxicity between rats and humans.
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Chapter 1 Literature Review

1.1 Introduction

Humans are exposed to various environmental contaminants during their life-span.
Increasing health awareness and new developments in science and technology have
spurred more research activities focusing on identification of environmental contaminants,
characterization of their chemical, biological, and geographical properties, and
assessment of their toxicological impacts. Various geographical and epidemiological
surveys, chemical analyses, biological studies, and experimental animal models have
been applied to understand the distribution, exposure, mechanisms, and health effects of

these contaminants. My specific interest is to study one of the most notorious

environmental contaminants: arsenic.

1.2 Environmental concern of arsenic

1.2.1 Arsenic exposure

Arsenic is a naturally occurring element. It is widely present in water and food (1).
It is also used commercially as a preservative, pesticide, medicine, and in the
manufacture of glass and semiconductors (1-3). Humans are exposed to arsenic mainly
by ingestion of contaminated drinking water and food (4). Groundwater, the major source
of drinking water in some geographic regions, may contain high levels of arsenic.
Bangladesh is one of the countries most severely affected by arsenic. In most regions of
Bangladesh (50 out of 64 districts), the arsenic concentration in groundwater is greater

than 50 pg/L, affecting more than 35 million people in those areas (5). In West Bengal of
1
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India, more than six million people are at risk from arsenic-contaminated drinking water,
and more arsenic-affected areas have been identified in India (6). In the Blackfoot-
disease (BFD) area of Taiwan, the average arsenic (predominantly As™) concentration in
wells is 671+149 ug/L. compared to 0.7ug/L outside the BFD area (1). In China, a
population of more than three million is exposed to high amounts of arsenic (>50 ug/L),
and the endemic areas involve up to eight provinces and 37 counties across the country
(7). High levels of arsenic (higher than the 10 pug/L. World Health Organization guideline)
in drinking water were also found in Argentina, Australia, Chile, Hungary, Mexico, Peru,
Thailand, and the United States (1, 8, 9). Approximately nine million Canadians rely on
groundwater as their drinking water source. It is not known how many Canadians are
exposed to arsenic in drinking water at levels above the 25 ug/L. Canadian interim

guideline.

1.2.2 Health effects of arsenic

Chronic exposure to high levels of arsenic can cause a range of adverse health
effects. Epidemiological studies have provided strong evidence that arsenic causes
cancers in the bladder, liver, skin, lung, digestive tract, kidneys, and the lymphatic and
hematopoietic systems (10-12). Arsenic also causes various noncancerous effects. Skin
lesions are the most visible effect, such as the arsenicosis found in Bangladesh, India, and
China (6, 7). A unique peripheral vascular disease, known as Blackfoot disease, was
identified in Taiwan (1). Arsenic was also reported to increase the risk of hypertension,
diabetes, and infant mortality, and to reduce the intellectual function of children (10, 13-

16). No other environmental contaminant causes such extensive health effects.
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1.2.3 Arsenic metabolism

The major species of arsenic in nature is inorganic arsenic (penta- or trivalent). It
can be metabolized in the human body after ingestion; the organs most likely involved
are the liver and kidneys (17). The widely accepted arsenic metabolism pathway is an
alternate reduction followed by a sequential oxidative methylation process (18), which
forms a series of arsenic metabolites such as monomethylarsonic acid (MMAV),
monomethylarsonous acid (MMA™), dimethylarsinic acid (DMAY), dimethylarsinous
acid (DMAIH), trimethylarsine oxide (TMAO), and even trimethylarsine (TMA) (Scheme
1-1). Generally, dimethyl arsenicals are the final metabolites for most mammals. Some
bacteria can further methylate arsenic to TMAO and TMA. Even among mammal species,
the methylation efficiency can vary greatly. For example, rats can methylate arsenic to
TMAO (19).

DMA" and MMA" were found to be the major metabolites in human urine two
decades ago (1), and soon it was discovered that these two species were less toxic than
their inorganic parent compounds (1). This led to the conclusion that arsenic metabolism
is a detoxification pathway. The intermediate trivalent arsenic species (MMA™ and
DMA™) are chemically unstable, and are easily oxidized to their pentavalent forms in
vitro (20). Following recent developments in arsenic speciation analysis, MMA™ and
DMA™ were repeatedly observed in the urine of humans exposed to high levels of
arsenic from drinking water (21-23), which confirms that the intermediate arsenic species
do indeed circulate in vivo. Therefore, it is very important to understand the toxicity of

each individual metabolite and its relative contribution to the overall arsenic toxicity. It
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has recently been found that DMA™ and MMA™ may be more toxic than inorganic

arsenic (24-27), which suggests that inorganic arsenic may be bioactivated in vivo.
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Scheme 1-1. Pathway of arsenic metabolism. Enzyme involved: methyltransferase;

methyl donor: S-adenosylmethionine (SAM); reducing agents: possibly glutathione (1).

1.2.4 Possible mechanisms of arsenic action

How arsenic causes toxicity has always been the focus of arsenic research, but
this has not yet been well-established. A number of possible mechanisms have been
proposed in the past two decades. The earliest theory of arsenic toxicity is that arsenic

can break down energy metabolism by forming an unstable arsenate ester instead of a
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phosphate ester (1). Oxidative stress is one of the newer theories and has recently been
paid increasing attention. In 1989, Yamanaka et al. (28) found a high degree of DNA
damage in the lungs of ICR male mice exposed to 1500 mg/kg of DMAY, which
suggested that active oxygen species could be involved. Subsequently, more and more
experimental evidence was reported. For example, the oxidative DNA damage indicator,
8-hydroxy-2’-deoxyguanosine, was detected in significantly enhanced levels in rats
exposed to DMAV, MMAV, or TMAO, compared to the control rats (29-31). The free
radicals trapped by the trapping reagent (DMSO) were detected by electron paramagnetic
spectroscopy in mice exposed to arsenic, and inhibition of free radical generation by co-
administration of a free radical scavenger such as superoxide dismutase was also
observed (32). This evidence indicates that the generation of reactive oxygen species is
likely to play an important role in the arsenic induction of carcinogenesis in the early
phase. Other mechanisms include the alteration of chromosomal abnormalities,
promotion of carcinogenesis, alteration in growth factors, induction of cell proliferation,
inhibition of DNA repair and several key enzymes, and modulation of DNA methylation
and gene expression (33, 34). All these mechanisms are interrelated, and no single

mechanism can explain the complex consequences of arsenic exposure so far.

1.2.5 Animal models for arsenic-induced cancers

Arsenic has been confirmed as a complete carcinogen in humans. It is able to
induce cancer without inducement by other agents that promote tumor growth or
development. However, most experimental animals used to evaluate the carcinogenesis of

arsenic, such as hamsters, beagles, and cynomolgus monkeys, displayed tolerance to
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arsenic after long-term administration (1, 31). Distinct exceptions were rats and mice.
DMAV, the major arsenic metabolite in most mammals including humans, was shown to
have a carcinogenic effect on the bladder of male and female F344 rats during two-year
bioassays (35, 36). The carcinogenic effects of DMAY were also observed in mice (37).
In addition, DMA" was shown to have promotion effects on a medium-term multi-organ
(including the urinary bladder, kidneys, liver, and thyroid gland) carcinogenesis bioassay
in male F344 rats (31).

DMA" is a complete carcinogen for the rat bladder. However, a number of issues
remain unclear, such as why rats are unique in the induction of bladder cancer by DMAY,
what effects the environmentally present inorganic arsenic would have on rats, and how
to extrapolate the toxicological data obtained from rats to humans. Therefore, it would be
very interesting to examine the possible contributions that lead to the unique carcinogenic

effects of arsenic on rats.

1.2.6 Arsenic in blood

When arsenic is absorbed and enters the blood stream, it undergoes distribution
throughout the body via systematic blood circulation, and causes adverse effects in
specific locations of the body. The transportation of arsenic in the blood would certainly
have critical effects on the toxicokinetics and toxicodynamics of arsenic. The differences
in the blood transport of a specific toxin between experimental animals and humans may
be a critical factor to consider for understanding the experimental data and extrapolating
this data to humans. It has been found that arsenic in the blood of humans and rats is

significantly different. Rats can accumulate arsenic for a long time (related to the life
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cycle of the red blood cells) with a significant amount of arsenic in red blood cells (RBC),
as seen from previous studies (1, 17, 38), while humans clear arsenic very quickly (1, 39).
The retention of arsenic in blood is probably due to the strong binding of arsenic to the
proteins in the RBC. This may alter the metabolism pathway, change the in vivo
biotransformation fate of arsenic, and furthermore change the toxicity profile since
different arsenic species have different toxicities. Therefore, the interaction of arsenic

with blood proteins is of particular interest.

1.3 Hemoglobin adduct and its application in biomonitoring

1.3.1 Hemoglobin structure and function

Hemoglobin (Hb) is the most abundant blood protein present in the RBC. It has
been studied for more than half a century, and it still attracts much attention. Hb basically
consists of four units, two o units and two B units. There is one prosthetic group, heme,
in each unit (Figure 1-1). Each unit has a molecular weight of ~16 kDa. The main
function of Hb is to transport oxygen (O;) from the lungs to other tissues and carry
carbon dioxide (CO,) back to the lungs. The distinct quaternary structure of Hb allows its
conformation to change when it is exposed to different environments. In the lungs where
there is more O, and less CO,, the Hb is oxygenated. In the tissues where there is more
CO; and less Oy, the Hb is deoxygenated. The dissociation/association isotherm curve of
Hb indicates the affinity of oxygen binding and the cooperativity of the four units in Hb
molecules (Figure 1-2). Significant changes in the dissociation curve of Hb may indicate

that the function of oxygen transport has been affected.
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Figure 1-1. Structure of hemoglobin. (a) three dimensional structure of hemoglobin; (b)
structure of the heme prosthetic group. The three dimensional structure of hemoglobin
was displayed using DeepView/Swiss PdbView (http://www. Expasy.org/spdbv, 40). The
structure of heme was drawn using ChemDraw 6.0 (CambridgeSoft, Cambridge, MT).
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Figure 1-2. Dissociation curve of hemoglobin. Data was generated from hemoglobin of a

healthy human volunteer using Hemox Analyzer.
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1.3.2 Modification of hemoglobin

Hb possesses several nucleophilic sites such as cysteine, lysine, and histidine
residues that make it a target for electrophilic attack by toxins, and allow the formation of
Hb complexes. In fact, it has been found that Hb is a target for interaction with various
xenobiotics since it is abundantly distributed in the blood and is in constant contact with
the pulmonary blood supply. Such interactions may have an influence on the distribution
and toxicity of toxins.

Hb complexes were originally suggested as biochemical markers of carcinogen
exposure and measures of genotoxic risk three decades ago (41, 42). Subsequently, a
number of studies have demonstrated that carcinogenic compounds can bind covalently
to Hb (43-45). There are a number of advantages to use Hb complexes as biomarkers. Hb
is relatively easy to obtain and the associated Hb complexes are generally stable at
physiological conditions. Hb and RBC have no mechanism to repair Hb complexes, so
the binding kinetics is relatively simple. The lifetime of the RBC in the circulation of
blood is approximately 120 days in humans. Therefore, Hb complexes would accumulate
in the blood, thereby enhancing their detection and allowing them to be used as
biomarkers of exposure to various agents. The level of Hb complexes may reflect the

exposure within the last several months.
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1.4 Study hypothesis and objectives

1.4.1 Study hypothesis

The above review has shown that reactive arsenic metabolites may interact with
some proteins by binding to them. Arsenic retention in RBC may be due to arsenic-
protein binding in the RBC, which cannot transport across the cell membrane freely.
Therefore, I made the following three hypotheses:

1. The reactive arsenic metabolite may bind to the most abundant protein, Hb, in the

RBC, leading to significant accumulation of arsenic in rat blood.

2. The binding of arsenic to Hb could stabilize the reactive arsenic metabolites,
providing an effective way to trace these reactive metabolites in vivo.
3. The reactive arsenic metabolites binding to Hb could play a critical role in arsenic

distribution, metabolism, and overall toxicity.

1.4.2 Study objectives

Based on the above hypotheses, the primary objective of this thesis is to develop
analytical methods and apply them to evaluate the reactivity of each arsenic species
involved in the metabolic pathway to Hb in humans and rats, from which the chemical
basis of arsenic accumulation in blood may be elucidated. With the achievement of the
primary objective, further study focuses on: determination of the factor(s) governing the
reactivity; demonstration of arsenic distribution, accumulation, and dose response of the
arsenic binding in blood; and elucidation of the relationship between arsenic-Hb binding

and the occurrence of adverse health effect(s).
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1.5 Study methods

1.5.1 Gel filtration chromatography-inductively coupled plasma mass

spectrometry

To facilitate the arsenic-protein interaction study, a gel filtration chromatography-
inductively coupled plasma mass spectrometry (GFC-ICPMS) method has been
developed.

Gel filtration chromatography (GFC) (46) separates molecules based on
molecular size. The matrix stationary-microbeads in the column contain pores and
internal channels. Small molecules easily diffuse into the pores and the internal channels,
and therefore take longer to be eluted out of the column (Figure 1-3). Larger molecules
diffuse with more difficulty into the small pores. They tend to flow around and between
the beads, and so are eluted out of column faster (with shorter retention time). GFC is
biocompatible, and is widely applied in separation, purification, and preparation of
proteins.

Inductively coupled plasma mass spectrometry (ICPMS) (47) is a powerful
analytical tool for analysis of trace and ultra-trace elements. In ICPMS, a plasma of high
temperature (6000-8000 K) is first generated from argon gas. A sample (usually aerosol
or gas) is introduced into the plasma. The plasma then atomizes and ionizes the elements
in the sample. The resulting ions are transferred to a mass spectrometer (typically a
quadrupole) and analyzed according to the mass-to-charge ratios. The intensity of a
specific elemental ion in the mass spectrum is proportional to the amount of that element

in the original samples, which is the basis for quantitative analysis.
11
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Figure 1-3. Schematic diagram showing the separation of molecules of different sizes by

gel filtration chromatography

Hyphenating gel filtration chromatography (GFC) with inductively coupled
plasma mass spectrometry (GFC-ICPMS) (Figure 1-4) takes the advantages of both
techniques. When applying this hyphenated technique in arsenic-protein interaction
studies, GFC facilitates separation of protein-bound arsenic from free arsenic, and
ICPMS allows sensitive, selective, and quantitative detection of arsenic. With the
quantitation of both protein-bound arsenic and free arsenic, the binding constants
between arsenic and protein can be determined. This technique also allows speciation of

protein-bound arsenic and free arsenic in the blood and other biological samples.
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Figure 1-4. Diagram of a GFC-ICPMS system

1.5.2 Nanoelectrospray ionization hybrid quadrupole time-of-flight mass

spectrometry

To characterize the arsenic-protein interaction product and identify the binding
site of arsenic in the protein, a nanoelectrospray ionization hybrid quadrupole time-of-
flight mass spectrometry (nanoESI-Q/TOF-MS) method has been developed.

Electrospray ionization (ESI) (48) is a soft ionization method that transfers ions in
solution to gas phase molecular ions. It causes little interruption of the distinct structure
of biomolecules. It uses a conductive capillary tip and a high voltage, and the process is

carried out at atmospheric pressure. The analyte solution in the capillary tip is transferred
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into the gas phase by applying a high voltage (Figure 1-5). The droplets in the gas phase
undergo solvent evaporation and droplet fission processes, and eventually multiply
charged ions are formed (Figure 1-5). Using a capillary tip with smaller diameter and
lower diffusion rate allows the spraying of the solution at the rate of nanolites per minute;
this is termed nanoelectrospray ionization (nanoESI). NanoESI has high sensitivity,
which is particularly useful for the analysis of samples with very small amount. It also
allows the use of low voltage for the ion spray, which is suitable for maintaining weak

associations such as noncovalent complexes.

High voltage Multi-channel
Qo Q Q detector

/ \
\

Nanoelectrospray TOF tube —————»
capillary tip Droplet  Oriface = Skimmer
“ _
~
nanoESI —_——
Reflectron — P — —
— 7

—
hybrid quadrupole time-of-flight mass spectrometer

Figure 1-5. A schematic diagram showing the nanoESI-hybrid Q/TOF mass spectrometer.
Qo, Q1, and Q, are the three quadrupoles in series. TOF is the mass analyzer in both the
TOF-MS mode and the MS/MS modes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




The nanoESI typically produces multiply charged ions in the gas phase. The ions
are transferred into a mass spectrometer for analysis. In the settings of hybrid quadrupole
time-of-flight mass spectrometry (Q/TOF-MS) such as the QSTAR system (Applied
Biosystems/MDS Sciex, Concord, Ontario) (Figure 1-5), there are three quadrupoles in
series (Qg, Q1, and Q;) and a time-of-fight mass analyzer orthogonal to the quadrupoles.
Qo acts as a mass filter by applying characteristic electric voltage, which allows ions in a
specified range of mas-to-charge ratio to pass through. When the instrument is operated
in TOF-MS mode, Q; and Q, work the same way as Qo, allowing the ions to pass through
the three quadrupoles and fly into the TOF region. In TOF the ions are separated
according to the flight time and detected by a multichannel detector. When the setting is
operated in MS/MS mode, quadrupole Q; is used as a mass selector to select the parent
ions of interest, and quadrupole Q, is used as a collision cell where nitrogen gas is
introduced to collide with the parent ions and generate fragment ions. The fragment ions
are then transferred to the TOF region, separated on the basis of flight time, and detected
by a multi-channel detector.

Use of the nannies hybrid quadruple time-of-flight mass spectrometry in TOFMS
mode allows the characterization of protein-arsenic complex, including the bound protein
species, bound arsenic species, and binding stoichiometry; use of this system in MS/MS

mode allows the identification of the binding site of arsenic species in the protein.

1.6 Design of project and overview of the contents of the thesis

The project was designed in three phases, as follows.
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The first phase developed the above analytical methods and applied them to study
the interaction of the model protein, Hb, from humans and rats with arsenic species, in
order to evaluate the reactivity of each arsenic species to Hb and to determine the
possible binding stoichiometries and the targeting amino acid residues (Chapter 2).

The second phase applied both analytical methods to study the interaction of
arsenic species with the RBC of humans and rats and to identify the possible interaction
products (Chapter 2).

The third phase applied a series of analytical and bioanalytical methods to study
arsenic in blood in vivo. In the rat model system, arsenic distribution, accumulation, dose
effect, binding stoichiometry, the relevance to the occurrence of health effects (Chapter
3), and the binding site (Chapter 4) were systematically studied after exposing rats to
arsenic compounds. To further extend this research in humans, a preliminary study based
on acute promyelocytic leukemia (APL) patients under arsenic trioxide treatment was
also carried out (Chapter 5).

The major conclusions arising from this project are discussed in Chapter 6 and

some potential future projects are proposed.
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Chapter 2 Evidence of hemoglobin binding to arsenic as a basis

for the accumulation of arsenic in rat blood!

2.1 Introduction

Epidemiological studies from several arsenic endemic regions have provided clear
evidence that chronic exposure to arsenic can lead to a range of adverse health effects (1-
7). Studies of populations from Taiwan, Argentina, and Chile exposed to high levels of
arsenic from ingestion of drinking water have shown an association between arsenic
ingestion and the prevalence of skin, lung, and bladder cancers (1-4). Numerous reports
from other areas of the world, such as India, Bangladesh, Inner Mongolia (China), and
Mexico, have also attributed cancer etiology to high levels of arsenic in drinking water (1,
2, 5-7). In addition, there is increasing evidence demonstrating that various non-
cancerous effects, such as hypertension, diabetes, and cardiovascular disease, may result
from exposure to arsenic (1, 2, 8, 9). Although arsenic in drinking water affects tens of
millions of people worldwide (10), the mechanism(s) of action by which arsenic causes
adverse health effects is not clear (2, 7).

The limitation of animal models for arsenic-induced carcinogenicity makes it
more difficult to understand arsenic health effects (11). Nonetheless, an intriguing
difference between humans and rats has been observed. Studies have shown that arsenic

was cleared from human blood with a short half-life of 1 h (12-13). In contrast, arsenic

! A version of this chapter has been published. Lu et al. 2004. Chem. Res. Toxicol. 17: 1733-1742.
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displayed a longer retention in rat blood (14-17). The hemoglobin (Hb) in red blood cells
(RBC) was considered to be a possible target protein (18-19). However, the biochemical
basis for arsenic accumulation in the RBC of rats required examination. Rat Hb binding
directly to trivalent arsenicals may lead to the retention of arsenic in the RBC. To test this
hypothesis, the binding between rat Hb and human Hb with various arsenic species have
been examined, and the affinity of rat Hb and human Hb for arsenic species have been
compared in this chapter.

The interaction of Hb with three major trivalent arsenic species, inorganic arsenite
(iAsm), monomethylarsonous acid (MMAIH), and dimethylarsinous acid (DMAIH), have
been chosen in this study because of their recognized toxicity (20-24). MMA™ and
DMA™ are two major reactive trivalent arsenic metabolites that have recently been found
to be present in biological systems (25-29). They are among the most toxic arsenic
species to humans and experimental animals (20-24, 30). The relative reactivity of these
trivalent arsenic species with hHb and rHb has been demonstrated in this chapter. By
using three systems — pure Hb, RBC, and rats fed with arsenic-supplemented diet — it
has shown that differences in the binding affinity of these arsenic species to the Hb of rats
and humans are responsible for the difference in arsenic retention in rat and human blood.

The results provide a chemical basis for understanding how and why arsenic accumulates

in blood.
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2.2 Materials and Methods

2.2.1 Materials

Standard iAs™ solution (1000 mg/L arsenic) was obtained from Sigma (St. Louis,
MO). Phenylarsine oxide (PhAs™O) (C¢HsAsO) and dimethylarsinic acid (DMA")
[(CH3):As(O)OH] (hydroxyldimethylarsine oxide) were obtained from Aldrich
(Milwaukee, WI). Methylarsine oxide (CH3AsO) and iododimethylarsine [(CHz),AsI]
were prepared following literature procedures (31-32), and were kept at -20 °C. Dilute
solutions of these precursors were prepared fresh in deionized water to form MMA™
[CH3As(OH)] and (DMA™) [(CH3),AsOH], respectively.

Standard human hemoglobin (hHb, purity 98%)) and rat hemoglobin (rHb, purity
98%) were purchased from Sigma (St. Louis, MO) and used without further purification.
Another rHb was obtained from the frozen RBC of a female F344 rat (University of
Nebraska Medical Center). The rat RBC (64 mg, wet weight) were thawed and lysed. The
lysate was suspended in 1 mL phosphate buffer (5 mM, pH 7.2) and centrifuged at 12000
rpm for 10 min. The concentration of rHb in the supernatant solution was measured by
absorbance at 523 nm and calibrated against the commercial rHb from Sigma. Stock

solutions of rHb or hHb (100 UM or 6.45 mg/ml.) were prepared in 20 mM ammonium

acetate aqueous solution (pH 7.0). They were kept at 4 °C and diluted to appropriate
concentrations with 20 mM ammonium acetate solution (pH 7.0).

Methanol, formic acid, and water (all HPLC grade) were purchased from Fisher
Scientific (Fair Lawn, NJ). All other reagents used in the experiments were HPLC grade

or analytical grade.
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2.2.2 Instrumentation and procedures

2.2.2.1 Gel filtration chromatography separation with ICPMS detection (GFC-

ICPMS)

A Perkin-Elmer 200 series HPLC system (PE Instruments, Shelton, CT) fitted
with an autosampler was part of the system used for the quantitative detection of arsenic.
A Sephadex desalting column (10 mm internal diameter, 26 mm long) with an exclusion
limit of 5000 Da (Amersham Biosciences, CA) was used as the GFC column to separate
the protein-bound arsenic from the unbound arsenic species. A volatile buffer,
ammonium acetate (20 mM, pH 7.0), was chosen as the mobile phase, and its flow rate
was 1.0 mL/min. The effluent from the GFC column was introduced directly to the spray
chamber of an inductively coupled plasma mass spectrometry (ICPMS) system (Elan
6100 DRC plus, PE Sciex, Concord, ON). The operating parameters of ICPMS were
optimized to RF power of 1150 W, plasma gas flow of 15 L/min, auxiliary gas flow of

1.2 L/min, and nebulizer gas flow of 0.89 L/min.

I

k4

In order to study the interaction of standard Hb with arsenic species, iAs
MMA™, DMA™, and PhAs™O (1 UM each) were incubated separately with hHb or rHb
(up to 20 uM) in 20 mM ammonium acetate (pH 7.0) at room temperature for 1-24 h. The
reaction mixtures were subjected to GFC-ICPMS analysis. The sample injection volume
was 30 pL. Arsenic and iron were detected using the peak-hopping mode of the ICPMS
at m/z of 75 and 57, respectively (Iron 57 was used to monitor the retention time where
hemoglobin is eluted out and monitor the integrity of hemoglobin). Data was acquired at

a rate of 1 data point per second. The resulting chromatograms were processed using
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TurboChrom Workstation (Perkin Elmer) and Igor Pro (WaveMetrics, Lake Oswego,
OR).

To test whether the presence of oxygen affects interactions between Hb and
trivalent arsenicals, the binding of MMA™ and DMA™ with rHb have been compared
when the incubation was carried out either under nitrogen or under aerobic conditions for
2 h. It was found that the presence of oxygen had no significant effect on the binding of
rHb to these arsenicals. The percentage of arsenicals bound to the rHb was approximately
1-3% lower under nitrogen than under aerobic conditions. Therefore, subsequent in vitro

incubation of Hb with arsenicals was carried out under aerobic conditions.

2.2.2.2 Nanoelectrospray mass spectrometry (nanoESI-MS)

A QSTAR Pulsar i mass spectrometer (Applied Biosystems/MDS Sciex, Concord,
ON) was equipped with a nanoelectrospray source (Protana, Denmark). The schematic
diagram of this mass spectrometry system is shown in Figure 1-5. The conductive
capillary tips for nanoelectrospray were purchased from Proxeon Biosystems (Denmark).
The system was operated in the positive ionization mode with an ion spray voltage of
1100 V, first declustering potential (DP1) of 65 V, second declustering potential (DP2) of
10 V, and focusing potential (FP) of 215 V. The operational vacuum was ~107 torr. The
flow rate of the curtain gas (nitrogen) used to help evaporation of the solvent was ~1.31
L/min.

In order to characterize the interaction products between standard Hb and arsenic
species by nanoESI-MS, all reaction solutions were prepared in 5 mM sodium phosphate
buffer (pH 7.2). A desired concentration of Hb (e.g., 20 uM) was incubated with arsenic
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species (0-1000 pM) at room temperature for 5 min. The reaction solution was then
desalted to remove the salt and the unbound arsenic species using a BioSpin-6 column
(Bio-Rad Laboratories, CA). The resulting protein fraction was then diluted 10 times by
addition of methanol (to a final concentration of 50% methanol) and formic acid (to a
final concentration of 1%) and immediately loaded into a nanoelectrospray capillary tip
and subjected to nanoESI-MS analysis. Each spectrum (m/z 600-1500) was collected for
2 min (120 cycles). The instrument was routinely calibrated using standard horse skeletal
apo-myoglobin (Sigma, St. Louis, MO) as an external standard. Multi-charged ions (with
14" to 17" charges) of the o unit of hHb and rHb were also used as internal standards for
mass calibration. The resulting spectra were further deconvoluted to zero charge mass

spectra using Bioanalyst software (Applied Biosystems/MDS Sciex).

2.2.2.3 In vitro exposure of RBC to arsenic species

Fresh human and rat blood samples were collected from healthy human
volunteers and rats according to protocols approved by the University of Alberta Health
Research Ethics Board and the Institutional Animal Care and Use Committee of the
University of Nebraska Medical Center, respectively. The blood samples were then
centrifuged at 4000 rpm at 4 °C for 10 min. The plasma and buffy coat were removed,
and the packed RBC were washed three times by phosphate buffered saline (PBS) (137
mM NaCl, 2.7 mM KCl, and 10 mM phosphate buffer, pH 7.4). Suspensions of the
human and rat RBC (10%) in PBS were separately incubated with DMA™, MMA™, or
iAs™ (1, 10, or 100 uM) at 37 °C for 14 h. After incubation, the cells were precipitated

by centrifugation at 4000 rpm for 10 min at 4 °C. The cells were then subjected to lysis in
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ten-fold excess water and further centrifugation at 12000 rpm at 4 °C for 10 min. The
supernatant solution was analyzed for protein-bound and unbound arsenic species by
GFC-ICPMS. Another portion of the supernatant solution was subjected to BioSpin-6
column centrifugation. The protein fraction collected was further diluted 10-fold with
water, methanol, and formic acid (to a final methanol concentration of 10% and formic
acid concentration of 0.002%), and immediately loaded into the nanoelectrospray
capillary and subjected nanoESI-MS analysis.

The concentration of total arsenic in the RBC was obtained from the
measurements of total arsenic concentration in the cell lysate by ICPMS, the volume of

the lysate, and the volume of the packed cells, using the following equation:
C, =(CY, )/(Vl -V,) =(C,V, )/Vl (2.1)
where V; is the volume of the packed cells, C; is the concentration of arsenic species in

the packed cells, V; is the volume of the lysate, C; is the concentration of arsenic species

in the lysate, and V,, is the volume of the cell membrane of the packed cells.

2.2.2.4 In vivo exposure of rats to DMA" from diet (rat treatment and blood

collection done by Lora L. Arnold at UNMC)

Eight female F344 rats, 4 weeks old, were purchased from Charles River
Breeding Laboratories (Raleigh, NC). The animals were housed in polycarbonate cages
(4/cage) on dry corncob bedding in a room with a targeted temperature of 22 °C,
humidity of 50%, and a 12 h light/dark cycle, as described previously (33). They were fed
pelleted Certified Rodent Diet 5002 (PMI Nutrition International, St. Louis, MO). Food

and water were available ad libitum throughout the study. Following quarantine, rats
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were randomized into two groups of 4 each: group 1 was fed the basal diet and group 2
was fed the basal diet supplemented with 100 ug/g DMA". The DMAY was supplied by
Luxembourg Industries (Pamol, Tel Aviv, Israel) and certified to be 99.5% pure. The
purity was confirmed by NMR at the University of Nebraska Medical Center. The rat diet
supplemented with DMA" was obtained from Dyets (Bethlehem, PA). The desired
amount of DMA" was mixed into Certified Purina 5002 and then pelleted. Seventy-two
days after the rats were fed the DMA"-supplemented diet, the rats were sacrificed and
blood was collected. RBC were separated from plasma by centrifugation at 4000 rpm at 4
°C for 10 min. The resultant packed RBC were immediately frozen at -80 °C, and kept on
dry ice during shipping. The RBC was then lysed and prepared the same way as that in

Section 2.2.2.3 and subjected to both GFC-ICPMS and nanoESI-MS analyses.

2.3 Results

2.3.1 Characterization of arsenic binding with rat and human Hb

The binding of commercially available standard Hb (from Sigma) with three

metabolically important trivalent arsenic species, DMAHI, MMAIH, or iAs™

, was initially
studied by GFC-ICPMS. Figure 2-1 shows typical chromatograms from GFC-ICPMS
analysis of reaction mixtures containing 20 puM Hb and 1 pM trivalent arsenic species
(DMA™, MMA™ or iAs™). In a comparison of rHb with hHb, it is clear that a higher
fraction of all three trivalent arsenic species is bound to rHb (Figures 2-1B and 2-1C)

than to hHb (Figures 2-1A and 2-1C). Even without incubation with arsenic, the

commercially available rHb contains traces of arsenic bound to the protein (Figure 2-1B).
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Figure 2-1. Binding of the trivalent
arsenic species to human and rat
hemoglobin. hHb or rHb (20 uM)
was incubated with iAs™, MMA™, or
DMA™ (1 uM) at room temperature
for 24 h in 20 mM ammonium acetate
solution (pH 7.0). An aliquot (30 pL)
of each reaction mixture was
subjected to GFC separation with a
mobile phase containing 20 mM
ammonium acetate solution (pH 7.0).
The flow rate of the mobile phase
was 1.0 mL/min and the separation
was carried out at room temperature.
The eluent was introduced directly to
the ICPMS to selectively detect
arsenic at m/z 75. (A) chromatograms
obtained from hHb interaction with
three arsenicals, (B) chromatograms
obtained from rHb interaction with
three arsenicals, and (C) comparison

of the fraction of each arsenic species

that is bound to rHb and hHb.
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In contrast, no arsenic is detectable in hHb (Figure 2-1A). These results support rHb
having a higher affinity for trivalent arsenicals than hHb.

The apparent binding constants (Table 2-1) obtained from binding studies using a
range of arsenic and Hb concentrations analyzed by GFC-ICPMS also show stronger
arsenical binding for rHb than hHb. For the four arsenic species tested, the binding

constants with rHb are 3—16-fold higher than those with hHb.

Table 2-1. Apparent binding constants (n-K) for trivalent arsenicals binding to rat

hemoglobin (rHb) and human hemoglobin (hHb)

_ . n-K M)
Arsenic species
rHb hHb
iAs" 2.33 x 10° 7.69 x 10
MMA™! 4.69 x10* 5.00 x 10°
DMA™ 222 % 10° 1.36 x 10*
PhAs™O 5.35x 10° 7.75 x 10*

The apparent binding constants (n-K) were calculated according to the following equation:

n K= [bound As\M - [bound As] M (when P >> [bound As) )
(p_bound Asl, oo asm B-lfree Asl n
t n
(2.2)

where [bound As] is the concentration (M) of protein-bound arsenic, P; is the total
concentration (M) of protein, [free As] is the concentration (M) of free (unbound) arsenic
species, and n is the number of binding sites in each Hb molecule. Assumption: binding

of one arsenical molecule does not affect the binding of the second arsenical molecule.
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It is believed that cysteine is the likely binding site for the trivalent arsenic species
because of the affinity of trivalent arsenicals for sulfhydryl groups. This was further
supported by tandem MS analysis of arsenic-bound protein in Chapter 4. It was found
that cysteine residues are the unique binding sites for trivalent arsenic species.

To characterize the binding products between Hb and the arsenic species, the
molecular species resulting from arsenic binding to the a and the B units of Hb was
identified by nanoESI-MS. Figure 2-2A shows typical deconvoluted mass spectra from
the nanoESI-MS analysis of rHb with or without reaction to DMA™. In the absence of
DMA™ (bottom spectrum of Figure 2-2A), the mass spectrum of rHb shows two major
species (peak 1 at 15197 Da and peak 5 at 15835 Da), corresponding to the normal o and
B units, respectively. Several small peaks are due to o and B variants that are known to
exist in rHb. After reaction with DMAHI, three new peaks (2%, 3*, and 4*) having
molecular mass of 15301 Da, 15405 Da, and 15509 Da are detected. They have mass
shifts of 104, 208, and 312 Da, respectively, from the normal o unit (15197 Da), and they
represent the complexes of one o with one, two, and three DMA™ molecules,
respectively. Two other new peaks (6* and 7*) have molecular mass of 15939 Da and
16043 Da, 104 and 208 Da higher than the B unit (15835 Da). The mass shifts of 104 and
208 from that of the [ unit suggest that they are complexes of one P unit with one and
two DMA™ molecules, respectively. The mass shift of 104 Da is characteristic of the
addition of one DMA™ with loss of a water molecule, as illustrated in Scheme 2-1.
Excellent agreement between the expected and measured mass values (Table 2-2)
supports the assignment of the mass spectral peaks. The results show that each o unit can
bind with up to three DMA™ molecules, and each B unit can bind with up to two DMA™

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



molecules. These binding stoichiometries are consistent with the number of sulfhydryl
groups in rHb. rHb consists of three cysteines (Cysl3, Cys104, and Cysl11) in each
o unit, and two cysteines (Cys93 and Cys125) in each B unit. With a total of two o and
two B units in the rHb tetramer, a maximum of 10 DMA™ molecules may be bound to

each rHb, occupying all 10 sulfhydryl groups in the rHb molecule (20:2f3).

Table 2-2. Characterization of Hb complexes with three trivalent arsenic species and
comparison between the measured and expected mass values according to the protein
sequence. The measured values for DMA™ and MMA™ were averages (+ standard
deviation) from three individual spectra. One spectrum was used for values for iAs"™.
Mass shift was calculated as the difference between the average mass of complexes and
the average mass of Hb subunits. The [ chain of Hb from F344 rat is a variant that is not
reported in the protein database. Although it has the same number of cysteine residues as

111

that in the database, the expected mass value is not available. For iAs™, the mass shift

was calculated from the globin chain containing a heme group (apo-Hb +616.20 Da).

HHb o chain (1 cysteine) B chain (2 cysteines)

Measured Expected  Error Mass shift | Measured Expected  Error Mass shift
(Da) (Da) (ppm) (Da) (Da) (Da) (ppm) (Da)

Apo-Hb  15126.09+0.03 15126.37 -18 - 15866.85+0.07 15867.24 -24 -

1 15970.39+0.20 15971.22 -52 103.78+0.28
DMA 15229.68+0.10  15230.61 -44 103.8210.19 16073.70+0.04  16075.20 93 207.5440.82
MMAT - - - - 15954.3940.16  15955.18 -49 87.69+0.30
iAsT! - - - - 16573.82 16573.35 28 90.77
rHb o chain (3 cysteines) B chain (2 cysteines)

Measured Expected Error Mass shift Measured Mass shift
(Da) (Da) (ppm) (Da) (Da) (Da)

Apo-Hb 15197.0710.22 15197.30 -15 104.24+0.19 15834.54+0.58 -

DMAT 15301.200.40 15301.35 -10 208.34+0.35 15938.20+0.47 103.9840.20
15405.17+0.33 15405.33 -11 312.8440.10 16042.63+0.44 208.3240.11
15509.6710.08 15509.32 -22 88.13+).22 - -

MMA™ 15285.0310.18 15285.31 -18 90.41 15922.0240.24  88.170.18

iAs™ 15903.68 15903.48 14 90.42 16540.35 89.61

Note: “-” indicates no data available because of no complex of the particular species was
observed.
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Figure 2-2. Nanoelectrospray mass spectra showing the interaction products between the
o and the B units of rHb and DMA™. The detailed experimental conditions are shown in
Section 2.2.2.2. (A): deconvoluted mass spectra showing molecular mass of the species.
(B): mass spectra showing relative changes in the interaction products between rHb and
DMA™ with increasing concentration of DMA™. The ions carry 16 positive charges.
Peaks 1 and 5 correspond to the o and the B units, respectively. Peaks 2%, 3*, and 4* are
due to complexes of one o. unit with one, two, and three DMA™ species, respectively.
Peaks 6* and 7* are due to complexes of one [ unit with one and two DMA™ species,
respectively. Peak 8 is the complex of a § unit with a glutathione. Peak 9* is the complex

of a B unit with a glutathione and a DMA™ molecule. Unlabeled peaks primarily result
from the variants of rHb.
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Scheme 2-1. Schematic diagram showing changes in molecular mass after protein

binding with DMA™ and MMA™.

In addition to the unmodified o and B chains in the rHb (without treatment with
arsenicals), a peak appearing at 16140 Da (peak 8) has a mass shift of 305 Da from the
unreacted [ chain (15835 Da). This is probably a B complex of glutathione (GSH)
(Figure 2-2). The mass shift of 305 is the result of the loss of two protons and the
formation of a disulfide bond between the sulfhydryl groups of one cysteine residue in
the B unit and another in GSH. An Hb-GSH complex from rabbit erythrocytes has been

observed previously using NMR (19). Our experiments show that the B-GSH complex
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can additionally bind with one DMA™ molecule to form a tertiary complex (16244 Da,
peak 9%). This is reasonable because the B chain of rHb has two cysteines, and DMA™
can only bind with the cysteine that is not bound to GSH. There is no complex of the 3
chain with one GSH and two DMA™ molecules, indicating that GSH conjugation on the
B chain reduces the number of sites available for binding of DMA™, and further supports
that the DMA™ directly reacts with sulfhydryl groups in the cysteines of proteins.

The complexes of DMA™ with both the o and the B units of rHb are dependent on
the relative concentrations of rHb and DMA™ (Figure 2-2B). Because rHb has three
cysteines in the o chain and two cysteines in the B chain, several complexes with
different stoichiometries are formed when the concentration of DMA™ is changed. With
increasing DMA™ concentration, increasing amounts of DMA™ are bound to the o unit
(up to three DMA™, peak 4*) and to the B unit (up to two DMA"™, peak 7*). The
maximum numbers of bound DMA™ are consistent with the numbers of sulfhydryl
groups in the o and P chains of rHb. These results suggest that all cysteines in rHb can be
accessed by excess amounts of DMA™.

While one DMA™ molecule is able to bind with only one sulfhydryl group, one
MMA™ molecule can bind in principle to two sulfhydryl groups (Scheme 2-1). Figure 2-
3A illustrates the deconvoluted mass spectra obtained from rHb incubated with MMA™.
Both the o chain and the B chain of rHb can bind MMA™ because of the presence of
three cysteines in the o chain (Cys104, Cys111, and Cys13) and two cysteines in the 3
chain (Cys93 and Cys125). The mass shifts of 88 Da from the unbound ¢ unit (15197 Da)
and the unbound B unit (15835 Da) to the complexes (15285 Da and 15923 Da,

respectively) correspond to the addition of one MMA™ molecule and the loss of two H,O
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molecules (Scheme 2-1). The complexes (peaks 2* and 4*) of MMA™ with the o and B
units of rHb increase with an increase in MMA™ concentration (Figure 2-3B). When one
of the cysteines in the P unit is bound to GSH (peak 5 at 16140 Da), there is no complex
of the B unit with GSH and MMA', suggesting that MMA™ does not form a stable
complex when only one cysteine in the (3 unit is free and the other is blocked.

Similarly, interaction products between hHb and the arsenicals were characterized,
and the main complexes of hHb-As are compared with those of rHb-As (Table 2-2). The
a. chain of rHb is able to bind with up to three DMA™ molecules or one MMA™ molecule
because of the presence of three cysteines in the o chain of rHb. The B chain of rHb is
able to bind with two DMA™ molecules or one MMA™ molecule because of the presence
of two cysteines in the B chain of rHb. In contrast, the o chain of hHb, which binds with
only one DMA™ molecule, does not bind to MMA™. The B chain of hHb is able to bind
with two DMA™ molecules or one MMA™ molecule. These binding stoichiometries are

consistent with the number of available cysteines in the o and B chains of hHb.

2.3.2 Binding of arsenicals to Hb after incubation of RBC with arsenicals

The preferential binding of arsenic to rHb over hHb is further confirmed by
studying rat and human RBC that have been exposed to arsenicals. Following the
separate incubation of rat RBC with 1-100 pM iAs™, MMA™, and DMA™ for 14 h, the

concentration of arsenic in the RBC is up to 5-fold higher than in the initial incubation

medium (Figure 2-4).
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Figure 2-3. Nanoelectrospray mass spectra showing the interaction products between the
o and the P units of rHb and MMA™. The experimental conditions are shown in Section
2.2.2.2. (A): Deconvoluted mass spectra showing the molecular mass of the species. (B):
Mass spectra showing relative changes in the interaction products between rHb and
MMA™ with increasing concentration of MMA™. The ions carry 16 positive charges.
Peaks 1 and 3 correspond to the o and the B units, respectively. Peak 2* is due to the
complex of one o unit with one MMA™ species. Peak 4* is due to the complex of one 3
unit with one MMA™ species. Peak 5 is the complex of a B unit with glutathione.
Unlabeled peaks result primarily from the variants of rHb.
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Figure 2-4. Concentration of total arsenic in human and rat RBC after exposing of RBC
to arsenic species. Suspensions of human and rat RBC (10%) in phosphate buffered
saline (pH 7.4) were separately incubated with DMA™, MMA™, and iAs™ (1, 10, and
100 uM). Following precipitation and lysis of the cells, the supernatant was analyzed for

total arsenic concentration using ICPMS. (A) human RBC; (B) rat RBC.

At low (subtoxic) concentrations, both the uptake and efflux mechanisms
probably determine in part the amount of arsenicals found in rat and human RBC. The
highest concentrations used are cytotoxic. It is not clear how cytotoxicity affects the
uptake and retention of arsenicals and the binding to Hb.

Furthermore, the majority of the arsenic has been found to accumulate in the RBC
of rat is bound to proteins (Figure 2-5B). However, only a small fraction of arsenic

present in human RBC is bound to proteins (Figure 2-5A). The protein-bound arsenic in
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rat RBC is 15-30 times higher than that in human RBC. Further characterization by
nanoelectrospray mass spectrometry of the protein-bound arsenic from rat RBC exposed
to DMA™ and MMA™ suggests that both DMA™ and MMA™ were bound to the o chain

of rHb, respectively (Figure 2-6 and Table 2-3).
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Figure 2-5. Concentration of protein-bound arsenic in human and rat RBC after exposure
of RBC to arsenic species. Suspensions of human and rat RBC (10%) in phosphate
buffered saline (pH 7.4) were separately incubated with DMA™, MMA"™, and iAs™ (1,
10, and 100 uM). Following precipitation and lysis of the cells, the supernatant was

analyzed for protein-bound and free arsenic species using GFC-ICPMS. (A) human RBC;

(B) rat RBC.
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Figure 2-6. Nanoelectrospray mass spectra from the lysate of rat RBC exposed to 100
uM DMA™ or MMA™ for 14 hours. The lysate of RBC were desalted using a Bio-Spin 6
column. Immediately prior to nanoESI-MS analysis, the desalted protein solution was
diluted 10-fold with water, methanol, and formic acid to a final methanol concentration
of 10% and formic acid concentration of 0.002%. The major arsenic species in RBC were
the o unit bound with one DMA™ or one MMA™ molecule with a mass shift from the o

unit of 104 and 88 Da, respectively. The identified species are shown in Table 2-3.
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Table 2-3. The identified species with measured and expected molecular weight from
Figure 2-6. Error was calculated as the relative deviation of the measured value from the

expected value in ppm.

Measured MW Expected MW  Error Rat RBC treatment

# Species (Da) (Da) (ppm) Control DMA™  MMA™
1 Hb o, 15153.5 N/A N/A  yes yes yes
2 Hb o 15197.1 15197.3 -13 yes yes yes
3 Hbo-MMA™ 152415 N/A N/A  no no yes
4  Hbo-MMA™ 152855 15285.31 124 no no yes
5  Hbo-DMA™ 15301.0 15301.35 23 no yes no
6 Hbo 15769.4 N/A N/A  yes yes yes
7 Hb o 15813.2 15813.5 -19 yes yes yes
8 Hbp 15848.3 15848.1 13 yes yes yes
9  Hbo™DMA™  15917.2 15917.4 -13 no yes no
10 HbB-GSH 16153.6 161534 12 yes yes yes
11 Hbp" 16464.7 16464.3 24 yes yes yes
12 HbB"GSH 16769.3 16769.6 -18 yes yes yes

Note: 0 is a variant of the rat Hb o unit, observed in our experiment, and its expected

molecular weight is not available.

2.3.3 Arsenic binding to Hb in rats fed with DMAY

The binding of arsenic to Hb and the accumulation of arsenic in the RBC of rats
are further confirmed by in vivo experiments with rats. Five-week-old rats were fed with
a diet supplemented with 100 ug/g DMA" continuously for 72 days and then they were
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sacrificed. Blood samples were collected and separated into plasma and RBC. Arsenic
speciation analysis was focused on the RBC because initial analysis showed that the
major fraction of the arsenic was present in the rat RBC, which is consistent with
previous findings (14-15). GFC-ICPMS analyses of the RBC samples show that arsenic
is predominantly present in a protein-bound form (refer to Figure 3-2). Further
characterization of the arsenic species in the RBC of these rats by nanoESI-MS confirms

that most of the arsenic is bound to the o chain of tHb as one DMA™ bound with 1 ¢ unit

(Figure 2-7).
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Figure 2-7. Nanoelectrospray mass spectra of RBC lysate from rats that were fed either a
basal diet or a diet supplemented with 100 pug/g DMAY for 72 days. The major arsenic
species in the RBC of the treated rat is one o unit bound with one DMA™ species. The

solution preparation for nanoelectrospray was the same as that in Figure 2-6, and the

other conditions are described in Section 2.2.2.2.
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The total arsenic concentration in both plasma and RBC of the blood samples
from the DMA"-fed rats was measured. Arsenic concentration in the plasma was 7.3£1.0
UM and that in RBC was 1101+130 uM. Thus, the arsenic concentration in RBC was

approximately 150 times higher than that in plasma.

2.4 Discussion

Previous studies showed that the retention time of arsenic in the blood of rats was
much longer than in the blood of humans (1, 12-17). However, the biochemical basis for
this binding and accumulation in RBC had not been established. In this study, direct
evidence of the binding between arsenic species and Hb in RBC is presented. When
comparing the ability of rHb and hHb to bind to arsenic species, rHb shows a consistently
higher binding affinity (Figure 2-1). The apparent binding constants for rHb binding to
the trivalent arsenic species are 3—16-fold higher than those for hHb binding to the same
arsenic species (Table 2-1). These results provide a chemical basis for the observed
accumulation of arsenic in the RBC of rats. The higher binding affinity of rHb for
trivalent arsenicals is probably due to the larger number of cysteine residues (and their
preferred position) in rHb compared to hHb. Both rHb and hHb are tetramers, each
consisting of two o chains and two 3 chains. The rHb has three cysteines in each o chain
(Cys104, Cys111, and Cys13) and two cysteines in each B chain (Cys93 and Cys125).
The hHb contains only one cysteine in each o chain (Cys104) and two cysteines in each
B chain (Cys93 and Cys112). Because trivalent arsenicals bind to sulfhydryl groups, the

difference in the number of cysteine residues and the preferred binding site between rHb
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and hHb are probably the primary reason for the observed difference in the binding
affinity.

The binding affinity of Hb to arsenic varies with different arsenic species at
constant concentrations. The fraction of DMAHI, MMAIH, and iAs™ that is bound to rHb
18 82%, 48%, and 4.5%, respectively, and to hHb it is 17%, 9.3%, and 1.6%, respectively
(Figure 2-1C). Thus, the relative ability to bind with both rHb and hHb increases from
iAs" to MMA™ to DMA™,

There has been much speculation about the stability of the binding of arsenicals
with the molecular formula RAsX, to proteins. The claim has been made that these
arsenicals would react with two sulfhydryl (-SH) groups on the protein to form
compounds in which the arsenic is part of a ring and hence the strength of the binding
would be enhanced (1). However, this stabilizing effect of “chelation,” an entropy effect,
would play little role when the ring contains more than 6 atoms, and is unlikely to
enhance the binding of arsenicals to proteins. In the present work, DMA'™, which reacts
with one SH group, can bind to Hb better than MMA™, which reacts with two SH groups.
These results suggest that factors such as hydrophobicity may contribute to the affinity of
arsenicals with proteins (probably by allowing access to the cysteine residues that may be
partially buried in the protein). This notion was examined by exposing a more
hydrophobic arsenic compound, phenylarsine oxide (PhAs™O), to both rHb and hHb.
PhAs™O showed the strongest binding to both rHb and hHb of all the arsenicals tested
(Table 2-1). The relative binding affinity of iAs™, MMA™, DMA™, and PhAs™O is

1:20:95:230 for rHb and 1:6:18:101 for hHb.
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The partition coefficient (P) of the four trivalent arsenic species in n-
octanol/water was further estimated using Chemoffice software (CambridgeSoft,
Cambridge, MA). Logarithmic values of the n-octanol/water partition coefficient (logP)
correlated well with the logarithmic binding constant values, with correlation coefficients
(r) of 0.98 for rHb binding to the four arsenic species and 0.93 for hHb binding to the
same four arsenic species (Figure 2-8). These results indicate that hydrophobicity is an

important factor affecting the interaction between arsenic species and Hb.
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Figure 2-8. Correlation of the binding constants with n-octanol/water partition
coefficients. Values of n-K were from Table 2-1. The partition coefficients in n-

octanol/water (P values) were obtained from Chemoffice software (CambridgeSoft,

Cambridge, MA).
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. . : 1
Inorganic arsenite (iAs"

) and arsenate (iAs’) are the main arsenic species
commonly found in water. These arsenic species are readily metabolized in the body (1,
14-17, 31, 34-41). The metabolic process involves 2-electron reduction steps to afford
trivalent arsenic species followed by the oxidative addition of a methyl group to afford
pentavalent arsenic species (31, 39, 42). The major biomethylation products include the
pentavalent monomethylarsonic acid (MMA") and dimethylarsinic acid (DMA") and the
trivalent MMA™ and DMA™. The trivalent methyl arsenic species, MMA™ and DMA™,
have been found to be much more toxic than their pentavalent counterparts (20, 21, 23,
43). Furthermore, MMAM™ and DMA™ are more toxic than iAs™ in a range of tests,
including acute toxicity to animals (LDsp) (30) and mammalian cells (21, 44),
genotoxicity (23, 24), and inhibition of enzyme activities (45). Consequently, studies on
protein interactions with these toxic arsenic species have been focused.

Ironically, As™ has been successfully used as a chemotherapeutic agent to treat
acute promyelocytic leukemia (APL) (46-48). Preliminary in vitro experiments show that

MMA™ may be more effective than As™

in causing apoptosis of APL cells (49).
Extensive research has been devoted to the effect of arsenic on apoptosis (48-51),
although little has been learned about how the binding of arsenic with proteins may
facilitate the apoptotic process.

There has been extensive research toward understanding the mechanisms of the

actions responsible for arsenic transport, metabolism, and chronic health effects. Some of

these studies have recently been reviewed (50-59). Because the uptake of arsenic is
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important for its action, the transport of arsenic has been extensively studied (60-63). The
binding of arsenic to proteins could conceivably play a role in mediating the transport.

Oxidative damage to DNA and chromosomes has been studied as a possible
mechanism of arsenic carcinogenicity (22, 64-67). Electron spin resonance (ESR) with
spin trapping has detected free radicals produced in cells incubated with iAs™ (24, 66). It
is believed that the observed oxidative damage induced by arsenicals happens through the
action of free radicals. The effect of arsenic on the repair of DNA damage is another
possible mechanism under extensive study (58, 68, 69). Because the trivalent arsenic
species can bind with sulthydryl groups in proteins, as shown in this study, it is possible
that the trivalent arsenic species may alter the conformation and function of DNA repair
proteins.

Arsenic has been shown to inhibit the activities of glutathione reductase (GR) (70,
71), glutathione S-transferase (71), glutathione peroxidase (GPx) (72), thioredoxin
reductase (TR) (45), thioredoxin peroxidase (73), and Arg-tRNA protein transferase (74).
How arsenic species inhibit the activity of these enzymes has not been clearly elucidated.
The techniques and methodological approaches described in this study can be extended to

understanding arsenic interactions with these and other functional proteins.
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Chapter 3 Accumulation of Trivalent Dimethyl Arsenical

Complex of Hemoglobin in Rats Fed with Arsenic Species'

3.1 Introduction

Arsenic is classified as a human carcinogen by a number of international
organizations (1, 2). Human epidemiological studies have demonstrated a consistent
association between elevated arsenic exposure and the prevalence of skin, bladder, and
lung cancers (2-7). More than 40 million people around the world may be at risk (8, 9).
However, the mechanism or mode of action by which arsenic causes various cancers is
very complex and has not been well delineated. Recent studies have investigated multiple
plausible mechanisms, including reaction with sulfthydryl groups of critical cellular
proteins, generation of oxidative damage by trivalent arsenic metabolites, inhibition of
DNA repair, inhibition of several key enzymes, and many other mechanisms (6, 10-12).
Many of the proposed mechanisms are interdependent and may vary with specific arsenic
compounds, tumor sites, cell types, and animal species.

Clarifying arsenic toxicity is further complicated by the lack of a reliable animal
model. Long-term treatment (e.g., a two-year bioassay) with high doses of inorganic
arsenic or pentavalent arsenic metabolites has not been tumorigenic in most experimental
animals tested (12, 13) unless there was also co-exposure of other carcinogens (14-17).

The only convincing exception is the production of urinary bladder tumors in rats

! A version of this chapter has been submitted for publication. Lu et al. Proc. Natl. Acad. Sci. USA
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(especially female rats) after long-term treatment with high doses (40-200 pg/g) of
dimethylarsinic acid (DMAY) in the diet (18, 19) or drinking water (20, 21). Therefore,
there has been much interest in understanding the mode of action for DMA"-induced
bladder tumors in rats (19, 21-24). Tumors produced in mice after in utero exposure to
arsenic have also attracted much attention (25, 26).

A significant difference in arsenic metabolism and disposition has been
demonstrated between rats and most other animal species, including humans. In general,
inorganic arsenic undergoes biomethylation that involves alternate reduction of
pentavalent arsenic species to trivalent arsenic species followed by oxidative methylation
of the trivalent arsenic species. In humans, the biomethylation process appears to stop at
the dimethyl arsenicals. In rats, however, the biomethylation process proceeds further to
the formation of trimethyl arsenicals, mainly trimethylarsine oxide. Furthermore, rats
have shown a much longer retention time of arsenic in their blood compared to humans
primarily because of the retention in RBC (27-32). Rat hemonglobin (rHb) in the RBC
has been considered a possible target protein (33, 34). The work in Chapter 2 has
suggested that arsenic binding to the rHb is a basis for accumulation of arsenic in rat
blood. However, it is not known which arsenic species binds to the rHb treated with
arsenic. In this chapter, arsenic will be shown to accumulate significantly in RBC by
binding dimethylarsonic acid (DMA™) to a reactive cysteine residue in rHb regardless
whether the rats are fed arsenic in the form of inorganic arsenate (iAs"),
monomethylarsonic acid (MMAY), or dimethylarsinic acid (DMAY). It suggests the

efficient biomethylation of arsenicals in rats and the high affinity of rHb for DMA™
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Confirming DMA™ as the predominant protein-bound arsenic species in rHb is
biochemically and toxicologically important because of the cytotoxic and possible
indirect genotoxic effects of DMA™ (35-37). It is generally accepted that the genotoxicity
of DMA™ does not involve direct interaction with DNA. However, indirect processes
involving oxidative damage resulting from reactive oxygen species (36, 38-44) and
inhibition of DNA repair (37, 45) have been demonstrated. DMA™" is also more cytotoxic
(36, 38, 39, 46, 47) and a more potent enzyme inhibitor (48, 49) than its pentavalent
counterpart and the inorganic arsenic species. Studies of its biochemical interactions in
vivo will contribute to further understanding of the mode of action responsible for arsenic

toxicity.

3.2 Materials and Methods

3.2.1 Arsenic compounds used for rat treatment

Sodium arsenate (iAsV) was obtained from Sigma (St. Louis, MO) and stored at
room temperature without further purification. Dimethylarsinic acid (DMAY) and
monomethylarsonic acid (MMAY) were received from Luxembourg Industries (Pamol,
Tel-Aviv, Israel). The purity was documented by the provider and the analysis of DMAY
was confirmed by NMR analysis at the University of Nebraska Medical Center. DMAY
and MMA" were stored desiccated at room temperature. DMA" and MMAY of measured
concentrations (2—-100 pg/g) were mixed into Certified Rodent Diet 5002 (PMI Nutrition
International, St. Louis, MO) prior to pelleting by Dyets (Bethlehem, PA).

Other materials involved in this chapter are the same as those in Section 2.2.1.
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3.2.2 Rats treated with iAs', MMA", and DMA" (done by Lora L. Arnold at

UNMC)

The experimental protocol was approved by the Institutional Animal Care and
Use Committee of the University of Nebraska Medical Center. One hundred forty female
F344 rats, 4 weeks old at the time of arrival, were purchased from Charles River
Breeding Laboratories (Raleigh, NC). The animals were housed in the same way as that
described in Section 2.2.2.4. They were fed pelleted Certified Rodent Diet 5002. Food
and tap water were available ad libitum throughout the study. Following quarantine, the
rats were randomized into 7 groups by a weight stratification method. Group 1 was
provided with tap water supplemented with 100 pg/g iAs"; all other groups (2-7) were
given untreated tap water. Analysis of the tap water by the Metropolitan Utilities District
(Omaha, NE) showed an arsenic level of less than 0.1 pg/L. Group 2 was fed the basal
diet supplemented with 100 ug/g MMAY, Groups 1 and 3 (control) were fed the basal
diet, and the other four groups (Groups 4 to 7) were fed the basal diet supplemented with
2, 10, 40, and 100 pg/g DMAY, respectively. Analysis of the basal diet by Nutrition
International showed an arsenic level of less than 0.2 pg/g. The average food and water
consumption for each group of rats was recorded. The average achieved dosage of arsenic
(mg/kgBW/day) was obtained from the food and water consumption values, the body
weight of rats, and the concentration of the arsenic species in water and food. The dosage

results are summarized in Table 3-1.
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3.2.3 Bladder inflation and blood collection and separation (done by Lora L.

Arnold at UNMC)

After 1, 2, 6, 8, 10, and 15 weeks of treatment with normal diet or arsenic
supplemented diet or drinking water, the 5 rats in groups 1-3 and 7 were sacrificed. The 5
rats in groups 4-6 were sacrificed after 10 weeks of treatment. All rats were sacrificed
between 0900 and 1400 by an overdose of Nembutal (50 mg/kg of body weight, i.p.). At
each sacrifice, blood from the abdominal aorta was collected from non-fasted rats into
tubes containing lithium heparin and stored on ice until all samples were collected. RBC
and plasma were separated by centrifugation at 3200 rpm at 4 °C for 10 min. The
resultant plasma and packed RBC were immediately frozen in liquid nitrogen, kept on
dry ice during shipping, and stored at -80 °C until analysis. At all time points except after
15 weeks of treatment, the urinary bladder was inflated in sifu with Bouin’s fixative,
removed, and placed in the same fixative. Half of the bladder from each animal was
processed for examination by SEM and classified as previously described (50). Briefly,
Class 1 bladders show flat, polygonal superficial urothelial cells; Class 2 bladders show
occasional small foci of superficial urothelial necrosis; Class 3 bladders show numerous
small foci of superficial urothelial necrosis; Class 4 bladders show extensive superficial
urothelial necrosis, especially in the dome of bladder; and Class 5 bladders show necrosis
and piling up of rounded urothelial cells. Normal bladders are usually Class 1 or 2, but
may occasionally be Class 3. The other half of the bladder was cut longitudinally into
strips, and with a slice of stomach, was embedded in paraffin, stained with hematoxylin

and eosin, and examined histopathologically (50, 51).
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Table 3-1. Achieved dosage (mg/kg BW/day) during week 2 of treatment

Treatment Arsenic Compound Arsenic
(mg/kg) (mg/kg)
100 pg/g iAs" in water 10.40 10.40
100 pg/g MMAY in food 9.10 4.88
2 ug/g DMAY in food 0.18 0.10
10 pg/g DMAY in food 0.90 0.49
40 ug/g DMAY in food 3.64 1.98
100 pg/g DMAY in food 9.10 4.94

3.2.4 GFC-ICPMS analysis of arsenic in blood of rats

The GFC-ICPMS system and its operational conditions were the same as
described in Section 2.2.2.1. The rat plasma was diluted 20 times and subjected to GFC-
ICPMS analysis directly. The RBC were lysed the same way as Section 2.2.2.3. The
resulting RBC lysate was diluted up to 3000 times and subjected to GFC-ICPMS analysis.
The sample from each rat was analyzed twice and the results were averaged. The results

for the 5 rats from each group were then averaged at each time point.

3.2.5 NanoESI-MS analysis of RBC lysates from rats exposed to arsenic

The RBC lysates from both control and arsenic exposed rats were desalted by a
BioSpin-6 column. Immediately prior to nanoESI-MS analysis, the desalted protein
fraction was diluted 10-fold with water, methanol, and formic acid to a final methanol
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concentration of 10% and formic acid concentration of 0.002%. The resulting solution
was then loaded on to a nanoelectrospray capillary tip and subjected to nanoESI-MS

analysis as described in Section 2.2.2.2.

3.2.6 HPLC-HGAFS analysis of the arsenic species in the protein adducts

Hydride generation coupled with atomic fluorescence spectrometry (HGAFS) was
used for detection of the arsenic species released from the protein. RBC lysates from
control and arsenic exposed rats were precipitated using ice acetone (-20 °C), centrifuged,
and dissolved in alkaline solutions. Most of the bound arsenic (>90%) was released from
the protein, which was examined using GFC-ICPMS as described in Section 2.2.2.1. The
released arsenic was separated from the protein by ultrafiltration using microcon-3 filters
(Millipore, Bedford, MA). The filtrate (with the released arsenic) was then diluted with
the mobile phase and injected into the HPLC-HGAFS system, which was described
previously (52, 53). Briefly, a Phenomenex ODS-3 reversed-phase column (150 x 4.6
mm, 3 um particle size) with a temperature maintained at 50 °C was used for separation.
The mobile phase contained 5 mmol/L tetrabutylammonium hydroxide, 4 mmol/L
malonic acid, and 5 % methanol (pH 6.0). The flow rate was 1.2 mL/min, and the

injection volume was 20 pL.

3.2.7 Measurement of the oxygen affinity of the rat hemoglobin after arsenic

exposure

RBC from the control group and the iAs’-treated groups were lysed and a

supernatant solution was obtained as described in Section 2.2.2.3. The supernatant
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solution was then passed through a PBS equilibrated G-25 desalting column (Amersham
Biosciences, CA). The rHb fraction was collected and the concentration was determined
by Drabkin’s method (54). The purified rHb samples were immediately subjected to
oxygen affinity measurement.

The measurement of the oxygen affinity of rHb was carried out using a Hemox
Analyzer (automatic blood oxygen dissociation analyzer from TCS Scientific, New Hope,
PA). The Hemox Analyzer was assembled with on-line compressed nitrogen and air. A
dual-wavelength spectrophotometer was used to measure the level of rHb oxygenation
according to the optical properties of rHb, and a Clark electrode was used for continuous
monitoring of the oxygen partial pressure (mmHg or torr). The experiment was carried
out at 37 °C with appropriate stirring. Here dissociation curves were measured by
saturation of rHb under air atmosphere, followed by purging nitrogen in and
simultaneously reducing the oxygen partial pressure. The rHb samples prepared above
were diluted to 20 uM in 5 mL Hemox buffer [135 mM NaCl, 5 mM KCl, and 30 mM N-
tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid (pH 7.4)] which contained 20
UL BSA and 10 pL antifoaming agent, and immediately transferred into the cuvette for
oxygen dissociation measurement. The Adair equation (55) was applied to generate a
complete oxygen-binding curve, which was used to determine the oxygen pressure at

which rHb is half saturated (Psp) and the Hill coefficient (%) for oxygen binding.
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3.3 Results

3.3.1 Distribution and accumulation of arsenic in rat blood

The arsenic distribution in blood obtained from rats exposed for up to 15 weeks to
three different pentavalent arsenicals (iAs', MMA", and DMAY) at a dose of 100 pg/g
has been obtained. It was found that arsenic accumulated predominantly in rat RBC and
not in plasma (Figure 3-1). The ratios of the measured total arsenic in the rat RBC to that
in rat plasma over the 15-week exposure duration were 88—423 for rats fed iAs", 100—680
for rats fed MMAY, and 185-1393 for rats fed DMA" (Figure 3-1A). The maximum total
arsenic in RBC of rats exposed to 100 ng/g iAs" in water was about 3.5 (+1.3) mM after
6 weeks of exposure, and 2.6 (+0.4) mM and 2.5 (+0.2) mM in the 100 pg/g MMA" and
DMA" groups of 8 weeks exposure, respectively (Figure 3-1B). In comparison, the
arsenic level in the plasma of rats treated with the three pentavalent arsenic compounds at
the same dose of 100 pg/g fluctuated around 10 uM during the treatment period from 1 to
15 weeks (Figure 3-1C). These results indicate that arsenic was effectively arrested in rat
RBCs at mM concentration (Figure 3-1B) but not in plasma (only uM concentrations as
shown in Figure 3-1C) for all three investigated pentavalent arsenic compounds, making

the total amount of arsenic found in rat RBCs 88—1393-fold higher than that in rat plasma.
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Figure 3-1. Arsenic concentration in the
RBC and the plasma of control rats and
rats fed iAsV, MMAV, and DMAY over
the 15-week exposure. (A) Ratio of total
arsenic in RBC to that in plasma; (B)
Total arsenic concentration in RBC of
rats; and (C) Total arsenic concentration
in plasma of rats. The total arsenic
concentrations in RBC and plasma
represent the sum of both free and
protein-bound arsenic species obtained
from GFC-ICPMS analysis. At each
time point, data from the 5 rats in each
group were averaged. Each sample from
the same rat was analyzed twice and the
data were averaged with a relative
deviation of < 5%. Within each group of
5 rats, the relative standard deviation
from the average value was mostly

within 35%.
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To understand the large difference of arsenic concentration in RBC and plasma,
the protein-bound and the free arsenic species in RBC and plasma have been separately
determined by the GFC-ICPMS method developed in Chapter 2. Figure 3-2 demonstrates
the chromatograms obtained from GFC-ICPMS analysis of arsenic binding and
distribution in RBC (A) and plasma (B) from the rats exposed to arsenic. The protein-
bound arsenic migrated out faster (1.8 min) than free (unbound) arsenic (3.6 min). In rat
RBC, protein-bound arsenic is the predominant fraction for all the rats exposed to iAsV,
MMAY, or DMA" (Figure 3-2A). Even in the control rats fed the basal diet (without
supplemental arsenic), a small amount of protein-bound arsenic was detected in the RBC.
However, very little free arsenic was observed in control or treated rat RBC (Figure 3-
2A). In fact, the fraction of arsenic bound to protein in rat RBC is over 99% for all rats
examined (n=138) regardless of the arsenic species (iAsV, MMAV, and DMAV)
administered to the rats, exposure dose (0—100 ug/g), or exposure duration (0-15 week).
It is evident that the degree of protein binding of arsenic in RBC is independent of the
speciation of the arsenicals used in the treatment of rats. In contrast, in the plasma of rats
exposed to arsenic (100 pg/g iAsV, MMAV, or DMAV, n=30 for each), the average
protein-bound arsenic accounted for 40.1 (£15.6)%, 49.3 (£17.3)%, and 43.5 (x13.7)% of
the total arsenic in plasma, respectively (Figure 3-2B). The results suggest that the higher
degree of protein binding to arsenic in rat RBC may be responsible for the higher

concentration of arsenic in rat RBC.
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Figure 3-2. Chromatograms obtained from GFC-ICPMS analysis of protein-bound and
free arsenic in the RBC and the plasma of control rats and rats fed pentavalent arsenic for
2 weeks. (A) RBC; (B) plasma. After separation of the plasma from the RBC, the plasma
was diluted 20-fold and subjected to GFC-ICPMS analysis directly. The RBC was first
lysed and subjected to high speed centrifugation. The supernatant solution were collected,
diluted, and further subjected to GFC-ICPMS analysis. The total dilution factor for the

RBC was 3012-fold and for the plasma was 20-fold. The detailed GFC-ICPMS

conditions are described in Section 2.2.2.1.
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3.3.2 Effect of exposure dose of DMA"

To investigate the dose-response of arsenic in rat blood, rats that were exposed to
DMA" for 10 weeks with doses of 0, 2, 10, 40 and 100 pg/g were examined. The results
demonstrate that arsenic content both in RBC and in plasma is dose-dependent (Figure 3-
3). The protein-bound arsenic present in the RBC of the rats (n=5) significantly increased
from 0.03(x0.01) mM (control level exposure, n=5) to 1.1 (x0.3) mM (40 ug/g DMAY
exposure, n=5). There was no further significant increase in the arsenic content of the
RBC of the rats exposed to 100 ug/g DMAY compared to the level in the 40 pg/g group
(Figure 3-3A). This was probably caused by the decrease in the concentration of protein-
bound arsenic in the 100 pg/g DMAY group that started after 8 weeks of exposure (Figure
3-1B). In comparison, the total arsenic content in the plasma increased from undetectable
levels to 2.1 (£0.94) uM (n=5) with increasing exposure doses from O to 10 pg/g. It
reached over 4.0 (x1.4) uM (n=5) with increasing exposure doses from 10 to 100 pg/g
(Figure 3-3B). Examination of the separate dose-response curves of the protein-bound
arsenic and free arsenic in plasma showed that protein-bound arsenic increased with
increasing exposure doses only when the doses were under 10 ug/g, and it approached a
saturation point when the doses were above 10 pg/g (Figure 3-3B). Unlike protein-bound
arsenic, the free arsenic level in the plasma continued to increase with increasing
exposure doses (Figure 3-3B). In the entire dose range (0-100 pg/g DMAY), the
concentration of arsenic in the RBC was much higher (234-370-fold) than its
concentration in the plasma, consistent with the exposure-time-dependent results shown

in Figure 3-1.
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Figure 3-3. Arsenic concentration in the RBC and the plasma of rats fed either a basal
diet or a diet supplemented with DMAY at various doses. (A) RBC; (B) plasma. The rats
(5 in each group) were exposed to control level, 2, 10, 40 or 100 pg/g DMA" in the diet
continuously for 10 weeks and were then sacrificed, and their blood was collected for

arsenic analysis by GFC-ICPMS. The sample preparation methods and the GFC-ICPMS

conditions are described in Sections 2.2.2.3 and 2.2.2.1, respectively.

3.3.3 Identification of the bound arsenic species in protein

To understand the biochemical basis of arsenic arrest and accumulation in rat
RBC, protein-bound arsenic species were further identified and characterized using two
techniques, nanoESI-MS and HPLC coupled with hydride generation atomic fluorescence
spectrometry (HPLC-HGAFS). NanoESI-MS analysis can provide chemical information

on the identities of bound proteins, reactive arsenic species, and in vivo pertinent binding
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stoichiometry. Figure 3-4 demonstrates the deconvoluted mass spectra obtained from
analysis of rat RBC lysates from the control rats and the rats exposed to 100 pug/g of iAsY,
MMAY, or DMA". The identified mass spectral peaks are summarized in Table 3-2. The
mass spectrum from a control rat demonstrated two major peaks of rHb o and B units
with the corresponding molecular masses of 15813 Da and 16450 Da (trace D in Figure
3-4), resulting from the dissociated Hb tetramer. Under optimized conditions for sample
preparation and MS analysis, the prosthetic group of the heme can be well-preserved
complexed with most of the rHb o and B units. Only small amounts of the apo-ot unit
(MW 15197 Da) and apo-p unit (MW 15834 Da) were observed, which may be due to a
loss of the heme group (MW 616.2 Da) from each Hb polypeptide chain during the
desolvation process. In the mass spectrum from the rat exposed to DMAY (trace A in
Figure 3-4), a new peak of MW 15917 Da was observed, accompanied by a decrease in
the peak of the rHb o unit (MW 15813 Da). This new peak has a mass increase of 104 Da
from the intact rHb o unit (MW 15813 Da), indicating the formation of a rHbo-DMA™
complex. The mass increase of 104 Da is characteristic of an addition of one DMA™
molecule MW 121.97 Da) with a loss of one water molecule (MW 18.01 Da), as
demonstrated in Chapter 2. The binding stoichiometry of the observed rHbo-DMA™
complex is 1:1. Furthermore, no other arsenic-protein complex (different in binding
stoichiometry or in bound arsenic species) was observed. Therefore, in vivo the
predominant protein complex of arsenic in the RBC of rats exposed to DMA" is the

rHbo-DMA™ complex with stoichiometry of 1:1.
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Figure 3-4. Deconvoluted nanoelectrospray mass spectra of the RBC lysates from rats
exposed to different pentavalent arsenic species for 1 week. Rats were fed (A) 100 pg/g
DMAY in the diet; (B) 100 ug/g MMA" in the diet; (C) 100 pg/g iAs" in drinking water;
(D) normal diet as control. The major peaks related to ¢ and B chains rHb were labeled in
the spectra. Peaks of o"+104 and 0;"+104 are the complex of one o unit or 04 unit
(variant of the o unit) bound to one DMA™ molecule (mass increase of 104 Da from
intact heme-ot unit) with the heme group attached. As a result of exposure to pentavalent
arsenicals (iAsV, MMAV, and DMAV), a predominant protein adduct, rHba-DMA™ with
the stoichiometry of 1:1, was observed in rat RBC. There is no peak with mass increase
of 104 Da from the B chain. However, the glutathione-conjugated P chain (B-GSH and
Bh—GSH) was consistently observed in all rats, including the control rats, with mass

increase of 305 Da from the 3 chain.
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Table 3-2. Identified species in Figure 3-4 with corresponding molecular weight.

Identified Species Mass Weight (Da) g"ggi‘s‘:e

o o chain with heme (1:1) 15813.4 All rats

B B chain without heme 15834.3 All rats

B" B chain with heme (1:1) 16450.3 All rats
B"-GSH  Glutathione conjugate of B" (1:1) 16755.4 All rats

o Variant of o chain (1:1) 15769.4 All rats
o'+104  DMA™ bound to o (1:1) 15917.3 g‘t’:y treated
0"+104  DMA™ bound to ay® (1:1) 15873.3 ggy treated

Interestingly, the same protein complex (rHba-DMA™) with stoichiometry of 1:1
was also observed in rats exposed to MMAY and iAs” (traces B and C in Figure 3-4).
There was no complex of monomethylarsonous acid (MMA™) or inorganic arsenite
(iAs™) with the rHb from any of the treated rats. Consecutive monitoring of RBC from
rats exposed to the arsenicals (0-15 weeks) further supported the conclusion that the
rHbo-DMA™ complex with stoichiometry of 1:1 was predominant and persistent.

To confirm that DMA™ is the predominant arsenic species bound to the RBC of
rats exposed to three different arsenicals, the arsenic species were further released from
the Hb of rat RBC and determined using a well-established method for arsenic speciation
analysis, HPLC-HGAFS (52, 53). This method can provide accurate speciation
information for a number of arsenicals, including iAsIH, MMAIH, DMAHI, iAsV, MMAV,

and DMA". In this experiment, bound arsenic was first released from the proteins in RBC
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lysates (release efficiency >90%, see Figure 3-5), and analyzed for arsenic speciation
using HPLC-HGAFS. As demonstrated in Figure 3-6, in all the rats exposed to iAs’
(trace B), MMA" (trace C), or DMA" (trace D), only two arsenicals, DMA" (2.25 min)
and DMA™ (4.38 min), were observed that had retention times consistent with the
corresponding standard arsenicals (trace A). No significant amount of arsenic was
detected in the rats fed the basal diet (trace E in Figure 3-6). In vitro experiments suggest
that there is no direct reaction between rat Hb and DMA". The presence of DMA" in the
filtrate after releasing arsenic from protein may result from the oxidation of unstable
DMA™ (56) during the release and follow-up separation process. The results further
support the conclusion that DMA™ is the predominant arsenic species bound to rHb in

vivo in the rats exposed to the arsenicals.
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Figure 3-5. Comparison of GFC-ICPMS chromatograms before and after release of
arsenic from protein in the RBC lysate. The RBC lysate was precipitated by ice acetone (-
20 °C) for 1 hour and subjected to centrifugation. The protein pellet was then dissolved in
a basic solution for about 20 min until it dissolved. The resulting solution was then
subjected to GFC-ICPMS analysis. The experimental conditions for the GFC-ICPMS are

described in Section 2.2.2.1.
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Figure 3-6. HPLC-HGAFS chromatograms showing the species of arsenic released from
hemoglobin in the RBC lysate of rats exposed to different pentavalent arsenic species for

8 weeks. (A) A standard solution containing 6 arsenic species in deionized water; (B) rats
fed 100 pg/g iAs" in their drinking water; (C) rats fed 100 ng/g MMAY in their diet; (D)
rats fed 100 pg/g DMAY in their diet; and (E) rats fed with normal diet as control.

Detailed HPLC separation conditions are shown in Section 3.2.6.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3.4 Effect on oxygen binding affinity of rHb upon arsenic exposure

Since the main function of Hb is to carry oxygen from the lungs to other tissues
and organs, it would be very interesting to see if the modification of rHb by the reactive
metabolite, DMA™, would have an effect on the capacity of rHb for oxygen transport. To
examine this effect, the oxygen-binding isotherm of rHb from control and treated rats
were determined. The results demonstrated that arsenic exposure slightly increased the
oxygen-binding affinity of rHb. As shown in Figure 3-7, the rHb obtained from rats
treated with 100 pg/g iAs" for 8 weeks had a dissociation curve shifted slightly to the left
of that from the control rats at the same time point, and the Psy value (the oxygen
pressure where 50% of rHb is oxygenated) decreased about 6% from that of the control
rats. The Hill coefficient (k) calculated for the rHb from arsenate-exposed rats was 2.6,
which is a 7% decrease from the value for the Hb from control rats (h=2.8). The Hill
coefficient is a characteristic parameter associated with Hb tetramer cooperativity for
oxygen binding and release. The very close Hill coefficients indicate that the

cooperativity of oxygen binding of rHb has not been significantly affected.
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Figure 3-7. Oxygen isotherm curve of Hb from rats fed either the basal diet or 100 pg/g
iAs’. Hb from both groups of rats was extracted from rat RBC by lysis. The lysate was
subjected to high speed centrifugation for 10 min. The supernatant solution was then
passed through a PBS equilibrated G-25 column, and the protein fraction was collected
and subjected to oxygen affinity measurement by the Hemox analyzer. Detailed

experimental conditions are shown in Section 3.2.7.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3.5 Results of parameters measured in-life in the rats

Treatment with DMAY and MMA" had no effect on weight gain of the rats (Table
3-3). However, weight gain in the group treated with 100 pg/g iAs" was significantly
decreased by the end of week 2 compared to the weight gain in the control group.
Although the mean body weight in the iAs'-treated group remained significantly
decreased compared to the control group throughout the experiment, the percent weight
gain in the iAs"-treated group was similar to the control group at 8 and 13 weeks. Food
consumption (g/kg BW/day) was not affected by treatment with any of the three
arsenicals (Table 3-3). Water consumption (g’kg BW/day) was significantly decreased
throughout the study in the group treated with iAs" in the water compared to the water
consumption in the control group (Table 3-3). The mean achieved dosage for each group
during week 2 of treatment is shown in Table 3-1. Since the rats consumed more water
per kg body weight than diet, the consumption of arsenic compound (mg) per kg of body
weight is higher in the 100 pg/g iAs" group compared to the 100 ugl/g MMA" or 100
ng/g DMAY group. When the achieved dosage is calculated for only the arsenic portion
of the compounds, the dosage in the iAs’ group is much higher than in the MMA" or
DMAY groups.

Examination with light microscopy showed that treatment with MMA" and
DMA" did not cause an increase in the incidence of simple hyperplasia of the bladder
epithelium at any time point (Table 3-4). However, there was an increase in the incidence
of hyperplasia, as observed by light microscopy, in the group treated with 100 pg/g iAs"

in the drinking water starting as early as 1 week after the start of treatment and continuing
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through 10 weeks of treatment. Treatment with iAs” has not previously been reported to
have an effect on the rat bladder epithelium.

By SEM, the rats treated with iAs" showed significant changes as did the rats fed
100 pg/g of DMA". Only slight changes were detected in the MMA"-treated group.
There was a clear dose response for changes detected by SEM in rats fed various doses of
DMA" with a clear no-effect level at 2 ppm and only marginal changes at 10 ppm (Table
3-5 and Figure 3-8). The severity of the changes in rats administered DMA" progressed
over time whereas the changes in rats administered iAs’ did not. Further correlation of
the lesion severity with protein-bound arsenic in the RBC showed a very good linear
relationship with the regression coefficient of 0.995. The typical scanning electron
micrographs from the bladders of rats fed 100 pg/g iAs" supplemented diet and normal

diet are shown in Figure 3-9.

Table 3-3. Effect of treatment with iAsV, MMAV, or DMAY on body weight, food

consumption, and water consumption®,

Food Consumption Water Consumption
Body Weight g/kg BW/day g/kg BW/day

Treatment Wk2 Wk8 WkI3 Wk2 Wk8 Wk13 Wk2° Wk8 Wk 13
100 pg/g iAs" in water 110£1°  14843° 160+6° 871  58+2  49° 10444 95+4° 66°¢
100 ng/g MMAY in food 12841 1712 1884 911 60+l  50° — 12483 99cd
Control 128+1 17242 19143 9241 601  52° — 12443 113¢
2 pg/g DMAY in food 12082 173+3 ¢ 907 591 e - 122¢ e

10 ug/g DMAY in food 12442 16743 °© 907 63¢ e — 133 e

40 ug/g DMAY infood 12682 17133 ¢ 914 60" e — 1514 e

100 ug/g DMAY infood 12541  170£2 18742 912 631  51° —  14583°  109°

% Values expressed as the mean + S.E.

® Wk 2 water consumption measurements for groups 2-7 not used due to procedural error
¢ Statistically significantly different from control group, p<0.05

¢ Only one cage in group

© All animals in group sacrificed after 10 weeks of treatment
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Table 3-4. Effects of treatment with iAsV, MMAV, or DMAY on the bladder epithelium.

Bladder Histology SEM Classification
Treatment Normal Simple 1 2 3 4 5
Hyperplasia

After treatment for 1 week

100 mg/mL IAs"® 2 3 0 0 0 0 3
100 mg /g MMA"® 5 0 01 0 0 2
Control 4 1 2 2 1 0 0
100 mg /g DMAY 4 1 0 0 3 0 2
After treatment for 2 weeks

100 mg/mL IAs" 1 4 0 0 1 0 4
100 mg /g MMAY ¢ 5 0 0 1 3 0 0
Control 4 1 0 5 0 0 0
100 mg /g DMAY® 4 1 0 0 0 o0 4
After treatment for 6 weeks

100 mg/mL IAs" 0 5° 0o 0 0 0 5
100 mg /g MMAY 5 0 0 2 3 0 O
Control 5 0 4 1 0 0 0
100 mg /g DMAY 4 1 0 0 0 0 5
After treatment for 8 weeks

100 mg/mL IAs" 2 3 0 0 0 0 5
100 mg /g MMAY 5 0 0 1 4 0 O
Control 5 0 3 2 0 0 0
100 mg /g DMAY 5 0 0o 0 0 0 5
After treatment for 10 weeks

100 mg/mL IAs" 0 5 0 0 0 0 5
100 mg /g MMAY ¢ 4 1 0 0 0 0 2
Control 5 0 3 2 0 0 0
2 mg /g DMAY 5 0 1 4 0 0 0
10 mg /g DMAY 5 0 0 2 3¥ 0 0
40 mg /g DMAY 2 3 0 0 0 0 5
100 mg /g DMA" 4 1 0 0 0 0 5

? Statistically significantly different from control group, p<0.05
® Two bladders unobservable

¢ One bladder unobservable

4 Three bladders unobservable

¢ Moderate cytotoxicity present

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3-5. Correlation of the Hb-arsenic complex with urothelial lesion severity.

SEM Classification Urothelial Hb-Arsenic

Treatment for 10 weeks Lesion Adduct

1 2 4 3 Severityb (mM)
100 mg/L iAs 0 0 0 5 5 133
100 ppm MMA 0 0 0 0 2 5 1.09
Control 3 2 0 0 0 1.4 0.03
2 ppm DMA 1 4 0 0 0 1.8 0.10
10 ppm DMA 0 2 3 0 0 2.6 0.48
40 ppm DMA 0 0 0 0 5 5 1.13
100 ppm DMA " 0 0 0 0 5 1.14

The use of 1-5 in the SEM classification scheme is arbitrary. Changes in Class 5 bladders are
not five times more severe compared to Class 1 bladders. See Section 3.2.3 for the definition of
l?ach class.

The urothelial lesion severity was calculated as the average SEM value for the rats in each
treatment group (n=5 in all groups except the 100 ppm MMA group where n=2).

Protein —bound Arsenic in RBC (mM)
[\®)
Urothelial lesion severity

7

Protein complex

4 Lesion severity

Figure 3-8. Urothelial lesion severity changes over the concentration of protein-bound

arsenic in rat RBC. The data are shown in Table 3-5.
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Figure 3-9. Scanning electron micrographs of the surface of the urinary bladders. (A) a
bladder epithelium from a female F344 rat treated with 100 pg/g iAs’ for 8 weeks
showing piling up of round cells indicative of hyperplasia. X745; (B) a normal urinary

bladder from a female control F344 rat showing large, flat polygonal cells on the surface.

X406.
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3.4 Discussion and conclusions

It has been shown that arsenic significantly accumulated in the RBC of rats
(elevated levels) in the form of rHb complexed with DMA"™, regardless of whether the
rats were treated with iAs’, MMA", or DMA". The presence of a rHb-DMA™ complex
as the predominant arsenic species in rat RBC is probably because of the combination of
rapid methylation of arsenic species (30) and strong binding of DMA™ to rHb (Chapter
2). iAs’ undergoes biomethylation that involves alternate steps of two-electron reduction
of pentavalent arsenic to trivalent arsenic followed by oxidative methylation of the
trivalent arsenic (57). The reactive trivalent arsenic metabolites include iAs™, MMA™,
and DMA™, MMAY can be metabolized in rats to form MMA™ DMAY, DMA™, and
trimethylarsine oxide (TMAQ"). Although MMA™ is an intermediate reactive metabolite
that can be formed in rats treated with iAs’ and MMAV, any rHb-bound MMA™ in the
rat blood was not observed (Figures 3-4 and 3-6). The absence of a rHb-MMA™ complex
in the rats is probably due to the lower affinity of rHb for MMA™ than for DMA™ (5
times lower) (Chapter 2). An alternative explanation is that MMA™ is rapidly
metabolized further to DMAY, DMA™, and TMAOY in the liver and kidneys of rats —
the major organs for arsenic metabolism — before it is fluxed into the blood stream.

Likewise, a rHb-iAs™ complex in the rat blood was not observed although iAs™

can be
formed in the 1As’-treated rats. In vitro, the binding affinity of iAs™ for rat Hb is 20 and
95 times lower than for MMA™ and DMA™, respectively (Chapter 2). In rats, iAs™
undergoes further methylation to MMAV, MMAHI, DMAV, DMAIH, and TMAO".

Therefore, whether the rats were treated with iAs’, MMAY, or DMAV, the common

reactive trivalent arsenic end metabolite was DMAIH, which bound to the Hb of the rats.
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Much recent research has focused on the carcinogenic effects of DMA™ and
DMA" (20, 21, 58). DMA™ can generate free radicals; such reactive oxygen species
(ROS) can cause oxidative stress in vivo (36, 39, 40, 43, 59-61). DMA™ has also been
shown to be an indirect genotoxic agent (62-64). Possible forms of DNA damage caused
by DMA™ include the formation of single strand DNA breaks, oxidative base damage of
DNA, DNA-protein crosslinks, and chromosomal aberrations. In addition, the binding of
trivalent arsenicals to sulfhydryl groups of proteins could significantly alter cellular
processes and/or lead to cytotoxicity and cell death. Therefore, the characterization of
DMA™ binding to Hb in vivo is biochemically and toxicologically significant, although
the fate of the Hb-DMA™ complex in blood needs further study. Because the binding of
DMA™ to Hb stabilizes DMA™, the Hb-DMA™ complex may serve as a reservoir that
gradually releases DMA™ as the RBC regenerate.

Chronic exposure to high levels of arsenic could lead to binding site saturation,
such as those observed during the 8-10 weeks of rat treatment, leading to serious health
effects. Among the rats treated with three pentavalent arsenic species, the iAs'-treated
group (with the highest arsenic concentration) showed the highest protein-bound arsenic
and earliest saturation in RBC (Figure 3-1B). Hyperplasia of the bladder urothelium of
iAs"-treated rats developed as early as 1 week after the start of exposure as observed by
light microscopy (Table 3-4). This is the first report of rat bladder urothelial proliferation
produced by iAs’ administration. DMA" has previously been demonstrated to produce
similar bladder changes in rats at doses of 40 and 100 pug/g in the diet. MMAY has
generally not shown effects on the bladder in such studies (22, 65) although mild

hyperplasia has been reported in rats administered 50 and 200 ug/g MMA" in a two-year
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bioassay (66). Additional studies are necessary to confirm these findings. Nonetheless,
the results here suggest a correlation between protein-bound arsenic and bladder
hyperplasia in rats.

The binding of DMA™ to Hb may also change arsenic metabolism and the
profiles of free arsenic distribution because it changes the biologically available dose and
the kinetic properties of the accumulation and excretion of arsenic. It may play an
important role in the toxicokinetics and toxicodynamics of arsenic. The significant
interception of DMA™ by rHb may potentially protect the cells from oxidative stress by
reducing the available free DMA™ species in the cells. This would be consistent with the
fact that rats are much more resistant and tolerant to acute arsenic toxicity than humans.

Previous reports have documented the accumulation of arsenic in rat blood (30,
31, 67-69). The binding of DMA™ to rHb was demonstrated to be responsible for this
accumulation in this chapter. The preservation of the protein-bound arsenic species and
the direct mass spectrometric measurement provide clear evidence that the reactive
trivalent metabolite DMA'™ is bound to the o chain of rHb. In subsequent investigations,
the cys-13 in the o chain of rHb has been identified as the reactive binding site of DMA™
(Chapter 4). Cys-13a is present in rHb but not in hHb. This may explain the much
weaker binding of hHb to the same trivalent arsenic species. The capacity for arsenic
accumulation in the RBC of different animal species may be determined by the difference
in the affinity of their Hb.

In conclusion, results from the GFC-ICPMS analysis of the protein-bound and
free arsenicals in RBC and plasma (Figures 3-1 to 3-3) indicate that arsenic is

predominantly accumulated in RBC. This appears to be due to the higher affinity of rHb
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compared to plasma proteins for arsenic species. In rats treated with iAs’, MMAY, and
DMAY, the rHb-DMA™ complex is the predominant arsenic species in RBC, and is
responsible for the accumulation of arsenic in rat blood. This complex species could play
an important role in the metabolism of arsenic, the distribution of a biologically effective
dose of arsenic, the retention and biochemical interaction of reactive arsenic species, and

the overall toxicity of arsenic.
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Chapter 4 Identification of a Highly Reactive Cysteine-13
Residue in the o Chain of Rat Hemoglobin by Collision

Activated Dissociation/Tandem Mass Spectrometry

4.1 Introduction

The binding of ligand to proteins is crucial for the conformation, function, and
activity of many proteins. For example, many enzymes are metal-containing proteins or
require cofactors to function properly (1-4). The importance of protein-ligand binding has
led to the continued development of a wide range of techniques to study the binding
affinity and stoichiometry, and the specific binding sites (5-9). Tremendous advances
have been made in recent years in the area of mass spectrometry (MS) (10, 11), making
studies of proteomes possible.

While the identification and characterization of proteins have been the primary
focus in many recent proteomics studies (10-13), locating the specific protein binding
sites is also an important issue since it is an essential step toward understanding the
properties and functions of proteins that are of particular interest to biologists (10).
However, it is far more challenging due to the complexity arising from numerous protein
modifications, including diverse post-translational modifications (>200 types) (10, 14),
and endogenous and exogenous substrates bindings. Most previous work used enzyme
digestion of proteins before using mass spectrometry to identify the binding sites of

protein modifications (10, 11, 15-18). These approaches, however, are not suitable for
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labile covalent bindings and low affinity non-covalent bindings due to breakdown of the
protein’s native conformation or incompatible enzymatic digestion conditions.

Recent advances in top-down MS techniques may provide promising methods for
identification of protein modifications, by direct fragmentation of intact proteins in the
gas phase without the need of prior enzymatic digestion (14, 19-23), particularly infrared
multi-photon dissociation (IRMPD) and electron capture dissociation (ECD) developed
for FT-ICRMS. The main advantages include potential 100% sequence coverage and
improved identification of post-translational modifications (14, 20, 21, 23). These
approaches require the use of large, expensive FT-ICRMS instruments, which limits their
wide application.

A common gas-phase fragmentation technique, collision-activated dissociation
(CAD), which is able to couple with mass spectrometry, has been widely applied in
sequencing of biopolymers such as peptides, oligonucleotides, and oligosaccharides, and
identification of binding site in these biopolymers and other small molecules (18, 22, 24-
29). However, it has limited capability for direct identification and characterization of a
large protein. It is difficult to generate enough ions to cover the whole protein. It becomes
more difficult as the size of proteins become larger. On the other side, there is serious
overlapping of mass clusters of fragment ions in the low mass to charge range. The
common atoms normally present in proteins, '>C (12.0000), 'H (1.0078), N (14.0031),
150 (15.9949), and 323 (31.9721), have very small values of mass defect from the unit
mass (ranging from -0.005 to 0.007 except -0.028 for >°S). Therefore, protein fragments
from different amino acid compositions but with the same nominal mass cannot be easily

resolved by the common CAD MS/MS. For example, CAD fragmentation of the o unit of
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rat hemoglobin (rHb) can theoretically produce up to 380 peaks that are distributed
within a window of 100 mass units (m/z range of 300-400) (Figure 4-1). Therefore, there
is more than one peak (up to 12 peaks) at most nominal mass. The overlap becomes more
serious with increasing protein mass. For very large protein (over 1 million Da), it is very
difficult to resolve mass fragments even using the highest resolution MS currently

available due to the complexity of the fragment ions.
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Figure 4-1. Possible fragment ions generated from CAD MS/MS of the rat
hemoglobin o unit by theoretical calculation. The possible fragment ions were generated
using the sequence database searching programs-MS Product (http://prospector.ucsf.edu/).
The number of fragment ions with the same nominal mass were then calculated, and
plotted against the nominal mass at every amu in the range of 300-400. The left axis

represents the number of peaks that would appear at each nominal mass.
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To overcome this limitation, I have developed a stable arsenic labeling technique
for identification of protein binding site using CAD MS/MS. Arsenic has a single isotope
of non-integer value (74.9216 amu) with mass defect of -0.0784 amu, which is distinct
from the mass defect of the commonly present atoms in the protein. The labeling of
arsenic to the protein increases the negative mass defect, and shifts the labeled fragment
ions away from the unlabeled fragment ions. The unique arsenic signature allows easy
and fast identification of the specific arsenic-labeled fragment ions (internal and
immonium ions) from a large number of other fragment ions that are usually serious
overlapped. The arsenic-sulfur bond is very stable in the gas phase, therefore, it can
survive collision activated fragmentation in the gas phase, which preserves the sequence
information.

To demonstrate the proof of principle, I present here the identification of a highly
reactive cysteine residue in the o chain of rHb that preferentially binds to

dimethylarsinous acid (DMA™).

4.2 Materials and Methods

4.2.1 Materials

Iododimethylarsine [(CH3),AsI] was synthesized according to the previous
procedure (30, 31) in Dr. W. R. Cullen’s laboratory at the University of British Columbia,
and was kept at -20 °C. A dilute solution of the precursor was freshly prepared using
deionized water in which it was spontaneously hydrolyzed to dimethylarsinous acid

(DMA"™, (CH;),AsOH). Other materials are the same as those in Sections 2.2.1 and 3.2.1.
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4.2.2 Red blood cells (RBC) samples of rats

Rat treatment procedures were carried out by Dr. S. Cohen and Ms. L. Arnold at
University of Nebraska Medical Centre, and the protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of the University of Nebraska
Medical Center. Rats were given a basal diet (control) or arsenic supplemented diet or
drinking water for 1, 2, 6, 8, 10, and 15 weeks, as described in Section 3.2.2. The data
presented in this chapter are from the rats treated with 100 pg/g inorganic arsenate (iAs")
in drinking water for 8 weeks. At the end of treatment period, equal number of control
and treated rats were sacrificed, and blood samples were collected. RBC were separated

from plasma by centrifugation at 3200 rpm at 4 °C for 10 min.

4.2.3 Mass spectrometry identification of Hb-arsenic complex in rat RBC

A QSTAR Pulsar i mass spectrometer (Applied Biosystems/MDS Sciex, Concord,
Ontario, Canada) equipped with a nanoelectrospray ionization (nanoESI) source (Protana,
Denmark) was used to analyze the Hb complex of arsenic in rat RBC, as described in
Section 2.2.2.2.

RBC samples from rats with or without exposure to arsenic were first lysed, as
described in Section 2.2.2.3. The resultant lysates were then analyzed by nanoESI-MS.
The preparation of RBC lysate for nanoelectrospray and the parameters for nanoESI-MS

analysis were the same as those in Sections 3.2.5 and 2.2.2.2, respectively.
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4.2.4 CAD MS/MS analysis of protein complex

The second quadrupole in the QSTAR system was used to select the protein and
its complex as parent ions, and the third quadrupole was used as a collision-activated
dissociation (CAD) cell. Collision energy was 110 eV, and the flow rate of collision gas
was set at 6 (relative value). In MS/MS mode, the instrument was calibrated by the

synthesized peptides as shown in Section 4.2.6.

4.2.5 MS and MS/MS analysis of the in vitro complex between rHb with

excess DMA™

rHb was first extracted from RBC of control rats by lysis of the RBC as described
in Section 2.2.2.3. The rHb concentration in the lysate was measured by Drabkin’s
method (32). The lysate was then mixed with 100-fold molar excess of DMA™ in 20 mM
ammonium acetate buffer (pH 7.0) at room temperature for 1 hour. The resultant solution
was subjected to BioSpin-6 column to remove the salt and free DMA™. The filtrate was
then loaded onto a capillary tip for nanoESI-MS and MS/MS analysis. The experimental
conditions were the same as those for the in vivo formed rtHb-DMA™ complex except that

rat Hba-(DMA™); complex was selected as the parent ion.

4.2.6 Synthetic peptides

Three cysteine-containing peptides with sequences adapted from the o unit of rHb
(Scheme 4-1) were synthesized at the Alberta Peptide Institute (Edmonton, AB). The

peptides were then purified by HPLC with the purity of greater than 95%. The molecular
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weights of these peptides were determined by electrospray mass spectrometry with a
relative standard deviation from the theoretical values of less than 0.01%. The sequences

of the peptides were also determined using a HP G1005A protein sequencer.

rHbo:
P1

A
4 N

1 VLSADDKTNI KNSWGKIGGH GGEYGEEALQ RMFAAFPTTK

41 TYFSHIDVSP GSAQVKAHGK KVADALAKAA DHVEDLPGAL

P2
A ~ 11

81 STLSDLHAHK LRVDPVNFK% LSHCLLVTLA CHHPGDFTPA
104
—

P3

121 MHASLDKFLA SVSTVLTSKY R

Peptide synthesis:
P1: NH,-NIKNCWGKI-COOH (cys-13 o)
P2: NH,-FLSHCLLVT-COOH (cys-104 o)

P3: NH,-VTLACHHPG-COOH (cys-111 o)

Scheme 4-1. Sequences of rat hemoglobin o chain and the synthesized peptides.

4.2.7 MS and MS/MS analysis of peptide-DMA™ complex

The synthesized peptides (5 uM) were prepared in aqueous solution (1 mM
ammonium acetate, pH 7.0), and incubated with excess DMA™ (100 times more

concentrated than the peptides) at room temperature for 1 hour. The reaction solution was
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then subjected to mass spectrometric analysis and CAD MS/MS analysis. The parameters
for MS and MS/MS analysis using the QSTAR system were the same as that for analysis
of rat RBC lysates with the exception of the scanning range (100-1500), collision energy

(30-60 V), and collision gas flow rate (CAD of 5).

4.3 Results

4.3.1 Identification of the highly reactive binding site in rat Hb

As shown in Chapter 3, regardless whether rats were fed with iAsY, MMAV, or
DMA", the rats were able to metabolize these arsenic species to dimethylarsinous acid
(DMAIH) and accumulate DMA™ in their red blood cells in the form of Hb-DMA™
complex. Hb tetramers consist of two o and two [3 units. Mass spectrometry showed that
DMA™ was bound to the o chain but not to the B chain (Figure 3-4 in Chapter 3).This is
an interesting finding, and the reasons for this preferential binding were not known.
Therefore, 1 have carried out additional experiments to identify if there is a highly

reactive binding site in the o chain of rat Hb.

4.3.2 Identification of the targeting amino acid residues

To identify the binding sites of DMA™ in rHb, DMA™ was first shown to
selectively bind to cysteine residues in the protein. Figure 4-2 shows the multicharged
nanoESI-MS spectra from the analyses of RBC lysates of a control rat and a rat fed iAsY

in drinking water. The o and B units of rat Hb are observed from the samples of both the
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control and treated rats. The main difference between the two spectra is the series of
peaks corresponding to (o+104)™ (n=9, 10, and 11) from the arsenic-treated rats. For
example, the ion at m/z 1758.0 in the bottom spectrum from the control rat is the o unit
of rat Hb with the heme group intact [(o")’*]. The corresponding ion in the top spectrum
from the iAs'-treated rat is at m/z 1769.6. The difference in m/z between these two
species (1769.6-1758.0), suggests that the ion at 1769.6 corresponds to (och+104)9+. This
distinct mass spectral feature is consistently observed from 90 rats that were fed arsenic
species compared to 30 control rats. The mass shift of 104 is due to the binding of
DMA™M [(CH3),AsOH, FW 122], with the loss of a H,O molecule, as it has been
discussed in Chapter 2.

Figure 4-3 demonstrates CAD MS/MS analysis of the in vivo rHbo-DMA™
complex from the treated rat and the rHboa from the control rat. Two characteristic
fragment ions with the corresponding masses of 136.942 Da and 179.978 Da were
observed from the rHba-DMA™ complex (dashed trace in Figure 4-3), but were absent
from the rHba: chain without the DMA™ complex (solid trace in Figure 4-3). These two
fragment ions are associated with the DMA"-tagged cysteine residue. Their structures
and molecular weights are illustrated in Scheme 4-2. No DMA™-tagged immonium ions
of other amino acids were observed. Fragment of the parent ions at other charge states

showed the same characteristic ions. The results indicate that DMA™ is selectively bound
to cysteine residue.

The results of DMA™ binding to a cysteine residue were further confirmed by
examining the fragment ions of DMA™ complexes with cysteine and glutathione (GSH, a
cysteine-containing tripeptide). The expected fragment ion of 136.94 Da was observed
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from CAD MS/MS analysis of DMA™ complex of cysteine (Figure 4-4). This suggests
the binding of the dimethyl arsenical to the sulfur atom of cysteine, as shown in Scheme
4-2. Both characteristic fragment ions (136.94 and 179.98) were observed from CAD
MS/MS analysis of the DMA™ complex of GSH (Figure 4-5). The formation of the
second fragment ion (immonium ion: 179.98) requires the breakage of the neighboring
peptide bond as shown in Scheme 4-2. The results in Figures 4-3, 4-4, and 4-5 confirm

that DMA™ is selectively bound to a cysteine residue in the rHbo by forming an arsenic-

sulfur bond.
.
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Figure 4-2. Multiply-charged nanoESI-MS spectra of the RBC lysates from rats with and
without exposure to iAs¥ showing that DMA™ is specifically bound to rHba, forming a

complex with stoichiometry of 1:1. The preparation for nanoelectrospray solution and

other detailed MS and MS/MS conditions are described in Section 4.2.3.
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Figure 4-3. Comparison of the CAD MS/MS spectra of the parent ions of the rHba-
DMA™ complex (m/z=1769.6, 97) and rHbo (m/z=1758.0, 9) showing that two
characteristic ions with amu of 136.942 and 179.978 are uniquely present in the MS/MS
spectrum of the rat Hbo-DMA™ complex. This suggests that DMA™ is selectively bound
to the cysteine residue in rHb. For MS/MS analysis, the collision energy (CE) was 110
eV, and the CAD gas setting was 6. The m/z range for monitoring was 130-210. The
preparation for the nanoelectrospray solution and other detailed MS and MS/MS

conditions were described in Sections 4.2.3.and 4.2.4.
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Scheme 4-2. Generation of the characteristic fragment ions under collision-activated

dissociation of the DMA"-cysteine complex in a single amino acid residue.
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Figure 4-4. MS/MS spectra of the cysteine-DMA™ complex. Ten times molar excess
DMA™ was incubated with cysteine in 1 mM ammonium acetate buffer (pH 7.0) for 30
min. The reaction solution was then diluted 10 times by methanol, formic acid, and water
to final concentrations of 50% methanol, 0.1% formic acid, and cysteine SUM. The
electrospray conditions were the same as those for the protein complex in Sections 4.2.3

and 4.2.4 except for the collision energy of 10 eV, and the CAD setting of 5.
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Figure 4-5. MS/MS spectra of the GSH-DMA™ complex. Ten times molar excess
DMA™ was incubated with GSH in 1 mM ammonium acetate buffer (pH 7.0) for 30 min.
The reaction solution was then diluted 10 times by methanol, formic acid, and water to
final concentrations of 50% methanol, 0.1% formic acid, and 5uM GSH. The
electrospray conditions were the same as those for the protein complex in Sections 4.2.3

and 4.2.4 except for the collision energy of 20 eV, and the CAD setting of 5.
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4.3.3 Identification of the position of DMA™ binding in rHb

Although each o unit of the rHb contains three free cysteines and each B unit
contains two free cysteines, the MS evidence shows that DMA™ binds only to one of the
three cysteines in the o chain (Figure 3-4 in Chapter 3). To identify which of these
cysteines in the o unit of the rHb is the reactive binding site for DMA™, T have developed
a unique MS technique based on arsenic labeling. This technique is used for the direct
analysis of RBC samples with no need of enzymatic digestion of the protein.

The principle and approach of this technique is described with rat RBC as an
example. Binding of DMA™ to rHb leads to an increase of 103.9607 mass unit in the
protein, which has a mass defect of -0.0393 from the unit mass. Upon fragmentation, the
DMAIH—tagged internal ions would provide information specific to the local sequence of
each cysteine residue. These ions possess a negative mass shift from the common
fragment ions of protein. As an example, the formation of DMA™"-tagged internal
dipeptide ions is illustrated in Scheme 4-3. For each non-terminal cysteine residue in a
protein, there are two possible internal dipeptide ions tagged with DMA™ (Scheme 4-3).
Their molecular weights are the sum of 189.961 Da (DMA™ binding to a cysteine residue)
and the molecular weight of the neighboring amino acid. Based on this scheme and
combined with the known rHba sequence, the expected internal dipeptide ion species
with the DMA™ tag for all three cysteine residues (cys-13, 104 and 111) in the rHba unit
were derived and are listed in Table 4-1. The presence of any pair of internal dipeptide
ions with a DMA™ tag combined with the absence of other pairs of internal dipeptide

ions with a DMA™ tag allows the identification of the specific cysteine residue that is
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highly reactive to DMA™. The fragmentation analysis of the rHba unit (without the
DMA™ complex) under the same conditions can be examined as a negative control.
Because small internal ions usually give strong response and better resolution, internal
dipeptide ions were chosen as indicators of the binding sites. Larger internal peptide ions

with a DMA™ tag can be used to further support the identification.

1 2 3 4
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[ I [
N CH C—N—CH—C——N—CH—C—+
L
L
I
As

cleave at 1 & 3 / \‘cleave at2 &4
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Scheme 4-3. Generation of characteristic internal dipeptide ions with DMA™ tag under

collision-activated dissociation of the DMA™-protein complex.
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Table 4-1. List of major internal ions with a DMA™ tag and their expected and measured
mass values from MS/MS analysis of DMA™ complexes of rHbot unit.

Measured Measured Mass
Site Internal Ions  with Formula Expected in vivo in vitro Accuracy
DMA™ tag (amu) complex complex (ppm)
(1:1) 1:3)° a b
NCX) CoH;N30;SAs 322.021 322.020 322.024 3 9
NCX) - CO CgH,7N;0,SAs 294.026 294.034 294,033 27 24
NC(X) - NH; CoH4N,0;SAs 304.994 304.998 305.004 13 33
NC(X) - CO- NH; CgH;4N,0,SAs 276.999 277.002 277.010 11 40
CXO)W C6H1N30,SAs 394.057 394.057 394.052 0 -13
CX)W - CO Cy5H,1 N3OS As 366.062 366.066 366.066 11 11
cysl3 a C(X)W — NH;, C6H13N,O,SAs 377.031 377.032 377.037 3 16
C(X)W - CO- NH; C;sH sN,OSAs 349.036 349.038 349.041 6 14
KNC(X)-NH;4 C;5Hy6N,O4SAs 433.089 433.082 433.078 -16 25
CX)WG C1sH2uN4O3SAs 451.079 451.090 451.058 24 -47
NCX)W C,oHyN5O,SAs 508.100 508.085 508.107 29 14
NC(X)W - CO- NH;,4 C1oH24N,O3SAs 463.079 463.094 463.078 32 -2
KNC(X)WG/
§\IC(X§WGK)-CO-NH3 CasHzsN,06S As 676.190 676.217 N/D 40 N/A
HC(X) C{HgN4O-SAs 345.037 N/D 345.041 N/A 12
HC(X) - CO CoHsN4OSAs 317.042 N/D 317.050 N/A 25
cys104 HC(X)- CO-NH; C1oH;sN;0SAs 300.015 N/D 300.025 N/A 33
o C(X)L C;H:,N,0,SAs 321.062 N/D 321.064 N/A 6
C(X)L -CO CoH»N,OSAs 293,067 N/D 293.076 N/A 31
SHC(X) C4H»NsO,SAs 432.069 N/D 432.064 N/A  -12
HCX)L C7H29N505SAs 458.121 N/D 458.120 N/A -2
AC(X) CgH¢N,O,SAs 279.015 N/D 279.024 N/A 32
AC(X) - CO C,H(N,OSAs 251.020 N/D 251.010 N/A -40
AC(X)-CO - NH,4 C;H;3sNOSAs 233.993 N/D 234.009 N/A 68
C(XOH C;1H;sN4O,SAs 345.037 N/D 345.040 N/A 9
cvslll C(X)H -CO CoH sN,OSAs 317.042 N/D 317.052 N/A 32
4 o HC(X)- CO— NH; CoH5N3;OSAs 300.015 N/D 300.023 N/A 27
ACXO)H C14H13N5058As 416.074 N/D 416.062 N/A -29
C(X)HH C7H»sN;O5SAs 482.096 N/D 482.074 N/A  -46
AC(X)HH CyoH3NgO4SAs 553.133 N/D 553.137 N/A 7
AC(X)HH — CO C9H3oNg03SAs 525.138 N/D 525.110 N/A -53
LAC(X)HH CyosHy NgOsSAs 666.217 N/D 666.250 N/A 50

Note: (a) Results on the measured in vivo complex were from the analysis of RBC
samples of arsenic-treated rats. One DMA™ molecule was found to bind with
each o unit of rat Hb.

(b) Results on the measured in vitro complex were from the analysis of incubation

mixtures containing excess DMA™ over purified rat Hb. The excess amount
of DMA™ lead to the binding of three DMA™ molecules to a single o unit of

rat Hb.

Mass accuracy in the a column is calculated by the relative deviation of the in vivo
complex (1:1 stoichiometry) from the expected value, and in the b column it is
calculated by the relative deviation of the in vitro complex (1:3 stoichiometry) from
the expected value.
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Figure 4-6 shows the CAD MS/MS spectrum of the in vivo DMA"'-Hbo complex
superimposed with that of the Hba.. These were obtained from the analyses of RBC
samples from the arsenic-treated rat and the control rat. Two strong internal dipeptide
ions of NC and CW with the DMA™ tag were observed with corresponding m/z of
322.020 and 394.057 (dashed trace in Figure 4-6). Internal ions with a loss of NHj
(304.998 and 377.032), CO (294.034 and 366.066), and a simultaneous loss of NH3 and
CO (277.002 and 349.038) were also observed for each internal dipeptide ions containing
the DMA™ tag (Table 4-1). These same internal dipeptide ions with DMA™ tag are
absent in the MS/MS spectrum from the analysis of the RBC samples from the control rat
(solid trace in Figure 4-6). Since only cys-13ct has N and W as the neighboring amino
acid residues (as shown in Scheme 4-1), it indicates that DMA™ is bound to cys-13a. A
number of internal ions of higher molecular weight that contain the cysteine-DMA™ tag
were also observed from fragmentation analysis of DMA"™-Hba complex. Internal
tripeptide ions with DMA™ tags were observed with m/z of 433.082, 451.090, and
508.085, corresponding to internal ions of KNC, CWG, and NCW, each with a DMA™
tag, respectively. An internal pentapeptide ion of 676.218 amu was also observed, which
may result from two possible DMA™-tagged fragments, KNCWG and NCWGK, with a
simultaneous loss of CO and NHs. Fragment of parent ions at other charge states showed
the same results. These internal oligopeptide ions with DMA™ tags are associated with
cys-13a in the protein sequence context, supporting that cys-13a is the in vivo reactive

binding site.
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Figure 4-6. Comparison of the MS/MS spectra of the parent ions of the in vivo-formed
rHbo-DMA™ complex (m/z=1769.6, 9%) and rHbo, (m/z=1758.0, 9*) in the m/z range of
250-420. It shows that two characteristic internal dipeptide ions with DMA™ tag at
322.020 and 394.057 amu are uniquely present in the MS/MS spectrum of the rHbot-
DMA™ complex but not in that of rHbo itself. The experimental conditions are described

in Sections 4.2.3 and 4.2.4. Note: C(X) represents that the cysteine residue contains one

DMA™ tag [(CH3),As].
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Furthermore, despite that 90% of the o unit of rHb in the sample chosen for CAD
MS/MS analysis formed a covalent 1:1 complex with DMA™ in vivo (Figure 4-2), no
significant internal dipeptide ions with DMA™ tags that associated with cys-104c. (HC,
CL) or cys-1110 (AC, CH) were observed in its CAD MS/MS spectrum (Figure 4-6 and
Table 4-1). To demonstrate that the absence of these internal ions is not due to
differential production by CAD fragmentation, a non-physiological protein complex
[rHbo— (DMAIH)g] with saturated stoichiometry (1:3) formed in vitro was examined
under the same MS and MS/MS conditions. This complex was obtained by incubating
rHb with 100-fold molar excess of DMA™, with which both o and B units of rHb can be
saturated. Figure 4-7 demonstrates the CAD MS/MS analysis of the o unit bound to three
DMA™ molecules [rHbo-(DMA™)3]. The derived internal ions with the DMA™ tag are
listed in Table 4-1. In the presence of three DMA™ molecules simultaneously bound to
the o, chain of rHb, the DMA"-tagged internal dipeptide ions associated with cys-13c,
cys-104a, and cys-111a were all observed. The internal dipeptide ion of HC or CH with
DMA™ tag (345.045 amu from cys-1040; and cys-1110) has a much stronger signal (~3
fold) than that of NC with DMA™ tag (from cys-1301). The intensity of CL with DMA™
tag at 321.064 is higher than that of DMA™-tagged NC internal ions. The observed signal
of the AC internal ion with DMA™ tag (279.015, associated with cys-111c) is very weak,
but the alternate tripeptide ACH with DMA'™ tag shows a strong signal, and its intensity
is similar to that of the NC internal ion with DMA™ tag. These results indicate that the
internal ions from all the three cysteine residues can be produced under the same

conditions. Therefore, the absence of DMA™-tagged internal ions of HC/CH, CL, AC,
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and ACH is due to an absence of DMA™ binding to cys-1040. or cys-111c, and not due

to the instability to produce the internal ions from these species.
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Figure 4-7. Comparison of the MS/MS spectra of rHbo unit (m/z 1758.0, 9+) and its in
vitro complex with three DMA™ molecules (m/z 1792.6, 9+). The rHb-DMA™ complex
was formed by incubating rHb purified from RBC lysate of control rats with 100-fold
molar excess of DMA™. The internal dipeptides at amu of 322.024 (NC-DMA™)and
394.052 (DMA"™.CW) are due to DMA™ binding to cys-13c.. The internal peptides at
amu of 416.062 [AC(DMA™H] and 345.040 (DMA™-CH) suggest DMA™ binding to
cys-111. The internal dipeptides at amu of 321.064 (DMAIH-CL) and 345.041 (HC-
DMA™) suggest DMA™ binding to cys-104c. The preparation of the in vitro rHb
complex with 3 DMA™ and the nanoESI-MS and MS/MS conditions were described in
11

Section 4.2.5. Note: C(X) represents that the cysteine residue contains one DMA
(CH3)2AS.

tag:
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The experimentally measured mass values agreed well with the expected mass
values, as shown in Table 4-1, and the mass measurement accuracy is within 70 ppm.
Taken together, these results suggest that cys-13o is the highly reactive amino acid

residue in native rHb.

4.3.4 Confirmation of the binding site by synthesized peptides

The identification of the reactive binding site cys-13 in the o chain of rat Hb is
further supported by evidence from three synthetic peptides encompassing each of the
cysteine residues in the o¢ chain of rat Hb. The three nonapeptides were synthesized with
sequences adapted from the rHbo unit that contain cys-13a, cys-1040, and cys-
1110 (Scheme 4-3), respectively. The cysteine residue is located in the center of each
peptide. To produce a sufficient amount of peptide-DMA™ complex for MS/MS analysis,
each synthesized peptide was incubated in vitro with 100-fold molar excess amount of
standard DMA™.

The nanoESI-MS analysis of the reaction mixture of short peptides with excess
DMA™ demonstrates that all three peptides are able to react with DMA™ and form
peptide-DMA™ complexes with stoichiometry of 1:1 (Figure 4-8A, B, and C). In a
further CAD MS/MS analysis of the peptide-DMA™ complexes with a collision energy
of 50 eV, two cysteine-bound characteristic fragment ions with m/z of 136.94 and 179.98
were clearly observed for all three peptide-DMA™ complexes, which supports that
DMA™ is bound to cysteine (see Scheme 4-2). With a collision energy of 30 eV, the two
specific ions with m/z of 136.94 and 179.98 were also observable, but less intense

(Figure 4-9A, B, and C). However, a pair of internal dipeptide ions with a DMA™ tag for
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each peptide was clearly observed. For peptide 1 (P1), which has a homologous sequence
adapted from a local sequence of cys-13a., there was a pair of internal dipeptide ions at
m/z of 322.028 and 394.078 (Figure 4-9A), which correspond to NC and CW with
DMA™ tag. In contrast, both peaks were absent from the MS/MS spectra of P1, peptide 2
(P2), or peptide 3 (P3) without the DMA™ complex. The presence of the internal
dipeptide ions of NC and CW with DMA™ tag is associated with DMA™ binding to P1.
This pair of internal dipeptide ions with DMA™ tag has been observed in MS/MS
fragmentation analysis of the in vivo DMA"-Hbo.complex (Figure 4-6). The paired
presence of two internal ions of DMA™-tagged HC and CL with the m/z of 345.03 and
321.01 is due to DMA™ binding to P2 (Figure 4-9B) and the paired presence of internal
ions of DMA™ tagged CH and AC with the m/z of 345.03 and 279.01 is due to DMA™
binding to P3 ( Figure 4-9C). The internal ions mainly present with DMA™ tags for three
peptides are summarized in Table 4-2. These data suggest that DMA™-tagged peptides
can give characteristic internal ions that are dependent on the local sequences of the
neighboring cysteine residues.

In summary, the same internal ions were observed from the binding of DMA™ to
peptide 1 and from the RBC samples of the arsenic—treated rats. The DMA"-tagged
internal ions from DMA™ binding to P2 and P3 were not observed from the RBC
samples of arsenic treated-rats. The synthetic peptides, P1, P2, and P3, have homologous
sequence adapted from the local sequence of cys-13, cys-104, and cys-111, respectively.
Taken together, these results further support that cys-13ctin rat Hb is the in vivo

preferential binding site for DMA™.
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Figure 4-8A. MS analysis of peptide 1 (P1) containing one cysteine residue and its
DMA™ complex showing that P1 can react with DMA™ and form complexes with
stoichiometries of 1:1. The concentration of methanol and formic acid in the spray
solution were 50% and 0.1%, respectively, and the concentration of the peptide was 5 pM.
The ion spray voltage was 1000 V, the curtain gas was 25, and each spectrum was
collected using the multichannel accumulation mode (MCA) for 2 min. The detailed

reaction conditions were shown in the Section 4.2.7.
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Figure 4-8B. MS analysis of peptide 2 (P2) containing one cysteine residue and its
DMA™ complex showing that P2 can react with DMA™ and form complexes with

stoichiometries of 1:1. The other conditions were the same as in Figure 4-8A.
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Figure 4-8C. MS analysis of peptide 3 (P3) containing one cysteine residue and its
DMA™ complex showing that P3 can react with DMA™ and form complexes with

stoichiometries of 1:1. The other conditions were the same as those in Figure 4-8A.
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Figure 4-9A. MS/MS analysis of P1-DMA™ complexes and the control peptide P1.
Parent ions were Pl (m/z 538.1, 2+) and its DMA™ complex (m/z 590.1, 2+),
respectively. Information from both internal ions and b/y ions supports that DMA™ is
bound to the cysteine residue in the fifth position of the peptide. Each peptide displays
one pair of the unique internal dipeptide ions with DMA" tag. The components for the
nano-electrospray solution, the ion spray voltage, and curtain gas were the same as those
in Figure 4-8A. The collision energy was 30 eV, and the collision gas setting was 5. Each

spectrum was collected using the MCA mode for 5 min.
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Parent ions were P1 (m/z 516.6, 2+) and its DMA™ complex (m/z 568.6, 2+),

Figure 4-9B. MS/MS analysis of P2-DMA™ complexes and the control peptide P2.

respectively. The other conditions were the same as in Figure 4-9A.
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Figure 4-9C. MS/MS analysis of P3-DMA™ complexes and the control peptide P3.
Parent ions were P3 (m/z 467.6, 2+) and its DMA™ complex (m/z 519.6, 2+),

respectively. The other conditions were the same as in Figure 4-9A.
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Table 4-2. List of major internal ions with DMA™ tags, and their expected and measured
mass values from MS/MS analysis of DMA™ complexes of three synthetic peptides with

sequences adapted from the rHba.

Site Internal Ions Expected Measured Mass Accuracy
(amu) (amu) (ppm)
NC(X) 322.021 322.028 22
NC(X)-CO 294.026 294.037 37
NC(X)-NH; 304.994 305.008 46
NC(X)-CO-NH; 276.999 277.016 61
CX)W 394.057 394.078 53
CX)W-CO 366.062 366.052 -27
C(X)W-NH;, 377.031 377.036 13
P C(X)W-CO-NH; 349.036 349.032 -11
Cys-130; KNC(X) 450.116 450.106 -22
KNC(X)-NH; 433.089 433.072 -39
CX)WG 451.078 451.062 -35
NCX)W 508.100 508.121 41
KNCX)W 636.195 636.192 -5
KNC(X)W-NH; 619.168 619.179 i8
KNC(X)WG/NC(X)WGK 693.216 693.220 6
(KNCX)WG/NC(X)WGK)-
CO-NH; 676.154 676.188 50
HC(X) 345.037 345.034 -9
HC(X)-CO 317.042 317.043 3
HC(X)-CO-NH; 300.015 300.018 10
C(X)L 321.0618 321.065 10
C(X)L-CO 293.067 293.069 7
SHC(X) 432.069 432.059 -23
P2 SHC(X)-CO 404.074 404.066 -20
Cys-1040.  SHC(X)-NH3 415.042 415.046 10
HCX)L 458.121 458.094 -59
CX)LL 434.146 434.128 -41
LSHC(X) 545.153 545.173 37
HCX)LL 571.205 571.215 18
LSHC(X)L 658.237 658.242 8
LSHCX)L-CO 630.242 630.234 -13
ACX) 279.015 279.028 47
ACX)-CO 251.020 251.027 28
CXOH 345.037 345.038 3
C(X)H-CO 317.042 317.043 3
M C(X)H-CO-NH; 300.015 300.023 27
Cys-1110 ACX)H 416.074 416.062 -29
C(X)HH 482.096 482.113 35
ACX)HH 553.133 553.143 18
LACX)H 529.158 529.173 28
LAC(X)HH-NH3 638.222 638.222 0
LAC(X)HH 666.217 666.208 -14

Note: C(X) represents that the cysteine residue contains one DMA™ tag: (CHj),As.
P
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4.4 Discussion and Conclusions

A direct CAD MS/MS analytical method for the identification of an arsenic
binding site in a large protein is presented. This method is based on the unique mass
defect of arsenic, the high selectivity of arsenic to cysteine residues, and the excellent
stability of arsenic-sulfur bonds in the gas phase. The arsenic signature in the fragment
ions led to the successful identification of a highly reactive binding site in rHb, cys-13¢,
for the reactive arsenic metabolite-DMA™. To my knowledge, no report has been made
using CAD MS/MS to identify a binding site in such a large protein (~16 kDa, Hb
monomer). This method is fast and efficient for the localization of binding sites of arsenic
in proteins. The solvent hydrolysis that takes place very often in solution is avoided and
the labile adduct tag can be preserved well in the fragment ions. This method does not
require enzymatic digestion, which is problematic because it leads to the dissociation of
DMAM from rHb in solution. The requirement for mass resolution is not stringent, and
identification of the binding sites can be achieved even at moderate mass resolution
(~5000 at m/z of 500). Arsenic is not naturally present in proteins; therefore, the arsenic-
labeled fragment ions have low background, which allows the detection of protein
modifications at low frequencies, as presented here. Compared with other top-down
methods, the presented approach is neither limited to the requirement of large, expensive
FT-ICRMS instruments, nor is special fragmentation equipment such as ECD or IRMPD
necessary. This method may be used in general mass spectrometric laboratories.

This method based on arsenic labeling is potentially useful for characterization

and identification of the endogenous and exogenous protein complexes and post-
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translational modification products, particularly for those that are labile to enzyme or
chemical cleavage. This method may also be useful to quantitatively evaluate the
reactivity of individual cysteine residues in the proteins, to identify the reactive cysteine
for endogenous and exogenous conjugation, and to study the protein folding and
conformation-dependent reactivity. The arsenic labeling method is also potentially useful
in generation of cysteine-containing sequence tags for identification of proteomes, which
would be complementary to bottom-up approaches by which the cysteine-containing
peptides is very difficult to identify. Since arsenic is a ubiquitous environmental
contaminant, this method may further the work on arsenic toxicity associated with arsenic
binding to the key enzymes. The highly reactive cys-13 in the o chain of rHb has been
shown associated with the accumulation of arsenic in rat blood (Chapter 3).

In conclusion, a method coupling arsenic labeling with CAD tandem mass
spectrometry has been described in this chapter. It has been successfully used to identify
a highly reactive cysteine residue in rHb by direct fragmentation of the large protein ions
and monitoring of the unique arsenic signature on the fragment ions using a nanoESI-
triple quadrupole time-of-flight mass spectrometer. The method overcomes the
limitations of current MS approaches for the identification of chemically labile protein
modifications and may have promising potential applications in proteomics and

toxicological studies.
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Chapter 5 Interaction of Human Hemoglobin with Arsenic

Species

5.1 Introduction

Arsenic’s reputation is that of a notorious toxin which causes a variety of both
cancerous and noncancerous effects on humans (1-6). Paradoxically, arsenic compounds
have been successfully used for clinical treatment of newly diagnosed, relapsed and
refractory acute promyelocytic leukemia (APL) with higher remission rate (7-10).
However, a number of adverse effects were also clinically observed including QTc
prolongation, leukocytosis, hepatic dysfunction, peripheral neuropathies, and even
clinical fatalities (7-14). To understand the benefit and risk profiles of arsenic, extensive
research activities on arsenic’s mechanisms of actions have been conducted. Most efforts
have been focused on cellular differentiation, induction of apoptosis, degradation of
specific APL transcripts, antiproliferation, and inhibition of angiogenesis (14-17). But
little attention has been paid to arsenic speciation and their interactions with cellular
proteins.

The studies in Chapter 3 have shown that DMA™ can be efficiently arrested by rat
Hb, which reduces the acute toxicity of arsenic and greatly change arsenic metabolism
profile. In the context of this research, it is very interesting to investigate the arsenic

species interaction with human blood proteins.
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To extend the previous studies to human, here interaction of arsenic species with
hHb was conducted in both standard protein-arsenic incubation and in vivo exposure of
arsenic trioxide of APL patients. It is demonstrated that trivalent arsenic can interact with
hHb, and the reactivity is arsenic species dependent. Examination of blood from APL
patients under arsenic trioxide treatment further demonstrates that arsenic-protein

complexes can form in vivo, predominantly in the RBC.

5.2 Materials, Patients, and Methods

All procedures of sample collection and analysis were in compliance with the
guidelines and regulations of both the Ethical Review Board of the University of Alberta

and Harbin Medical University Hospital, China.

5.2.1 Materials

All the materials used have been described in Section 2.2.1.

5.2.2 Patient treatment protocols (done by the Harbin Medical University

Hospital)

Four ongoing APL patients (already under treatment for some time) and two
newly diagnosed APL patients had been registered in the Harbin Medical University
Hospital (China) with signed informed consent for participation in this study. Their status
is listed in Table 5-1. At the time of the study, all of the four ongoing patients had been

treated with arsenic trioxide (10 mg/day) continuously on a daily basis by intravenous
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injection since their admission to the Harbin Medical University Hospital. Prior to the
first collection of blood samples for the present study, the four ongoing patients had been
treated with arsenic trioxide for 18, 9, 35, and 25 days, respectively. When the project
started, the four ongoing patients continued the treatment. A new adult patient (patient 5)
was given the same treatment as the four ongoing patients. Patient 6, a newly admitted

child, was also treated with the same procedure, except that the dose was reduced to 5

mg/day.

5.2.3 Blood collection protocols.

Blood was collected from the on-going patients for three consecutive days, 24
hours after the previous treatment with arsenic trioxide. For the two newly diagnosed
patients, the blood was collected right before treatment with arsenic trioxide, and 24
hours after the first and the second treatment. The blood was then subjected to separation

as described below.

Table 5-1. Summary of the APL patients participating in the study

Past days of Note
Patient Age Sex arsenic trioxide
treatment (days)
1 35 M 19 -
2 52 M 36 relapsed®
3 31 M 10 relapsed®
4 31 F 26 -
5 19 M 0 -
6 8 M 0 -
Note: a- patient #2 was diagnosed with APL and was treated with all-frans retinoic acid
(ATRA) four years ago.

b- patient #3 was diagnosed with APL and was treated with arsenic trioxide
(ATO) five years ago, relapsed one year ago, and was treated with ATO again
until remission.
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5.2.4 Blood separation and lysis of RBC

The blood was separated by centrifugation at 4000 rpm for 10 min at 4 °C. The
separated plasma was transported on dry ice and stored at -80 °C before analysis. The
RBC were preserved in AS-3 solution (18), and were transported and stored at 4 °C for
no more than 42 days before analysis. The RBC were then lysed by addition of water,
then subjected to centrifugation to remove the membrane as shown in Section 3.2.4. One
portion of plasma and RBC lysates were diluted with 20 mM ammonium acetate (pH 7.0)
to the appropriate concentration assigned for GFC-ICPMS analysis. Another portion of
RBC lysates were subjected to BioSpin-6 column for purification. The protein fraction
was then diluted 10 times by the addition of methanol (to a final concentration of 10%
methanol), formic acid (to a final concentration of 0.002% fominc acid), and water. The
resulting solution was then loaded on to a nanoelectrospray capillary for nanoESI-MS

analysis in a QSTAR system.

5.2.5 Methods

The GFC-ICPMS and nanoESI-MS methods and the reaction between hHb and

trivalent arsenic species have been described in detail in Chapter 2.
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5.3 Results

5.3.1 Binding of arsenic species with pure hHb

The binding of the trivalent arsenic species to hHb was first examined by GFC-
ICPMS. It was found that the percentage of protein-bound arsenic changing over the
incubation time is arsenic species dependent (Figure 5-1). Only a small fraction of iAs™
(~0.4 %) was bound to hHb after 2 h of incubation (Figure 5-1). Extending the incubation
time to 24 h did not substantially increase the binding of iAs™ to hHb (~1.6%). The
fraction of MMA™ increased rapidly during the first 2 hours to 4(x0.2)%, then it
continuously increased to 9.3(+0.5)% within 24 hours. The binding of DMA™ to hHb
also increased very fast during the first 2 hours. However, after reaching its maximum
(21(20.4)%) after 4 h, it then decreased to 17.0(x0.4)% after 24 h. The slight decrease in
the hHb-DMA™ complex was probably due to oxidation of DMA™ to the less reactive
DMA" (34), indicating that the formation of hHb-DMA™ complexes may be chemically
reversible. The results indicate that all the three trivalent arsenic species have very low
reactivity to hHb. Of the three arsenic species, DMA™ was more reactive, iAs™ was less
reactive, and MMA! was moderately reactive. The reactivity ratio for DMAHI, MMAIH,

and iAs™ was 17:6.5:1.
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Figure 5-1. Percentage of protein-bound arsenic changing over the incubation time. hHb
(20 uM) was incubated with iAs™, MMA"™, or DMA™ (1 uM) at room temperature for
up to 24 h in 20 mM ammonium acetate buffer (pH 7.0). An aliquot (30 uL) of each
reaction mixture was then subjected to GFC-ICPMS analysis. The chromatograms

obtained were integrated, and the percentage of protein-bound arsenic was calculated.

The experimental conditions are described in Section 2.2.2.1
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To characterize the possible binding products between hHb and the arsenic
species, the molecular species of arsenic bound to the o and B units of hHb were further
identified using nanoESI-MS. Figure 5-2A shows typical deconvoluted mass spectra
from the nanoESI-MS analysis of hHb with or without reaction with DMA™. In the
absence of DMA™ (bottom spectrum of Figure 5-2A), the two major species are the o
unit (peak 1, 15126 Da) and B unit (peak 3, 15867 Da). The measured molecular mass
values are consistent with those reported in the protein bank database (Swiss-Prot). After
incubation with excess DMA'™, the relative intensity of the o, and B units (peaks 1 and 3)
decreased, and three new major species appeared (peaks 2*, 4*, and 5*). The molecular
mass of the peak 2* species (15230 Da) is 104 Da higher than that of the o unit (15126
Da), suggesting that this is due to the complex of one o, unit to one DMA™ molecule (22).
The peak 4* (15971 Da) and peak 5* (16075 Da) have mass shifts of 104 Da and 208 Da
from the § unit (15867 Da), corresponding to complexes of one B unit with one and two
DMA™! molecules, respectively.

The complexes of DMA™ with both the o and the B units of hHb are dependent
on the relative concentrations of hHb and DMA™. Figure 5-2B shows representative
multicharged mass spectra from the analysis of reaction mixtures containing a constant
concentration of hHb (2 uM) and varied concentrations of DMA™ (0-100 uM). The
signal of the complex of one o and one DMA™ molecule (peak 2%*) increased with
increasing concentration of DMA™ up to 10 pM. Further increase of DMA™
concentration did not result in any significant increase in the signal of the complex (peak
2%*). No other complex of the o unit with DMA™ was observed with excess of DMA™

(the DMA™ concentration ranging from 2 pM to 100 uM). These results suggest that the
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reaction between the o unit of hHb and DMA™ has 1:1 stoichiometry. Two complexes of
the B unit with DMA™ (peaks 4* and 5%) in Figure 5-3 had 1:1 and 1:2 stoichiometry,
respectively. The complex of one B unit with one DMA™ (peak 4*) was favored at a
lower concentration of DMA™ (2-10 uM), and the complex of one P unit with two
DMA™ (1:2 stoichiometry, peak 5*) was dominant (peak 5*) at higher concentrations of
DMA™ (50-100 uM). The stoichiometries were consistent with the available binding
sites - free cysteine residues in hHb.

Using nanoESI-MS, the interaction between hHb and MMA™ was further
examined to confirm the binding stoichiometry and the relative affinity of hHb for
arsenic species. While DMA™ was able to bind with only one cysteine residue, MMA™
in principle can bind to two cysteine residues due to the presence of two free hydroxyl
groups. It was found that a new peak (15955 Da, peak 3*) appeared after incubation with
MMA™, with a corresponding decrease in the intensity of the B unit (Figure 5-3A). The
mass shift from the B chain was 88 Da, which represents the addition of one MMA™
molecule and the loss of two H,O molecules. This is most likely due to the reaction of
MMA™ with two cysteines (Cys93 and Cys112) in the B chain of hHb. There was no
complex of MMA™ with the o chain of hHb, which contains only one cysteine.
Experiments with a range of MMA™ concentrations (2—50 uM, Figure 5-3B) consistently

showed that only one MMA™ was bound to the B chain of hHb.
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Figure 5-2. Nanoelectrospray mass spectra showing the interaction products between the
o and P units of hHb and DMA™. (A): Deconvoluted mass spectra showing molecular
mass of the species. (B). The multiply charged mass spectra showing relative intensity
changes in the interaction products between hHb and DMA™ with increasing
concentration of DMA™. The ions carry 16 positive charges. The reaction of hHb with

DMA™ and the experimental conditions are described in Section 2.2.2.2.
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Figure 5-3. Nanoelectrospray mass spectra showing the interaction products between the
o and P units of hHb and MMA™. (A): Deconvoluted mass spectra showing molecular
mass of the species. (B) The multiply charged mass spectra showing relative changes in
the interaction products between hHb and MMA™ with increasing concentration of
MMA™. The reaction of hHb with MMA™ and the experimental conditions are described

in Section 2.2.2.2.
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III

Nanoelectrospray MS experiments showed that iAs™ had negligible binding to

hHb with the molar ratio up to 50:1 (arsenic concentration : hHb). The extremely weak

reactivity of iAs™

was consistent with the results revealed by GFC-ICPMS (Figure 5-1).
Further experiments showed that pentavalent arsenic species (iAs', MMA", and DMAY)
did not react with hHb. The experimental evidence has shown that trivalent arsenic

species can interact with hHb by forming hemoglobin complexes, and that their reactivity

depends on the arsenic species.

5.3.2 Arsenic in the blood samples from APL patients undergoing arsenic

trioxide treatment

Having established the interaction of trivalent arsenic species with hHb, the next
step was to examine arsenic in the blood of APL patients under arsenic treatment.

The arsenic distribution in plasma and RBC of 6 APL patients under arsenic
treatment for a duration of up to 38 days was first examined. Arsenic was observed in
both the plasma and the RBC of the patients under arsenic treatment. With the increase of
total arsenic concentration in plasma, the concentration of total arsenic in RBC increased
rapidly (Figure 5-4A). This indicates that RBC can take up arsenic very efficiently from
plasma. During the treatment, the arsenic levels in RBC was about ~1.9-4.5 times that in
plasma (Figure 5-4B). For short treatment durations, the ratio of arsenic in RBC to that in
plasma was as high as 4.5. With increase of the treatment duration, the ratio tended to
decrease to a plateau with an average value of 2.5(+0.4). In comparison, the arsenic level

in both plasma and RBC was under the detection limit in newly diagnosed patients before
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arsenic treatment. The higher percentage of arsenic in RBC compared to plasma suggests

that RBC have a higher affinity to arsenic.
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Figure 5-4. Distribution of total arsenic in the RBC and plasma of 6 APL patients. (A)
Correlation of total arsenic in RBC with that in plasma, and (B) Change in ratio of

arsenic in RBC to that in plasma over treatment time.
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To further understand why RBC have a relatively higher amount of arsenic than
plasma, GFC-ICPMS was applied to examine the protein-bound and free arsenic in both
RBC and plasma of the patients. Figure 5-5 represents the typical chromatograms
obtained from the patients. It was found that the major arsenic component in RBC was in
protein-bound form (Figure 5-5A), while the major arsenic component in plasma was in
the free form (Figure 5-5B). With an increase of total arsenic in RBC, both protein-bound
and free arsenic increased, with protein-bound arsenic increasing more quickly than the
free arsenic (Figure 5-6A). In comparison, with an increase in total arsenic in plasma,
both protein-bound and free arsenic increased; the free arsenic increased faster than the
protein-bound form (Figure 5-6B). The results indicate that proteins in RBC may have a
higher affinity to arsenic compounds than proteins in plasma.

Protein-bound arsenic in RBC was further correlated with the treatment duration.
It was found that binding of arsenic to RBC proteins may involve two phases: one is the
fast phase probably related to a relatively strong binding site, and the other is the slow
phase, which may correspond to a weak binding site (Figure 5-7).

RBC lysate from the blood of APL patients was further subjected to nanoESI-MS
analysis. However, there was no significant change observed in the mass spectra of hHb
of these patients after arsenic treatment. This is mainly due to the low reactivity of

arsenic species with hHb.
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Figure 5-5. Typical chromatograms obtained from the RBC (A) and plasma (B) of APL
patients under arsenic trioxide treatment. 20 uL. RBC lysate or plasma samples were
subjected to GFC-ICPMS analysis. The HPLC separation conditions were the same as

those in Figure 2-1.
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5.4 Discussion and conclusions

Biomonitoring of arsenic has been based mainly on the speciation analysis of
arsenic in urine (19-22). Although some attempts (23-25) have been made to perform
speciation analysis of arsenic in human blood, little information is available on the
protein-bound arsenic and free arsenic species in blood. In clinical APL studies involving
arsenic trioxide, the pharmacokinetics of this compound have been examined; however,
no arsenic species have ever been differentiated (7, 16). This chapter provided direct
information on the protein-bound and free arsenic species in RBC and plasma of APL
patients. The large fraction of arsenic present in RBC suggests that RBC should be
emphasized for biomonitoring.

Hb has been demonstrated to react with the trivalent methylated arsenic
metabolites, MMA™ and DMA™, but the reactivity is very low. The binding constants for
iAs™, MMA™, and DMA™ range from 7.69x10° to 1.3x10* M (Chapter 2). The
concentration of Hb is in the mM range, and that of the arsenic-bound protein is in the
~UM (hundreds pg/L) range in the APL patients under arsenic treatment. Therefore, the
level of arsenic-bound protein is about 1000 times lower than the unbound protein. With
the presence of such an abundant unbound protein, the arsenic-bound protein signal could
be suppressed during the electrospray process, resulting in significant changes in the
mass spectra. More effort could be made to separate the arsenic-bound protein from the
unbound protein, in order to identify the protein species. The bound arsenic species could
also be released from protein following by arsenic speciation analysis, so that the bound

arsenic species could be identified.

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Taken together, these preliminary results have shown that trivalent arsenic species
involved in the arsenic metabolic pathway can interact with hHb and form characteristic
hHb-arsenic complexes. Protein-arsenic complexes were also observed in the blood of
APL patients who were under arsenic trioxide treatment, with the major arsenic
complexes seen in the RBC of these patients. This may be due to the differences in the

affinity of arsenic species for the proteins in RBC and for those in plasma.
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Chapter 6 Conclusions and Future Research

6.1 Discussion and conclusions

Arsenic is a complete carcinogen, causing various types of cancers in humans. To
understand the mechanisms of action of arsenic, seeking an appropriate animal model has
been one of the focuses. Rats are among the few animals in which bladder cancer can be
induced by arsenic. However, rats have also shown significant differences from human in
blood distribution, metabolism, and resistance to acute toxicity of arsenic. Understanding
the chemical and biochemical basis of these differences could benefit human health risk
assessment. I believe that the interaction of arsenic with hemoglobin may play some role
in causing these differences. The objective of this research was to develop and apply
analytical techniques to study the hemoglobin-arsenic interaction and its possible
biological effects.

With the two main analytical methods, gel-filtration chromatography combined
with inductively coupled plasma mass spectrometry and nanoelectrospray tandem mass
spectrometry, 1 have successfully studied the major arsenic species involved in the
arsenic metabolic pathway interacting with hemoglobin of rats and humans. I have found
that methylated trivalent arsenic species (MMA™ and DMA™) are more chemically
reactive than their pentavalent forms and inorganic arsenic, and are ready to react with
cysteine residues in hemoglobin by forming arsenic-sulfur bonds. The binding capacity
depends on both the arsenic and the hemoglobin species. Further studies on some other

arsenic species such as phenylarsine oxide have indicated that hydrophobicity may play
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an important role in governing arsenic reactivity to hemoglobin. The significantly higher
reactivity of the same arsenic species to rat hemoglobin compared to human hemoglobin
led me to compare the differences on primary sequences and the microenvironment of the
potential target sites of these two hemoglobin species. I have found that available binding
sites and preferred position may account for the differences.

Studies on arsenic species interacting with red blood cells (RBC) of humans and
rats in vitro have shown that the RBC of both can take up arsenic species efficiently.
However, the species inside the cells are greatly different. The major arsenic species in
human RBC remains free (unbound). In contrast, large amounts of rat Hb-MMA™ or -
DMA" complexes can form in rat RBC during in vitro exposure to arsenic. Further
investigation from in vivo exposure showed that arsenic in rat RBC can be up to hundreds
of times higher than that in plasma, but arsenic in human RBC is only 2.5-4.5 times
higher than that in plasma. This further confirmed the higher affinity of rat RBC to
arsenic compared to human RBC. Examination of rat RBC by mass spectrometry and
tandem mass spectrometry has shown that cysteine 13 in the o unit of rat Hb is the
unique target site for DMA™.

The rat Hb-DMA™ complex is physiologically stable, and is probably not
dissociated until the RBC degrade. It increases with the exposure duration and exposure
dose until the RBC are saturated. With the degradation of RBC, DMA™ would be
released into the blood, ready for further methylation to trimethylarsine, taken up again
by RBC, or directly excreted in urine. Therefore, the significant interception of DMA™ in
rat RBC by the formation of Hb-DMA™ complex can shift the arsenic distribution in

blood, move the arsenic metabolic profile to higher methylated products, and also delay
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arsenic elimination, which may result in the apparently dramatic differences in arsenic
distribution, metabolism, and excretion between rats and humans.

Formation of the Hb-DMA™ complex has been correlated well with the
occurrence of hyperplasia and with the urothelial lesion severity in the rat bladder.
Therefore, the concentration of the rHb-DMA™ complex is probably directly related to
the bioavailable dose of DMA'", which may serve as a biomarker.

The laboratory rat is one of the traditional animal models. It has been widely used
in medical, toxicological, and pharmacological studies. Because of its high reactivity and
high concentration (~mM range), Cys-130in rat Hb may have more profound impacts

beyond the study of arsenic.

6.2 Future research

There are a number of potential projects that may be conducted to expand the
current research. This may include further study on the toxicological response of arsenic
compounds in the rat model system and analytical method development to investigate

kinetic and metabolic change of arsenic species in blood over time.

6.2.1 Carcinogenic effect of inorganic arsenate in rat bladder

Exposure to inorganic arsenate via drinking water at the level of 100 ng/g induced
bladder hyperplasia in rats. Inorganic arsenic is the major form of arsenic in drinking
water, and it leads to various cancerous effects in humans. Elucidating the carcinogenic
effect of inorganic arsenate in rat would be beneficial for understanding the health effects

of arsenic in humans. In the current study, only one dose of inorganic arsenate was
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included. More doses and long-term bioassays should be carried out to confirm this
finding, establish the dose-response relationship, and investigate the possible mechanisms

of action of arsenic.

6.2.2 The fate of hemoglobin-bound arsenic in rat blood and its role in the
generation of bladder hyperplasia in rats

In the current project, hemoglobin-bound arsenic was found to be correlated well
with bladder hyperplasia and urothelial lesion severity. However, the in vivo fate of
hemoglobin-bound DMA"™ was not clear. Tracing the in vivo fate of this hemoglobin-
bound arsenic species may further our understanding on the carcinogenic effects of

arsenic compounds.

6.2.3 Identification of the protein-bound arsenic species in APL patients

Although protein-bound arsenic was observed in human RBC and plasma of APL
patients under arsenic treatment, the identities of the bound arsenic species need to be
further identified. This could be done by arsenic speciation after releasing arsenic from
protein using HPLC-HGAFS or HPLC-ICPMS. The identification of protein-bound
arsenic species in RBC and plasma would help the understanding of the toxicokinetic and
pharmacokinetic properties of arsenic trioxide, and provide useful information for the

benefit and risk evaluation of arsenic in human medicine.

6.2.4 Kinetic study of arsenic-protein binding and arsenic species in blood of APL

patients under arsenic trioxide treatment
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Blood was collected 24 hours after arsenic trioxide treatment in our current study
involving APL patients. Since the half-life of arsenic in blood is short, it is noteworthy to
demonstrate the protein-arsenic binding and arsenic species changing over time, the peak
arsenic concentration, and the half-life of arsenic in APL patients. It would further the
understanding of the pharmacokinetics of arsenic trioxide, and provide useful information
on the active drug components and the relative contribution of arsenic species in induced

cell apoptosis.

6.2.5 Characterization and identification of arsenic species and involved proteins
in epithelial cells of rat bladder

It has been observed that pentavalent arsenic such as iAs" and DMAY can induce
rat bladder hyperplasia. Analysis of arsenic species in epithelial cells, its DNA adduct or
protein adduct, its DNA damage biomarker such as 8-hydroxydeoxyguanosine, and its
reactive oxygen species, would provide direct correlation between the arsenic in bladder
epithelial cells and the bladder hyperplasia, which could further the understanding of the

modes of action of arsenic.
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