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The cytochrome P450 (CYP) superfamily of enzymes are heme containing enzymes that
primarily perform oxidative reactions to a variety of substrates, including small molecule drugs
and other xenobiotics. Formation of polar metabolites by metabolism of small molecule drugs by
CYP enzymes is often a major determinant of the clearance of those drugs, and changes in the
activity of the enzymes involved in the metabolism of a particular xenobiotic can lead to alteration
of pharmacokinetics for that xenobiotic. The most frequent cause for change in CYP activity is
enzyme inhibition, which can result in accumulations of a xenobiotic, and those accumulations
have the potential to result in overdose toxicity. However, CYP inhibition can be beneficial if the
formation of toxic metabolites can be blocked, or a desired increase in drug exposure is desirable.
CYP mediated drug-drug interactions have been the focus of intensive research since they are

common and potentially harmful, and can have dramatic implications for drug development.

This dissertation explores the selectivity of CYP inhibition by the GABAa agonist
chlormethiazole (CMZ) and the mechanisms of inhibition of cytochrome P450 2E1 (CYP2E1),
2B6 (CYP2B6), and 3A4/5 (CYP3A4/5) by CMZ. CMZ elicits a clinically significant drug-drug
interaction (DDI) with chlorzoxazone due to potent CYP2E1 inhibition in vivo. It has been reported

that chlormethiazole is a time-dependent inhibitor of CYP2E1 and CYP2B6, but the mechanisms



were not investigated. Herein, we identified CYP3A4/5 as being susceptible to time-dependent
inhibition by CMZ, and we were able to identify a potential role for an N-oxide metabolite in the
mechanisms of time-dependent inhibition of CYP2E1 and CYP3A4/5. We also determined that
time- dependent inhibition of CYP2B6, 2E1, and CYP3A4/5 by CMZ was NADPH-dependent and

irreversible by dialysis.

The formation of CMZ N-oxide by CYP2E1 and CYP3A4/5 appears to play a major role in
the inactivation of these enzymes. Thiazole N-oxides are quasi-stable carbenes, which should
be capable of forming metabolic intermediate (MI) complexes and possibly N-alkylated
porphyrins, as other carbenes do. We found that CYP3A4 makes a MI complex when incubated
with CMZ, and that the addition of dithionite and CMZ N-oxide to purified CYP3A4 replicates the
observed complex. In the case of CYP2E1, we were able to identify an unstable alkylated
porphyrin species that consisted of a mono-oxygenated CMZ metabolite attached to
protoporphyrin IX, and we were able to generate a Ml complex with the addition of CMZ N-oxide
and dithionite to purified CYP2E1. Therefore, we propose that both enzymes generate MI
complexes with CMZ N-oxide, but the Ml complex of CYP2E1 can rearrange to an unstable N-

alkylated porphyrin species.

CYP2B6 mechanistic data was inconclusive, but does not refute the idea that the N-oxide
metabolite is playing a role in the time-dependent inhibition. No distinct spectral changes or
adducts were detected in recombinant CYP2B6 incubations. However, CMZ N-oxide is produced
by CYP2B6, so it is possible that the same unstable alkylated porphyrin found for CYP2E1 could

be formed by CYP2B6 at a rate that is too low to be detected.

In summary, we have investigated the selectivity of inhibition for the major liver CYP
isoforms by CMZ and the mechanisms of time-dependent inhibition for CYP2E1, CYP2B6, and
CYP3A4 by CMZ. The N-oxide metabolite of CMZ appears to play a major role in the time-

dependent inhibition of CYP2E1 and CYP3A4, and that effect is likely mediated by the formation



of its carbene tautomer. The mechanism of time-dependent inhibition of CYP2B6 by CMZ is not

clear since we do not have direct evidence of the molecular target of inhibition.
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Chapter 1: Introduction

1.1 Dissertation Purpose and Organization

The primary purpose of this dissertation is two-fold; (i) to determine the inhibition selectivity
of the major liver drug metabolizing cytochrome P450 (CYP) isoforms and (ii) to elucidate the
mechanism of inhibition of CYP2E1, CYP2B6, and CYP3A4 by the thiamine analog and GABAA
analog chlormethiazole (CMZ). In this investigation, we hope to provide insight into thiazole
bioactivation and inactivation of CYP isoforms that could be useful for future drug discovery and
development. Furthermore, it has been suggested that CMZ could be beneficial as a treatment
for acetaminophen overdose, and the data contained in this dissertation may serve to evaluate

CMZ’s potential use in that regard.(1)

In Chapter One, we provide background information regarding multiple facets of this
dissertation. It begins with background on cytochrome P450 xenobiotic metabolism with a focus
on CYP2E1 and on CMZ including relevant in vivo drug-drug interactions and published in vitro
interaction data. That is followed by a summary of thiazole chemistry that is pertinent to CMZ

metabolism and bioactivation.

In Chapter 2, an overview of the in vitro interactions and metabolism of CMZ by human liver
microsomes and various types of recombinant CYPs is presented. The majority of the interaction
studies were performed with pooled human liver microsomes (HLM), which is the standard
enzyme source for performing in vitro drug-drug interaction (DDI) studies since it is the simplest
system that generally predicts CYP inhibition-related DDI with relative accuracy. In order to more
precisely isolate the metabolic events of individual isoforms, Supersomes™ (Corning Gentest),

which are full length CYP enzymes expressed in the Sf9 insect cell line, were used in several
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experiments. The combination of these two systems allows for a thorough analysis of mechanistic

aspects and potential in vivo relevance.

In Chapter 3, the development and validation of a new and simplified procedure for
extraction and detection of heme adducts and a new LC/High Resolution Mass Spectrometry
(HRMS) heme quantification method are described. Previous methods for isolating heme adducts
for LC/MS analysis required either harsh conditions for heme extraction from the protein source
followed by derivatization or use of unique LC gel columns to separate the heme from the
protein.(2-4) Both isolation methods potentially involve salts that cause ion suppression during
analysis so further sample cleanup is often required. We sought to simplify and increase the
speed of heme isolation while avoiding the ion suppressing salts. By employing mass defect
filtering with HRMS, a technique commonly employed in metabolite identification, we are able to
more easily identify potential heme adducts.(5-7) UV absorbance based assays have long been
the standard for quantifying heme, so we sought to establish a more contemporary LC/MS based

method with increased sensitivity and selectivity.(8-10)

In Chapter 4, a detailed analysis of the mechanism of inhibition for all of the CYP isoforms
that we have identified as undergoing time-dependent inhibition (TDI) by CMZ is summarized.
Using Silverman’s criteria as a guide, we investigated whether CMZ acted as mechanism-based
inhibitor (MBI) for any of the isoforms that undergo TDI.(11) UV spectroscopy, protein mass
spectrometry, and the heme adduct methods described in Chapter 3 were used to identify the

molecular target of chlormethiazole for any irreversible inhibition observed.

1.2 Cytochrome P450 Enzymes in Drug-Drug Interactions

The cytochrome P450 family of enzymes are important in precipitating drug-drug
interactions (DDI) and the bioactivation of protoxins.(12) CYP isoforms metabolize 70-80% of

small molecule drugs that are cleared by oxidation and are responsible for 52.5% of the major
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metabolites of small molecule drugs.(13,14) As a result, alterations in the activity of those
enzymes can have large effects upon the clearance of drugs and their systemic exposure. Since
CYP enzymes are powerful oxidizing enzymes, they have the ability to generate numerous types
of reactive species.(15,16) The generation of those reactive species can result in the covalent
modification of biomolecules and also deplete the cellular stores of antioxidants.(17-19)
Formation of reactive species and the depletion of antioxidants together often result in cellular
toxicity. Therefore, understanding how CYP activity can be affected and the types of reactive

species that can be formed from drug entities are critical to human health.

DDIs can have both deleterious and beneficial effects. Out of the 2 million adverse drug
reactions that result in approximately 100,000 deaths, which are estimated by the FDA to occur
each year, DDIs constitute 26% of that total. (20) By this estimate, adverse drug reactions are the
fourth leading cause of death in the United States and cost the healthcare system approximately
$136 billion annually. While it is obvious that DDIs inflict a large toll upon human health and
money spent in healthcare, there are some instances of beneficial DDIs. In the case of highly
active antiretroviral therapy (HAART) for the treatment of HIV infection, there are some regimens
that employ cobicistat or ritonavir as a boosting agent for other drugs in the cocktail.(21)
Cobicistat and ritonavir are inactivators of CYP3A4/5, and several HIV drugs are rapidly
metabolized by CYP3A4/5, such as atazanavir and darunavir. By co-administering cobicistat or
ritonavir with atazanavir or darunavir, the rapid clearance of atazanavir and darunavir is
decreased, which leads to greater exposure and less frequent dosing. As a result, substantial
research has been performed in the study of DDIs with a strong focus on xenobiotic metabolizing

CYPs.

Even though there are 57 human isozymes from the cytochrome P450 family, only about
10 play a substantial role in drug and xenobiotic metabolism.(22) The most important cytochrome

P450 isoforms in drug and xenobiotic metabolism are CYP1A2, CYP2C9, CYP2C19, CYP2D6,
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and especially CYP3A4/5, whereas CYP2A6, CYP2B6, CYP2C8, CYP2E1, and CYP2J2 play
more minor roles.(14,23,24) While there are some apparent preferences for substrate types,
there is overlap between the isoforms due to the nature of the large and flexible active sites of
xenobiotic-metabolizing CYPs. However, the majority metabolism of a drug or xenobiotic is
accomplished by a small number of CYPs.(12,25) Consequently, the limited number of CYP
isoforms involved in the metabolism of most drugs during polytherapy, leads to potential DDls

when the activity of those isoforms are altered in vivo.

Xenobiotic metabolizing CYP isoforms can exhibit complex behavior that deviates from the
assumptions of the Michaelis-Menten model of enzyme kinetics.(26,27) Equation 1 shows the
kinetic process of an enzyme with a single binding site. The Michaelis-Menten model assumes
that the rate of association of a substrate and the rate of dissociation of the product are much
faster than the rate of product formation and that there is only one binding site. While CYP
isoforms can violate the rate assumptions of the Michaelis-Menten model, the more commonly
observed violation is multiple binding events that are likely a result of the large, flexible binding
pockets in xenobiotic metabolizing CYPs. CYP3A4, which possesses one of the largest volumes
in its active site, according to X-ray crystallography data, has been documented to exhibit
allosteric interactions due to multiple binding sites in several instances.(28-30) A prime example
is the probe substrate midazolam whose metabolism results in 1’-hydroxy- and 4-hydroxy-
metabolites that have different Kn, values and the formation of 1’-hydroxymidazolam that displays
substrate inhibition kinetics.(28,31,32) Additional examples include progesterone and o-
naphthoflavone which can act as allosteric modulators in a substrate-dependent manner.(33)
However, allosterism is not limited to CYP3A4 and large CYP active sites. CYP2E1, which is a
major focus of this work and has a substantially smaller active site than CYP3A4, shows allosteric
behavior in the metabolism of styrene.(34,35) CYP2E1 also demonstrates unusual kinetics in the

metabolism of ethanol where it appears to favor a non-dissociative kinetic profile in the conversion
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of ethanol to acetic acid with very little release of the intermediary product acetaldehyde.(36,37)
These deviations from simple kinetic models complicate predictions of DDIs from in vitro data so
any potential interaction needs to be investigated thoroughly so as to describe the enzyme

kinetics as accurately as possible.

Equation1: S+ EsSSE->SP 55+ P

1.3 Cytochrome P450 Enzymes in the Bioactivation of Xenobiotics

CYP enzymes perform various powerful, versatile oxidative chemistry and some reductions,
and, as a result, numerous types of chemical reactions result from their enzymatic
activity.(12,15,38-40) These reactions produce a wide diversity of metabolic products, some of
which react with other endogenous proteins. The majority of reactive products of CYP metabolism
are the results of oxidation and, therefore, have the chemical properties of electrophiles. The
reactivity of these reactive products can be rationalized using Pearson Hard and Soft Acid and
Bases Theory (HSAB) so the targets of these reactive products are dependent upon the type of
reactive species formed.(41,42) Even though HSAB has been supplanted in the chemistry
community by the more complex Marcus Theory, which takes into account kinetic vs.
thermodynamic control of the reaction products, HSAB is sufficiently useful as a starting point to

explain the reactivity that will be discussed here.(43)

According to HSAB, soft electrophiles, such as quinones, have larger molecular orbitals,
are polarizable, but do not have a charge.(42) Additionally, they tend to react with soft
nucleophiles such as thiols that are present mostly in proteins and glutathione.(44-48) Harder
electrophiles, such as nitrenium and iminium ions, tend to be charged with smaller orbitals. The
harder nucleophiles, like amines, which are present in nucleic acids and proteins, react with
harder electrophiles. The generation of electrophiles result in biological consequences through

the modification of the biomolecules that electrophiles modify.
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CYP enzymes can produce radicals via both normal catalysis and through uncoupling of
their catalytic cycle. These radicals have the ability to react with many types of molecules and
further propagate radical formation.(12,19,49,50) Carbenes can also be produced. These may
perform carbon-carbon bond insertions, metal chelation including iron, and other reactions due to
their dual nature as an electrophile or nucleophile.(51-54) As a consequence of the rather
nonspecific nature of the reactivity of radicals and carbenes, their molecular targets are generally
more difficult to predict. However, the biomolecules they modify may precipitate dramatic

outcomes.

One of the most well-known and best understood examples of bioactivation is the
conversion of acetaminophen (APAP) into the proximate hepatotoxicant N-acetyl-p-
benzoquinone imine (NAPQI).(55-60) NAPQI is a soft electrophile and tends to react with thiol
groups that are typically present in proteins and the cellular protectant molecule, glutathione.
Detoxification by glutathione conjugation occurs under therapeutic conditions, but
acetaminophen overdose results in overproduction of NAPQI that overwhelms the glutathione
pool, which leads sequentially to cellular damage, hepatic failure and possibly death.(61-66)
Not only have glutathione adducts of NAPQI and downstream metabolites of that adduct have
been found from in vivo samples, protein targets of NAPQI have been identified that are

consistent with the expected reactivity of NAPQI.

CYP2E1 is considered to be one major CYP isoforms involved in the production of
NAPQI, and modulation of CYP2E1 activity has pharmacological implications.(67-72) Use of
recombinant enzymes without modern scaling techniques, such as intersystem extrapolation
factors (ISEF), and older non-selective chemical inhibitors were used in identifying the
importance of CYP2E1 in APAP bioactivation, but other data also supports the importance of
CYP2E1 in NAPQI-mediated liver toxicity.(73) Induction of CYP2E1 by ethanol consumption

can lead to increases in NAPQI formation and toxicity, and ethanol consumption has been
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associated with greater risk in APAP overdose. It has been suggested that use of selective
inhibitors for CYP2E1 would be of benefit in treating APAP overdose, and CMZ, the focus of this

thesis project, has been proposed as a potential candidate for this therapeutic application.(1)

The production of reactive metabolites by CYP also has implications for DDIs. The
reactive species generated by metabolism of a substrate can lead to TDI and possibly MBI with
either the heme or apo-protein as the target. Since the enzyme is covalently modified and there
is no repair mechanism, a replacement enzyme must be synthesized in order to restore activity
to previous levels. This leads to long lasting reductions of CYP activity and potentially serious

DDls.

1.4 Mechanisms of Time Dependent Inhibition (TDI) of CYP Enzymes

TDI results in a situation in which the expected CYP inhibition resulting solely from
reversible inhibition by the parent drug or xenobiotic under predicts the actual inhibition in the
system being tested.(74-79) During TDI, the effect of inhibition grows over time and will be longer
lived than predicted simply by the concentration of the parent compound. CYP enzymes can be
inhibited reversibly or irreversibly, and either reversible inhibition or irreversible inhibition can
manifest in TDI in vivo and in vitro.(80) Each of these potential types of inhibition has various
characteristics that can lead to complications in prediction and assessment of in vivo effects.
Therefore, in order to properly model the potential inhibitory effects in vivo, the mechanism of
inhibition must be delineated and appropriate kinetics of any process involved should be

determined.

If a metabolite is generated that is a more potent reversible inhibitor than the parent or
accumulates in a drug metabolizing organ, the metabolite may cause reversible TDI. As a potent
inhibitory metabolite accumulates, the apparent inhibition could increase over time. Additionally,

the duration of inhibition will be longer than predicted by the concentration of the parent
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compound. Since most metabolites are more polar and more readily excreted as compared to
the parent, reversible TDl is not very common, but there are examples in the literature. Fluoxetine
inhibition of CYP2D6 is probably the best documented example of this kind of apparent TDI where
the in vitro enzyme kinetics and in vivo disposition described the mechanism of CYP2D6
accurately.(81) S-Norfluoxetine is a more potent inhibitor of CYP2D6 than S-fluoxetine and R-
fluoxetine, and is a metabolite of S-fluoxetine. It was estimated by Sager et al, that S-norfluoxetine
contributed 50% of the apparent CYP2D6 in vivo inhibition through a reversible mechanism.(81)
In vitro, this type of inhibition can be readily distinguished from irreversible and quasi-irreversible

inhibition by the use of dialysis and the testing of various metabolites for CYP inhibition.

Another possible type of TDI is quasi-irreversible inhibition.(82) This type of inhibition is the
result of metabolic intermediate complexes (Ml) with the heme, and these complexes require the
heme iron to be in a ferrous state (+2).(54,74,79,83-89) These complexes can be disrupted by
oxidation of the heme iron which can occur in vivo, but the process of oxidation is considered to
proceed at a rate that is too slow to have a significant impact upon the potency of inhibition. In
vitro, ferricyanide is used to oxidize these complexes to quickly differentiate them from true
covalent modification of heme or apo protein. These complexes typically form from nitroso and
carbene metabolites, such as those generated from the metabolism of macrolide antibiotics or
methylenedioxyphenyl compounds, respectively.(15,16) The DDI between
erythromycin/terfenadine is one of the most important clinical examples of this type. The
combination had potential lethal outcomes through the induction of torsades de pointes as a result

of the dramatic increases in terfenadine concentrations through the inhibition of CYP3A.(90-93)

TDI of CYP enzymes that is irreversible occurs through modification of the apo-protein or
of the prosthetic heme.(16,76,77,82,85,94-99) Covalent modifications of the protein or heme can
be generated through reactive metabolites or by reactive oxygen species resulting from

uncoupling of the CYP catalytic cycle. The covalent modification of the enzymes by these reactive
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species usually results in the total inactivation of the enzyme, however, it possible that the
inhibition can vary from substrate to substrate depending upon the location of the modification.
There are multiple types of processes that could lead to irreversible inhibition of CYP enzymes.
Each type has its own considerations when trying to properly describe all of the relevant variables
that could influence the inhibition process. Therefore, it is useful to further explore the mechanism
of these inhibitory events so that the most appropriate models to predict the outcome of these
TDIs in vivo can be chosen. One useful set of criteria that can be used as a guide to investigate

the mechanisms of irreversible inhibition are Silverman’s criteria for a MBI.(11)

The purpose of Silverman’s criteria for a MBI is to establish that the irreversible inhibition of
the enzyme is the result of an enzyme-catalyzed formation of a reactive species that immediately
adducts a portion of the enzyme active site leading to inactivation of the enzyme that generated
the reactive species.(11) If the TDI meets the criteria of a MBI, the kinetic process of the TDI can
be expressed in a very similar manner to a fairly typical enzyme catalytic event, however, any
deviation from these criteria can result in a vastly more complicated situation. Silverman’s criteria

for a mechanism based inhibitor (MBI) are the following:

1. Time-dependent loss of enzyme activity.

2. The rate of enzyme inactivation is saturable at high concentrations of inactivator (i.e. The

rate of the reaction follows enzyme kinetics).

3. Inactivation is slowed in the presence of an alternative substrate (i.e. The inhibition can

be competitively inhibited).

4. Dialysis does not restore enzyme activity (i.e. The inactivation is irreversible).

5. A 1:1 stoichiometry of inhibitor bound to enzyme is observed.

6. A catalytic step by the enzyme is required for inactivation to occur.

7. Inactivation occurs before reactive species release (Inactivation occurs in the active site.)
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There are numerous instances of (apo)protein being the target of CYP inactivation by TDI,
but the levels of certainty vary greatly from case to case. There are some discrete instances that
have been noted in the literature, including ritonavir adducting lysine 258 of CYP3A4 and
raloxifene adducting tyrosine 75 and cysteine 239 of CYP3A4, but frequently, the amino acid site
is not identified due to the technical difficulties that complicate identification of the specific
adduct.(4,100,101) In particular, the adduct must survive the process of protease digestion of the
protein, which usually involves a reducing agent to prevent the formation of disulfide bonds, and
it must not fall apart during the LC/MS analysis. In lieu of directly identifying the site of adduction,
whole protein LC/MS, such as the case of diethyldithiocarbamate with CYP2E1, or use of
radioactively labeled compounds can confirm the covalent modification of the protein.(102) In
many cases, however, there are no data available to confirm the actual amino acid target so
analysis of changes in the heme structure and the trapping of reactive metabolites are used to

infer whether the protein was the true target of the inactivation.

There are several documented cases of the modification of the heme prosthetic group by
time-dependent inhibitors, and the resulting complexes have been characterized using UV
spectroscopy, NMR spectroscopy, and mass spectrometry.(3,52,54,85,103-109) One of the first
well documented modifications of a P450 heme that led to enzyme inhibition is the formation of
carbene based MI complexes from methylenedioxyphenyl compounds.(54,83) The generation of
metabolites from these compounds in rat liver microsomal incubations produced 430 and 455 nm
maximum absorbance peaks in the Soret spectrum that required the heme to be reduced because
complete consumption of NADPH resulted in dissociation of the detected complexes. Additionally,
there are examples of more stable complexes after catalysis that usually result in the ejection of
iron from the heme leading to a final protoporphyrin IX adduct.(84-86,110,111) These stable

complexes exhibit substantial changes in the Soret spectrum when compared to heme or PPIX.
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Many reactive products, including ketenes, epoxides, and carbenes, have been shown to
make stable adducts to CYPs, but one of the most well-characterized examples is benzyne, which
is produced by metabolism of 1-aminobenzotriazole (ABT). Stable adducts from ABT metabolism
were isolated from the livers of rats dosed with the compound, and characterized by UV, NMR
and mass spectrometry (49,104,105,107,111-118). The benzyne group can form a bridge
between the heme iron and a neighboring pyrrole nitrogen or a bridge between two pyrrole
nitrogens. The N-alkylated products isolated from these processes tend to lose iron easily, but it
is occasionally possible to identify adducts with the iron still present in the porphyrin. In Chapter
3, ABT adducts and several others will be discussed as they are used as examples to validate

the heme adduct detection system that we developed.

In the context of predicting DDIs, the effects of TDI are typically estimated using
physiologically based pharmacokinetic (PBPK) models, but this computational approach still has
issues with accuracy when compared to clinical data.(87,119-121) PBPK models employ known
physiological parameters and compound specific in vitro parameters, such as protein binding,
permeability, and drug-metabolizing enzyme kinetics, to predict the disposition and potential
interactions of a xenobiotic. The net loss of enzyme activity is a function of the inactivation rate
and the synthesis rate of the enzyme being affected. In order to accurately predict the rate of
inactivation at any time point, the effective drug concentration in the target tissue has to be
measured or accurately predicted. However, the effective drug concentration in the target tissue
is a function of many compound-dependent variables, including protein binding, permeability,
transport, and enzymatic turnover. It is often difficult to adequately investigate all of the potential
variables in sufficient depth and to scale vitro data correctly. The rates of degradation and
synthesis for CYP isoforms are complicated to model due to the multitude of variables involved in
both processes.(79) CYP expression can be regulated at multiple levels with transcription, siRNA,

and protein stability playing roles in the amount of functional enzyme present.(14) Even though
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some in vivo data on basal degradation and synthesis rates for major CYP isoforms exist, often
times the amount and quality of data are lacking, which can introduce uncertainty into the

prediction of DDI.

The data regarding degradation and synthesis rates of human CYP isoforms tends to be
limited in both the cases of in vivo and in vitro assessments).(75,78,79,122) In vivo assessment
often reflects a limited number of patients and almost never the result of a direct measurement of
the enzyme itself. In a case example for CYP2E1, the formation ratio of 6-
hydroxychlorzoxazone:chlorzoxazone, in plasma from only 11 patients, was used as surrogate
for more direct measurement of functional CYP2E1 in studies with disulfiram.(123) Additionally,
chlorzoxazone is not a truly selective substrate for CYP2E1 as CYP3A4/5 and CYP1A2 also
contribute to the formation of 6-hydroxychlorzoxazone, so the duration of inhibition of CYP2E1 by
disulfiram is likely to be underestimated. These studies provide an estimate of the rate of
synthesis for CYP2E1 but, due to low number of patients and non-specificity of the substrate, the
accuracy of that estimate is suspect. Additionally, the limited data set does not provide sufficient
information on ranges and frequency distribution of the CYP2E1 synthesis rate. In vitro systems
have been used to attempt to estimate the degradation and synthesis rates of CYP isoforms as
well, but they lack the autocrine, endocrine, and exocrine signaling components that comprise the
complete regulatory system of the isoforms in question.(124) Overall, this lack of high quality
data for intrinsic degradation and synthesis rates of CYPs can introduce substantial error into any

model attempting to predict changes in activity due to TDI.(79,119,125-129)

1.5 Therapeutic History and Drug-Drug Interactions of Chlormethiazole (CMZ)

CMZ is an allosteric GABAa agonist developed in the 1930’s by Hoffman-LaRoche that is
currently used in Europe for the treatment of acute alcohol withdrawal, restlessness, epilepsy,

Parkinson’s disease, and stroke.(130-147) Since CMZ has been in clinical use for several
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decades, there is substantial pharmacokinetic data available at several doses and population
groups. CMZ is usually given orally at doses ranging between 191 mg to 2.4 grams per day but
is also available for use in intravenous administration. CMZ has an oral bioavailability of
approximately 15%, and very little of CMZ is excreted unchanged. Several metabolites of CMZ
have been reported, but no information exists on metabolic pathways and enzymes responsible
for CMZ metabolism. Recently, a paper addressing in vitro selectivity of the inhibition of human
CYP isoforms was published, but no other in vitro metabolism information has been

published.(148)

CMZ is a known inhibitor of CYP2E1 metabolism in mice, rat, and human, but selectivity of
inhibition has only been investigated in human in vitro systems.(149-152) Little is known about
the mechanism of inhibition in any of those other species. In vivo and in vitro, CMZ can
dramatically inhibit chlorzoxazone (CHZ) 6-hydroxylation, which is considered a probe reaction
for CYP2E1 activity in humans. Inhibition of CYP2E1 by CMZ has a time delay to reach maximum
effect and a prolonged inhibitory effect in vivo. The first in vitro characterization of CYP2E1
inhibition by CMZ was a co-incubation of experiment of CMZ with CHZ in HLM incubations. That
co-incubation experiment indicated that CMZ inhibition of CHZ 6-hydroxylation had a Ki of 12 uM
and was non-competitive.(152) Pharmacokinetic data from other sources indicate that circulating
concentrations of CMZ of approximately 1 uM are present at the time of maximum inhibition for a
384 mg dose (~5.5 mg/kg).(137) These circulating concentrations are not able to explain the
magnitude of inhibition seen with CMZ if the inhibition was reversible. Additionally, doses above
384 mg did not yield lower 6-OH CHZ/CHZ ratios, which suggests that CYP2E1 had been
completely inhibited with the lower doses.(152) No further experiments have been performed to
show dose dependence of inhibition by CMZ in humans or other species. Prolonged inhibition,
delay in inhibitory effect, and under-prediction from reversible inhibition and pharmacokinetic data

are hallmarks of TDI.(75,79) More recent in vitro data clearly shows CMZ as a time dependent
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inhibitor of CYP2E1 with rapid kinetics and of CYP2B6 to a lesser extent.(148) In vitro inhibition
data from Stresser et al. are consistent with the in vivo data, but we believe that the kinetic model
used for TDI of CYP2E1 by these authors was not appropriate. Additionally, we determined the
kinetics of TDI for CYP2B6 and CYP3A4/5. In Chapter 2, we will present a comprehensive

examination of in vitro inhibition by CMZ of these major liver drug metabolizing CYP isoforms.

Even though chlormethiazole is a relatively small drug with few functional groups, there are
multiple pathways of bioactivation that could occur. Thiazole moieties are known to be
bioactivated as in the cases of sudoxicam and meloxicam.(15,153,154) Other known time
dependent CYP inhibitors, such as cobicistat and ritonavir, also contain thiazoles, so other
bioactivation routes may exist that have not been described previously.(155) Additionally, radical
reactions involving the 5-ethyl chlorine also have potential to generate reactive species as seen

with other alkyl halides, such as halothane.(156-161)

1.6 Chemical Reactivity of Thiazoles in the Context of Bioactivation

Thiazoles are 5-membered aromatic rings containing a sulfur atom and a nitrogen atom that
are present in some biologically active molecules including abafungin, meloxicam, pramipexole,
ritonavir, sudoxicam, sulfathiazole, and thiamine.(162-164) The presence of the sulfur atom leads
to an asymmetric 1 electron density resulting in differing reactivities of the carbon atoms in the
ring. C-5 has the greatest 1 electron density and so has higher nucleophilic character while C-2
has the least 1T electron density, which leads to its greater electrophilic character. Alkylation of
nitrogen provides an ylide tautomer that can serve as a catalyst for the formation of carbon-carbon
bonds, as seen with transketolase enzymes containing thiamine.(165,166) N-alkylated thiazoles
have also been shown to form Ml complexes (MIC?) with CYP3A4.(167) Oxidation at the C-3/C-
4 double bond, the nitrogen, and the sulfur are likely the most important in the context of CYP

bioactivation because each of these can lead to reactive products.(15,153)
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When an oxidizing agent, such as mCPBA, reacts with a thiazole, the nitrogen is more
readily oxidized than the sulfur, but the resulting N-oxide and S-oxide are both of interest due to
their distinct reactivities.(168-170) Thiazole N-oxides without substitutions at C-2 can be in
equilibrium with the corresponding carbene tautomer, which has been shown to undergo facile
arylations, but also has the potential to chelate transition metals.(53,168,169,171) N-alkylated
thiazoles have been shown be useful chelators of metals and function as catalysts via the ylide
tautomer.(165,172,173) Other types of carbenes have been shown to form a MIC or to adduct
heme so it is likely that N-oxide thiazole carbenes are capable of similar heme
interactions.(52,83,85,167) Thiazole S-oxides and fused aryl thiazole S-oxides are electrophilic
and will react with thiols and other nucleophiles.(174,175) CMZ has a C-4 methyl and a C-5
chloroethyl substituent, so it is not clear if the C-2 position will be reactive with electrophiles after

S-oxidation. A scheme of S-oxide reactivity from Kalgutkar et al is presented in Figure 1.1.

Meloxicam and sudoxicam and MTEP (3-[2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine), serve
as examples for CMZ oxidation at C-4 and C-5 resulting in ring cleavages.(154) These three
compounds are proposed to undergo an epoxidation across the C-4/C-5 double bond, but the
authors suggest different subsequent steps for ring opening. For meloxicam and sudoxicam,
Obach et al suggest that the epoxide rearranges to open the thiazole ring, and the ring opening
is followed by hydrolysis to eliminate part of the ring. A scheme for this type of thiazole ring
opening and scission is presented in Figure 1.2. Yang et al. propose that S-oxidation occurs
before epoxidation and subsequent hydrolysis of the epoxide.(176,177) After the hydrolysis of
the epoxide, they propose a series of rearrangements including a transfer of the oxygen from the
S-oxide to portion of the ring that remains attached to the rest of the molecule. The mechanism
for thiazole ring opening and scission proposed by Yang is presented in Figure 1.3. CMZ is
substituted at C-4 and C-5 so these proposed ring scission reactions are unlikely to occur.

However, ring scission cannot ruled out completely without appropriate data. We will examine
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the metabolites generated in incubations containing human liver microsomes and recombinant

CYPs in Chapter 2, and we will examine the mechanisms of CMZ TDI in Chapter 4.
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Figure 1.1 Bioactivation of Benzthiazole System via S-Oxidation
Scheme is from Kalgutkar, et al. (15)
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Scheme is from Kalgutkar, et al. (15)
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Figure 1.3 Thiazole Ring Opening via S-Oxidation, Epoxidation, and Hydrolysis
Scheme is from Yang, et al.(176)
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Chapter 2: Interactions of CMZ with Major Drug Metabolizing CYP

Isoforms

2.1 Introduction

Chlormethiazole (CMZ) has been used extensively over the past 40 years, especially in
Europe, for the treatment of alcohol withdrawal states, and its structure is presented in Figure 2.1.
(131-134,136,138,140,144,145,178,179)  Studies on the interaction between CMZ and
cytochrome P450s date back to the 1970s when it was reported that CMZ is not an inducer of
hepatic microsomal drug metabolizing enzymes.(180) Conversely, CMZ was found to inhibit the
O-de-ethylation of 7-ethoxycoumarin in human liver microsomes (HLMs) prepared from alcoholic
subjects treated with CMZ, compared to HLMs from alcoholic subjects alone.(181) As discussed
in Hu et al.,(149), because the major catalyst of ethoxycoumarin O-deethylation in HLMs is
CYP2E1, this finding may, in retrospect, be the first data to show that CMZ has important

interactions with human CYP2E1.(182)

The mechanism of inhibition of CYP2E1 by CMZ was examined in rat liver by Ingelman-
Sundberg and co-workers.(149) Interestingly, this group found that CMZ did not affect CYP2E1
catalysis in rat liver microsomes, but instead reduced enzyme activity by inhibiting CYP2E1 gene
transcription. In contrast, several other studies that have been conducted both in vivo and in vitro
concluded that CMZ inhibits human CYP2E1. In vivo experiments used chlorzoxazone as a
catalytic probe for CYP2E1 with the consistent finding that CMZ reduced chlorzoxazone
clearance.(152,183) Additionally, kinetic studies were conducted with HLMs that indicated CMZ
was a non-competitive inhibitor of CYP2E1.(152) More recently, Stresser et al have reported that
CMZ is a time dependent inhibitor of CYP2E1 and CYP2B6 in vitro.(148) Additionally, CYP2A6
was reversibly inhibited by CMZ, although K; was not determined. This group’s in vitro data and

resulting conclusions are primarily the result of several ICso shift assays using a single reporter
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substrate concentration with a range of 1 to 300 yM CMZ. In vivo, doses of CMZ are as high as
2.4 grams per day, so first pass concentrations are likely to be in excess of 1 mM, assuming that
dilution in the Gl tract is a major driver during absorption.(183,184) In order to accurately predict
an in vivo interaction, either substrate concentrations must be sufficient to derive the relevant
kinetic and affinity constants or they must cover the range likely to be seen in vivo. Another gap
from this earlier study is that it did not determine TDI kinetics of other relevant P450s, such as

CYP2B6 and 3A4/5.

We have taken the commonly used approach of applying selective probe substrates,
selective chemical inhibitors, and HLMs to comprehensively determine the inhibition potential of
CMZ.(75-78,122,185-188) For the major drug metabolizing CYP isoforms, there is at least one
sufficiently selective substrate/metabolite pair for CYP1A1/2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6,
2E1, and 3A4/5 to use as a marker activity that is well accepted by the FDA, industrial, and
academic researchers.(185,189-191) There are known selective inhibitors for most of the same

isoforms, but for CYP2E1, no thoroughly characterized, selective inhibitor is known.(192)

The primary aims of this chapter are to fully characterize the interactions of CMZ with major
drug metabolizing CYPs in order to assess its potential as a selective inhibitor of CYP2E1 and to
clarify the mechanism(s) of inhibition. Substrate concentrations near Ky were chosen to initially
determine ICso values for CMZ with the 8 major liver drug metabolizing CYP members. The
isoforms with the lowest ICso were then chosen to undergo screening for TDI using a dilution
assay at concentrations relevant to the determined 1Cs0. Any isoform that exhibited detectable
TDI by CMZ was then further characterized with regard to a full kinetic determination of Kinact and
Ki. Much of this work was performed with HLMs, since it is the simplest system that maintains
the ability to produce relatively accurate data in regards to CYP-mediated liver metabolism.(20)
Also included are kinetic data for the inhibition of CYP2E1 in human hepatocytes since human

hepatocytes represent a more complete system of liver metabolism. Finally, we assessed
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included kinetic data for mouse liver microsomes and mouse hepatocytes since CMZ is frequently

used in these animal models to assess the effect of CYP2E1 activity in human disease states.

We also examined the metabolic disposition of CMZ. While there is information regarding
in vivo metabolites of CMZ, there is no published information on the metabolites formed in vitro.
Therefore, metabolite identification experiments with trapping agents were performed using HLM
and Supersomes™ for 10 major CYP isoforms as the enzyme sources. These metabolite
identification experiments were done with the purpose of determining not only the enzymatic
source of particular metabolites in vivo, but also to identify possible reactive species that could

cause the apparent TDI effects seen in the kinetic experiments.

2.2 Experimental
2.2.1 Materials.

All chemicals from commercial sources were of analytical grade or better where possible.
Optima LC-MS grade acetonitrile, formic acid, and methanol, ACS Plus grade isopropyl alcohol,
para-nitrophenol were purchased from Thermo Fisher Scientific (Waltham, MA). All water was
distilled, deionized using a house distilled water followed by a Barnstead NANOpure UV system
(Thermo Fisher Scientific). Human liver microsomes were prepared from liver samples taken
from the University of Washington Liver Bank. Mouse liver microsomes (MLM) and Human
CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, and
CYP3AS5 Supersomes were obtained from Corning Gentest (Corning, New York). Human
hepatocytes, mouse hepatocytes, recovery media, and plating media were obtained from Triangle
Research Labs (Lonza, Walkersville, MD). Acetaminophen, acetaminophen, amodiaquine,
chlorzoxazone, coumarin, hydroxycoumarin, p-nitrocatechol, midazolam, 1’-hydroxymidazolam,
1’-hydroxymidazolam-D4, potassium cyanide, potassium phosphate monobasic, potassium

phosphate dibasic, reduced glutathione, tolbutamide, testosterone, 63-hydroxytestosterone, 6f3-
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hydroxytestosterone-Ds, were purchased from Sigma-Aldrich (St. Louis, MO). Catechol-"3Cs,
chlormethiazole, bupropion, hydroxybupropion, hydroxybupropion-De, desethylamodiaquine,
desethylamodiaquine-Ds,  hydrodroxytolbutamide,  hydroxytolbutamide-Dg, = mephenytoin,
hydroxymephenytoin, hydroxymephenytoin-D3s, dextromethorphan, dextorphan, dextorphan-Ds,
6-hydroxychlorazoxazone, 6-hydroxychlorzoxazone-'*Cs, 4-hydroxymidazolam, nifedipine,
dehydronifedipine, and dehydronifedipine-Ds were purchased from Toronto Research Chemicals
(Toronto, ON, Canada). The internal standard, methyl-labeled acetaminophen-ds, was purchased
from TLC PharmaChem (Vaughan, ON, Canada). NADPH was obtained frorm OYC Americas
(Vista, CA). Protease inhibitor cocktail for the preparation of subcellular fractions were obtained
from Promega (Madison, WI). Para-Nitrocatechol-"*C¢ and chlormethiazole N-oxide were
synthesized in house and their identities were confirmed by high resolution mass
spectrometry.(169,193) The identity of chlormethiazole N-oxide was further confirmed by NMR

by Dr. Michele Scian. All other chemicals were from Sigma-Aldrich unless specified.
2.2.2 NMR Spectroscopy

Analysis of synthetic products was performed on an Agilent DD2 500 MHz spectrometer
equipped with 5 mm triple-resonance 'H('3C/"*N), z-axis pulsed-field gradient probe or 500-MHz
PFG AutoXDB probe for *C scans by Dr. Michele Scian using 1-D and 2-D NMR techniques
including "H-"SN-CIGAR HMBC which was required for the assignment of oxygen for the N-

oxide.(194) Deuterated solvents were purchased from Cambridge Isotopes (Andover, MA, USA).
2.2.3 Organic Synthesis.

Preparation of Chlormethiazole N-Oxide:

To a round-bottom flask with a stir bar was added 500 mg (3.07 mmol) of chlormethiazole
(Sigma) and 100 mL of dichloromethane. With stirring at room temperature, 1 g (5.7 mmol) of

mMCPBA was slowly added in one portion. The flask was sealed then stirred for 4 hours with
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continued stirring. The reaction mixture was partially evaporated under reduced pressure then
loaded onto a 5 g silica column. The CMZ N-oxide was eluted with 90% ethyl acetate/10%
methanol after 5 column volumes with CMZ N-oxide continuing to elute at up to 25 column
volumes. Unreacted CMZ, mCPBA, and mCBA were eluted in the first 2 column volumes. The
synthetic N-oxide NMR spectra were compared to commercial CMZ to aid in the assignment of
all spectra. All NMR experiments are presented in Figures 1.51-1.S9. Exact mass was confirmed
using a Thermo LTQ Orbitrap by direct infusion. Found exact mass [MH+]: 178.0088

(CeHsCINOS, requires 177.0015).

Preparation of para-Nitrocatechol-"3Ce:

Nitration of Catechol-"3Cs: 3.28 mg of catechol-"*C¢ (28.25 umoles) and 2.4 mg of sodium

nitrite (34 umol) were weighed. Catechol-'*Cs was added to a round bottom flask with 14 mL of
water and 15.3 pL of sulfuric acid and stirred in an ice bath. Sodium nitrite was slowly added, and
the solution became orange yellow in a few minutes. The reaction mixture was washed three
times with 30 mL of methylene chloride. The methylene chloride solution was then partially dried
using reduced pressure before transferring the final 4 mL to a tared vial for final drying and
weighing. A total of 3.4 mg of material was recovered. LC/MS indicated that the material was a
mixture of approximately 15% doubly nitrated catechol, 35% unreacted catechol, and 50% of the
desired product. Since this sample is only required as an internal standard and these species
would not cause interference with quantification, no further purification was warranted. Exact
mass was confirmed using a Thermo LTQ Orbitrap by direct infusion. Found exact mass [M-H]:

160.0347 ('*CeHsNO4, requires 161.0420).
2.2.4 Preparation of Pooled Human Liver Microsomes and Other Subcellular Fractions.

Two lots of pooled human microsomes were made from liver samples from the University
of Washington Liver Bank using previously described protocols.(195) The first lot contained a 20

donor pool with tissue from 10 male and 10 female donors (HL-150-169). The second lot
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contained 4 lots of liver samples that were chosen due to the genotype of CYP3A5*3/CYP3A5*3
(HL-155, HL-160, HL-161, and HL-169). Approximately 1 gram of tissue was used from each
donor, and each tissue sample was homogenized separately before being combined for
centrifugation. Tissue samples were homogenized in 10 mM KPi, 10 mM EDTA, 150 mM KClI,
protease inhibitor cocktail, 1 mM DTT at pH 7.4 with a Potter-Elvehjem homogenizer on ice.

Samples were then transferred to 50 mL conical tubes then spun at 800 g for 15 minutes.

Supernatants were transferred from the 50 mL conical tubes to ultracentrifuge tubes. For
the 20 donor lot, the supernatant was centrifuged at 6000 g for 15 minutes to yield the heavy
mitochondrial fraction as the pellet then the remaining supernatant was centrifuged at 10,000 g
for 30 minutes to yield the light mitochondrial fraction as the pellet and S9 as the supernatant.
The 4 donor lot was centrifuged at 10,000 g for 30 minutes to yield S9. Both lots of S9 were then
spun at 100,000 g for 1 hour. Microsomal and mitochondrial pellets were reconstituted with 10
mM potassium phosphate and 250 mM sucrose at pH 7.4. Cytosol and S9 were diluted with 50
mM Tris, 2 mM EDTA, and 150 mM KCl at pH 7.4 to reach 10 mg/mL and 20 mg/mL, respectively.

Protein concentrations were determined using a Pierce™ BCA assay kit from Fisher Scientific.

2.2.5 Co-incubation Experiments of CMZ to Estimate ICs, Values with Selective Probe

Substrates and HLM.

Incubations were performed in a total volume 100 L containing 0.1 M potassium phosphate
buffer with 0.1 mg/mL pooled human liver microsomes, 2 mg/mL NADPH, CMZ solvated in water,
and a selective substrate for the CYP isoform solvated in acetonitrile or methanol with the final
concentration of organic solvent in the incubation being 1% or less. The concentration of those
substrates were the following: 25 yM phenacetin (CYP1A), 0.5 yM coumarin (CYP2A6), 80 uM
bupropion (CYP2B6), 200 uM tolbutamide (CYP2C9), 200 uM S-mephenytoin (CYP2C19), 5 uM
dextromethorphan, 3 pM midazolam, 40 puM testosterone, and 20 pM nifedipine. The

concentrations of CMZ used in the assays were 0, 0.1, 0.3, 1, 3, 10, 30, 100, 300, and 1000 pM.
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The samples were preincubated for 5 minutes using a 37° C water bath in a 96 well PCR
plate then the incubation was started by the addition of NADPH. The samples were incubated in
the linear range of product formation with incubation times ranging between 2-10 minutes at 37°
C. Incubations were terminated with 100 uL of methanol/acetonitrile containing the internal
standard (IS). A standard curve was prepared by using serial dilution of the metabolite in 0.1 M
potassium phosphate buffer at pH 7.4 followed by addition of the appropriate of IS which are
indicated in Appendices 1-12. The samples were analyzed with the LC/MS/MS appropriate
method from Appendices 1-12. Data were fit with GraphPad Prism 8 (San Diego, CA) using the
ICso model with variable slope and variable response or fixed slope with normalized response.
The choice of model was dependent upon the extent of coverage for the inhibition by the

concentrations in the assay.
2.2.6 CMZ K; Determinations for CYP2A6, 2B6, 2C19, and 2E1.

Incubations were performed a near identical manner as the co-incubation ICsy experiments
except 3 substrate concentrations were used with each of inhibitor concentrations. 0.5, 1, and 2
MM coumarin were used for CYP2A6, and 40, 80, and 160 uM bupropion were used for CYP2B6.
25, 50, and 150 uM S-mephenytoin were used for CYP2C19, and 25, 75, 225 uM chlorzoxazone
were used for CYP2E1. For CYP2AG6, 2B6, and 2E1, the same inhibitor concentrations as the
ICs0 experiment were used. The samples were preincubated for 5 minutes using a 37° C water
bath in a 96 well PCR plate then the incubation was started by the addition of NADPH. The
samples were incubated in the linear range of product formation with incubation times ranging

between 2-10 minutes at 37° C.

Data were fit using GraphPad Prism 8 using the mixed inhibition model which is the

following set of equations:(27,196)
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Vmax
[Inhibitor])
1+ alpha X K;

Vmax,apparent = (

K, x (1 + [Inhié;itor])
i

Kmapparent = (1 N [Inhibitor])
alpha X K;

Y = Vimaxapparent X [Substrate]

Km,apparent + [Substrate]

2.2.7 Co-incubation Allosteric and Inhibitory Interactions of CMZ with Midazolam in

HLM and Recombinant CYP3A4

Incubations were performed in a total volume 100 pL containing 0.1 M potassium phosphate
buffer with 0.1 mg/mL pooled human liver microsomes or 20 pM CYP3A4 + OR + bs
Supersomes™, 2 mg/mL NADPH, CMZ solvated in water, and midazolam solvated in methanol
with a final concentration of methanol being 0.4%. Midazolam was used at 1, 3, 10, and 30 yM.
The samples were preincubated for 5 minutes using a 37° C water bath in a 96 well PCR plate
then the incubation was started by the addition of NADPH. The samples were incubated in the
linear range of product formation with incubation times ranging between or 90 seconds for HLM
incubation or 2 minutes for recombinant incubations at 37° C. CMZ concentrations used in the
assays were: 0, 10, 25, 50, 125, 250, 500, 750, 1000, 2000, 4000, and 8000 uM. All of these
samples were analyzed by LC/MS/MS method described in Appendix 10. Data were fit using
GraphPad Prism 8 using the following equation set that is a nested set of equations for allosteric
activation and a mixed model of inhibition with a Hill coefficient for the inhibitory and allosteric

sites:(27)

v _ Vmax,unbound x11 — [CMZ]Hiu

apparent,allo unbound — [CMZ]Hi” KalloHiu + [CMZ]Hill

1+——=
Alpha x K;
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A X Vmax,unbound x < [CMT]Hi” )

Vapparent,allo bound = [CMZ]Hi” Kallom” + [CMZ]HiLL
Alpha X KL-Hi”
[CMz]Hill
Km X <1 o
Kin,apparent,alio unbound = 1+ [CMZ];””)
[CMz]Hill
B X K, X (1 + I
i
Km,apparent,allo bound = (1 + [CMZ]Hill)

Vapparent,allo unbound X [MidaZOIam] Vapparent,allo bound X [MidaZOlam]
Y= - + ;
Km,apparent,allo unbound + [MldaZOIam] Km,apparent,allo bound + [MldaZOlam]

X = [Midazolam]
2.2.8 TDI Screening of CYP2A6, 2B6, 2C19, 2E1, 3A4/5 in HLM Incubations

TDI screening was performed at 37° C in a water bath using a dilution assay at 1/10"
dilution from the pre-incubation to the secondary incubation which used to determine the
remaining activity.(75,76,78,187) 3 non-zero concentrations were chosen with at least one
concentration being above the ICso or Kj, and a no compound control was used to normalize the
A values against gain or less of enzyme activity due to pre-incubation NADPH. Pre-incubations
consisted of total volume 100 uL containing 0.1 M potassium phosphate buffer with 0.5 mg/mL
pooled human liver microsomes, 2 mg/mL NADPH, and CMZ solvated in water. Pre-incubations
were pre-incubated for 5 minutes before the addition of NADPH in a 37° C water bath. Pre-

incubation samples were mixed for 15 seconds before transfer into the secondary.

10 pL of pre-incubation sample was transferred and added to 90 uL of secondary
incubation containing 0.1 M potassium phosphate at pH 7.4, 2 mg/mL NADPH, and the
appropriate substrate at 10/9ths of the final concentration. We used 20 yM coumarin, 500 uM

bupropion, 400 uM chlorzoxazone, 200 uM S-mephenytoin, and 200 uM testosterone as the
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substrates for these screening assays. The secondary incubation was terminated using 100 L
of acetonitrile/methanol containing the appropriate IS. Standard curves were prepared in the
same manner as the co-incubation assays, and samples were analyzed used methods in

Appendices 2, 3, 6, 8, and 10.

Data were analyzed using GraphPad Prism 8.2. Remaining activity was natural log
transformed and plotted versus time, and linear regression was performed to determine the rate
of loss of CYP activity (A). Ki/kinact Values were estimated using the method described by Albaugh

et al (Drug Metabolism Letters 2009) for design of subsequent experiments.

2.2.9 Time-Dependent Inhibition Kinetics for CYP2B6 and CYP3A4/5.

Assays were carried out in similar manner as the screening assays with limited changes.
The pre-incubation times for CYP2B6 and CYP3A4/5 assays were 30 seconds, 5 minutes, 15
minutes, and 30 minutes. The concentrations of CMZ used for CYP2B6 were: 0, 3, 10, 30, 100,
300, 1000, and 3000 pM, and the CMZ concentrations used for CYP3A4/5 were 0, 78.125,
156.25, 312.5, 1250, 2500, 5000, and 10000 uM. 40 yM Midazolam was substituted for
testosterone as the CYP3A4/5 substrate while bupropion was still used for CYP2B6. All other

conditions were retained in reference to the screening conditions.

Data were analyzed using GraphPad Prism 8.2. Remaining activity was natural log
transformed and plotted versus time, and linear regression was performed to determine the rate
of loss of CYP activity (A). The resulting A values were then used to generate Michaelis-Menten

fits to estimate K| and Kinact.(75,76,78,122,187)

2.2.10 Time-Dependent Inhibition Kinetics for CYP2E1 in HLM and MLM.

Due to the rapid inactivation of CYP2E1 by CMZ, a modified version of the dilution assay
was used involving direct addition of the secondary incubation to the primary incubation.

Approximately 120 holes were drilled into a 1 mL deep well plate to allow air to escape from the
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structure of the deep well plate and to allow better circulation of water around the wells. The deep
well plate was weighted down in the water bath by deep sea fishing weights tied to the plate by

fishing line. Incubations still occurred in a 37° C water bath.

Pre-incubations consisted of total volume 80 pL containing 0.1 M potassium phosphate
buffer with 0.5 mg/mL pooled human liver microsomes or pooled male CD-1 mouse liver
microsomes, 2 mg/mL NADPH, and CMZ solvated in water. CMZ concentrations for HLM pre-
incubations were 0, 10, 30, 100, 300, 1000, 3000, and 10000 uM, and CMZ concentrations for
MLM were 0, 3, 10, 30, 100, 300, 1000, and 3000 uM. Secondary incubation solutions contained
0.1 M potassium phosphate at pH 7.4, 2 mg/mL NADPH, and the appropriate substrate at 10/9ths

of the final concentration of CHZ (400 pM final).

Pre-incubation times were 1, 15, 30, and 60 seconds for HLM incubations and 1, 30, 60,
and 120 seconds for MLM incubations. 720 uL of the secondary incubation was directly added
to the primary incubation to start the secondary reaction. After a 5 minute secondary incubation.
the entire volume was transferred to a kill plate with 800 pL of acetonitrile/methanol containing IS
to stop the reaction. Standards were prepared in the same manner as all other assays and

analyzed used the same method in Appendix 1.6 as other chlorzoxazone assays.

Data were analyzed using GraphPad Prism 8.2. Remaining activity was natural log
transformed and plotted versus time, and linear regression was performed to determine the rate
of loss of CYP activity (A). The resulting A values were then fit using the substrate inhibition model

to estimate K, and Kinact.(197)

2.2.11 Time-Dependent Inhibition Kinetics for CYP2E1 in Human and Mouse Hepatocyte

Incubations.

Human hepatocytes were recovered from cryopreservation by thawing with lukewarm water

and then gently resuspended in recovery media according to the manufacturer’s specifications.
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The cells were spun at 55 g for 10 minutes, and the recovery media was removed. Cells were
resuspended in plating media at 750,000 cells/mL. Williams’ E media containing 10% FBS and
1x pencillin/streptomycin/glutamine was added at 50 pL/well to a 96-well collagen | coated plate.
80 uL of hepatocytes (60,000/well) were added to each well, and cells were allowed to attach for

4 hours in a 5% CO; incubator at 37° C.

Mouse hepatocytes were received as a fresh suspension. The cells were spun at 55 g, and
media was removed. The cells were resuspended at 750,000 cells/well in Williams’ E media
containing 10% FBS, 1x penicillin/streptomycin/glutamine, 1x insulin/transferrin/selenium
solution, and 10 mM HEPES. 50 uL/well of the same media was added to each well before the
addition of 80 pL of cells to a 96-well collagen | coated plate. Cells were allowed to attach for 4

hours in a 5% CO; incubator at 37° C.

CMZ, CHZ, and p-nitrophenol were solvated with Hanks’ Balanced Salt Solution (HBSS)
with 10 mM HEPES. CMZ concentrations in HBSS for human hepatocyte incubations were 0,
10, 30, 100, 300, 1000, 3000, and 10000 uM, and CMZ concentrations for mouse hepatocyte
incubations, were 0, 3, 10, 30, 100, 300, 1000, and 3000 yM. The substrates, CHZ and p-

nitrophenol, were at 400 uM.

The TDI kinetic experiments were performed in a 37° C water bath. The incubations were
initiated by the addition of HBSS containing CMZ after aspiration of the plating media. CMZ
containing media was aspirated at the end of the pre-incubation time (1 second, 30 seconds, 60
seconds, and 120 seconds), and CHZ or p-nitrophenol containing HBSS was added for the
secondary incubation. 90 pL of secondary incubation media was transferred into a 96-well
analysis plate after a 5 minutes. 90 pL of acetonitrile/methanol containing the appropriate IS was
added to each samples. A standard curve was generated by serial dilution of the appropriate

metabolite standard in HBSS with 10 mM HEPES. IS was added in the same manner as the
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incubation samples to the standard curve samples. Samples were analyzed using the LC/MS/MS

methods in Appendices 8 and 9.

Data were analyzed using GraphPad Prism 8.2. Remaining activity was natural log
transformed and plotted versus time, and linear regression was performed to determine the rate
of loss of CYP activity (A). The resulting A values were then fit using the substrate inhibition model

to estimate K, and Kkinact.(197)
2.2.12 Metabolite Identification in HLM and Recombinant CYP Incubations.

Incubations were performed in a 96 well plate in 37° C water bath. All samples contained
0.5 mg/mL of HLM or 100 pM Supersomes™ recombinant CYP enzymes with containing 0.1 M
potassium phosphate buffer at pH 7.4 with 100 yM CMZ. Most samples contained 2 mg/mL
NADPH with 5 mM glutathione as the reactive species trapping agent, but 1 mM potassium
cyanide and 1 mM methoxamine were also used as alternative trapping agents. Other samples
containing 1 mM UDPGA/50 ug/mL alamethicin with 2 mg/mL NADPH were also performed with
HLM. 1 mg/mL Human liver S9 was used with 1 mM 3'-phosphoadenosine 5'-phosphosulfate
with 2 mg/mL NADPH. The incubations were terminated with an equal volume of
acetonitrile/methanol and centrifuged. The supernatants were removed for LC/MS analysis, and
those samples were analyzed using an AB Sciex 5600 TripleTOF™ system with the method
described in Appendix 13. Data were also analyzed with the software described in Appendix 13.
Synthetic standards for CMZ N-oxide and 5(1-hydroxyethyl) 4-methylthiazole were diluted to 10
MM in 0.1 M potassium phosphate at pH 7.4 and analyzed using the same analytical and data

analysis methods as the incubated samples.

2.3 Results

Research Strategy
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Results are presented in a sequence roughly following the workflow required to identify the
CYP isoforms that serve as targets of inhibition for CMZ, the type of inhibition associated with
each isoform, and potential metabolic routes that could result in time dependent inhibition (TDI).
Initially, a set of co-incubation experiments was performed with CMZ to estimate ICso values for
all major drug metabolizing CYP isoforms so that isoforms of greatest interest could be selected
for later experiments. If the ICso for an isoform was substantially lower than 1 mM, additional co-
incubation experiments were performed to determine the Ki and type of apparent reversible
inhibition. Furthermore, those same isoforms with sub 1 mM ICso values were tested for TDI using
a limited set of concentrations and pre-incubation times in dilution experiments. If TDI was
detected, a dilution experiment was performed using a wider range of CMZ concentrations and
pre-incubation times to determine the TDI kinetic parameters. Finally, a series of metabolite
identification experiments was performed for HLM and major liver drug metabolizing CYP

isoforms to link any potential metabolite formation to TDI.

2.3.1 Selectivity of Chlormethiazole CYP Inhibition in Co-incubation Experiments.

As a first level of analysis of the selectivity of CYP inhibition, CMZ inhibition potency was
tested in HLMs with selective CYP substrates to obtain ICsg values with substrate concentrations
near Kn for enzymes other than CYP2E1, which was already selected to undergo detailed
analysis. The results are summarized in Figure 2.2. CYP2A6 and CYP2B6 had the lowest ICso

values of all enzymes tested, and, overall these results were similar to those of Stresser et al.(148)

CMZ effects on CYP3A4/5 inhibition proved to be highly substrate dependent. Testosterone
6B-hydroxylation was inhibited by CMZ, but nifedipine dehydrogenation was clearly not inhibited
and was even mildly enhanced. CMZ exerted positive allosteric modulation upon 1’-OH
midazolam formation before inhibition occurred. Since 4-hydroxymidazolam formation was not

analyzed in these experiments, no information was obtained regarding the effect of CMZ upon
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this other major CYP3A4/5 metabolite of midazolam. In sum, the enzymes that were inhibited by
CMZ with ICso values lower than 1 mM were selected for further detailed analysis including K;

determinations and screens for TDI.

2.3.2 Co-incubation K; Determinations for CYP2E1, 2A6, 2B6, and 2C19.

CYP2E1, 2A6, 2B6, and 2C19 were most potently inhibited by CMZ and so were chosen
for co-incubation experiments to determine Ki and the apparent mechanism of reversible
inhibition. The same probe substrates used during the ICsy screens were used to determine K;

and the mode of reversible inhibition using a mixed model of inhibition.

For CYP2E1, Ki was determined across 3 substrate concentrations (25, 75, 225 pyM) and
the data analyzed using a mixed model of inhibition (Figure 2.3). The kinetics of chlorzoxazone
formation in HLMs (Km of 33.9 uM and Vmax of 1623 pmol/min/mg) were in line with much of the
extant literature.(198-201) The apparent Ki is 18.0 uM, which is close to 12 yM, the first value
ever reported for CMZ, although that study was reported for an apparent non-competitive
mechanism.(152) In the mixed inhibition model, alpha is a variable that tries to account for
inhibition types that are not competitive. When alpha is greater than 10, the data more closely fit

a competitive inhibition scenario, which is what is seen for CYP2E1 with an alpha value of 180.

CMZ inhibition kinetics for CYP2A6, 2B6, and 2C19 have not been reported previously, so
the model fits from experiments employing 3 substrate concentrations with several inhibitor
concentrations are presented in Figures 2.4, 2.5, and 2.6, respectively. CMZ exhibited a K; of 7.7
MM towards CYP2A6 which is slightly lower than for CYP2E1 and an alpha value that is consistent
with competitive inhibition. CYP2B6 and CYP2C19 were more weakly inhibited by CMZ with K;
values of 169 and 178 uM, respectively. However, both sets of interactions exhibited alpha values
that are indicative of non-competitive inhibition playing a greater role in the inhibition of those

isoforms compared to CYP2E1 and CYP2AG6.
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2.3.3 Complex Interactions of CMZ, CYP3A4/5, and Midazolam.

The ICso inhibition data for CYP3A4/5 substrates indicated substrate dependent effects of
CMZ upon the metabolism of those common 3 substrates. 1’-Hydroxylation of midazolam
appeared to be enhanced by CMZ co-incubation at lower CMZ concentrations, which indicates
positive allosteric modulation in the initial ICso screening experiments, but this activity appears to
be reduced by some form of inhibition. 6B-Hydroxylation of testosterone alone is inhibited by
CMZ, whereas nifedipine dehydrogenation may undergo mild positive allosteric modulation by
CMZ without any apparent inhibition in the concentration range tested. Therefore, a set of
experiments to further explore the complexity of interactions of CYP3A4/5 using multiple
concentrations of midazolam and CMZ using HLM, HLM deficient in CYP3A5, and recombinant
CYP3A4 were performed. In addition to monitoring 1’-hydroxymidazolam formation, 4-
hydroxymidazolam was also monitored during these experiments to elucidate potential

differences between the effects of CMZ on both metabolites.

In the first follow-up experiment, more midazolam concentrations and a wider range of CMZ
concentrations were used in a co-incubation experiment with the goal of defining the unusual
effects of CMZ upon 1’-hydroxymidazolam and 4-hydroxymidazolam formation. The pattern of
positive allosteric modulation followed by inhibition with increasing concentrations of CMZ was
recapitulated. Due to the importance of CYP3A4/5 in drug metabolism and the complex
interaction of CMZ with midazolam, a more in-depth analysis of midazolam and CMZ interactions
than we present here is warranted. This may require an analysis of CMZ metabolites since
models, such as those developed by Shou et al, use kinetics of metabolites to characterize the
binding sites for each compound in the interaction.(27,202). However, we do not have synthetic
standards for all metabolites formed by CMZ in human liver microsomes, and the metabolite
identification experiments describing all of the metabolites that were found in HLM containing

incubations appear later in this chapter. Therefore, to model the behavior in the absence of
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metabolite kinetics of CMZ, a set of equations were used under the assumption that the behavior
of CYP3A4/5 could be described with CMZ binding at an allosteric site and/or an inhibitory site
with the major underlying assumption that the behavior of the formation of 1’-hydroxymidazolam
could be described with Michaelis-Menten kinetics. A Hill coefficient was included to apply to the
allosteric binding site and inhibitory binding site to account for any possible cooperative or
uncooperative binding between the binding sites. The rest of the underlying assumptions and

implications for use of these equations (27) will be discussed later.

The data and fit for 1’-hydroxymidazolam activity in HLM are presented in Figure 2.7. For
1’-hydroxymidazolam activity in microsomes, the midazolam Ky of 2.9 yM and Vmax of 1903
pmol/min/mg were in line with expectations for pooled HLM, and the fit of the set of equations
using least squares resulted in a reasonable R? of 0.9864. The affinity for the allosteric binding
site as indicated by Kaio is estimated to be 202 yM, and the inhibitory binding site (Ki) was
estimated to be 1.34 mM. The shared Hill coefficient was approximately 1.6 indicating some
cooperativity occurred. The alpha value for inhibition was 17.45 indicating a mixture between
competitive inhibition and non-competitive inhibition. The apparent A value indicating changes in
Vmax caused by binding at the allosteric binding site was 1.23 suggestive of a mild increase. The
apparent B value, which indicates changes in K, was 0.59 indicating a potential increase in
affinity for the substrate. Overall, these values describe the apparent relationship between CMZ

concentration and changes in 1’-hydroxymidazolam activity.

The same model was applied to 4-hydroxymidazolam activity in HLM incubations, and the
data and fit are presented in Figure 2.8. The global fit was 0.9937 with a K, of 22.2 yM and Vmax
of 2269 pmol/min/mg for 4-hydroxymidazolam formation. The apparent Kaio was similar to 1.6
mM, and K; was approximately 324 uM. Both of these values are reasonably close to the values
obtained for 1’-hydroxymidazolam. However, the Hill coefficient was estimated to be 0.70 which

indicates negative cooperativity. The alpha value for inhibition was 0.0716 which is consistent
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with uncompetitive inhibition. The A value was 19.52 suggesting an increase in V with binding of
the allosteric site, but the B value was 12.51 suggesting a lowered affinity for the substrate with
allosteric binding. The apparent effect of positive allosteric modulation appeared to be more

muted than was seen for 1’-hydroxymidazolam activity.

Since midazolam can be metabolized by both CYP3A4 and CYP3AS5, a pool of HLM
possessing the null genotype CYP3A5*3/CYP3A5*3 was made to eliminate the contribution of
CYP3ADS5 to the metabolism of midazolam. This preparation of HLM was used to produce the data
presented in Figure 2.9 for 1’-hydroxymidazolam and Figure 2.10 for 4-hydroxymidazolam. The
apparent rates of metabolite formation were lower than seen with the HLM used for previous
experiments, and the overall 4-hydroxymidazolam kinetics appeared to be affected to a greater

extent than 1’-hydroxymidazolam kinetics.

While the Vmax for 1’-hydroxymidazolam in CYP3AS deficient HLM was lower, much of the
remainder of the kinetic parameters; K, inhibition alpha value, Hill coefficient for the allosteric
and inhibitory sites, A parameter, and B parameter were similar to the HLMs prepared from the
larger (CYP3A5-active) donor lot. The Kaio and K exhibited a similar pattern to that seen with the
previous pool of HLM containing active CYP3AS5, but were approximately 43% lower and 43%

higher, respectively, when compared to the pool containing active CYP3AS5.

Data for 4-hydroxymidazolam activity from the CYP3A5 deficient pool are presented in
Figure 2.10. 4-Hydroxylation kinetics in this pool are substantially different as compared to the
other HLM preparation, but the allosteric effect is muted as compared to 1’-hydroxymidazolam as
seen with the 3A5-active pool. If a simple Michaelis-Menten analysis is performed, a good
estimate of Ky, is not captured since saturation does not appear to be occurring and the extracted
Km is more than 10 fold above the highest concentration tested. The fit is ambiguous in part due

to lack of definition of the Km and Vmax and lack of the points defining the small region of positive
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allosteric modulation. Therefore, the values from the curve fitting are not reliable and were not

reported.

To further investigate the interactions between CMZ and CYP3A4, Supersomes™ with
cytochrome P450 reductase and cytochrome bs were used in similar experiments to those
conducted in HLM. The same range of concentrations were used as with the other experiments.
The data was fit with the same set of equations as the HLM experiments for 1’-hydroxymidazolam
formation and is presented in Figure 2.11. The positive allosteric modulation for 1’-
hydroxymidazolam is muted with the recombinant system with an A value of 1 meaning no effect
upon the maximum rate of the catalysis. However, the values for many of the parameters are
similar to those from the HLM experiments including a mild apparent increased affinity for the
substrate when the allosteric site is occupied, as signified by the B value of 0.81. The fit for 4-
hydroxymidazolam activity, which is presented in Figure 2.12, was ambiguous since the K could
not be determined with the concentration set that was used, and there was no apparent allosteric

effect upon 4-hydroxymidazolam activity.

2.3.4 Screening of TDI for CYP2E1, CYP2B6, CYP2C19, CYP2E1 and CYP3A in HLM

Incubations

A series of dilution time dependent experiments were performed using 0.5 mg/mL pooled
HLM in the primary incubation with a 10x dilution to screen the potential of CYP2A6, CYP2B6,
CYP2C19, CYP2E1, and CYP3A4/5 for TDI with limited concentrations and time points (30
seconds, 5 minutes, and 30 minutes) for the pre-incubation. The 3 concentrations were chosen
for each CYP isoform with the goal of having one concentration below the ICs or K; one
concentration being near the ICso or K;, and one concentration above I1Cso or Ki. Each of these
isoforms exhibited ICso values that were below 500 uM which is why they were chosen. The data
from these experiments, used to estimate K, and kinact With a derivation of a Kitz-Wilson plot, are

presented in Figure 2.13.(203)
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Since, in the presence of a source of reducing equivalents alone, CYP enzymes will
inactivate themselves through the uncoupling process, a vehicle control was used to compare the
inactivation rates (A) of the enzyme in the presence of NADPH vs. NADPH with CMZ in order to
determine the inactivation rate due to bioactivation of CMZ. CYP2A6-dependent 7-
hydroxycoumarin activity decreased with time and with no appreciable difference between any of
the treatment conditions. CYP2B6-dependent bupropion hydroxylation activity decreased at a
similar rate to CYP2A6 activity with the NADPH control but exhibited substantial TDI at 200 and
2000 uM. CYP2C19-dependent 4-hydroxymephenytoin activity increased over time and was
exacerbated by CMZ in a time dependent and concentration dependent manner. CYP2E1
underwent rapid time-dependent and concentration-dependent inhibition while whereas
CYP3A4/5-dependent 1’-hydroxymidazolam activity was also concentration and time dependent,
the rate of TDI was much slower as compared to CYP2E1. Since CYP2B6, CYP2E1, and
CYP3A4/5 were each inhibited in a time and concentration dependent manner by CMZ, they were

selected to undergo further experiments to determine the kinetic parameters, K, and kinact.

2.3.5 Determination of K, and Kinact Parameters Incubations for Microsomal CYP2B6,

CYP2E1, and CYP3A4/5.

A series of dilution experiments were performed to measure the kinetics of TDI by CMZ for
CYP2B6, CYP2E1, and CYP3A4/5. Fourtime points and 7 non-zero concentrations were chosen
for each isoform based upon the preliminary data generated in the preliminary screening
experiment. The incubation conditions were otherwise similar to those in the screening
experiment. Activity remaining was natural log transformed, and a linear regression was
performed for each CMZ concentration to determine the apparent inactivation rate (A). The control
containing all reaction components except CMZ was used to normalize the data in order to

eliminate the contribution of TDI from enzyme uncoupling.(75,76,78,187)
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The TDI kinetic experiments for CYP2B6, CYP2E1, CYP3A4/5 are presented in Figures
2.14,2.15, 2.16, respectively. While TDI of CYP2B6 and CYP3A4/5 appeared to follow Michaelis-
Menten kinetics, TDI of CYP2E1 does not follow Michaelis-Menten kinetics, but fits a substrate
inhibition model fairly well. CYP2E1 exhibited both the lowest K, (49.4 uM) and highest Kinact
(0.325/min), which is in line with the findings of Stresser, et al.(148) CYP2B6 exhibited a slightly
higher K, than CYP2E1, but the kinact was far lower. The K, for CYP3A4/5 was 5 mM, which was

by far the highest of the three isoforms tested, but the kinact was higher than for CYP2B6.

2.3.6 Kinetics of CYP2E1 Inhibition in Human and Mouse Hepatocytes and Mouse Liver

Microsomes

CMZ is used as an inhibitor for CYP2E1 in human hepatocytes and animal toxicology
models, but the inhibition kinetics in those systems are not defined.(1,151,204-207) There could
be numerous potential reasons for differences in TDI rates in whole cell systems as compared to
microsomes, such as permeability, transport, deactivation of reactive species, endogenous
substrates, non-microsomal metabolism, and non-CYP metabolism. Not only does the
determination of inhibition kinetics in these systems allow for proper use of CMZ to obtain the
desired degree of inhibition, but may also indicate issues with scaling to in vivo from microsomes
that should be investigated. It has been claimed that para-nitrophenol hydroxylation to the
catechol is more selective for capturing CYP2E1 activity in mice than chlorzoxazone 6-
hydroxylation, but there has been no systematic analysis to substantiate that claim, so both

assays were performed in mouse hepatocytes.(208)

Results for all assays are presented in Figure 2.17. Each assay type displayed substrate
inhibition kinetics as was seen with HLM. TDI kinetic values in plated human hepatocytes were
very similar to those obtained with HLM, as shown in Figure 2.15 and 2.17. Mouse liver
microsome and mouse hepatocyte kinetics also exhibited a substrate inhibition profile as seen in

Figure 2.17, but there are issues with the fits for the mouse hepatocyte data as compared to
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mouse microsomal data. Chlorzoxazone 6-hydroxylation in hepatocytes did not fit a standard
substrate inhibition kinetic model, and the fit for p-nitrophenol catechol formation was significantly
worse than the mouse liver microsome data, even though a substrate inhibition kinetic profile is

clearly evident.
2.3.7 Metabolite Identification in HLM.

CMZ (100 pM) was incubated with HLM (0.5 mg/mL), reduced glutathione (5 mM), NADPH
(2 mg/mL) for 1 hour, and reactions were terminated by addition of acetonitrile and methanol. The
supernatant was removed after centrifugation for analysis. Samples were then analyzed using
high pressure liquid chromatography and a 5600 Triple TOF mass spectrometer with an
Information Dependent Acquisition (IDA) method that used mass defect filtering as the major
triggering criteria for product ion scans. The test sample was compared to control samples that
lacked CMZ or cofactors or had been terminated with organic solvent before the addition of

cofactors.

A total of 5 CMZ metabolites (M1-M5) were identified. An overlay of all of the metabolites
and parent compound is presented in Figure 2.18. An inset was necessary to clearly show M2
and M3 relative to M1, due to large disparities in signal intensity. M1 and M4 have similar
responses and exhibit the largest signal intensities of any of the metabolites, which suggests they
are likely the major metabolites of CMZ. A commercial standard for M1 was obtained, and only
a standard for M3 — the N-oxide - could be synthesized easily. Therefore, we are only able to
definitively confirm the structural assignment of M1 and M3 and possibly provide a quantitative
assessment of M1 and M3 formation rates. The extracted ion current chromatograms for these

standards are presented in Figure 2.19.

The fragmentation patterns acquired from the data dependent product ion spectra for CMZ,
each of the metabolites, 5(1-hydroxyethyl) 4-methylthiazole standard, and N-oxide synthetic

standard are shown in Figures 2.20 to 2.27. The interpretation of the fragmentation patterns is
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also included in those figures as is a table of predicted and experimentally found fragment
masses. Due to the low concentrations of the M3 N-oxide formed in the HLM incubations, the
amount of detected fragments from the N-oxide was low compared to the N-oxide standard.
However, major fragments from both aligned well with each other. We do not have standards for
the other metabolites, so the fragmentation pattern was used to assign metabolite structures,
which must be regarded as tentative. Notably, all mDa errors are for assigned fragments are less

than 5 mDa which is within acceptable limits.

When considering the mass of the parent CMZ, dechlorination and a net insertion of
hydroxide must have occurred to generate the m/z of M1. A loss of water occurs without a loss
of any other portions of M1, which is consistent with the loss of water from an alcohol on an
aliphatic group attached to the thiazole core. We were able to determine the position of the
alcohol via the use of the synthetic standard since the fragmentation and retention time of 5(1-
hydroxyethyl) 4-methylthiazole matched M1. If oxidative dechlorination occurred, further
oxidation should result in an aldehyde at the original position of the halogen, which then would
likely be reduced to the alcohol by a carbonyl reductase.(12,38,158,159,209) Reductive
dehalogenation would result in a carbon centered radical at the position of the chlorine that could
rearrange to the carbon alpha to the ring of the ethyl side chain.(12,156,157) To form the alcohol,
a hydroxide radical would need to be generated that then recombined with the carbon radical.
Since the aldehyde was not observed, it is likely that oxidative dechlorination did not occur, but it

cannot be excluded.

M2 is the result of a net dehydrogenation and adduction by glutathione. The 194 m/z
fragment indicates that the sulfur is retained while the rest of the glutathione moiety can be
removed by fragmentation. This type of sulfur-containing fragment from a glutathione adduct is
highly suggestive of the sulfur of glutathione adducting to the C-2 position, since the carbon-sulfur

bond is stabilized by an aromatic ring.(6,210,211) When glutathione is adducted to an aromatic
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carbon, the sulfur from the cysteine forms a fairly stable bond that interacts with the 1 system of
the aromatic ring, which enables the sulfur to remain attached to the ring during fragmentation.
In contrast, the linkage between cysteine and a non-aromatic position of a reactive species, such
as an a,B-unsaturated ketone or methyl group attached to an aromatic, is far weaker and the
glutathione moiety can be lost in its entirety. The majority of the other fragments are related to
the fragmentation of glutathione. The step leading to the time-dependent reactivity is not indicated

directly by any of the data obtained from fragmentation of this metabolite.

M3 is the N-oxide based on similarities in retention time and fragmentation of the synthetic
N-oxide and HLM-generated metabolite. N-oxide thiazoles can exist as the tautomeric form,
which is a hydroxylamine with a C-2 carbene center.(162,168,212) The 161 m/z fragment that is
common to both is likely the loss of a hydroxyl radical that could occur from the carbene tautomer.
Oxygen is retained in the 129 and 142 m/z fragments, which is consistent with a more stable bond
between oxygen and the atom to which it is attached, or greater difficulty in the elimination of the
oxygen as water as with other positions, such as aromatic methyl groups. The aforementioned

fragments are consistent with the position of oxidation being the thiazole nitrogen.

M4 is likely the result of oxidation of C-2 of the thiazole ring. The unique 114 m/z fragment
is the most important in assigning the site of oxidation. The cleavage to form the 114 m/z fragment
is consistent with the elimination of the chloro-ethyl side chain, which would leave the sulfur, C-4
methyl, C-4/C-5 double bond, and C-2 as likely positions of oxidation. No fragment exists to
definitively assign the oxidation to the C-2 carbon, but there are circumstances that make it more
likely that it is C-2 oxidation. S-oxides of heterocyclic systems tend to be reactive with glutathione,
so it seems unlikely that substantial amounts of the metabolite could be formed without large
amounts of glutathione adduct being generated.(15,154,174,175) The facile loss of water during
fragmentation is frequently a strong indicator of the hydroxylation of an aromatic methyl group,

but that does not appear to occur with M4. Epoxidation of the C-4/C-5 double bond is sterically
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hindered and would also likely be reactive since the aromaticity of the ring would be

eliminated.(153) Therefore, oxidation at C-2 is the most likely candidate for the identity of M4.

M5 corresponds to hydroxylation of the C-4 methyl as indicated by multiple fragments.
The 160 m/z fragment is a loss of water, which is consistent with oxidation of an alkyl position
attached to an aromatic system. Therefore, it is expected that either the chloroethyl or methyl
groups would be the potential sites of oxidation. The pair of 128/129 m/z fragments are
associated with the elimination of the B-carbon of the chloroethyl side chain, but the oxygen is
retained. An oxidation of the a-carbon of that side chain should result in dechlorination due to an
increase in acidity of the neighboring protons leading to facile elimination of a chloride ion. The
oxygen is likely stabilized in the 128 m/z fragment by the formation of a carbonyl double bond
when the chloroethyl B-carbon is eliminated by heterolytic cleavage. The combination of these

factors supports assignment of M5 as the C-4 methyl alcohol.
2.3.8 Metabolite Identification for Individual CYP Isoforms

Since the CMZ-dependent TDI is isoform dependent, a metabolite identification study
using Supersomes™ was performed with all of the major liver drug metabolizing CYP isoforms in
order to identify metabolites that may be related to the mechanism of TDI. The rationale here is
that only CYPs exhibiting TDI would be expected to generate metabolites responsible for
generating reactive intermediates. The incubations consisted of 100 pmol/mL recombinant CYP,
100 ypM CMZ, 2 mg/mL NADPH, and 5 mM reduced glutathione, and those reactions were allowed
to proceed for an hour before termination. The overlayed extracted ion current chromatographs
are presented in Figures 2.28 to 2.37. While these figures show the distribution of metabolism in
a qualitative manner, it is easier to visualize the differences between the various isoforms in a

table of integrated areas for both absolute values and relative percent, as shown in Figure 2.38

If the relative ionization efficiency for each metabolite is assumed to be fairly similar, the

amounts of metabolite formed can roughly be compared. M4 is the most prominent metabolite
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for most isoforms, which is consistent with M4 being the major metabolite from HLM incubations.
CYP2A6 produces the greatest total area of metabolites followed by CYP3A4. Due to CYP3A4
being the most highly expressed isoform in the liver, it is expected that CYP3A4 would be the
major contributor to CYP-mediated liver metabolism of CMZ. Even though M1 has roughly the
same area response in the HLM incubation, only CYP2B6-catalyzed metabolism of CMZ
produced more area counts for M1 compared to M4. CYP2AG6 produces a relatively large amount
of M1 relative to M4, but most other isoforms do not generate a large quantity of M1. CYP2B6
appears to be the major enzyme for the formation of M5, with CYP2E1 likely being the other major
contributor. Importantly, we identify M2 and M3 as the two metabolites that are generated by the

isoforms that are most inhibited in a time dependent manner by CMZ.
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2.4 Discussion
2.4.1 Chapter Overview and Hypothesis.

The inhibition of CYP2E1 by chlormethiazole was first identified by Gebhardt et al in vivo
and in vitro.(152) These workers showed approximately an 80% decrease in the 6-
hydroxychlorzoxazone/chlorzoxazone blood ratio in a control group of subjects when they were
treated with 192 mg of chlormethiazole.(152) They also showed that the inhibition was prolonged,
but only characterized the inhibition in vitro using a co-incubation assay with chlorzoxazone.
Taking into account that the Cnax for a higher dose of 384 mg was only 2.4-3.7 uM and that the
noncompetitive Ki was 12 yM, the in vitro inhibition did not account for the in vivo inhibition.(137)
While the studies described herein were underway, Stresser et al published on CMZ selectivity of
CYP inhibition and performed TDI kinetics for CYP2E1.(148) These workers clearly showed that
CMZ is a TDI of CYP2E1 and suggested that CMZ may also be a time-dependent inhibitor of
CYP2B6. Stresser et al also performed a static prediction of CYP2E1 TDI by CMZ, which appears

to mostly explain the in vivo effects on CYP2E1, as seen with chlorzoxazone as the victim drug.

The overall conclusion from the preceding work is that CMZ is a selective, potent TDI of
CYP2E1. However, in order to the test this thoroughly, the CYP selectivity of inhibition must be
fully established, and the mechanism of any TDI needs to be investigated in detail. Towards
these ends, the inhibition by CMZ of all major liver drug metabolizing CYPs was assessed. These
studies included an initial 1Cso screen, co-incubation K; determination, TDI screen for selected
CYPs and full TDI kinetic experiments for the most affected enzymes. The kinetic data obtained
in these experiments can also be used to build a physiologically based pharmacokinetic (PBPK)
model to predict the drug-drug interaction potential of CMZ.(76,78) In addition, metabolite
identification with reactive metabolite trapping was performed to identify any potential metabolites
and trapped reactive species that could suggest potential chemical mechanisms for the TDI

process.
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While several in vivo metabolites have been identified by multiple investigators (Figure
2.38), no in vitro metabolism has been reported, and there is limited information on potential
reactive species that could be related to the TDI.(135,213,214) While it is likely that the reported
metabolites are mostly generated in the liver, it is not clear if that assumption is true or which
enzymes produce each metabolite. The chloroethyl group is truncated in some of the reported
metabolites. The truncation of chloroethyl group could be due to a $-oxidation or p-oxidation like
process since there are also other reported metabolites that are consistent with multiple oxidation
steps occurring to the chloroethyl chain.(215) There also appears to be missing intermediates in
the formation of some metabolites. The dual N-oxide/S-oxide with truncation of the chloroethyl
group has been reported, but no other N- or S-oxide-containing metabolites have been observed
and identified. From these data, it is not evident at which point during catabolism the N- or S-
oxidation may have occurred, and there is no explanation as to why there are no metabolites
detected due to N- or S-oxidation alone. Therefore, we undertook the microsomal metabolism
identification to help clarify how these metabolites are formed. While there is a report of an
ethylene metabolite that could function as a Michael Acceptor, no downstream products of
glutathione adduction have been reported, so it is not clear what other reactive species might
explain the observed TDI. Finally, discovery of potential reactive metabolites is also a focus of
this chapter, since they could be critical in understanding the mechanisms for TDI of CYPs due

to CMZ.

2.4.2 Selectivity and Complexity of CMZ Inhibition of Major Liver Drug Metabolizing CYP

Isoforms in Co-incubation Experiments.

To assess the inhibition selectivity of CMZ with major liver CYP isoforms, a series of co-
incubation and dilution TDI experiments were performed using generally accepted selective CYP

substrates.(185,189-191) These studies were also performed in line with standard practices for
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evaluation of drug-drug interactions including the use of multiple substrates for CYP3A4/5 for the

ICs0 assessment.(75,122,185)

Since it is impractical to fully characterize every isoform completely, a workflow was
created to funnel isoforms of interest based upon previous assays. The initial screen consisted
of co-incubation experiments of CMZ with isoform-selective substrates in HLM incubations to
obtain ICsp values as shown in Figure 2.2. Any isoform that was inhibited by CMZ with an ICs
significantly below 1 mM was then tested with CMZ to screen for TDI using a dilution assay with
concentrations of CMZ below, near, and above the ICso from the co-incubation assays. CYP2E1
plus any isoform providing a positive result in the screen was further tested to determine full kinetic

parameters (Ki, Kinact) for the TDI.

The alpha values from all 4 isoforms that were examined indicated a diversity of inhibition
modes in co-incubation experiments by CMZ upon CYP enzymes. Fits of the CYP2A6 and
CYP2E1 inhibition yielded alpha values over 100 which are indicative of competitive inhibition.
Inhibition of CYP2C19 by CMZ behaved in a manner more consistent with non-competitive
inhibition since the alpha value was 2.83. The alpha value of the fit for CYP2B6 inhibition was
12.7 which is an intermediate value consistent with a mixed mode of inhibition. Since we used
racemic bupropion and did not perform any separation of the enantiomers of hydroxybuproprion,
we cannot hypothesize further on the mechanism of the mixed inhibition mode for CYP2B6 by
CMZ.(216-220) It is possible that the same binding site could function both in a noncompetitive
mode for one enantiomer of buproprion and in a competitive mode for the other enantiomer. Itis
also possible that CMZ is binding to an allosteric site that affects the activity of the enzyme, but

CMZ has higher affinity for either the substrate bound state or substrate free state.

Interactions between CMZ and CYP3A4/5-mediated metabolism are very complex. CMZ
interactions with midazolam, testosterone, and nifedipine exhibit substrate dependent effects and

potencies, but substrate dependent effects are not entirely unique.(30,221-223) The FDA
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recommends at least two substrates of different classes to address potential of drug-drug
interactions because there are multiple examples of substrate dependent effects for drug
interactions involving CYP3A4 substrates. One publication by Stresser et al used four distinct
fluorogenic probes and compared the effects of a variety of other CYP3A4 substrates on the
turnover of those fluorogenic probes then compares these effects to those seen with midazolam,
testosterone, and nifedipine. When the effects of various substrates upon each other are
compared, there are similarities in many cases, but there are also clear disparities including
potency of inhibition (as indicated by the ICso) and even changes in the type of effect.(223) CMZ
interactions with the three substrates that were examined exhibit both of the aforementioned

disparities.

Several models of varying complexity have been used to describe complex interactions of
CYP enzymes with multiple substrates. The multiple conformer model proposed by Koley et al
assumed that multiple conformers exist that have differing abilities to bind various
substrates.(224) Ueng et al used an allosteric model that utilizes a Hill coefficient for the substrate
and Kn to describe the interactions between a-naphthoflavone and multiple substrates.(29)
Another variant is a two substrate model proposed by Korzekwa et al, which assumes two
catalytically active binding sites with their own distinct Vimax and Ky, values.(26) One of the most
complex models is that proposed by Shou et al, which requires metabolite formation for each of
the two interacting substrates.(202) The Shou model was used to fit two of the metabolites of
losartan and a-naphthoflavone, and by having metabolite formation data for both substrates, the
authors were able to derive binding constants for the proposed binding states of CYP3A4. While
this is one of the most rigorous examples of kinetic analysis of multi-substrate binding and
catalysis, the requirement for sufficient information to employ this type of model can be prohibitive,

especially when the appropriate metabolite standards are not all available.
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The metabolite identification experiment using CYP3A4 Supersomes indicated at least 4
metabolites were formed by this isoform. While the synthesis and purification of the M3 N-oxide
metabolite is relatively straightforward, the synthesis of the other metabolites, including M4 and
M5, would require a vastly more complicated synthetic path. The synthesis of M4 and M5 were
deemed outside of the immediate requirements of this study since it is not likely that they are
reactive metabolites that could explain the TDI effects, which will be examined in more depth later

in this thesis.

Due to the lack of metabolite standards with which to fully account for the kinetics of CMZ
metabolism, we could not perform an analysis similar to the Shou model and had to employ a
simpler model to fit the 1’-hydroxymidazolam and 4-hydroxymidazolam activity. The model we
have employed to describe the interaction of CMZ with both 1’-hydroxymidazolam and 4-
hydroxymidazolam is a form of a two-state model in which binding the allosteric site results in a
distinct enzymatic species with changes in Vmax and Kn. It employs a mixed model of inhibition in
an attempt to capture the nature of the inhibition seen with 1’-hydroxymidazolam and 4-
hydroxymidazolam formation with higher concentrations of CMZ. The two distinct species are
described by A and B values that relate to Vmax and K, respectively. The apparent constant for
binding the allosteric site (Kaio) and binding of the inhibitory site (Ki) share a Hill coefficient that is

incorporated to the apparent influence of those two binding sites exert upon one another.

When the Hill coefficient is either not used or applied to only the inhibitor or allosteric
binding site, the goodness of fit was impaired as compared to when the Hill coefficient was applied
to both binding sites. For example, the reported global fit R? value of 0.9864 for 1'-
hydroxymidazolam activity with HLM when applying the Hill coefficient to both the allosteric and
inhibitory binding sites, but, when the Hill coefficient is applied only to the inhibitory site, the R?
value drops to 0.9493. With no Hill coefficient, the fit becomes ambiguous with every data set

examined, and, as a result, we propose that there is cooperativity between the allosteric and
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inhibitory binding sites. With all 1’-hydroxymidazolam activity measurements, the fitted Hill
coefficients were all about 1.6 and, thereby, suggest positive cooperativity and consistent
enzymatic behavior in the three systems that were tested. Due to the ambiguity of the two fits for
4-hydroxymidazolam activity using HLM without CYP3A5 and recombinant CYP3A4, we cannot
make such an observation for this metabolite. The Hill coefficient that was derived from the 4-
hydroxymidazolam activity data for HLM was 0.699 suggesting that CMZ interaction is exhibiting
negative cooperativity with 4-hydroxymidazolam formation. The global fit R? for 4-
hydroxymidazolam applying the Hill coefficient to both the inhibitory and allosteric binding sites is
0.9937. When a Hill coefficient is only applied to the inhibitory site, the fit is only slightly worse
with a R? value of 0.9918, but, when the Hill coefficient is completely removed, the fit becomes
ambiguous. Taking into account all of these fitting scenarios, it is highly likely that there is some
interaction between the binding sites, and the Hill coefficient was necessary to describe these

interactions with the current data sets.

The use of a mixed model of inhibition is necessary for describing at least the 1’-
hydroxymidazolam data for all three systems, and probably necessary to describe the 4-
hydroxymidazolam data in a more mechanistic way. If a competitive inhibition model with
allosterism is used for the HLM 1’-hydroxymidazolam data set, the 1 and 3 yM midazolam data
are very poorly described, and the overall fit is much worse in terms of R? value (0.9477 vs.
0.9864). A non-competitive inhibition model also fits the same data poorly, and those poor fits
are consistent with the alpha values from the full model being 11.2 - 17.5 since that range of alpha
values indicates a mixed mode of inhibition. The 4-hydroxymidazolam data for HLM is fit
reasonably well (R? = 0.9867) with a strict non-competitive model that ignores the very subtle
allosteric modulation of activity, and a mixed model of inhibition fit (R? = 0.9867) also resulted in
an alpha of 1.34 that is indicative of non-competitive inhibition. Since there is a clear allosteric

modulation from the 1’-hydroxymidazolam data and a mild allosteric modulation is evident at 10
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and 30 uM for the 4-hydroxymidazolam data set, it is likely that using a model including allosteric
modulation is more appropriate even though the quality of fit is only mildly improved with an R? of
0.9937. The quality of the fits for the 4-hydroxymidazolam data were limited by substrate
concentrations that were picked to cover the Ky, of the 1-hydroxymidazolam formation and not the
4-hydroxymidazolam formation. It is possible that a concentration range more appropriate for 4-
hydroxymidazolam would allow a better assessment of models that could be used to fit 4-

hydroxymidazolam formation data.

The constants that were derived from the fit of the 1’-hydroxymidazolam activity are fairly
consistent from system to system with the exception of the A value. The K; values range from
1.34 to 2 mM, and the Kai, values ranged from 101 to 202 yM. The alpha value for inhibition was
similar for all three systems as mentioned previously, so the mechanism of inhibition in the co-
incubation experiments are likely the same. In all three model systems for CYP3A4 activity, the
B value, which is a modifier of K., was lower than 1 suggested that occupation of the allosteric
site increases the affinity of the enzyme for the substrate. The A value, which is the Vmax modifier
for allosteric binding site occupation, was less consistent in all three systems. For the two HLM
pools, the A value was greater than 1.2, but for recombinant CYP3A4, the A value was 1.00. ltis
not clear why there is a difference between the recombinant system and the two types of HLM

tested, but there are possible explanations.

One explanation for the disparity in the A value between the HLM data and Supersome
data is that the ratio of the reductase partners, cytochrome P450 reductase (CPR) and
cytochrome bs, to CYP3A4 is vastly different between HLM and recombinant systems.
Recombinant systems are intentionally constructed to optimize turnover rates per unit of P450 so
the ratio of reductase partners to P450 are significantly higher than the 1 CPR:5-20 CYP ratios
that are typically referenced in the literature for HLMs.(225,226) The increase in reductase

partners may mask enhanced coupling or electron transfer rates due to CMZ binding because

63



increased reductase binding could increase reaction rates at magnitudes in excess of effects due

to CMZ allosteric binding.

Another explanation for the A value disparity between systems is the enzyme source of
the recombinant Supersomes™ being the Sf9 insect cell line. Supersomes™ CYP preparations
are membrane preparations from Sf9 cells which have low expression of endogenous xenobiotic
metabolic enzymes. HLM contains numerous metabolic enzymes so there are possible
interactions that are missing that could lead to differing enzyme behavior between the two
systems.(227) It is also not clear if the lipid composition of Supersomes is similar to that in HLM,

so this could also lead to changes in enzymatic behavior across enzyme sources.

CMZ appears to inhibit various CYP isoforms with not only differing affinities, but also
different modes of inhibition. These varying modes and complex interactions, as exemplified by
the midazolam co-incubation data, suggest modelling any potential interaction with a PBPK model
would likely be an even more appropriate approach, since the static models typically only assume
competitive inhibition. The [Inhibitor Cmax]/Ki ratio and other related static models had been
frequently used in the past with several assumptions including the inhibition being competitive,
and numerous studies and reviews have shown this ratio to be very inaccurate in terms of
predicting any DDI.(80,190) Therefore, it is a fair to expect that these and any other available
data should be inputted into an appropriate PBPK model to minimize the assumptions and more
accurately gauge any potential DDI. To complete the analysis of inhibition, TDI was assessed for

CYP isoforms of interest.
2.4.3 Selectivity and Kinetics of TDI of CYP Isoforms by CMZ.

Dilution experiments with HLM show that CMZ is not a generic time dependent inhibitor
for the major drug metabolizing CYP isoforms. Even though CYP2A6 has the lowest K; (7.7 yM)
of all isoforms examined in co-incubation experiments, no time-dependent and CMZ-dependent

inhibition was detectable relative to the background TDI that was likely the result of uncoupled
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catalytic cycles of CYP2A6. CYP2C19 was not inhibited in a time dependent manner by CMZ,
but CYP2C19 appeared to undergo time and concentration dependent enhancement by
incubation with CMZ. CYP2B6, 2E1, and 3A4/5 were clearly inhibited in a time dependent and

concentration dependent manner by CMZ, but they exhibited different kinetics.

TDI of CYP2B6 and CYP3A4/5 exhibited relatively simple kinetics, since they were fit
using a standard Michaelis-Menten equation, and those kinetics can be used to estimate the in
vivo effects of CMZ upon those isoforms. The K, value for CYP2B6 (68.3 uM) and the K, for
CYP3A4/5 (5.2 mM) are well above the circulating concentrations of CMZ after 384 mg/day dosing
for 7 days, including the Cmax of 3.7 uM. If the plasma free fraction of approximately 35% is taken
into account, the estimated A at Cmax for CYP2B6 would be 3.4 * 10*/min, and the estimated A at
Cmax for CYP3A4/5 would be 9.2 * 10%/min. In order to calculate the net effect of the inactivation
the synthesis rate needs to be considered, but a wide range exists for all isoforms that have been
examined.(75) It has been proposed that the half-life of most CYP isoforms is related to the
turnover of hepatocytes with a typical times of about 24 hours, which equates to roughly a rate of
4.8 * 10*/min. While the fraction enzyme inhibited per minute by CMZ for CYP2B6 is fairly small
at circulating concentrations, the A at circulating concentrations would eventually reduce the
steady enzyme concentrations of CYP2B6 by 70% if the circulating concentrations of CMZ are
maintained for a sufficient amount of time and the half-life of CYP2B6 synthesis is assumed to be
24 hours with no change in the CYP2B6 synthesis rate due to induction or other processes. The
magnitude of CYP3A4/5 inhibition rates at circulating concentrations is far too low to have an
effect upon steady state CYP3A4/5 concentrations. CMZ can be dosed orally at up to 2.4
grams/day so it is expected that first pass concentrations would be in the millimolar range.
Moreover, it is expected that both CYP2B6 and CYP3A4/5 would undergo TDI in the intestine and

liver during first pass. While these estimates can be used as an initial guess at assessing TDI
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potency, a PBPK model should be employed to account for the entire inhibition profile during a

dosing regimen.

In all systems tested, CMZ TDI of CYP2E1 is best described by a substrate inhibition
kinetic model that has the lowest K, and highest kinact Of the isoforms tested. Our kinetic
parameters for human CYP2E1 are similar to those described by Stresser et al, but the authors
of that manuscript did not go to higher concentrations so they did not encounter substrate
inhibition. The kinetic constants for HLM incubations and human hepatocytes were fairly similar
so it does not appear that any major confounding effects for the kinetics of TDI are present in
human hepatocytes compared to HLM incubations. If the circulating concentrations of CMZ are
used to estimate the rate of inactivation and the half-life of CYP2E1 synthesis is assumed to be
approximately 24 hours with no compensatory upregulation of protein synthesis, the loss of
CYP2E1 activity would be expected to be 94-96% depending upon which constants for HLM TDI
or human hepatocyte TDI were used even without considering any first pass effects.(123)
Interestingly, the TDI in mouse systems had an even lower K, and even higher Kinact, Which
indicates that CMZ is even more potent at inhibiting mouse CYP2E1 than human CYP2E1 in vitro.
The in vivo inhibition data for CYP2E1, as indicated by changes in the 6-
hydroxychlorzoxazone/chlorzoxazone ratio, fall in line with these estimates since it appears that
nearly all CYP2E1 activity has been inhibited by a single dose of CMZ, as evidenced by the 6-
hydroxychlorzoxazone/chlorzoxazone ratios reaching the same lower level post CMZ
administration for patients with elevated CYP2E1 activities due to alcoholism and for control

patients.(152)

It should be noted that TDI may not result in apparent non-competitive inhibition in co-
incubation experiments. After CYP2E1 is inactivated, the binding of substrate is irrelevant to the
individual enzyme’s catalytic activity so the Vmax of the enzyme will decrease with increasing

inhibitor concentration. That decrease in Vmax could be consistent with noncompetitive inhibition
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if the binding site for inactivation of the enzyme is not in competition with the site for catalysis of
the substrate. However, if the time dependent inhibitor and the substrate are competing in the
active site or if the substrate can block the binding of the reactive metabolite to its molecular target
on the enzyme, it is possible that the inhibition mode could still resemble competitive inhibition.
For CYP2E1, the Ki is similar but lower than K; so it is likely that the competitive binding site for

inhibition is the same as the catalytic site for TDI, but it is not certain.

While the pattern of inhibition in mouse enzyme sources is very similar to human, there
may be slight differences in kinetics between mouse liver microsome (MLM) incubations and
mouse hepatocytes. The inhibition of 6-hydroxychlorzoxazone activity in mouse hepatocytes
could not be fit with the substrate inhibition model even though MLM data could fit those data.
Also, the goodness of fit is poorer for mouse hepatocyte data with p-nitrophenol as the substrate,
as evidenced by the R? value being 0.915, than the fit of MLM data with chlorzoxazone, which
has a R? of .951. By taking a closer look at the lower concentrations of CMZ, there seems to be
a delay in the increases of TDI rates before a sharper rise in the rate of TDI occurs when
referenced to increasing concentrations of CMZ. It is likely that the rate of TDI is so high and the
Ki is sufficiently low that permeability has become an issue in determining the rates of TDI in
mouse hepatocytes for CMZ. In order to accurately describe the hepatocyte data, hepatocyte
uptake experiments would need to be performed, and it is also likely that a PBPK model would,
again, be the best choice to estimate any TDI effect in vivo since those models do take in account

permeability.

These in vitro TDI data are consistent with the in vivo effects of CMZ upon CYP2E1 activity
and suggest the possibility of drug-drug interactions with CYP2B6 and CYP3A4/5 to a far lesser
extent, but these data also indicate the need for mechanistic analysis of the TDI for those
isoforms. While it seems that the in vivo data for CYP2E1 is consistent with irreversible inhibition

of CYP2E1, other situations that can explain the inhibition, such as potent reversible inhibitor with
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prolonged residence time in the body, cannot be ruled without further analysis. This will be
addressed later in this dissertation. The prediction of the potential DDI with CYP2B6 and
CYP3A4/5 substrates require further analysis to construct the proper TDI model that will enable
the design of appropriate studies to probe these potential issues. Therefore, we designed and
carried out further experiments to elucidate the mechanisms of inhibition by CMZ for CYP2E1,
2B6, and 3A4/5. These studies included metabolite identification in HLM and recombinant
systems to identify potential inhibitory metabolites and reactive species that could explain the

mechanism of TDI.
2.4.4 Identification of Liver Metabolites and Their Potential Relationship to TDI.

As mentioned previously, many in vivo metabolites of CMZ have been identified, but there
is no information regarding their tissue source. Therefore, to clarify this, we performed a series
of experiments using HLM and recombinant CYP isoforms. While the primary focus of our study
was NADPH dependent liver metabolism that would explain the TDI seen for CYP2B6, 2E1, and
3A4/5, we had performed an initial study with HLM, human liver cytosol, and human liver S9,
along with NADPH and cofactors for glucuronidation (Uridine 5'-diphosphoglucuronic acid and
alamethicin) and sulfonation (3'-phosphoadenosine-5'-phosphosulfate), to also explore whether
these phase 2 biotransformations would take place.(228,229) No glucuronide or sulfate
conjugates were identified so we continued the metabolite formation analysis with a focus upon
NADPH-dependent metabolism and trapping reactive species generated from microsomal

metabolism supported by NADPH.

For this we employed three common trapping agents in incubations with CMZ, HLM, and
NADPH while using neutral loss scans in an attempt to identify possible reactive species.
Trapping experiments utilizing cyanide, which typically traps imine/iminium species, and
methoxylamine, which traps aldehydes and ketones, did not vyield any trapped

species.(47,48,230) Glutathione was able to trap one species (M2) that has the elemental
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composition of CMZ — H, + glutathione. Glutathione appears to be reacting with a reactive species
at the C-2 position because there is the presence of the major 194 m/z fragment, which contains
the parent CMZ with a sulfhydryl group, and the lack of a fragment where the entire glutathione
adduct is lost. While the position of glutathione adduct appears to be fairly certain, the identity of
the trapped reactive species is not known so identification of the rest of the HLM metabolites was

necessary to enable speculation on its nature.

The source of the M2 adduct still was not clear from the HLM metabolite identification
data. The most likely candidates would be N-oxides, S-oxides, and hydroxylations that lose water
to yield a methide metabolite. Synthetic N-oxide (100 pM) after purification was incubated with 5
mM glutathione in buffer and in a HLM incubation, but the incubation did not yield any M2.
Interestingly, some M2 could be formed if the mCPBA/CMZ reaction that was performed to
synthesize M3 was not purified. The reaction conditions greatly favor the synthesis of N-oxide,
but other oxidation products, such as the S-oxide, are possible. Since we did not identify a S-
oxide metabolite, it is possible that the S-oxide is highly reactive with glutathione and no free S-
oxide remained. There are no procedures in the literature that allow selective synthesis and
purification of the S-oxide thiazole, so a metabolite standard could not be made to assess whether
this species was the source of M2. The other remaining candidates would involve mono-oxidation
followed by loss of water. If M2 is related to either of the two remaining identified mono-oxidations,
one would expect that there would be a constant ratio between the released products, M4 or
M5:M2, that would remain constant. By performing a metabolite identification experiment with
recombinant CYPs, we attempted to correlate other metabolites with M2 formation and identify

any other metabolites that potentially correlate with TDI.

None of the identified metabolites appear to maintain a ratio with M2 so it is likely that M2
is not directly related to any of the other four metabolites. M2 and M3 appear to be the two

metabolites that with the apparent TDI for CYP2B6, CYP2E1, and CYP3A4/5. The area counts
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for these two metabolites are generally elevated in incubations with CYP2B6, CYP2E1, and
CYP3A4 when compared to other CYP isoforms that do not undergo TDI. However, some
isoforms do generate M2 and M3 at substantial amounts and yet are not subject to TDI, so
formation of these metabolites does not completely account for all the factors involved in TDI. It
is possible that both M2 and M3 could contribute to the apparent TDI seen with the three isoforms
in question, but each of them would be expected to have different mechanisms of TDI since their

metabolite profiles are different from one another.

N-oxides of thiazoles behave as quasi-stable carbenes and can react extensively at C-2
after deprotonation.(162,168,169,171,212) As noted by several authors, carbenes have the
potential to form metabolic intermediate complexes (MICs) that are bonded to the iron of heme
when it is in the ferrous state.(52,54) These MICs can be often characterized by UV spectra with
maximum absorbances near 430 nm and 450 nm and can also result in a migration of the carbene
to the pyrrole nitrogens as noted by Lange et al.(52) Therefore, one would expect that the N-
oxide metabolite could have the possibility of forming MIC and heme adducts if it is the source of

TDI.

If M2 is related to an S-oxide that is responsible for the apparent TDI of CYP2B6, 2E1,
and/or CYP3A4/5, it would be expected that the molecular target of inhibition would be different
from the N-oxide.(15,154,175) S-oxide thiazoles that are not substituted at C-4 will react with
glutathione at this position.(174,175) In the case of CMZ, C-4 has a methyl substituent so it is
not clear if and where glutathione or another cysteine containing biomolecule would adduct a C-
4 substituted S-oxide thiazole-containing compound. Since C-5 is also substituted in CMZ, the
most likely site for the nucleophilic attack by glutathione or another cysteine would be C-2, which
is consistent with the fragmentation. S-oxide thiazoles have not been reported to form carbenes
like N-oxides so it is more likely that S-oxides will adduct the apoprotein of the target CYP and

not heme, but there are no data available that strongly support either conjecture.
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2.5 Summary and Conclusions

In this chapter, we delineated the interactions of CMZ with major drug metabolizing liver
CYP isoforms. The contents of this chapter can be divided into two types of interactions: the
effects of CMZ upon the CYP isoforms and the reactions performed by those CYPs upon CMZ.
The interactions of CMZ were examined by co-incubation experiments to assess time
independent interactions and dilution experiments to assess TDI. The metabolite identification

experiments were performed to examine how CYP enzymes metabolize CMZ.

The co-incubation experiments of CMZ with various selective probe CYP substrates and
HLM stratified the relative binding affinities for inhibitory binding sites by CMZ and revealed that
the modes of interaction that CMZ has with various CYP isoforms are varied and sometimes
complex. Inhibition of CYP2A6 and CYP2E1 by CMZ have lowest K; values out of all the isoforms
tested in co-incubation experiments, but appear to behave in the simplest manner of all of the
isoforms that were thoroughly examined since they appear to follow a mostly competitive
mechanism. CYP2C19 inhibition followed the pattern of a noncompetitive inhibitor while CYP2B6
inhibition resembled a mixed mode of inhibition that was part competitive and noncompetitive.
CMZ had widely disparate effects upon each of the three model substrates for CYP3A4/5 with the
effects upon midazolam being the most complex. These data not only allowed us to unveil a
multitude of modes of interactions for CMZ, but they also allowed us to narrow the number of CYP
isoforms to examine for potential TDI in subsequent experiments by the use of the 1C5 and K;

values determined in those experiments.

Dilution experiments performed to identify which isoforms underwent TDI by CMZ revealed
that CYP2E1, 2B6, and 3A4/5 were inhibited in time dependent manner by CMZ. The rapid TDI
kinetics for CYP2E1 with HLM and human hepatocytes were similar to those of Stresser et al, but
we revealed the kinetics followed a substrate inhibition model. CYP2B6 was also suggested by

Stresser et al to undergo TDI, and we were able to determine the kinetics for that phenomenon.
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CYP3A4/5 also was inhibited in a time dependent manner by CMZ. Even though 1'-
hydroxymidazolam activity is subject to a very complex interaction with CMZ during co-incubation
experiments, the TDI kinetics followed a simple Michaelis-Menten model. The K, for CYP3A4/5
was similar to the K suggests that the inhibitory binding site for reversible inhibition is likely the
same as the TDI and at the catalytic site of the enzyme. With the isoforms undergoing TDI
identified and the kinetics determined for each of the isoforms, the mechanisms of TDI for each

of the isoforms can be examined.

By performing metabolite identification with HLM and recombinant enzymes, we are now
able to describe how the liver metabolizes CMZ and to begin to formulate possible mechanisms
of TDI. We were able to identify some metabolites that were previously found in vivo, but we also
described new metabolites that were not seen previously. M1 and M5 are previously described
metabolites in human samples and are likely not to be important in terms of the TDI mechanism.
If our assignment of M4 is correct, M4 would be a novel metabolite since no C-2 oxidation has
been described at all in the literature regarding CMZ metabolism, but it is unlikely that M4 would
play a role in CMZ related TDI. We have unambiguously identified the M3 N-oxide, which may
be a precursor to the dual N-oxide/S-oxide found in vivo, and this new metabolite suggests that
heme adduction may be a possible mechanism for TDI. The newly discovered glutathione adduct,
M2, suggests that adduction of apo protein could be a mechanism of TDI. Since we have
uncovered metabolites that are suggestive of apoprotein and prosthetic heme modification, we

must perform experiments with both of these possible targets in mind.
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Chlormethiazole
Chemical Formula: CgHgCINS
Exact Mass: 161.0066
Molecular Weight: 161.6470

Figure 2.1 Structure of Chlormethiazole (CMZ)
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Figure 2.2 Part | — Selectivity of Time Independent Inhibition in HLM Incubations

ICso Plots for CYP1A2-mediated phenacetin O-deethylation (A), CYP2A6-mediated coumarin 7-
hydroxylation (B), CYP2B6-mediated bupropion hydroxylation (C), CYP2C8-mediated
amodiaquine N-deethylation (D), CYP2C9-mediated tolbutamide 4-hydroxylation (E), CYP2C19-
mediated mephenytoin 4-hydroxylation (F)
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ICso Plots for CYP2D6-mediated dextromethorphan O-demethylation (G), CYP3A4/5-mediated
midazolam 1’-hydroxylation (H), CYP3A4/5-mediated testosterone 63-hydroxylation (1),
CYP3A4/5-mediated nifedipine dehydrogenation (J)
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Figure 2.3 Fit of Mixed Inhibition Model to Determine Inhibition Mechanism and K; of
CMZ for Chlorzoxazone 6-Hydroxylation in a Co-incubation Experiment in Human Liver
Microsome Incubations

Reported Vmax and Kn values apply to chlorzoxazone 6-hydroxylation and are derived from the
fitting of the model while Ki and Alpha values apply to inhibition by CMZ.
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Figure 2.4 Fit of Mixed Inhibition Model to Determine Inhibition Mechanism and K; of
CMZ for Coumarin 7-Hydroxylation in a Co-incubation Experiment in Human Liver
Microsome Incubations

Reported Vmax and Kn, values apply to coumarin 7-hydroxylation and are derived from the fitting
of the model while K; and Alpha values apply to inhibition by CMZ.
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Figure 2.5 Fit of Mixed Inhibition Model to Determine Inhibition Mechanism and K; of
CMZ for Bupropion Hydroxylation in a Co-incubation Experiment in Human Liver
Microsome Incubations

Reported Vmax and Kn values apply to bupropion hydroxylation and are derived from the fitting of
the model while K; and Alpha values apply to inhibition by CMZ.
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Figure 2.6 Fit of Mixed Inhibition Model to Determine Inhibition Mechanism and K; of
CMZ for Mephenytoin 4-Hydroxylation in a Co-incubation Experiment in Human Liver
Microsome Incubations

Reported Vmax and Ky, values apply to mephenytoin 4-hydroxylation and are derived from the
fitting of the model while K; and Alpha values apply to inhibition by CMZ
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Figure 2.7 Effect of CMZ upon 1’-Hydroxymidazolam Formation in HLM Incubations
Vmax and K apply to 1’-hydroxymidazolam formation. The Hill coefficient applies to the
inhibition and allosteric binding of CMZ. Alpha is indicative of the mode of inhibition since this
was fit with a modified mixed inhibition model. A is the modifier for Vmax by the binding of the
allosteric modulation site, and B is the modifier for K, by the binding of the allosteric site.
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Figure 2.8 Effect of CMZ upon 4-Hydroxymidazolam Formation in HLM Incubations

Vmax and K apply to 4-hydroxymidazolam formation. The Hill coefficient applies to the inhibition
and allosteric binding of CMZ. Alpha is indicative of the mode of inhibition since this was fit with

a modified mixed inhibition model. A is the modifier for Vmax by the binding of the allosteric
modulation site, and B is the modifier for K, by the binding of the allosteric site.
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Figure 2.9 Effect of CMZ upon 1’-Hydroxymidazolam Formation in HLM Deficient in

CYP3AS5 Incubations

Vmax and K apply to 1’-hydroxymidazolam formation. The Hill coefficient applies to the

inhibition and allosteric binding of CMZ. Alpha is indicative of the mode of inhibition since this
was fit with a modified mixed inhibition model. A is the modifier for Vmax by the binding of the
allosteric modulation site, and B is the modifier for K, by the binding of the allosteric site.
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Figure 2.10 Effect of CMZ upon 4-Hydroxymidazolam Formation in HLM Deficient in
CYP3AS5 Incubations
The fit was ambiguous so parameters are not reported.
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Figure 2.11 Effect of CMZ upon 1’-Hydroxymidazolam Formation in CYP3A4
Supersomes™ Incubations

Vmax and K apply to 1’-hydroxymidazolam formation. The Hill coefficient applies to the
inhibition and allosteric binding of CMZ. Alpha is indicative of the mode of inhibition since this
was fit with a modified mixed inhibition model. A is the modifier for Vmax by the binding of the
allosteric modulation site, and B is the modifier for K, by the binding of the allosteric site.
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Figure 2.12 Effect of CMZ upon 4-Hydroxymidazolam Formation in CYP3A4
Supersomes™ Incubations
The fit was ambiguous so parameters are not reported.
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Figure 2.13 Dilution Assay TDI Screening of CYP2A6 (A), CYP2B6 (B), CYP2C19 (C),

CYP2E1 (D), CYP3A4/5 (E)

These are first order degradation plots generated for screening of potential TDI from dilution

experiments performed with HLM.
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Figure 2.14 Kinetic Determination of TDI for CYP2B6

Part A depicts the linear regression of the CYP2B6-mediated hydroxybupropion activity
remaining after natural log transformation. Part B depicts the non-linear regression fit of
Michaelis-Menten model using the normalized A values.
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Figure 2.15 Kinetic Determination of TDI for CYP2E1

Part A depicts the linear regression of the CYP2E1-mediated 6-hydroxychlorzoxazone activity
remaining after natural log transformation. Part B depicts the non-linear regression fit of
substrate inhibition model using the normalized A values. The X-axis is depicted in a log base
10 format to more easily depict the wide range of concentrations in the experiment.
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Figure 2.16 Kinetic Determination of TDI for CYP3A4/5

Part A depicts the linear regression of the activity remaining after natural log transformation.
Part B depicts the non-linear regression fit of Michaelis-Menten model using the normalized A
values.
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Figure 2.17 TDI Kinetics in Plated Human Hepatocytes (A), in Mouse Liver Microsomes
with Chlorzoxazone as a Substrate (B), Plated Mouse Hepatocytes with Chlorzoxazone as
a Substrate (C), and Plated Mouse Hepatocytes with Para-Nitrophenol as a Substrate (D)
All were fit with substrate inhibition models. The fit for plated mouse hepatocytes with
chlorzoxazone was ambiguous so the parameters are not reported.
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Figure 2.18 Overlay of Extracted lon Current of Parent and Metabolite m/z from HLM
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses on M2 and M3.
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Figure 2.19 Extracted lon Current of 5(1-Hydroxyethyl) 4-Methylthiazole Standard (A) and
CMZ N-Oxide Synthetic Standard
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Figure 2.20 High Resolution Product lon Spectrum and Proposed Fragmentation of

Chlormethiazole from HLM Incubations
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Figure 2.21 lon Spectrum and Proposed Fragmentation of M1 from HLM Incubations
M1 is proposed to be a deschloro alcohol metabolite.
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Figure 2.22 lon Spectrum and Proposed Fragmentation of 5(1-Hydroxyethyl) 4-
Methylthiazole
These spectra are generated from a commercially available standard.
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Figure 2.23 Product lon Spectrum and Proposed Fragmentation of M2 from HLM
Incubations

M2 is proposed to be a dehydrogenated chlormethiazole glutathione adduct that could be the
result of either water loss from hydroxylation at the C4 methyl, N-oxidation, or S-oxidation.
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igure 2.24 Product lon Spectrum and Proposed Fragmentation of Synthetic N-oxide (M3)
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Figure 2.25 Product lon Spectrum and Proposed Fragmentation of M3

Due to the small amount of M3 formed in HLM incubations, this spectra appears to contain
fragments from another compound as well as the N-oxide. 162.0822 m/z and 110.0787 do not
contain mass defects that are consistent with being fragments of M3.
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Figure 2.26 Product lon Spectrum and Proposed Fragmentation of M4
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Figure 2.27 Product lon Spectrum and Proposed Fragmentation of M5
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Figure 2.28 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP1A2
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M5.
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Figure 2.29 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2A6
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M2 and M3.
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Figure 2.30 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2B6

Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M2 and M3.
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Figure 2.31 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2C8
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M2 and M3.
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Figure 2.32 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2C9
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group.
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Figure 2.33 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2C19
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.

M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M5.
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Figure 2.34 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2D6
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M2 and M3.
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Figure 2.35 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP2E1
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M2 and M3.
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Figure 2.36 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP3A4
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M2 and M3.
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Figure 2.37 Overlay of Extracted lon Current of Parent and Metabolite m/z from CYP3A5
Metabolite Identification

Overlay is composed of extract ion current mass ranges of all found metabolites and parent.
M1 is a dechlorinated ethyl alcohol metabolite. M2 is dehydrogenated glutathione adduct. M3
is a N-oxide metabolite. M4 is likely C-2 oxidation resulting in a thiocarbamate. M5 is a
hydroxylation on the C-4 methyl group. The inset focuses upon M1, M2, and M3.
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A Integrated Area of Metabolites
rCYP M1 M2 M4 M5 Total Area of Al
Metabolites

CYP1A2 42692 | 2367 62864
CYP2A6 | 6195 5519 | 7616 |

CYP2B6 | 46188 | 11943 | 1441 | 223609 |
CYP2C8 | 1169 | 16243 | | |

CYP2C9 | 1144 | | | |

CYP2C19 | | | 120032 | 1314 | 121693
CYP2D6 | 6029 | 383 | 70152 | 77020
CYP2ET | 20033 | | 34232 | 16132 91979
CYP3A4 | 9107 | | | 554197
CYP3A5 | | 684 37596

B Relative % Area of Metabolites for Each Isoform
rCYP M1 M2 M4 M5 Total Area of All
Metabolites

CYP1A2 | 1.74% | 26.24% 67.91% | 3.76% 62864
CYP2A6 | 33.17% | 64.67% | |

CYP2B6 | 20.66% | 5.34% | 14.81% | 58.56% | 223609 |
CYP2C8 | 4.21% | 3.92% |

CYP2C9 | 28.08% | 2.91% | 68.09% | |

CYP2C19 | | 121693
CYP2D6 | | 77020
CYP2E1 23.47% 91979
CYP3A4 5.07% | 1.64% 554197
CYP3A5 435% | 1.82% 37596

Figure 2.38 Integrated Area (A) and Relative Area of Metabolites (B) for Incubations
Using Supersomes™ Recombinant Enzymes
Part A contains the integrated peak areas from a metabolite identification experiment using
recombinant major liver drug metabolizing CYP isoforms. Part B presents the percent of total
metabolite area response for each metabolite. M1 is a dechlorinated ethyl alcohol metabolite.
M2 is dehydrogenated glutathione adduct. M3 is a N-oxide metabolite. M4 is likely C-2
oxidation resulting in a thiocarbamate. M5 is a hydroxylation on the C-4 methyl group. The
results are highlighted with colors ranging from red to green to indicate the magnitude of
absolute or relative value as compared in the other values in the same column.
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Figure 2.39 Summary of Previously Reported In Vivo Metabolites
These structures are adapted from Ende et al, Witts et al, and Offen et al.
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Chlormethiazole N-Oxide 1H-NMR
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Figure S2.2 'H-NMR of Synthetic Chlormethiazole N-oxide
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Chlormethiazole 13C-NMR
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Chlormethiazole N-Oxide 13C-NMR
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Figure S2.5 'H-3C-HSQC NMR of Synthetic Chlormethiazole N-oxide

117

13C Chemical Shift (ppm)



(]

6 T™MS

=
% Chlormethiazole 1H-{13C} HMBC |

o —

T

6
CH, -

90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0
1H Chemical Shift (ppm)

Figure S2.6 'H-*C-HMBC NMR of Synthetic Chlormethiazole

118

13C Chemical Shift (ppm)



2 8 7
2 A J\_/\ M A
= Chlormethiazole N-oxide 1H-{13C} HMBC e
) 6
o) CH,
. N,
3 N

r10
r20

-40
-50
-60
-70

r90

-
=}
=]

r110
r120
130
140
r150

r160

95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05

1H Chemical Shift (ppm)
Figure S2.7 'H-*C-HMBC NMR of Synthetic Chlormethiazole N-oxide

119

13C Chemical Shift (ppm)



CH3NO;

y 1

(o2}

Chlormethiazole 1H-{15N} CIGAR-HMBC

CHz:NO

6
CH,

9.0 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 2.0 15 1.0 05 0.0
Chemical Shift*

Atom

1 5

C

H

CH, 3 N

/s 4 c

4 5 ¢
7 6 ¢
5\/3\ H3

~N_ 7 7 ¢
1 2 H2
8 C

H2

9 C1

149.

8.
=93
150.
127.

14

2
29.
3l

44

3i.

93
b6l
98
19
04
.97
42
63
22
<28
67

r-100

r-90

r-80

r-70

60

50

r-40

r-30

r-20

r-10

-10

* 1H, 13C chemical shifts referenced to internal TMS
15N chemical shifts referenced to external neat CH3NO,

Figure S2.8 'H-'"*N-CIGAR HMBC NMR of Synthetic Chlormethiazole

120

15N Chemical Shift (ppm)



CHsNO;

* 1H, 13C chemical shifts referenced to internal TMS
15N chemical shifts referenced to external neat CHsNO,

Figure S2.9 'H-'SN-CIGAR HMBC NMR of Synthetic Chlormethiazole N-oxide
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Chapter 3: Development of LC/MS Based Methods for the Detection of

Heme Adducts and of Heme B Quantitation

3.1 Introduction

Heme is a family of iron containing porphyrins that serve as a functional prosthetic group in
several types of (hemo)proteins that have important biological functions in living organisms.
Heme can function as a molecular oxygen and carbon dioxide carrier as seen with heme B in
hemoglobin and myoglobin and heme S in marine worms, and this is the first function that was
described in the literature.(231-233) Hemoproteins are also peroxidases, electron transfer
partners, and diatomic gas detectors, but the activation of molecular oxygen for catalysis is the
function that is most relevant to this work. Dysregulation of heme homeostasis through multiple
mechanisms lead to a number of disease states that have been of interest for several

decades.(234-237)

Heme homeostasis and synthesis is regulated by several enzymes in the cytosol and
mitochondria.(231-233,238) Heme is generated in a series of steps starting with the reaction of
glycine and succinyl-CoA to 5-aminolevulinic acid (5-ALA) in the mitochondria catalyzed by &-
aminolevulinic acid synthase-1 or -2 (ALAS1/ALAS2). ALAS1 is expressed in nearly all tissues
while ALAS?2 is expressed only in erythroid tissue. 5-ALA is then converted to porphobilinogen
by A-aminolevulinic acid dehydratase (ALAD), and 4 porphobilinogen units are joined by
hydroxymethylbilane synthase (HMBS), which is also known as porphobilinogen deaminase
(PBGD), to form hydroxymethylbilane. Uroporphyrinogen Ill decarboxylase (UROD) converts
hydroxymethylbilane to uroporphyrinogen lll which is the first intermediate with a complete
porphyrin ring system. Uroporphyrinogen Il is converted by UROD, coproporphyrinogen-i|
oxidase (CPOX), and protoporphyrinogen oxidase (PPOX) to protoporphyrin IX (PPIX) which is

the last step before incorporation of iron by ferrochelatase (FECH) to complete the synthesis of
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heme B. The synthetic process of PPIX and heme B in mammalian cells is summarized in Figure
3.1. Heme B is either incorporated in a hemoprotein or destroyed by heme oxygenase, which
generates biliverdin, and the mechanism of heme oxygenase 1 is summarized in Figure 3.2.(239-
241) Biliverdin is reduced to bilirubin by biliverdin reductase, and bilirubin is metabolized by

UGT1A1 to prepare bilirubin for excretion.(242,243)

Accumulation of PPIX can occur through multiple mechanisms and is potentially toxic.(238)
PPIX accumulation can be a consequence of iron deficiency, disruption of normal transport due
to mutations, increases in 5-ALA through direct administration or increases in ALAS1, or inhibition
of ALAD, PPOX, or FECH. Excess PPIX can chelate zinc, which forms a zinc PPIX species
capable of generating reactive oxygen species when exposed to light. As a result, protoporphyrin
IX accumulation has been shown to cause photosensitivity and damage skin or other tissues near
the surface of the skin such as muscle. Accumulation of PPIX also can cause liver damage
through a disruption of biliary secretion. Unmodified PPIX is not readily excreted from the kidney
and is eliminated primarily through biliary excretion in the liver by breast cancer resistance protein
(BCRP) which is involved in excretion of bile acids. 3,5-Diethoxycarbonyl-1,4-dihydrocollidine
(DDC) and griseofulvin are suicide substrates of CYP that generate N-alkylated PPIX, which
inhibits FECH and induce ALAS1.(114,244,245) Griseofulvin is known to cause hepatic injury
and aplastic anemia, presumably via PPIX accumulation. Griseofulvin and DDC were originally
identified as causing porphyria, but the mechanisms were not initially known. Investigation into
the mechanisms by which they caused porphyria led to research into CYP mediated heme

destruction.

Isozyme members of the cytochrome P450 (CYP) superfamily all contain a prosthetic heme
B (Fig 3.3) that performs mostly oxidation reactions and occasionally reduction reactions with
endogenous and exogenous compounds.(39,246) With some exceptions, heme B is anchored

to the apoprotein of CYPs via thiolate from a cysteine residue, which serves as the fifth ligand to
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the iron, and a group of positively charged residues that have ionic interactions with the two
propionate groups from heme B. In the canonical reaction cycle of CYP, the redox state of the
iron-containing porphyrin system is altered to create reactive oxygen species that perform mostly
oxidative reactions upon the substrates of the enzymes. The exact masses and structures of
heme B and important related species, such as PPIX, are depicted in Figure 3.3. The general
reaction cycle of CYP enzymes has been well described in numerous publications.(246) The
resulting oxidation reactions may generate reactive products that can be radicals or otherwise
electrophilic in nature. These reactive species have the potential to modify the CYP apoprotein

or prosthetic heme, and such modifications can inhibit the function of the enzyme.(16,96)

The covalent modification of the apoprotein or heme of CYP enzymes can cause time-
dependent or mechanism-based inhibition (TDI and MBI, respectively), and these have been the
subject of much research because they can cause drug-drug interactions that have serious
implications for human health. Xenobiotic-protein adducts have been known since at least 1947,
when it was discovered that aminodiazo-dyes could be bioactivated to reactive species that bound
covalently to liver proteins.(247,248) The first clear instances of covalent adduction of apoprotein
causing destruction of CYP were described by Halpert and Neal following bioactivation of
chloramphenicol and parathion.(106,249) Other work in the 1970’s and 1980’s by de Matteis,
Franklin, Mansuy, and Ortiz de Montellano revealed that modification of heme could cause
inactivation of CYP enzymes and also led to some understanding of the mechanisms of heme
modification.(49,52,54,84,88,103-105,108,112,116,118,250,251) Of particular interest, in the
context of this thesis research with CMZ, various types of carbene reactive species were identified
as potential inhibitors of CYP function through heme modification. Since these initial findings,
numerous clinically relevant drug-drug interactions that have dramatic effects upon patients’

health have been identified, and some important examples were covered in Chapter 1.
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The first isolation and characterization of heme B dates back more than 150 years, with the
earliest recorded isolation of heme crystals by Teichmann in 1853.(252-254) Most experimental
approaches isolated heme B from hemoglobin or myoglobin, but similar procedures have been
used to isolate this prosthetic group from CYP enzymes present in tissue fractions or purified
systems.(2,3,231) In heme-containing proteins, the propionate groups are usually bound to a set
of positively charged or hydrophobic residues. For example, the propionate groups of the heme
of CYP2E1 interact with Arg100, Lys103, Trp122, Asn367, His370, and Arg435.(255)
Additionally, the heme iron can be penta- or hexa-coordinate. For example, cytochrome b5 is
hexacoordinate with histidine as both the proximal and distal ligand. In CYPs (and
chloroperoxidase), the proximal ligand in the resting state is cysteine and a loosely held water
molecule serves as the sixth ligand. With the notable exception of a few CYP4 enzymes, all CYPs

are tethered in the active site cavity by non-covalent interactions with the apoprotein.(97,256)

The maijority of heme isolation methods involve the addition of a strong acid to protonate
the propionate moieties and any residues of the protein serving as either fifth or sixth
ligands.(2,3,257-261) Acidification disrupts these weak interactions such that the heme can be
released from the protein. The heme is then typically extracted with various organic solvents and
can be purified by crystallization or esterified to facilitate preparative chromatography by normal
and reversed phase methods.(252,254,257-259) Additionally, a combination of UV, NMR and
mass spectrometry analyses have been used to detect and characterize heme and related
protoporphyrin IX products after purification.(3,9,107-109,262,263) However, there are issues
with these older methods that may limit their utility in characterizing a wide scope of heme and

protoporphyrin IX adducts.

The majority of the older methods that rely upon the use of strong acids - typically mineral
acids, hydrochloric or trifluoroacetic acid (TFA) - have two potential complications. Since the pH

of the solution reaches 1-2 during treatment with strong acids, the stability of an adduct to heme
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or protoporphyrin IX could be adversely affected. Low pH values are known to lead to ejection of
the iron from the protoporphyrin IX ring, which underscores the instability of heme and
protoporphyrin adducts under such conditions.(3,117) The other potential issue is that mineral
acids and TFA are known ion suppressors that can dramatically reduce signal during mass
spectrometric analysis.(264) While TFA is volatile, it is often difficult to remove completely from
a sample by quickly drying or under a vacuum and so complete removal of either TFA or mineral
acids would likely require further processing of the sample, further jeopardizing the nature of an

adduct.

The older extraction methods require extensive sample handling. Most of the solvents used
to extract heme, such as chloroform and butanone, are not compatible with reversed phase
LC/MS chromatography.(265) The organic layer must be dried, which takes time and may require
heating to remove the solvent adequately. These requirements for solvent removal may lead to
the degradation of unstable adducts prior to analysis. Finally, the sample must be reconstituted
in a compatible solvent for LC/MS analysis, but the reconstitution conditions may not be adequate

for all types of heme adducts to be resolvated.

Chromatography for LC/MS analysis of heme B, protoporphyrin IX, and heme adducts is
also another concern. Heme related compounds tend to be difficult to chromatograph under
normal and reversed phase contributions due to the presence of propionic acid groups, the
pyrroles of the porphyrin ring, and the ability of heme to make polymers including p oxo dimers
(Figure 3.3).(266) To alleviate these issues, past work in this area has generally been conducted
using two general approaches. The first approach involves the use of derivatization methods,
such as esterification, to prepare the heme-related species for chromatography.(3) The second
approach uses reversed phase columns designed specifically for chromatography of large

biomolecules so the intact protein can be injected onto the LC system.(4) Both of these methods
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have potential complications even though they facilitate chromatography of heme-related

compounds.

Derivatization methods including esterification can mask functional groups that cause poor
chromatography. The potential for heme derivative species to be zwitterionic leads, at near
neutral pH, to complications during chromatography due to the presence of propionic acid side
chains and pyrroles that can function as bases.(266) Furthermore, when the iron is still present
in the porphyrin, propionic acid groups can act as a ligand for the porphyrin ring leading to the p
oxo dimer. This polymerization can cause solubility issues as a result of difficulties with solvation
of the polymers, and poor chromatography, such as peak broadening, due to the heterogenous
nature of the heme polymers. Esterification of the propionic acid groups reduces the problems
associated with acidic side chains and y oxo dimers, but requires use of strong acids to drive the
esterification that can lead to further degradation of isolated products. Studies using esterification
typically involved large amounts of protein to obtain the target heme and protoporphyrin IX
adducts, which is probably a function of multiple issues including the levels of sensitivity of the
instrumentation at the time of the study and the stability of heme adducts being

isolated.(52,104,105,107,108,117)

The second method involves the use of reverse phase filtration columns such as Poros R1
and R2 that can separate the heme or PPIX from the apoprotein during chromatography with the
proper selection of mobile phase components, which is an important advantage of this type of
chromatography.(256) However, these columns do not allow high flow rates and can require
mobile phase components that are not compatible with LC/MS analysis. When inorganic salts
such as NaCl or KClI are used during the LC separation, they must be removed before MS analysis
through solid phase extraction or liquid-liquid extraction. Additionally, it is not clear that these
columns can separate isomers of various adducts or multiple closely-related adducts due the

large size of the particles in these columns that are needed to separate large biomolecules.
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The focus of this chapter is the development and validation of extraction and LC/MS
methods for the detection of heme adducts and quantification of intact heme. A major aim was
to generate an extraction method for heme-related species from various CYP enzyme
preparations that is gentler and faster to perform. Another important goal was to greatly reduce
the amount of protein required for LC/MS analysis and hopefully detect (unstable) adducts not
previously described. As part of the LC/MS method development, we wanted to be able to
chromatograph heme-related species without the need for derivatization to further speed analysis
of adducts with low stability. Finally, we wanted to improve the speed and efficiency of detecting
heme adducts by employing mass defect filtering, which has been used in small molecule

metabolite identification for more than 15 years.

Mass defect filtering is a powerful addition to the armamentarium of metabolite identification
because it enables the rapid detection of expected and unexpected metabolites present in
complex matrices when a mass spectrometer of sufficient resolution and mass accuracy is
used.(5,7,267) The concept relies upon the strong tendency of the decimal value of the m/z for
most metabolites to exhibit only modest differences when compared to the parent molecule. In
fact, most phase | biotransformations result in changes less than 50 mDa, and even phase |l
biotransformations, such as glutathione conjugation exhibit changes up to only 68 mDa. With
newer generations of mass spectrometer technology, instruments such as the AB Sciex 5600 and
6600 TripleTOF™ can now perform data-dependent acquisition based upon one or more mass
defect filters that can trigger subsequent scans for mass features of interest. We applied this
technology together with our chromatography methods to improve the detection of heme adducts

from CYP reactions.

We also validated the heme quantitation assay and the heme adduct detection methods.
An intraday experiment was performed to assess the accuracy and precision of our quantitation

method. The heme adduct detection method was validated using compounds known to generate
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heme and protoporphyrin IX adducts, and the structures of these compounds are presented in
Figure 3.4. We were able to achieve relatively high sensitivity and reproduce the results seen

previously by others using a diverse set of adduct forming compounds.

3.2 Experimental

3.2.1 Materials.

All chemicals from commercial sources were of analytical grade or better where possible.
Optima LC-MS grade acetonitrile, formic acid, and methanol, glacial acetic acid, ammonium
hydroxide, 5-aminolevulinic acid (5-ALA), 1-ethynyl-1-cyclohexanol, hexanes, hydrochloric acid,
sulfuric acid, isopropyl alcohol, isopropyl B-D-1-thiogalactopyranoside, peptone, trifluoroacetic
acid, tryptone, and yeast extract were purchased from Thermo Fisher Scientific (Waltham, MA).
All water was distilled, deionized using a house distilled water followed by a Barnstead NANOpure
UV system (Thermo Fisher Scientific). Human and rabbit liver microsomes were obtained from
Xenotech, LLC (Lenexa, Kansas). Aminobenzotriazole, ammonium formate, ammonium acetate,
ammonium bicarbonate, ampicillin, bilirubin, biliverdin, butanone, 3,5-diethoxycarbonyl-1,4-
dihydrocollidine, EDTA, glycerol, hemin, hemoglobin, imidazole, 1-octene, phenylacetylene,
phenylhydrazine, potassium chloride, potassium phosphate monobasic, potassium phosphate
dibasic, protoporphyrin IX, and sodium chloride were purchased from Sigma-Aldrich (St. Louis,
MO). Cymal-5 was obtained from Anatrace (Maumee, OH). The internal standard, hemin-ds, was
purchased from Frontier Scientific (Logan, UT). NADPH was obtained from OYC Americas (Vista,

CA). All other chemicals were from Sigma-Aldrich unless specified.

3.2.2 Expression and Purification of Recombinant CYP2E1.

The expression vector for CYP2E1 was a gift from Dr. Emily Scott (University of Michigan)
and followed Dr. Emily Scott and followed the purification protocol described in Porubsky et al.

with some modification.(255,268) We used C41(DE3) cells instead of TOPP3 and using a
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previously described CYP3A4 expression protocol for expression.(269) A single isolated colony
was used to inoculate LB-ampicillin media, which was cultivated with shaking at 37 °C overnight
and then diluted 1:100 in Terrific Broth containing 0.4% glycerol, 1 mg/L of ampicillin, 1 mM
thiamine, and trace elements (6.75 mg/mL FeCls-6 H2O, 0.5 mg/mL ZnCl;-4 H20, 0.5 mg/mL
CoCl2-6 H20, 0.5 mg/mL Na:MoQO4-2 H20, 0.5 mg/mL CaCl - 2 H20, 0.25 mg/mL CuClz, 0.125
mg/mL H3BO3).(270) Cultures were incubated at 37° C until reaching an ODeo of 0.4. Cultures
were induced by the addition of 0.238 g/mL IPTG and 500 uM 5-ALA, and the temperature was
lowered to 27° C and allowed to incubate for 40 hours. Cells were pelleted and frozen at -80° C

until further use.

Cells were resuspended with 100 mM potassium phosphate with 0.2 mg/mL lysozyme, 20%
glycerol, 1 M NaCl, and protease inhibitor mixture from Promega, and stirred at 4° C for 1 hour.
Cells were then manually disrupted with a Potter-Elvehjem homogenizer on ice. Cellular debris
was removed by centrifugation at then 4.8 mM Cymal-5 was added. The supernatant was allowed
to stir for 60 minutes at 4° C, and the solution was centrifuged at 80,000 g for 60 minutes. The
supernatant was then added to a Nickel-NTA column via a peristaltic pump. The column was
washed with a 100 mM potassium phosphate (pH 7.4), 4.8 mM Cymal-5, 300 mM NacCl solution
and then with a 100 mM potassium phosphate (pH 7.4), 4.8 mM Cymal-5, 200 mM NaCl solution,
15 mM imidazole solution. CYP2E1 was eluted with 50 mM potassium phosphate (pH 7.4), 4.8
mM Cymal-5, 100 mM NaCl, 150 mM imidazole, 10 mM EDTA solution. The fractions containing
CYP2E1 were diluted 5-fold with a 5 mM potassium phosphate (pH 7.4), 1 mM EDTA, and 4.8
mM Cymal-5, and loaded by gravity onto a CM Sephadex C-50 column. The column was washed
with 5 mM potassium phosphate (pH 7.4)/1 mM EDTA, and then the protein was eluted with a 50
mM potassium phosphate (pH 7.4), 500 NaCl, and 1 mM EDTA solution. The eluted protein was

then dialyzed with 120 mM potassium phosphate (pH 7.4) containing 500 mM sucrose and stored
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in -80° C. Heme concentration was assessed by a pyridine hemochromogen assay, and P450

content was assessed using UV/Vis spectroscopy.(271,272)
3.2.3 Intraday Validation for Heme Quantification Assay

Standard curve and quality control samples were prepared by serial dilution of CYP2E1 in
0.1 M potassium phosphate, pH 7.4. A stock solution of 5 mM hemin-Ds was prepared by the
addition of 1% ammonium hydroxide to methanol and stored at -20° C. 5 mM hemin-Ds was
diluted in 1:1 acetonitrile/methanol to 500 nM to generate the internal standard/’crash’ solution.
Formic acid was added to final concentration of 1% was added to the internal standard solution
prior to use. The internal standard solution was added in an equal volume to standard or quality
control samples, and the samples were vortexed for 1 minute. Samples were then centrifuged in
microcentrifuge for 2 minutes, and the supernatants were transferred to the injection plate for

LC/MS analysis using the method described in Appendix 14.
3.2.4 Analysis of Porphyrin Adducts

Samples were prepared by incubating 1 mg/mL of either human or rabbit liver microsomes
in 0.1 M potassium phosphate (pH 7.4) with 2 mg/mL NADPH for 60 minutes under low light
conditions in the presence or absence of 100 uM test compound. The incubation was terminated
by the addition of 1% formic acid in acetonitrile/methanol at 1:1 volume. Samples were vortexed
for 1 minute and centrifuged for 2 minutes in a microcentrifuge. Supernatants were transferred
to LC vials for analysis under the method in Appendix 15. The mass defect filter was adjusted by
adding the elemental composition of the test compound to that of heme and to that of PPIX. The
LC gradient for all validation compounds is as described in Appendix 15 which is: 0% B(0 - 1 min),

100% B(14-15 min), 0% B(15.1-20 min)

131



3.3 Reslults
3.3.1 Development of Extraction Conditions

We started with common heme/PPIX extraction methods, such as 10% TFA/butanone and
HCl/acetone.(2,109) Hemoglobin and purified CYP preparations were used to assess the
recovery from those hemoproteins by UV/Vis spectroscopy, LC/UV, and LC/MS. It was found
that the recovery by these methods was similar to previously described reports, but difficulties
were encountered when LC/MS analysis was attempted. When a known amount of hemin was
processed through the extraction and reconstitution procedure with TFA/butanone, the loss of
signal in LC/MS was >95% even though UV detection suggested better than 80% overall
recovery. Similar effects were seen with the use of mineral acids such as HCI, which would not
be ameliorated by evaporation. Therefore, we attempted combinations of organic solvents with

more LC/MS-‘friendly’ acids such as formic acid and acetic acid.

Neither formic acid nor acetic acid with butanone provided a phase separation with the
aqueous layer. Ethyl acetate and hexanes were substituted for butanone with formic acid, but
extraction efficiency was poor by visual inspection when concentrations of hemin and hemoglobin
were used that were visually observable. Therefore, we decided to attempt a simpler sample

preparation.

Finally, we attempted to use protein precipitation to extract the heme from purified CYP2E1
and HLM. Since acid is a requirement for protonation of the cysteine thiolate and the propionic
acid side chains of heme, we used 1% formic acid in our precipitation ‘crash’ solution. This
changed the apparent pH of the solution to approximately 4 when added in a 1:1 ratio to 100 mM
potassium phosphate in water that was originally at pH 7.4. Our testing of this combination of 1%
formic acid in 1:1 acetonitrile/methanol as our ‘crash’ solution recovered approximately 75% of
the heme by UV after mixing for 5 seconds, so we decided this was sufficient for moving ahead

in the method development.
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3.3.2 Development of HPLC Methodology for Heme Adduct Detection

As was mentioned previously, heme B and related species can be difficult to chromatograph
so we set about testing various common mobile phases and column types to optimize the
conditions for effective heme chromatography. The following aqueous mobile phases were used:
0.1% formic acid, 10 mM ammonium formate (pH ~ 4), 10 mM ammonium acetate (pH ~ 5), 10
mM ammonium bicarbonate (pH ~7), 0.1% ammonium hydroxide (pH ~ 10.5). Acetonitrile,
methanol, and isopropyl alcohol were used as the base solvents for the organic portion of the
mobile phase. When formic acid or ammonium hydroxide was used in the aqueous mobile phase,
they were matched to the same percentage in the organic mobile phase, but the organic mobile
phase was not modified for other combinations. Various reversed phase columns of 5 to 10 cm
in length with a 2.1 mm bore size were used in efforts to optimally chromatograph a known amount

of hemin, including Waters T3, Phenomenex HydroRP, and Agilent Zorbax XDB-C18.

The peak shape was poor with all columns under acidic conditions, but improved as the pH
was increased. The chromatography was also improved by the use of methanol and best with
the use of isopropyl alcohol. Most HPLC and UPLC columns are not stable when exposed to
solutions with pH values over 9 for extended periods of time. Zorbax XDB-C8 and XDB-C18
columns are stable up to, but not beyond, that pH. When tested with 0.1% ammonium hydroxide
in water and 0.1% ammonium hydroxide in isopropyl alcohol, these columns returned an
adequate peak shape, but further analysis suggested that even higher pH values may be required
to reduce analyte carryover when quantification is a goal. Since carryover is not really a concern
in simply detecting adducts, and stronger base could even degrade any adducts, we proceeded
with 0.1% ammonium hydroxide in water and 0.1% ammonium hydroxide in isopropyl alcohol. To
allow for higher concentrations of ammonium hydroxide in the analysis a Waters XBridge C8

column was tested and showed better peak shape than the either Zorbax XDB-C18 or XDB-C8.
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An example of a chromatogram for heme B extracted from a recombinant CYP2E1 sample is

presented in Figure 3.5. The corresponding fragmentation is presented in Figure 3.6
3.3.3 Development of Quantitative Method for Heme B

To develop a quantitative assay for heme, an appropriate internal standard is required, and
the carryover issue that was discovered during testing of the LC conditions must be reduced. A
commercially available deuterated (Ds) version of heme B was purchased. However, the
experimentally determined deuterium composition was not consistent with the label value
provided by the manufacturer, but rather existed as a distribution of isotopomers. Ds was the
highest intensity peak (Figure 3.4), and so this isotope was used as the internal standard.
Fragmentation of heme B and of the Ds isotope of the heme B internal standard are shown in

Figure 3.7.

Initial testing suggested that carryover of heme B from injection to injection was
approximately 5%, and so this had to be reduced for a desired analytical range of 10-1000 nM.
We increased the concentration of ammonium hydroxide to 2% and increased the concentration
of base in the needle wash to 10% ammonium hydroxide. Carryover was reduced to

approximately 0.5%), which was sufficiently minimal for the range of the assay.

An intraday validation using recombinant CYP2E1 as the standard was performed. While
it appeared that the integrating parent mass ranges from the TOF scan could also be validated,
we only validated the product ion based assay based upon the transition from 616.2 to 557.1634
and 621.2 to 562.1948. A range from 10-1000 nM was validated, and the data is presented in
Figure 3.5. The curve fit was not linear and was fit to a Hill (exponential?) model. Carryover

during the validation was estimated to be 0.4%.
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3.3.4 Development and Validation of a Mass Defect Filter Driven Method for Heme and

Protoporphyrin Adducts

The ABI Sciex TripleTOF™ series of Q-TOF mass spectrometers allow for data-dependent
acquisition of product ion spectra based upon defined mass ranges and multiple mass defects.
All data can also be filtered after acquisition. To attempt to utilize the defect filter during data-
dependent acquisition for the detection of heme and protoporphyrin adducts, we added the
chemical composition of heme B or protoporphyrin IX to that of the compound of interest to
determine the appropriate target mass defect. This set the mass defect range to an 80 mDa
window with a mass range of 400 m/z . We tested the method with several known adduct forming
compounds including 1-aminobenzotriazole,  diethyl 1,4-dihydro-2,4,6-trimethyl-3,5-
pyridinedicarboxylate (DDC), 1-ethynyl-1-cyclohexanol, 1-octene, phenylacetylene, and

phenylhydrazine.(49,88,107,108,111-113,117,118,263,273-276)

1-Aminobenzotriazole (ABT) is a known alkylator of heme for various CYP isoforms.
Alkylation of CYP by a benzyne species generated during the CYP-dependent metabolism of ABT
was first described by Ortiz de Montellano and Mathews.(111) In HLM incubations, we observed
a series of isomers of 637.2808 m/z, which are likely to be N-N bridged porphyrin adducts, and
we also observed benzyne adducts still containing the iron in the porphyrin with a m/z of 692.2083.
The chromatogram for ABT adducts and interpretation of the fragmentation of the found adducts

are presented in Figure 3.9.

DDC is a known methylator of heme via a methyl radical transfer.(107,114) In Figure 3.10,
the chromatogram of the N-methylated protoporphyrin IX yielded a parent mass of 577.2808 m/z,
and the fragmentation and interpretation are presented. We could clearly identify only a single
peak with the standardized gradient that we used for this method validation. However, that peak
appeared to have minor peak splitting which suggests that there may be a second species of the

same m/z that was not resolved by the chromatography.
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1-Ethynyl-1-cyclohexanol is a known heme alkylator that likely alkylates through the
epoxidation of the terminal alkyne.(112) We resolved two peaks at 2.90 min and 3.11 min of m/z
of 703.3478. The extracted ion current chromatogram, associated product ion spectra, and
interpretation of the product ion spectra for 1-ethynyl-1-cyclohexanol related adducts in HLM

incubations are presented in Figure 3.11.

1-Octene is one example of terminal alkenes that are known to alkylate heme after
metabolic activation by CYP enzymes.(108,117) We found a single peak at m/z 691.3846 that is
likely the adduct at the terminal () carbon with an alcohol generated from the ring-opened epxide
at the -1 position. The extracted ion chromatogram, product ion spectrum, and interpretation of
the product ion spectrum of the N-alkylated protoporphyrin IX species are presented in Figure

3.12.

Phenylacetylene is one of a number of terminal alkyne containing compounds shown to
form heme adducts when metabolized by CYP enzymes.(49,112,117) Bioactivation of the
terminal alkyne can result in a N-alkylated porphyrin adduct, and several related compounds have
been characterized by field desorption mass spectrometry.(49,117) The predicted m/z for
phenylacetylene adducts, 734.2186 for heme B and 681.3107 for protoporphyrin IX, were found,

and the data are presented in Figure 3.13.

Phenylhydrazine and phenyldiazene, the latter an oxidation product of phenylhydrazine, are
known to be bioactivated by hemoglobin and CYP enzymes to form various types of heme
adducts.(88,263,275-277) The adducts are thought to be formed following the generation of a
phenyl radical that is the result of oxidation of phenylhydrazine. We found two types of adducts
in HLM incubations. One species is a phenyl modified heme B adduct of 693.2216 m/z, and the
second species is a phenyl modified verdoheme with m/z 696.2068.(231,239,278-280) The
extracted ion current, fragmentation, and interpretations of the fragmentation are presented in

Figure 3.14.
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3.3.5 Detection of Heme Degradation to Biliverdin and Bilirubin Isomers

While there is substantial literature surrounding the catabolism of heme B by the heme
oxygenase family of enzymes that results mostly in biliverdin IXa, only a small amount of biliverdin
IXa and numerous other smaller degradation products, such propentdyopents, were found
previously in liver microsomal incubations.(231,239,262,278-282) Our analytical methods
allowed us to acquire data related to heme degradation in incubations with HLM as the enzyme

source.

In Figure 3.15, a commercial preparation of biliverdin is compared to the biliverdin species
found in HLM incubations along with the fragmentation for the commercial biliverdin peak and
each of the four biliverdin peaks in the HLM incubations. The four biliverdin peaks in the HLM
incubations suggest that all four meso bridges can be broken and each of them has distinct
fragmentation patterns. Due to the symmetry of heme B structure, the most direct way to
determine the structure of each of the biliverdin isomers is to consider the relationship of the
amide functional groups formed during the breaking of the meso bridge to the propionic acid

groups. The interpretation of biliverdin fragmentation is presented in Figure 3.16.

We were also able to detect at least two isomers of bilirubin at 2.09 minutes and 2.62
minutes from the HLM incubation, and the chromatogram and fragmentation are presented in
Figure 3.17. The peak at 2.09 minutes has more fragments ca. 300 m/z than the peak at 2.62,
but none appear to directly confirm the identity of either species. Both contain fragments of
299.1390 m/z which are consistent with one amide being on the same side as the propionic acid
side chain. Therefore, we suggest that the two species are likely bilirubin IXa and bilirubin 1Xy.
There are differences between the two species in terms of fragmentation, but none of the

fragments can be used to definitively assign which peaks are bilirubin IXa and bilirubin [Xy.
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3.4 Discussion
3.4.1 Chapter Overview and Hypothesis.

Our data for CMZ metabolism indicated that both heme and protein are possible targets of
reactive metabolites generated by CYP2B6, 2E1, and 3A4 that could result in inactivation of the
enzyme. Therefore, we need a set of assays to detect potential heme adducts and protein
adducts. LC/MS analysis of proteins either by whole protein analysis or peptide analysis has
become more robust and common practice, but there have been very few improvements in
regards to analysis of heme. Our goals for this portion of work were to develop a set of robust and
broadly applicable LC/MS assays to quantify heme B and to identify heme and protoporphyrin
adducts using modern high resolution mass spectrometry techniques such as mass defect
filtering. Additionally, we sought to greatly simplify sample preparation of the heme containing
samples to preserve fragile heme adducts and to avoid using chromatography techniques that

were slow and/or poorly compatible with LC/MS analysis.

Mass defect filtering in drug metabolism applies the parent molecular composition as a
reference point for selection of an appropriate mass range and mass defect for potential
metabolites.(5-7) Our adaptation of this technique involves using the elemental composition and
isototopic distribution of heme B or protoporphyrin IX in addition to that of the potential adduct
forming compound since the adduct should be related in m/z and mass defect to the combination
of both species. Typically, mass defect filtering is performed as a post-acquisition analysis
technique, but the AB Sciex 5600 TripleTOF™ takes this concept even further by allowing the use
of the mass defect filter to trigger data-dependent scans. Product ion scans triggered from the
mass defect allow us to confirm the identity of the heme or protoporphyrin adduct. We validated
this detection system with a diverse set of compounds that are known to generate a plethora of

heme and/or protoporphyrin IX adducts.
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3.4.2 Development of the Extraction Method and Chromatography for Heme B.

We developed a simplified extraction method for heme B and a common reverse phase
chromatography platform for heme B and related compounds. As mentioned previously, we used
an acidified protein precipitation for the extraction method. Our reverse phase chromatography
system required ammonium hydroxide, isopropyl alcohol, and HPLC columns stable under basic
conditions. The combination of these two components lead to the successful development of the

heme B quantification and adduct detection methods.

We encountered two primary issues during the development of the extraction method.
Older methods employed TFA or mineral acids to break the ionic interactions of the heme
propionates with the protein, and but these acids are known to be ion suppressors in mass
spectrometry. (2,109,257,258) When we tested TFA/butanone and HCl/chloroform extraction
solvent systems with samples dried under nitrogen, we observed over 90% suppression of signal
as compared to similar unextracted hemin even though the extraction methods appeared to be
efficient by UV or visual inspection. We also encountered extraction efficiency problems with
other solvent systems. It appears that heme and protoporphyrin 1X have fairly limited solubility in
various organic solvents such as ethyl acetate and hexanes, and acid or strong base is required
to extract the heme from protein. There were also concerns about the reconstitution solution
during these tests, and it was found that alcohols appeared to be the best choice for organic
solvents in terms of solvating heme and PPIX.(257,258) These issues suggested that liquid-liquid

method development may not be the most viable path for our intended process.

It should be noted that we did not try the preparation commonly used by the Ortiz de
Montellano lab which uses 5% H2>SOas/methanol as the extraction solvent for 18 hours followed by
several steps including TLC and HPLC to purify the extracted porphyrins.(3) This method results
in demetallated methyl esterified porphyrin adducts and requires over a day of sample

preparation. We wanted a relatively short extraction procedure that would minimize the amount
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of material needed and limit long term exposure of porphyrin adducts since it would limit the

detection of unknown adducts to those that are acid stable.

After experiencing issues with liquid-liquid extraction, we decided to try a protein
precipitation, and our choice of components in the protein precipitation solution contributed to the
success of the extraction method. The use of 1% formic acid enabled relatively gentle extraction
of the heme from CYP enzymes that do not have covalent linkages to their heme by lowering the
sample pH of 0.1 M potassium phosphate containing incubations from 7.4 to approximately 4.0.
This pH is higher than what would be expected from 5% sulfuric acid or any of the trifluoroacetic
extraction (1%+) containing extractions so it would be expected that the formic acid extraction
should be more gentle to acid labile species. The major concern would be reduced efficiency of
extraction due to the pH being insufficient to protonate the proprionate groups. However, using
a pH of 4.0 should protonate the majority of the propionate groups because the pKa of propionic
acid is reported to be 4.87. Acetonitrile serves to denature the protein, and methanol is a good
solvent for heme B. While this method could possibly be improved with other solvents such as
isopropyl alcohol, we did not pursue other options after confirmation that the extraction efficiency

was above 70%.

The use of base and isopropyl alcohol were critical to the development of our
chromatography platform.(257,258) Heme can form different complexes and oligomeric states
that can cause issues with chromatography and mass spectrometric detection. p Oxo dimers
require the deprotonation of the propionic acid groups to propionate in order to make an ionic
interaction with another heme molecule. There is also a possibility of hydrophobic interactions or
so-called T stacking of heme molecules in water that could also limit solubility in an aqueous
environment. The increase in concentration of hydroxide likely serves to outcompete the
propionate as a ligand for the iron, and prevents stacking of the heme by providing bulk and a

polar interaction that would oppose hydrophobic interactions. Isopropyl alcohol was also
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necessary for the chromatography of heme since peak shape was significantly better than with
acetonitrile and methanol. Isopropanol is a protic solvent but also is more lipophilic than methanol.
This combination of characteristics likely allows the best combination of solvent properties to
interact with the polar and nonpolar functionalities of heme. While better organic solvents may
exist for heme, isopropanol is likely the best and only option for reversed phase chromatography

of non-derivatized heme.

The choice of column is also important in the chromatography system to a certain extent.
Most reverse phase columns that are used for LC/MS applications are more resistant to acidic
conditions than basic conditions so the number of column options for using base in the mobile
phase is limited. The first two columns we tried with the base-containing mobile phases were
Agilent Zorbax XDB-C18 and C8 columns. These columns are stable at mildly basic conditions
and gave reasonable peak shape, but they are an older column technology. There was not much
of a difference in retention, peak shape, or carryover with either C1s or Cs. We switched to a
Water XBridge C8 column that allows pH ranges up to 12 and is a newer technology. The peak
shape was improved with the newer column, which can also tolerate increases in ammonium

hydroxide that will be required to minimize the amount of carryover in the quantification assay.
3.4.3 Development and Validation of Heme Quantification Method.

Many previous heme quantification methods are based upon the UV/Vis absorbance of
heme, and often required derivatization or harsh conditions.(9,10,260,271) While mammalian
systems contain mostly heme B, HLM contains mitochondrial contamination which introduces
heme A from cytochrome C oxidase, and heme C from cytochrome C.(231,232) All three heme
molecules have similar absorbance profiles so a UV/Vis assay cannot effectively distinguish these
heme species from one another. LC/MS can readily distinguish them and other heme species
from one another. The harsh conditions in many other assays could also remove any potential

adducts from the heme B moiety that serve as a false negative for heme loss. By using LC/MS
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with our extraction and chromatography system, we were able to develop and validate a heme B

guantification method.

While we were able to obtain reasonable peak shape with 0.1% ammonium hydroxide in
water and 0.1% ammonium hydroxide in isopropanol for mobile phases with the XBridge Cs
column, we had to resolve other issues in regards to developing a viable LC/MS quantification
method using our base chromatography system. Carryover was an issue since the use of 0.1%
ammonium hydroxide appeared to result in approximately 5% carryover. An appropriate internal
standard is required for any LC/MS assay and must be selected to achieve acceptable assay
performance. We also needed to sharpen the gradient so the run time could be shortened to a

time that can achieve sufficient throughput.

To alleviate the carryover issue, we modified the needle wash conditions and modified
ammonium hydroxide concentrations in the mobile phases. During our testing, increased
ammonium hydroxide concentrations in the needle wash solutions and mobile phases reduced
carryover. This pattern is consistent with heme B being more soluble at higher pH. We increased
the concentrations to 10% ammonium hydroxide in the needle wash and to 2% in the mobile
phases which are near the limit for column and LC system. With that increase, we were able to
substantially reduce carryover, but could not completely eliminate the issue. We did not have
access to a bio inert LC system so we did not evaluate whether using such a system would further

reduce carryover.

Stable labeled internal standards are the preferred internal standard for most LC/MS
assays, and we were able to acquire such a standard from Frontier Scientific. The manufacturer
claimed that the compound was a contained a uniform isotope pattern, but we found it to be a
distribution of mostly 3 isotope labelling levels with Ds being the most abundant. We chose Ds
heme B for the compound to be monitored as the IS, and determined the appropriate daughter

ion for both labeled and unlabeled heme B.
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While our system could detect heme B concentrations below 10 nM, we validated a range
of 10-1000 nM as shown in Figure 3.5. To limit carryover, we injected only 1 yL of sample so
there is potential sensitivity for far lower concentrations of heme B. However, our analytical range
was limited by carryover, and we determined 10 nM was the lowest concentration we could
measure reliably. Even with this limitation, our sensitivity was still better than we experienced
with UV/Vis detection (50 nM). Reduction of carryover through the use of bio inert materials or

other methods might further improve the assay and result in even lower limits of quantification.
3.4.4 Development and Validation of Heme Adduct Detection Method.

We sought to implement mass defect filtering with the simplified extraction and heme
chromatography platform to develop a robust and flexible method for detecting a variety of heme
and protoporphyrin adducts. The AB Sciex 5600 TripleTOF™ allows data dependent acquisition
of product ion scans based upon multiple mass defect filters so we used two filters for each
compound. The first filter for each compound consists of the composition of heme B added to the
composition of the target compound with an allowed defect of 80 mDa and an allowed mass range
of £ 200 m/z relative to the combined mass of heme and the target compound. The second filter
was set similarly except substituting protoporphyrin IX for heme B. We also allowed for product
ion scan acquisition of the species with the highest mass spectrometer response. We employed
a 15 minute gradient that provided adequate separation of heme and protoporphyrin species
under most circumstances. To test the robustness and applicability of the method, we used

different six compounds known to form differet types of heme.

As shown in Figure 3.9, we detected multiple heme adducts from HLM-catalyzed turnover
of 1-aminobenzotriazole (ABT). In the original paper on ABT adducts, Ortiz de Montellano et al
identified modified N-N bridged porphyrins with a m/z of 665 after isolation from liver tissue and
esterification with methanol.(111) We detected at least two adducts of 637.2808 m/z that would

correspond to the 665 m/z adducts where the mass difference is a consequence of the lack of
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esterification of both proprionate groups using our method. We also detected at least one adduct
still containing iron in the porphyrin ring, which was not reported in the original paper. The
fragmentation of the demetalated adducts only appears to involve the proprionate side chains,
but the product ion spectra of the iron containing adduct consists of several other fragments. One
cleavage releases the benzyne adduct to regenerate the mass of heme B, which suggests that
the adduct is likely interacting with the iron, but we are unsure of the actual nature of bonding of
the benzyne to heme in the rest of the structure. We have assigned the loss of a methyl
substituent from the adduct to the vinyl groups since it is likely that the disruption of the heme B
T system could cause isomerization of vinyl groups that would allow the terminal carbon to be

cleaved. Overall, these data are consistent with previous ABT results.

We incubated DDC with HLM, and the data presented in Figure 3.10 is consistent with
previous reports.(107,114,115,245) The parent mass for the dimethyl ester of the N-methylated
protoporphyrin X species under electron impact (El) conditions was 604 m/z. Under our positive
mode electrospray (ESI) method N-methylated protoporphyrin IX yielded a parent mass of
577.2808 m/z. These masses are consistent with the differences in ionization and sample
preparation since dimethyl esterification would add 28 Da, but ESI| would cause protonation during
ionization. Our method only clearly detected a single adduct, although the peak is slightly split.
The split peak suggests that there could be at least one other adduct contained in the 577.2808
m/z peak which would be consistent with the multiple adducts reported previously. The
fragmentation was not informative about the structure beyond confirming that the methyl group
was likely attached to a pyrrole nitrogen since the 562.2672 m/z fragment corresponds exactly to

the loss of a methyl group.

Our data with incubations of HLM and ethynyl-1-cyclohexanol in Figure 3.11 are consistent
with the adducts reported by Kunze et al.(112) These workers reported two adducts with 730 m/z

after methyl esterification. We found two adducts of 703.3478 m/z corresponding to
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protoporphyrin IX adducts resulting from the bioactivation of the acetylene functional group. The
mass difference is a result of the same differences in methods and detection as seen with DDC.
The fragmentation yielded 563.2582 m/z, which is consistent with the loss of alkylating species

from PPIX.

We also replicated the formation of adducts of 1-octene reported by Kunze et al., as shown
in Figure 3.12.(105) They reported an adduct of 719 m/z after methyl esterification using field
desorption ionization. In HLM incubations, we found a single adduct of 691.3898 m/z and
acquired product ion spectra consistent with a N-alkylated PPIX adduct since a fragment
consistent with PPIX itself was produced. Again, our detected adduct m/z differs from previous
reports only by the lack of methyl esterification. We assigned the position of the 1-octene adduct

by using the reported NMR data from the original publication.

Data from our incubations of rabbit liver microsomes and phenylacetylene incubations are
consistent with the predicted adducts described by Kunze et al.(49,112,117) Covalent
modification of heme by terminal acetylene containing compounds is thought to occur through an
oxidation of the alkyne that results in a radical on the terminal carbon of the triple bonded carbon
pair and a positive charge on the other carbon of the triple bond. The oxygen attached to heme
iron attacks the positively charged carbon while the carbon radical forms a bond with one of the
pyrrole nitrogens. Finally, the oxygen forms a double bond with the carbon while leaving the
heme iron, and the resulting adduct is only attached to the porphyrin at a pyrrole nitrogen. It was
mentioned in another manuscript from the Ortiz de Montellano lab that the metal free N-alkylated
porphyrin adduct of phenylacetylene was very unstable and could not be characterized, while the
addition of zinc allowed determination of the UV/Vis spectra. As shown in Figure 3.13, we
acquired peaks with m/z consistent with those of other terminal acetylenes that were
characterized by mass spectrometry. Taking into account the mass differences due to sample

preparation, these are 734.2175 for the heme B species and 681.3071 for the protoporphyrin 1X
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species. While the peak shape of the iron containing adduct was superior to that of the
protoporphyrin IX adduct, we obtained fragmentation only for the protoporphyrin IX adduct. The
lack of fragmentation is likely a result of the small peak size of the heme adduct and the overlap
in retention time between heme B and the heme adduct. The small peak size of all of the detected
species may be a consequence of the relative instability of adducted species. We were likely only
able to see these adducts due to the relatively gentle and rapid nature of our sample preparation
and to the significant advances in mass spectrometer technology. We assigned the position of

the adduct based upon Kunze et al for all the other acetylenic substrates.

Phenylhydrazine was the final compound tested with HLM to validate our
system.(88,263,275,277,283) Even though phenylhydrazine has been used in attempts to model
the active site space near the heme in CYP enzymes using NMR, we could not find literature with
expected m/z values for adducts of phenylhydrazine with heme B in CYP enzymes. However, we
did find phenylhydrazine/protoporphyrin IX adduct mass spectrometric data with hemoglobin and
myoglobin, and those data suggest phenyl bridged meso adducts with biliverdin Ixa and N-
phenylprotoporphyrin IX adducts. As shown in Figure 3.14, the peaks from our data have m/z
values that are consistent with the formation of a phenyl adduct with heme B (693.2216 m/z) and
verdoheme IX (696.2068 m/z). The extracted ion current for verdoheme suggests at least two
species due to the appearance of incompletely separated peaks. There is only one phenyl heme
adduct so it is not clear if that single peak contains multiple adducts that were not separated with
our chromatography conditions. The fragmentation of all of the detected adducts regenerates
heme B (616.1820) or verdoheme (619.1653 m/z) so it is likely that phenyl adduct is associated
with the iron, but that iron-adduct interaction is not certain. Overall, our data are at least consistent
with the proposed bioactivation mechanism of phenylhydrazine, but our incubations were done in

HLM so the results are more difficult to correlate with individual purified enzymes.
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It is interesting to note that the verdoheme adduct occurred at all. Even though we have
identified biliverdin and bilirubin being generated in our incubations, we did not detect the
presence of verdoheme in any other incubations. The presence of verdoheme suggests that it is
capable of still being catalytically active with regards to bioactivation of phenylhydrazine, but

verdoheme is also inactivated by a similar process to heme.
3.4.5 Detection of Heme Degradation in HLM Incubations.

Our method was able to detect biliverdin and bilirubin isomers that are the result of
NADPH-dependent degradation of heme.(239,241,262,278-282) By using a TOF survey scan
and data dependent product ion scans with our chromatography system, we were able to acquire
the exact mass and fragmentation information for those degradation products of heme, and assign
structural features to the isomers that were detected. The extracted ion current data, product ion
scan data, and proposed fragmentation for these degradation products are presented in Figures
3.15 and 3.16. The lack of available standards for biliverdin IX and biliverdin IXA and lack of
definitive fragmentation did not allow us to assign those peaks, but we were able to assign
biliverdin 1Xa and biliverdin IXA. Similarly, we could not completely assign the isomers of bilirubin

due to the lack of standards.

In order to assign the structure of the positional isomers of biliverdin, a line of symmetry
can be drawn between the two propionic acid groups attached to the C and D rings, and, as a
result, each biliverdin isomer will have 0, 1, or 2 amides on each side of the line of symmetry. For
biliverdin IXa and biliverdin IXy, one amide will exist on each side of the line of symmetry, but
biliverdin IXB and biliverdin IXA will have two amides on one side, but none on the other. The
fragment that corresponds to having one amide on one side of the line of symmetry is 297.1234
m/z, and that fragment is found in the product ion spectra of the 2.24 and 2.85 minute peaks. To
determine which peak of 2.24 min and 2.85 min is biliverdin IXa, a fragment containing the C and

D rings with no amides would be necessary, and the expected fragments 330.1574 and 344.1731
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m/z are present in the 2.24 minute peak product ion spectra. The 2.24 minute peak being
biliverdin IXa is consistent with expectations since the commercial preparation of biliverdin should
mostly be biliverdin IXa. One major peak was evident from commercial biliverdin at 2.24 minutes
with a minor peak at 2.55 minutes that overlap with two of the peaks. The fragmentation of the
major peak from commercial biliverdin and the 2.24 minute peak from HLM matched well
suggesting they are the same species. There are subtle differences between the fragmentation
of the 2.45 min and 2.56 min peaks, but there is no fragment that can differentiate the two species
without a synthetic standard since they are nearly mirror images of each other. To confirm that
the 2.44 and 2.55 min peaks are biliverdin IX( and biliverdin IXA, there is a fragment of 343.1288
m/z that corresponds to one amide being on either the C or D ring. Therefore, we have generally
assigned all 4 isomers of biliverdin, but we were only able to specifically assign biliverdin IXa and

biliverdin IXA.

We also were able to detect the formation of bilirubin IXa and bilirubin Xy, but could not
identify which peak corresponds to which isomer. The extracted ion current, product ion spectra,
and proposed structures with fragmentation are presented in Figure 3.17. Both spectra are highly
suggestive of the a or A meso bridge not being present since the pairing of 299.1392 and 285.1223
fragments indicate that one of the amides and one of the propionates is present on each side of
the break of the remaining a or A meso bridge. It is likely that the first peak is bilirubin 1Xa since
biliverdin IXa eluted at a similar retention time. Also, the larger diversity in fragmentation of the
2.09 minute peak is more consistent with the destruction of the distal meso bridge relative to the
propionic acid groups. The assignment of bilirubin IXa could be confirmed with a commercial
bilirubin standard, but there are no available commercial standards for the other 3 isomers of

bilirubin.

The detection, separation, and classification of these heme degradation products

demonstrate the utility of this method and of these technologies in revisiting questions in heme
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biochemistry that could not be answered completely due to the limited technology available at the
time they were first investigated. For example, heme oxygenase is known to generate mostly
biliverdin IXa which is the largest biliverdin IX peak we identified, but we see a total of 4 biliverdin
isomers at fairly similar levels, which likely correspond to each of the possible biliverdin 1X
isomers. Those other isomers are likely the product of uncoupled CYP reactions that lead to
degradation of the heme, but analysis of the heme degradation products from purified enzymes

that normally exist in HLM is required to support this conjecture.

3.5 Conclusions

In this chapter, we have described the successful development of sensitive assays for
quantifying heme and for identifying heme adducts and the products of heme destruction. Due to
the implementation of modern LC/MS technology and a simplified extraction method that avoids
reagents that are detrimental to LC/MS analysis, we were able to achieve much higher levels of
sensitivity than had been possible previously, and enable rapid identification of possible heme
adducts and heme degradation products. As a result, we were able to use very limited amounts
of complex enzyme preparations (100 pg liver microsomes/incubation) and still detect heme and
protoporphyrin IX adducts and heme degradation products. While it is unclear whether our
simplified extraction methodology would still function with non-CYP enzymes or CYP enzymes
with covalent linkages to their heme, these assays should be applicable to the majority of CYP

enzymes, including the primary drug metabolizing isoforms.
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Figure 3.1 Biosynthesis and Disposition of Protoporphyrin IX (PPIX) and Heme in
Mammalian Cells

This figure is adapted from Sachar et al.(238) CPOX, coproporphyrinogen oxidase; FLVCR1,
feline leukemia virus subgroup c receptor 1; HMBS, hydroxymethylbilane synthase; PLP,
pyridoxal phosphate; SLC25A38, solute carrier family 25 member 38; UROD, uroporphyrinogen
decarboxylase; UROS, uroporphyrinogen Il synthase.
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A Standard Accuracy
. %
Nominal (nM) | Found (nM) Accuracy
10 10.20 102.04
25 2478 99.12
50 44.06 88.13
100 113.30 113.27
250 242.60 97.03
500 478.90 95.78
1000 1060.00 106
B Quality Control Accuracy
Nominal (nM) Found (nM) ACCTf’raCy
10 12.1 10.7 8.5 8.5 9.5 98.6
25 26.9 24.3 27.3 26.8 25.4 104.5
250 238.9 223.5 231.2 222.2 216.9 90.6
1000 1094.0 1116.0 1095.0 1092.0 1076.0 109.5

Figure 3.8 Intraday Validation Accuracy for Heme B Quantification Assay
Panel A presents the standard curve statistics for accuracy for the intraday validation for heme
B quantification. Panel B presents the intraday statistics for the quality control samples.
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Figure 3.9 Detected Heme and Protoporphyrin IX Related Adducts from Incubations of

ABT with HLM

Panel A is an extracted ion current overlay of the m/z ranges of the heme/protoporphyrin
adducts. Panel B and C are product ion spectra of 637 m/z for the 3.17 and 3.27 min peaks,
respectively, and panel E is a proposed fragmentation pattern for 637 m/z. Panel D is product
ion spectra of 692 m/z for the 3.58 min peak, and panel F is a proposed fragmentation pattern

for 692 m/z.
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Figure 3.10 Detected Heme and Protoporphyrin IX Related Adducts from Incubations of
DDC with HLM

Panel A is an extracted ion current overlay of the m/z ranges of the heme/protoporphyrin
adducts. Panel B is a product ion spectra of 577 m/z, and panel C is a proposed fragmentation
pattern for 577 m/z.
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Figure 3.11 Detected Heme and Protoporphyrin IX Related Adducts from Incubations of
1-Ethynyl-1-Cyclohexanol with HLM

Panel A is an extracted ion current overlay of the m/z ranges of the heme/protoporphyrin
adducts. Panel B and C are a product ion spectra of 703 m/z at 2.90 and 3.10, respectively.
Panel D is a proposed fragmentation pattern for 703 m/z.
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Figure 3.12 Detected Heme and Protoporphyrin IX Related Adducts from Incubations of
1-Octene with HLM

Panel A is an extracted ion current overlay of the m/z ranges of the heme/protoporphyrin
adducts. Panel B is the product ion spectra of 691 m/z. Panel C is a proposed fragmentation
pattern for 691 m/z based upon the position determined by Kunze et al.
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Figure 3.13 Detected Heme and Protoporphyrin IX Related Adducts from Incubations of
Phenylacetylene with Rabbit LM

Panel A is an extracted ion current overlay of the m/z ranges of the heme/protoporphyrin
adducts. Panel B is the product ion spectra of 681 m/z. Panel C is a proposed fragmentation
pattern for 681 m/z based upon the position determined by Kunze et al.
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Figure 3.14 Detected Heme and Protoporphyrin IX Related Adducts from Incubations of
Phenyhydrazine with HLM

Panel A is an extracted ion current overlay of the m/z ranges of the heme/protoporphyrin related
adducts. Panel B is the product ion spectra of 693 m/z. Panel C is the product ion spectra of
696 m/z. Panel D is a proposed fragmentation pattern for 693 m/z,a nd Panel E is a proposed
fragmentation pattern of 696 m/z.
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Figure 3.15 Isomers of Biliverdin Detected in Human Liver Microsome Incubations

Panel A is an extracted ion current overlay of a commercial standard of biliverdin and the
biliverdin isomers found in HLM incubations. Panel B depicts the product ion spectra of the
major (2.24 min) peak contained the biliverdin standard. Panel C depicts the product ion
spectra of the 2.24 min peak in the HLM incubation. Panel D depicts the product ion spectra of
the 2.45 min peak in the HLM incubation. Panel E depicts the product ion spectra of the 2.55
min peak in the HLM incubation. Panel F depicts the product ion spectra of the 2.85 min peak
in the HLM incubation.
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Figure 3.16 Proposed Fragmentation of Biliverdin Isomers

Panel A depicts the proposed fragmentation of biliverdin Ixa which corresponds to the 2.24 min
peak in HLM. Panel B depicts the proposed fragmentation of biliverdin IX, and panel C depicts
the proposed fragmentation of biliverdin IXA. The peaks of 2.45 and 2.55 minutes could
correspond to either biliverdin IXB and biliverdin IXA. Panel D depicts the proposed
fragmentation of biliverdin Xy which corresponds to the 2.85 min peak in HLM.
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Figure 3.17 Isomers of Bilirubin Detected in HLM Incubations
Panel A is an extracted ion current of bilirubin. Panel B is the product ion spectra of the 2.09
peak, and panel C is the product ion spectra of the 2.62 min peak. Panel D is a proposed
fragmentation pattern for bilirubin IXa and panel E is a proposed fragmentation pattern for

bilirubin 1Xy.
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Chapter 4: Mechanistic Analysis of Time Dependent Inhibition of CYP2B6,

2E1, and 3A4/5 by Chlormethiazole

4.1 Introduction

In Chapter 2, we assessed the selectivity of CYP inhibition by chlormethiazole (CMZ)
utilizing both co-incubation and time dependent inhibition (TDI) experiments. We showed that
CMZ inhibits several CYP isoforms in different mechanisms, including a time-dependent
mechanism. In addition to time-dependency, we established that CYP2B6, 2E1, and 3A4/5 were
inhibited in a manner consistent with enzymatic turnover. We also investigated the metabolites
generated by each isoform in an attempt to identify potential reactive species that could explain
the apparent TDI. Since there are numerous causes and types of time-dependent inhibition and
each situation can lead to different outcomes in terms of drug-drug interactions (DDI) and possibly
toxicity, the mechanisms of TDI must be evaluated for each of the isoforms affected by
CMZ.(75,76,79,99,187) To investigate the mechanism of TDI for CYP2B6, CYP2E1, and
CYP3A4/5, we will use Silverman’s Criteria for a mechanism based inhibitor, mentioned
previously in Chapter 1, and will attempt to identify the potential molecular target(s) of the

inhibiting species.(11)

A mechanism based inhibitor (MBI), as defined by Richard Silverman, is a special case of
time-dependent inhibition in that a reactive species is generated by the normal function of the
enzyme and inactivates the enzyme by binding to it in a manner that disrupts catalytic
function.(11) An MBI would be expected to be one the simplest cases of TDI to predict DDI since
the bioactivation process for the MBI and the binding of the inhibitor would all have to occur within
the active site. This localization of the entire enzyme inactivation process would eliminate many

potential variables that can complicate other TDI mechanisms such as detoxification or further
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metabolism that removes intermediates required for TDI. Silverman’s criteria for a MBI are as

follows:
8. Time-dependent loss of enzyme activity.

9. The rate of enzyme inactivation is saturable at high concentrations of inactivator (i.e. The

rate of the reaction follows Michaelis-Menten enzyme kinetics.)

10. Inactivation is slowed in the presence of an alternative substrate (i.e. The inhibition can

be competitively inhibited.)
11. Dialysis or dilution do not restore enzyme activity (i.e. The inactivation is irreversible.)
12. A 1:1 stoichiometry of inhibitor bound to enzyme is observed.
13. A catalytic step by the enzyme is required for inactivation to occur.

14. Inactivation occurs before release of the reactive species (Inactivation occurs in the active

site.)

These criteria allow us to investigate the nature of the TDI in a manner that can classify the mode

of TDI and, therefore, can identify any potential complications in DDI prediction.

Due to the complex nature of CYP enzymes, the two most difficult criteria to investigate
are the stoichiometry of the inhibitor to enzyme and if inactivation occurs prior to product release.
In order to assess the stoichiometry, one must be able to detect a stable adduct to either the
heme or apo protein, and have a method that enables at least a semi-quantitative assessment of
stoichiometry. Typically, the preferred method for assessing stoichiometry would involve
radiolabeling of the inhibitor, and monitoring the specific radioactivity adducted to a preparation
of CYP enzyme.(284-286) We did not have access to radiolabeled CMZ so this technique is not

available for this analysis.
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Proving that enzyme inactivation occurs before product release requires multiple factors to be
investigated. Since CYP enzymes are capable of releasing reactive oxygen species (ROS) that
could inactivate the enzyme in the active site and outside of the active site, exogenous superoxide
dismutase (SOD) and catalase (CAT) can be used to block formation of these ROS before they
can covalently modify the enzyme outside of the active site.(12,19,287-289) However, using SOD
and CAT does not exclude ROS from inactivating the enzyme from within the active site.
(290,291) The use of trapping agents can also help to clarify the point of modification by the
reactive metabolite.(44-48,230,292) It is thought that large, polar trapping agents, such as
glutathione, are incapable of entering the active site so attenuation or elimination of inactivation
should indicate that inactivation of the enzyme is at least partially the result of binding of a reactive
species outside of the active site. Therefore, direct detection of potential adducts is the preferred
method for identifying the location of the adduct, but direct detection is not always possible due

to numerous reasons including the stability of the adduct.

In this chapter, we investigate the TDI mechanisms for each isoform individually by a host
of techniques while following Silverman’s criteria as a guide.(11) Enzymatic activity assays were
used to evaluate the effects of competing substrates, dialysis, exogenous detoxification enzymes,
and exogenous trapping agents upon the activity of each isoform. By using UV/Vis spectroscopy,
we hoped to uncover any changes in absorbance associated with the loss of enzymatic activity
that could be associated with the mechanism of inhibition.(12,272) High resolution mass

spectrometry techniques were also used to detect potential heme and apo protein adducts.(4,293)

4.2 Experimental
4.21 Materials.

All chemicals from commercial sources were of analytical grade or better where possible.

Optima LC-MS grade acetonitrile, formic acid, and methanol, dithionite, ACS Plus grade isopropyl
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alcohol, para-nitrophenol were purchased from Thermo Fisher Scientific (Waltham, MA). All water
was distilled, deionized using a house distilled water followed by a Barnstead NANOpure UV
system (Thermo Fisher Scientific). Human liver microsomes (HLM) were prepared from liver
samples obtained from the University of Washington Liver Bank. Purified human recombinant
CYP2E1 was prepared as described in Chapter 3. Purified human recombinant CYP2B6 was
provided by Dr. Rheem Totah, and purified human recombinant CYP3A4 was provided by
Michelle Redhair.(294,295) 100x Lipid reconstitution mixture was provided by Michelle Redhair
according to Shaw et al.(296) Purified rat cytochrome P450 oxidoreductase (CPR) was provided
by John Kowalski, Michelle Redhair, and Dr. Mariko Nakano. Catalase, chlorzoxazone, coumarin,
7-hydroxycoumarin, p-nitrocatechol, midazolam, 1’-hydroxymidazolam, 1’-hydroxymidazolam-Da,
potassium cyanide, potassium phosphate monobasic, potassium phosphate dibasic, reduced
glutathione, superoxide dismutase (SOD) testosterone were purchased from Sigma-Aldrich (St.
Louis, MO). CMZ, bupropion, hydroxybupropion,  hydroxybupropion-De,  6-
hydroxychlorazoxazone, 6-hydroxychlorzoxazone-'*Cs and 4-hydroxymidazolam were purchased
from Toronto Research Chemicals (Toronto, ON, Canada). NADPH was obtained from OYC

Americas (Vista, CA). CMZ N-oxide was synthesized as described in Chapter 2.

4.2.2 HLM Incubations using dilution assays and Dialysis to Determine the Effect of

Various conditions on CMZ TDI of CYP2B6, 2E1, and 3A4/5

These assays consist of four steps which are: pre-incubation, incubation, dialysis, and
secondary incubation to determine remaining activity. Pre-incubations consisted of total volume
100 upL containing 0.1 M potassium phosphate buffer and 0.5 mg/mL pooled human liver
microsomes with various combinations of the following components including 2 mg/mL NADPH,
CMZ dissolved in water, 5 mM GSH, SOD/CAT (2,000 U/mL SOD/50 pg/mL CAT), 500 uM
bupropion, 400 uM CHZ, 110 mM ethanol, and 400 uM testosterone. Some reactions were pre-

incubated for 5 minutes before the addition of NADPH in a 37° C water bath. For CYP2B6, pre-
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incubations lasted 30 minutes, and the concentration of CMZ was 100 uM. For CYP2E1, the pre-
incubation concentration of CMZ was 100 yM. The pre-incubation time for the set of samples
where CMZ was used as the competing substrate for CMZ was 10 minutes, while the pre-
incubation for the set of samples where ethanol was competing the substrate lasted 5 minutes.
After pre-incubation samples were transferred to 3500 MW cutoff Slide-a-Lyzer Mini (100 pL size)
dialysis cups that were floating in 500 mL of ice cold 0.1 M potassium phosphate (pH 7.4). The
buffer was exchanged 10 minutes after the addition of the samples to the dialysis cups, and then
three more exchanges were performed over 18 hours. The secondary incubations contained 200
MM bupropion for CYP2B6, 400 uM CHZ for CYP2E1, or 40 uM midazolam for CYP3A4/5 as the
substrate, and the incubation times were 10 minutes for CYP2B6, 5 minutes for CYP2E1, and 5
minutes for CYP3A4/5. Standards were prepared as described in Chapter 2, and all samples

were analyzed using the methods described in Appendix 3, 8, and 10.

4.2.3 Reconstitution of Purified CYP2B6, 2E1, and CYP3A4 with or without Purified

CPR.

A 100x solution of the lipid reconstitution solution described by Shaw et al was provided by
Michelle Redhair.(296) Final concentrations of lipids were the following: 0.5 mg CHAPS/mL, 0.1
mg/mL  liposomes [L-a-dilauroyl-sn-glycero-3-phosphocholine, L-a-diloleoyl-sn-glycero-3-
phosphocholine, L-a-dilauroyl-sn-glycero-3-phosphoserine (1:1:1, w/w/w per mL), 3.0 mM GSH,
and 50 mM potassium HEPES, pH 7.4]. During the experiments, we used various ratios of CPR
to P450 including: 0:1, 0.5:1, 1:1, and 2:1. CPR was added to the purified CYP and gently mixed
at 4° C for 5 minutes on a Nutator™ before the addition of lipid mix. Lipid mix was added to the

enzyme mix and allowed to mix at 4° C for at least 60 minutes on a Nutator™ before use.
4.2.4 UV/NVis Spectroscopy of CMZ or CMZ N-oxide Binding with CYP2B6, 2E1, or 3A4/5.

All UV spectroscopy was performed using a modernized Aminco DW-2 UV/Vis

spectrophotometer (Olis, Inc., Bogart, Georgia) with a Julabo circulating bath (Seelbach,
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Germany) to control sample temperature. The scan range was from 350-700 nm, and each took
approximately 2 minutes. The sample cuvette initially contains 400 pL of 0.125 M potassium
phosphate (pH 7.4) containing 1.25 yM of reconstituted CYP without CPR, and the reference
cuvette contains 400 uL of 0.125 M of potassium phosphate (pH 7.4) to allow for the addition of
various components in water up to 100 yL while maintaining at least 0.1 M potassium phosphate.
CMZ and CMZ N-oxide were solubilized in water at 50 mM to make the initial stock solution. Any
component added to the sample side was balanced by addition to the reference lacking enzyme,
and both sides were mixed after the addition of any component. After the addition of CMZ or
CMZ N-oxide, dithionite was added to reach 1 mg/mL as the final concentration. The calculated
difference spectra was generated by comparison to enzyme alone to determine the binding mode
of CMZ or CMZ N-oxide by using GraphPad Prism 8.2. Interpretation of spectra was performed
by comparison with previous literature regarding CYP heme absorbance, flavin absorbance, and

heme adduct absorbances.(3,12,49,52,54,84,105,111,117,297,298)
4.2.5 UV/Vis Spectroscopy of CMZ Inactivation of CYP2B6, 2E1, or 3A4/5.

All UV spectroscopy was performed using a modernized Aminco DW-2 UV/Vis
spectrophotometer (Olis, Inc., Bogart, Georgia) with a Julabo circulating bath (Seelbach,
Germany) to control sample temperature. The scan range was from 350-700 nm, and each scan
took approximately 2 minutes. The solutions in the reference and sample cuvette were prepared
as described above except NADPH. NADPH was added to a final concentration of 1 mg/mL was
added to start the reaction, and scans were repeated to capture the time course of inactivation.
Difference spectra were calculated as above. Interpretation of spectra was performed using
previous literature regarding CYP heme absorbance, flavin absorbance, and heme adduct

absorbances.(3,12,49,52,54,84,105,111,117,297,298)
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4.2.6 Heme Adduct Analysis.

CYP2B6, 2E1, or 3A4 was reconstituted with 1:1 CPR to CYP, and CYP2E1 was also
reconstituted with 0.5:1 and 2:1 CPR to CYP using the method described above. Two uM
reconstituted enzyme was incubated with 0.1 M potassium phosphate (pH 7.4), 2 mg/mL NADPH,
and CMZ (100 uM for CYP2B6/CYP2E1 or 1 mM for CYP3A4) for 5 minutes under low ambient
light conditions. Samples were terminated and analyzed as described in Chapter 3 using the
elemental composition of CMZ with heme B and CMZ with PPIX as the mass defect filter target
masses. Due to the potential instability of the adduct, the samples were injected within 5 minutes

of termination.
4.2.7 Whole Protein Adduct Analysis.

CYP2B6, 2E1, or 3A4 was reconstituted with 1:1 CPR to CYP using the method described
above. Two uM reconstituted enzyme was incubated in 0.1 M potassium phosphate (pH 7.4), 2
mg/mL NADPH, and CMZ (100 uM for CYP2B6/CYP2E1 or 1 mM for CYP3A4) for 15 minutes.

Samples were injected using the method described in Appendix 16.

4.3 Results

4.3.1 Effects of Dialysis, Exogenous Trapping Agents, Exogenous Detoxification

Enzymes, and Exogenous Substrates on CYP2B6 inactivation

To begin our mechanistic analysis of CYP2B6, we performed a series of activity assays to

assess the effects of various experimental conditions upon the inactivation of CYP2B6 by CMZ.

In Figure 4.1, a dilution assay was performed with all samples being preincubated with 100
MM CMZ. The activity of CYP2B6 was reduced by 52.8% by the addition of NADPH during the
preincubation as compared to preincubation without NADPH, thus confirming NADPH

requirement for CMZ-dependent TDI. The combination of SOD/CAT did not have any significant
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effects on inactivation as indicated by the similar reduction of activity when SOD/CAT (48.6%)
was added to samples preincubated with NADPH and CMZ compared to those lacking SOD/CAT.
Interestingly, the addition of reduced glutathione (GSH) to a NADPH-containing incubation

markedly reduced the magnitude of inhibition (32.4% vs. 52.8%).

In Figure 4.2, bupropion, CMZ, or both bupropion and CMZ were incubated with pooled
HLM and NADPH for 30 minutes then the incubations were dialyzed. The remaining activity was
then assessed using CYP2B6-mediated bupropion hydroxylation. Incubation with CMZ reduced
CYP2B6 activity by 74% as compared to the bupropion control. The co-incubation of CMZ with

bupropion resulted in a 45.6% reduction in activity as compared to bupropion alone.

4.3.2 UV/Vis Spectroscopy of CMZ/CMZ N-oxide Binding and Inactivation of CYP2B6

UV/Vis spectroscopy of CYP2B6 reconstituted in lipid mixture in the presence or absence
of rat cytochrome P450 reductase (CPR) was performed in order to detect any possible
absorbance changes related to loss or modification of the prosthetic heme. We performed an
experiment to examine the effects of ligand binding to CYP2B6 reconstituted with lipid only and
CMZ and CMZ N-oxide in the presence or absence of the reducing agent, dithionite. We also
performed a time course of reconstituted CYP2B6/CPR incubated with CMZ and NADPH to

capture absorbance changes during the inactivation of CYP2B6.

In Figure 4.3, we present the calculated difference binding spectrum of CMZ with CYP2B6
in the presence and absence of dithionite. The type of binding spectra for CMZ is not clear from
these data since there is no increase in absorbance at any of the wavelengths measured. The
loss of absorbance at 416 nm is somewhat consistent with a Type | binding mode, but there is no
corresponding increase near 390 nm. The addition of dithionite results in an even greater loss of
absorbance at 416 nm and additional loss of absorbance at 363 nm. The expected merger of a

and B bands due to reduction of heme that results in a 550 nm peak occurred. There may be a
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slight increase in absorbance at 452 nm when dithionite is added to CMZ with CYP2B6, but there

is a dramatic decrease at both 361 nm and 417 nm.

In Figure 4.4, we present the data of a change in absorbance time course when CMZ and
NADPH are incubated with CYP2B6 that is reconstituted with rat CPR (1:1) and lipid mixture.
During the time course, there is a loss of absorbance at 376 nm over time, but there is no

detectable corresponding increase in absorbance.

In Figure 4.5, a binding spectra of CMZ N-oxide in the presence or absence of dithionite is
presented. The addition of N-oxide resulted in a loss of absorbance at 416 nm with no
corresponding increase of any absorbance. The addition of dithionite results in a greater loss of
the band at 416 nm, and a broad absorbance increase centered around 466 nm appears.

Absorbance at 550 nm corresponding to reduction of heme also occurred.
4.3.3 LC/MS Analysis of CYP2B6 Heme and CYP2B6 Apo Protein after Inactivation

We attempted to detect any covalent modification of either the heme or apo protein via high
resolution mass spectroscopy. We employed the mass defect filtering technique described in
Chapter 3 with reconstituted CYP2B6 to attempt to identify heme adducts that may have been
formed during the inactivation process. Incubation of CMZ with reconstituted CYP2B6 also did

not yield any detectable adducts to apo protein.

4.3.4 Effects of Dialysis, Exogenous Trapping Agents, Exogenous Detoxification

Enzymes, and Exogenous Substrates upon CYP2E1 Activity

As for CYP2B6, we performed a series of activity experiments after preincubation with
various components and subsequent dialysis to obtain mechanistic information about the
mechanism of CYP2E1 inactivation. We performed one experiment focused on the effects of

NADPH, GSH, and co-incubation of chlorzoxazone (CHZ) upon CMZ inactivation of CYP2E1, and
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one experiment focused on the effects of SOD/CAT and co-incubation with ethanol. The complete

results for these experiments are presented in in Figure 4.6 and Figure 4.7.

The results for CMZ co-incubation with ethanol and SOD/CAT are presented in Figure 4.6.
Ethanol was able to block inactivation by CMZ at concentrations 10-fold higher than the reported
Km, but SOD/CAT had little or no apparent effect upon CMZ inactivation of CYP2E1. Interestingly,
treatment of HLM with ethanol in absence of NADPH resulted in the same activity as treatment
with NADPH and ethanol + NADPH.(36,37) In Figure 4.6, preincubation with NADPH alone
caused an increase in activity so ethanol maybe displacing the inhibitory compound from the

CYP2E1 active site.

In Figure 4.7, the effects of NADPH and GSH are more complicated than expected.
Preincubation of HLM with NADPH caused an increase in chlorzoxazone 6-hydroxylase activity
after dialysis, and GSH appears to also cause a smaller increase in activity combined with
NADPH. This effect of GSH seems to be eliminated when preincubated with CHZ. These
complications require comparisons with different controls to assess the contribution to changes
in CMZ mediated inactivation of CYP2E1. In Figure 4.8, we normalized and matched the
appropriate controls from Figure 4.8 to the corresponding test samples to assess the effects of
these variables, then applied a one way ANOVA with Dunnett’'s test to assess statistical
significance as compared NADPH with CMZ normalized to incubation with NADPH alone. Even
though there was some reduction in inactivation in presence of GSH (12.6%) and CHZ (4.3%)
individually, those components did not affect inactivation in a statistically significant manner. The
effects of the GSH and CHZ combination were cumulative (28.2%) and resulted in a statistically
significant change. Even though CHZ concentration was ~10-fold over K, CHZ was not effective

in competing CMZ during the CMZ inactivation of CYP2E1.
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4.3.5 UV/Vis Spectroscopy of CMZ/CMZ N-oxide Binding and Inactivation of CYP2E1

The binding spectra of CMZ with CYP2E1 is presented in Figure 4.9 in absence of dithionite
and in Figure 4.10 in presence of dithionite. As shown in Figure 4.11, we acquired spectra of
CYP2E1 reconstituted with lipid and CPR incubated with CMZ and NADPH. Figures 4.12 and
Figure 4.13 depict the spectra of CMZ N-oxide binding to CYP2E1 and illustrate the changes

caused in that spectrum by dithionite.

The addition of CMZ to CYP2E1 resulted in a clear change in absorbance in a concentration
dependent manner. There was a decrease in absorbance at 390 nm and an increase at 430 nm,
and these changes are consistent with a type Il binding mode. The addition of dithionite did not

alter this pattern (Figure 4.10).

The spectral changes caused by incubation of CMZ and NADPH with CYP2E1 reconstituted
with lipid and CPR are presented in Figure 4.11. There are two regions where losses in
absorbance increase over time. The loss 430 nm corresponds to loss of heme in the type |l
binding mode with CMZ, but the second region does not have a minimum that we can clearly

correlate to heme.

Figures 4.12 and 4.13 depict the binding spectra of CMZ N-oxide with CYP2E1. The binding
spectra of the N-oxide is that of a type Il binding mode with a minimum of 390 nm and a maximum
at 430 nm. The addition of dithionite did cause an absorbance change with the appearance of a

new absorbance peak around 450 nm and the reduction of the 430 nm peak.
4.3.6 LC/MS Analysis of CYP2E1 Heme and CYP2E1 Apo Protein after Inactivation

Although a UV/Vis active species was detected with the addition of CMZ N-oxide and
dithionite to CYP2E1, the data from UV/Vis did not clearly indicate any potential MIC or formation

of another UV/Vis active species during the incubation of CMZ and NADPH with reconstituted
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enzyme. Because there was no clear mechanism suggested by these data, we employed

LC/HRMS techniques to analyze for any heme or apo protein adducts.

We employed methods described in Chapter 3, and found a mass consistent with a
protoporphyrin IX adduct of CMZ to CYP2E1 that was mono-oxygenated. The extracted ion
current, spectra, and proposed structure of the putative adduct are presented in 4.14. The m/z
was approximately 2.7 ppm different from the expected m/z of 738.2511. We also found two
additional m/z species that were consistent with the *C and *’Cl isotope distributions expected
from the chemical composition, and those species further strengthen the identity of the adduct.
This adduct appears to be unstable as reinjection of the same sample after 2 hours resulted in no
detectable adduct. The signal was also not sufficient to obtain fragmentation so no structural
information is available beyond the elemental composition. No protein adduct was detected even
though we were able to detect the protein adduct of diethyldithiocarbamate first reported by Pratt-

Hyatt.(102)

4.3.7 Effects of Dialysis, Exogenous Trapping Agents, Exogenous Detoxification

Enzymes, and Exogenous Substrates upon CYP3A4/5 Activity

As we did for CYP2B6 and CYP2E1, we performed a series of activity experiments after
preincubation with various components and subsequent dialysis to obtain mechanistic information
about the inactivation of CYP3A4/5 using midazolam 1’-hydroxylation as the reporter activity. We
performed one experiment focused on the effects of NADPH, GSH, and SOD/CAT upon CMZ
inactivation of CYP3A4/5, and one experiment focused upon the effects of co-incubation of CMZ
with testosterone. The complete results for these experiments are presented in in Figure 4.15

and Figure 4.16.

In Figure 4.15, the effects of preincubation with NADPH, GSH, and SOD/CAT are
examined. The inhibition appears to be NADPH dependent but resistant to dialysis. There is

statistically significant apparent reduction of inhibition by GSH, and it appears that SOD/CAT may
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reduce inhibition. The reduction by SOD/CAT alone though is not statistically different, but the

effect appears to be additive with GSH.

Figure 4.16 depicts a competition experiment between testosterone and CMZ to identify if
another CYP3A4/5 substrate can compete with the TDI caused by CMZ. The concentration of
testosterone in the assay is approximately 10-fold above the reported K. value while the
concentration of CMZ is only 5-fold above K;.(299) However, co-incubation with testosterone did
not block any of the apparent TDI by CMZ. Due to solubility, testosterone concentrations could

not be increased further.

4.3.8 UV/Vis Spectroscopy of CMZ/CMZ N-oxide Binding and Inactivation of CYP3A4/5

The binding spectra of CMZ with CYP3A4 is presented in Figure 4.17. As shown in Figure
4.18, we acquired spectra of CYP3A4 reconstituted with lipid and CPR incubated with CMZ and
NADPH. Figures 4.19 depict the spectra of CMZ N-oxide binding with CYP3A4 along with the

changes caused in that spectra by dithionite.

The calculated difference binding spectrum of CMZ with CYP3A4 is similar to that of
CYP2B6. There was a clear decrease in absorbance at 417 nm, but there was no corresponding
increase at any absorbance. Therefore, we cannot classify the binding mode of CMZ with

CYP3A4.

The spectral changes caused by incubation of CMZ and NADPH with CYP3A4 reconstituted
with lipid and CPR are presented in Figure 4.18. Over time, there is a clear increase of
absorbance in the 451 nm and a decrease at 389 nm. Due to the shape of the loss of absorbance

below 451 nm, there may also be a loss of absorbance peak around 418 nm in this region.

Figures 4.19 depict the binding spectra of CMZ N-oxide with CYP3A4 in the presence and
absence of dithionite. The binding spectra of the CMZ N-oxide most resembles a type Il binding

mode with a maxima of 427 nm, but there was no corresponding loss of absorbance elsewhere
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in the region. The addition of dithionite did cause an absorbance change with the appearance of

a new absorbance peak around 448 nm.
4.3.9 LC/MS Analysis of CYP3A4 Heme and CYP3A4 Apo Protein after Inactivation

The UV/Vis absorbance data indicates that the formation of a MIC or sigma complex is
occurring, but that does not rule out the possibility of other heme or apo protein modifications.
Therefore, we employed the heme adduct detection method described in Chapter 3 and
performed whole protein LC/HRMS. However, neither of these methods detected any other
species that could be related to inactivation by CMZ. In summary, we could not detect any

covalent modification of CYP3A4 by CMZ.

4.4 Discussion
4.41 Chapter Overview and Hypothesis.

The overall goal of the entire study was to determine the probable mechanisms of TDI for
CYP isoforms by CMZ. To achieve this goal, we used Silverman’s criteria for an MBI as a guide
for examining the nature of the TDI, and we also employed techniques to directly address the
molecular target of inhibition. By combining the metabolite identification data with this additional

information, we aimed to propose rational mechanisms of inhibition.

In view of the data in Chapter 2, heme and protein could be targets of CMZ reactive
metabolites generated by CYP2B6, 2E1, and 3A4 that could result in inactivation of the enzyme.
The formation of glutathione adducts is indicative of the formation of a reactive metabolite that is
at least capable of reacting with thiol groups which are present in cysteine residues in most
proteins such as CYP enzymes. We also found an N-oxide metabolite that is a quasi-stable
carbene.(168,212,300) Numerous examples of carbenes forming either MIC or alkylating heme

exist in the literature, e.g. 1,3-benzodioxazole-containing and diaromatic vinylidene
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compounds.(52,54,84) Therefore, we had to investigate the possibility that the apo protein and

heme could be targets of CMZ reactive metabolites.

In order to investigate the formation of apo protein adducts, two methods are typically
available. Performing studies using a radiolabeled version of the compound of interest is one of
the easiest methods to at least detect the formation of an adduct to the protein. The radiolabel
can be used to detect a potential adduct through numerous methods such as SDS-PAGE followed
by autoradiography or scintillation. However, in the absence of radiolabeled CMZ, we turned to
high resolution mass spectrometry. By measuring either whole protein or digested protein via

LC/HRMS, we can search for shifts in mass corresponding to potential CMZ adducts.

To investigate the potential of heme being the target of CMZ metabolism mediated
inhibition, there are three methods that could be employed. Similar to apo proteins, heme adducts
can be investigated by HRMS and we have developed the methodology for detecting heme
adducts, which is described in Chapter 3. Additionally, one of the more traditional methods that
is used is UV/Visible absorbance. MICs typically do not survive extraction methods for heme and
protoporphyrin IX adducts since they likely require the thiol ligand of cysteine to be stable, but
these complexes have a characteristic absorbance around 455 nm.(12,54,75,76,187) Heme and
protoporphyrin that are the result of alkylations of the pyrroles or meso bridges can have disparate
UV/Vis spectra, but should be detectable if the scan range is sufficiently wide.(105,111,117,301)
The combination of these techniques can be used to attempt to identify any potential modification

of heme that could be causing the apparent TDI.

The identification of the molecular target of inhibition is essential to proposing rational
inhibition mechanisms for all three enzymes we examined. If we are able to acquire HRMS data
of the adducted apo protein or heme, the exact masses should give the elemental composition of

the adducted species. It is possible that fragmentation of the adducted species could result in
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some structural information as well. Additionally, the identification of UV/Vis active species

related to inhibition will also allow us to propose a reasonable mechanism.

4.4.2 Potential Molecular Target(s) and Mechanism(s) of CYP2B6 TDI by CMZ.

Before performing these mechanism directed studies, there was no information on the
molecular target or mechanism for CYP2B6 inhibition. The metabolite identification data in
Chapter 2 indicated that CYP2B6 produced both the glutathione adduct (M2) and the N-oxide
(M3) metabolite. Since M2 is likely the result of an S-oxide or similar species, the formation of
M2 is probably more indicative of protein adduction. Itis also possible that M2 formation is related
to a radical species that could attack the heme. M3 is most likely to be a heme modifier by either
MIC or heme adduct formation since it is a quasi-stable carbene. Therefore, we have to employ

other data to suggest a potential mechanism of inhibition.

The activity data from HLM incubations regarding the effects of dialysis, NADPH, GSH,
and SOD/CAT give some information regarding the mechanism. The inhibition observed was not
reversible by dialysis but was NADPH dependent. The addition of SOD/CAT did not reduce the
percent of inhibition, but GSH did cause a statistically significant decrease in inhibition. The most
likely interpretation of GSH-mediated reduction of inhibition is that GSH has trapped a reactive
species that has left the active site which is at least partially reasonable for the TDI observed. A
target of this potential reactive species could be outside of the active site of CYP2B6, but it is not
clear since there is no evidence that GSH is unable enter the active site of CYP2B6 or any other

CYP enzyme.

The UV/Vis absorbance data suggest that changes at the heme may be possible, but it is
not conclusive. There is evidence that the heme is being destroyed during the incubation of
reconstituted CYP2B6 with CMZ and NADPH. The loss of absorbance at 377 nm which could be
consistent with the loss of high spin character, but there is no corresponding increase of

absorbance that could suggest some sort of complex or adduct. As was shown in Chapter 3 and
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other sources, CYP enzymes can destroy their own heme through uncoupled reactions which
could explain most if not all of the spectral changes that were observed with the NADPH
incubation.(262,282) The reduction of CYP2B6 in the presence of CMZ and CMZ N-oxide
resulted in changes that may suggest some sort of MIC or sigma complex formation. The addition
of dithionite results in a loss of absorbance at 360 and 417 nm with a broad increase around 450
nm and smaller increase consistent with heme reduction at 550 nm. The addition of dithionite to
CYP2B6 with CMZ N-oxide resulted in a loss at 417 nm with a broad peak forming at
approximately 465 nm and the heme reduction peak at 550 nm. The addition of dithionite could
result in metabolism of CMZ by CYP2B6 to a metabolite such as the N-oxide and then a
subsequent formation of Ml complex or sigma complex. However, we do not have evidence to
support this supposition. Additionally, this analysis is complicated by the possibility of DTT being
able to reduce CMZ N-oxide. It is known that some heme alkylations can result in UV/Vis active
species that are higher than 450 nm so it is possible that dithionite addition to the N-oxide caused
a heme alkylation.(52,104,114) Both the CMZ and CMZ N-oxide related absorbance peaks are
not large even though we used 1 uM of enzyme so it is possible that the amount formed is low or

these species UV/Vis active species are unstable.

We generated LC/HRMS data of both the apo protein and heme after incubation of
reconstituted CYP2B6 with CPR and CMZ, but there was no direct detection of any adduct. The
rate of inactivation of CYP2B6 by CMZ is not particularly fast which would allow unstable adducts
to degrade rapidly in solution or be at such low levels that issues such as in source fragmentation
are sufficient to eliminate any detectable signal. Since we used concentrations of 1-2 uM
CYP2B6, which are at the upper limit of the dynamic range for the AB Sciex 5600 and Waters
Synapt G2 instruments for heme and apo protein detection, and the adducts are potentially

unstable, it is unlikely that we can improve our methods substantially to detect possible adducts.
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When taken together, these data do not exclude apo protein or heme as potential targets,
but it is possible that the apo protein is one target. The addition of glutathione results in a
reduction of inactivation by CMZ. This reduction of inhibition is consistent with the reactive
species leaving the active site and adducting a target outside of the active site since it is believed
that GSH is not able to enter the active site. M2 is the result of a GSH trapping so it is the most
likely species we have identified that is related to the inactivation of CYP2B6. One of the most
likely species for this type of reactivity is an S-oxide, and reaction scheme for thiol from either a
protein or GSH is presented in Figure 4.20.(174,175) This indirect evidence suggests that protein

could be a target, but it does not exclude heme also being effected.

4.4.3 Potential Molecular Target(s) and Mechanism(s) of CYP2E1 TDI by CMZ.

Similar to CYP2B6, the previous data did not exclude apo protein or heme from being the
molecular target of CMZ TDI with CYP2E1. M2 and M3 were both present in the recombinant
incubations which would be consistent with either protein or heme as a target. Therefore, other

assays were necessary to identify the molecular target of inhibition.

We measured the remaining activity from HLM incubations that after preincubation with
various components, such as GSH, other CYP2E1 substrates, NADPH, and SOD/CAT, and
dialysis, and the data from those assays were more complex than that of CYP2B6. Preincubation
with NADPH and GSH appear to increase the activity of CYP2E1 after dialysis unless ethanol is
added to the preincubation. The addition of NADPH likely leads to metabolism of an endogenous
inhibitor in the HLM which is displaced or solvated by ethanol so that could be removed from the
microsomes in the incubation. The solubilized inhibitor could then have been removed by the
dialysis step. GSH appears to cause increases in activity with or without NADPH also in the
preincubation. Therefore, GSH may not just trap reactive species, but GSH may also serve as a
post translational modification (PTM) or a regulator of PTM.(302-307) Glutathionylation is a

known PTM that can occur with cells undergoing oxidative stress that can alter the function of
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proteins, such as those in the mitochondria. It is possible that CYP2E1 in our HLM preparation
may be glutathionylated and the addition of GSH removes the glutathionylation by forming GSSG.
It is possible that this removal of the PTM could result in higher activity of CYP2E1 as was seen
with our incubations. These complications led us to the paired normalizations that we used to

interpret our results from these assays.

Our results from these activity assays indicate that the majority of the inhibition for
CYP2E1 is likely due to a NADPH dependent species that does not leave the activity site, and
that CYP2E1 possibly fits Silverman’s criteria for an MBIl. The addition of SOD/CAT appeared to
have no detectable effect upon the inhibition by CMZ so uncoupled reactive oxygen species
released from CYP2E1 have little or no contribution to CYP2E1 TDI. It appears GSH has a very
mild effect upon the apparent TDI by CMZ that is only statistically significant when combined with
the co-incubation NADPH and chlorzoxazone (CHZ), a CYP2E1 substrate so the inactivation of
CYP2E1 by CMZ is mostly due to the formation of the inactivating species in the active site without
release. We used two CYP2E1 substrates, chlorzoxazone and ethanol, at concentrations at least
10-fold above their reported K, to attempt to compete against the inactivating reaction of CYP2E1
TDI, and only ethanol was truly successful. It is not clear whether this is a result of binding site
differences or insufficient concentrations of CHZ to compete against CMZ inactivation of CYP2E1,
but inactivation by CMZ can be inhibited by a substrate of CYP2E1. All of these parameters for

the inactivation fit with Silverman’s criteria for a MBI.

Even though the HLM activity data indicated that the target was likely in the active site,
further experiments were required to determine the molecular target of inhibition. We performed
UV/Vis experiments and LC/HRMS experiments of apo protein and heme to identify the molecular
target of inhibition similarly to CYP2B6. While the UV/Vis data is inconclusive, the LC/HRMS data

indicate heme is a target of CMZ inactivation of CYP2E1.
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The UV/Vis absorbance data for CYP2E1 was slightly more indicative of the mechanism
and molecular target of inhibition, but it was inconclusive. Unlike CYP2B6, we were able to
generate CMZ and CMZ N-oxide binding spectra that were clearer in their interpretation. CMZ
and CMZ N-oxide produced clear Type Il spectra with CYP2E1. Dithionite had no discernable
effect upon CMZ binding but did cause the formation of an increase in absorbance at 448 nm
when N-oxide is present. The presence of the 448 nm species would be consistent with the
formation of an Ml complex or sigma complex from the N-oxide metabolite.(54,83,84,110)
However, the incubation of reconstituted CYP2E1 with CMZ only yielded the loss of absorbance
at 430 nm and no increase in absorbance at any wavelength including 448 nm. These data
indicate that CMZ N-oxide, which is generated by CYP2E1, can form a complex with heme in
CYP2E1, but it is not clear whether that complex forms or is stable when generated by metabolic

turnover.

The HRMS data indicate that heme is likely the only molecular target of inhibition by CMZ.
We could not detect any protein adducts from CMZ incubations in multiple attempts by both whole
protein and trypsin digests even though we could reproduce the protein adducts of
diethyldithiocarbamate.(102) However, we did detect a PPIX adduct consistent with the addition
oxygen to CMZ. Since CMZ N-oxide is a stable carbene, the N-oxide metabolite could have
formed a Ml complex then migrated to the nitrogen of a pyrrole or bridged two pyrroles which
resulted in the loss of iron as depicted in Figures 4.14 and 4.21. These adducts are not stable
and will degrade rapidly at room temperature as evidenced by their disappearance after 2 hours
when the same sample is reinjected (data not shown). The optimal incubation time for generating
these adducts appeared to be 5 minutes since longer incubation times led to lack of detectable
adducts, but shorter times also led to even lower signal. The probable structures of a CMZ N-
oxide related heme adduct contains 3 or 4 electronegative heteroatoms directly attached to the

carbon where the carbene would initially exist. These configurations would leave the carbon
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highly electrophilic and could lead to the apparent instability of the adduct. While it is possible
that there is an unstable protein adduct, we are able to clearly detect an unstable PPIX adduct

that would explain the inactivation of CYP2E1 by CMZ.
4.4.4 Potential Molecular Target(s) and Mechanism(s) of CYP3A4/5 TDI by CMZ.

As with CYP2B6 and CYP2E1, CYP3A4 and CYP3A5 generated both M2 and M3 so we
were unable to propose the molecular target of inhibition by CMZ from data in Chapter 2.
Therefore, we had to employ the same activity assays, UV/Vis methods, and HRMS methods
used with CYP2B6 and CYP3A4 to identify the potential targets of inhibition and to propose a

mechanism of inhibition.

We employed similar activity assays with HLM as we did with CYP2B6 and CYP2E1 to
examine the influence of various factors upon CMZ inactivation of CYP3A4/5. The inactivation of
CYP3A4/5 by CMZ was shown to be NADPH dependent and resistant to dialysis. The addition
of SOD/CAT to the preincubation may have caused a slight increase in activity, but it was not
statistically significant. The addition of GSH to the preincubation did cause a statistically
significant reduction in apparent inhibition by CMZ. In the case of CYP3A4/5, it is most likely that
GSH is trapping a reactive species that has left the active site which is lowering the overall
inhibition, but we do not have evidence to fully exclude other possibilities. There are at least two
possible alternative explanations for the apparent changes in activity. It is possible that
glutathionylation can alter CYP3A4/5 activity in a substrate specific manner which results in
lowering CMZ inactivation but changing not 1’-hydroxymidazolam formation. Also, midazolam is
a known TDI, but the mechanism is not known. GSH may serve to protect CYP3A4/5 from
reactive species generated from midazolam metabolism that would retain 1’-hydroxymidazolam
activity. Since midazolam is a known TDI, we avoided midazolam and used testosterone as the
competitive substrate for the competition experiment with CMZ inactivation.(32,98) We did not

see any effect of testosterone upon the apparent inhibition which could be the result of multiple
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factors including: the lack of a shared active site between testosterone metabolism and CMZ
metabolism that results in inactivation, insufficiently high concentrations of testosterone to
compete with the CMZ concentration used in the assay, and the multiple site binding nature of
testosterone simultaneously enhancing the rate of inactivation when CMZ is bound in the active
site and competing at the binding site of CMZ bioactivation. These activity results suggest apo
protein could be a target, but we required more evidence for determining the molecular target of
inhibition.

In the case of CYP3A4, the UV/Vis absorbance data indicate that heme is a molecular
target of CMZ inhibition of CYP3A4. The binding spectra of reconstituted CYP3A4 is similar to
that of CYP2B6 with a loss of absorbance at 417 nm and no corresponding increase at any
wavelength. The binding spectra of CMZ N-oxide is similar to Type Il with absorbance increasing
at 429 nm, but there is no corresponding decrease in absorbance. When dithionite is added, the
429 nm absorbance peak decrease, but a new maximum appears at 451 nm. The time course of
reconstituted CYP3A4 with CPR and incubated with NADPH and CMZ resulted in a loss of
absorbance at 389 nm and a broad increase in absorbance at 451 nm. These changes in
absorbance are consistent with the loss of high spin and the gain of a Ml or Sigma complex, and
the appearance of the 451 nm maximum closely resembles the spectra of CYP3A4 in the CMZ
N-oxide and dithionite.(54,83,84,110) Since CYP3A4 can produce the CMZ N-oxide metabolite
and the 451 nm absorbance peak exists in the time course of CMZ inactivation, we propose that
CYP3A4 is inhibited by CMZ at least partially through the generation of an N-oxide metabolite

which then forms a Ml or sigma complex with CYP3A4.

To further investigate the nature of CMZ inactivation, we performed LC/HRMS analysis of
apo protein and heme as we did with the other isoforms. Our analysis of whole protein and heme

did not yield any detectable adducts. Again, the lack of detectable adducts using our methods
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does not exclude the possibility of unstable species being formed that did not survive our analysis

procedure.

We suggest that CYP3A4 undergoes a process of inhibition similar to CYP2E1, as
presented in Figure 4.21. It is clear that we have formation of a heme modification that is very
likely to be a Ml or sigma complex formed with M3, but it is not clear why this complex does not
rearrange into detectable amounts of a heme or PPIX adduct as is likely the case with CYP2E1.
It is possible that the active site topology of CYP3A4 could restrict migration of CMZ N-oxide to
pyrrole nitrogens or otherwise stabilize the MI or sigma complex that is initially formed.
Additionally, the rate of CYP3A4/5 inactivation is far slower than that of CYP2E1 so it is also
possible that the rearranged product does not build up to sufficient concentrations that are

detectable.

4.5 Conclusions

In this chapter, we have investigated the mechanisms of apparent TDI for CYP2B6,
CYP2E1, and CYP3A4/5. Even though the depth and strength of evidence that can be employed
to propose mechanisms of inhibition vary significantly from isoform to isoform, these isoforms
have common elements in their inhibition by CMZ. Each of these isoforms is inhibited by NADPH
dependent processes that follow an enzyme kinetic model for inactivation and the inhibition is not
reversible via dialysis. The reduction of inhibition by the addition of GSH with all three isoforms
suggests the possibility of reactive metabolites inhibiting these enzymes after release from the
active site. If this supposition is true then none of these enzymes are undergoing a process that
is a true MBI as set forth by Silverman’s criteria.(11) However, we have not found direct evidence
that apo protein is the target of CMZ inhibition, and other explanations can be applied to explain
at least some of the apparent reduction of activity loss. Additionally, SOD/CAT had no influence

upon any of the inactivation seen with any of the isoforms so the release of reactive oxygen
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species from the active site plays no discernable role in the process of inhibiting any of these

isoforms by CMZ.

The weakest level of mechanistic evidence for inhibition of the isoforms is that of CYP2B6.
The data for CYP2B6 is somewhat conflicted and weak since we have only indirect evidence that
can suggest that apo protein or heme. Both M2 and M3 are formed by CYP2B6 metabolism of
CMZ which leave both targets as being possible. Reduction of CMZ inhibition by GSH would be
consistent with an apo protein modification since catalytically relevant heme exists only in the
active site, but there are potential caveats such as glutathionylation. The UV/Vis spectral data
are fairly weak since the inactivation of the enzyme does not yield any UV/Vis active peak that is
informative. The data related to dithionite reduction of CYP2B6 does show that there may be
interactions of CMZ and M3, but the absorbance changes are not as large or dramatic as was
seen with CYP2E1 and especially CYP3A4. The HRMS analysis of CYP2B6 apo protein and
heme yielded no adduct so we cannot definitively assign whether the mechanism from Figures

4.20 and 4.21 or another mechanism are operating during the inactivation process.

We have direct evidence for the inhibition of CYP2E1 and CYP3A4/5 that are consistent
with the modification of heme and the inhibition of these isoforms is likely due, at least in part, by
the formation of the N-oxide metabolite (M3). In the case of CYP2E1, we directly measured an
unstable PPIX adduct corresponding to the m/z of mono oxygenated CMZ and protoporphyrin IX.
For CYP3A4/5, we matched the UV/Vis maxima peak of the M3 in a reduced CYP3A4 complex
with the spectra from a time course of inactivation of reconstituted CYP3A4 with CPR. Since M3
is a quasi stable carbene, it is likely that CYP2E1 and CYP3A4 initially form the same complex
with M3 that either mostly remains as an MI or Sigma complex, as in the case of CYP3A4, or
rapidly rearranges to a protoporphyrin IX adduct, as in the case of CYP2E1. These data are the
first to strongly support the idea of thiazole N-oxides irreversibly inhibiting CYP enzymes, and this

discovery can serve to inform drug design in the future.
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4.6 Future Directions

Potential directions for the further investigation of CMZ are numerous. We did not generate
sufficient data to strongly suggest the mechanism of CYP2B6 inhibition by CMZ, and we did not
rule out other contributors to the inactivation of CYP2E1 and CYP3A4/5 so it is possible to further
investigate CMZ in this regard. We have only scratched the surface of allosterism with CYP3A4/5
since our model is only really descriptive. Also, we have not used our selectivity data to assess
the potential impact and dosing of CMZ upon DDI and CYP2E1 mediated toxicity, such as

acetaminophen and alcohol induced steatosis.(1,17,63,204,205,207,308-314)

Even though we have substantial support for the involvement of the N-oxide in the
inactivation of CYP2E1 and CYP3A4/5, we do not have clear mechanistic evidence for inhibition
of CYP2B6, and we cannot exclude the contribution of other metabolites to the inactivation of
these isoforms. Since we used high concentrations of purified enzymes to perform our analyses,
it is unlikely we can choose a better system to perform these experiments. Therefore, we have
only two avenues available to us that could improve our chances at detecting potential adducts.
The first is the further optimization of our current methods for generating and detecting apo protein
and heme adducts, and the second is the generation of site specific labeled or modified versions

of chlormethiazole that can alter the rates or even mechanisms of inactivation.

During our studies, we found that heme adducts in purified reconstituted systems tended to
form rapidly, but often would degrade when incubation times were extended beyond 5 to 10
minutes. Additionally, increasing the CPR to CYP ratio also appeared to be deleterious in some
cases. Adducts formed in microsomal incubations tended to require longer incubation times and
appeared to be more stable. This observation is in line with the lower CPR to CYP ratio in LM as
compared to reconstituted systems. It is possible that we did not test sufficient conditions to
optimize the conditions for CYP2B6 or CYP3A4 to detect heme adducts nor did we optimize the

incubation times for apo protein sufficiently. More testing with various known adduct forming
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compounds could be done to more fully optimize the conditions for a broad selection of
compounds, and those conditions could be applied to these enzymes to improve the chances of

detecting any adduct.

Modification of CMZ by isotope labeling or other means could be useful in determining the
mechanism of inhibition for CMZ for CYP2B6 and in adding more mechanistic information for
CYP2E1 and CYP3A4/5, but there are other issues. We have attempted to synthesis the
deuterated C-4 methyl analog, but we had encountered three major issues. The incorporation of
deuterium was one of the biggest roadblocks since the deuterium must be incorporated early in
the total synthesis of the compound and the deuterium must be retained during the rest of the
process. We have mostly alleviated this issue with 97% deuterium content at that C-4 methyl,
but issues of purification and vyield still remain. There is a contaminant of similar mass and
chromatographic properties that is present in the preparation we have so far. Even though CMZ
is the major species, any detectable contaminant of similar mass could raise issues with the
interpretation of experiments comparing the labeled and unlabeled compounds, such as kinetic
isotope experiments. Even though we had used flash chromatography to prepare the compound,
we were unable to remove the contaminating species during this purification. It is possible that
we need to use reversed phase chromatography to remove the contaminant. As also mentioned,
the yield was low from our process as about 1 gram of starting material yielded only 21 mg of D3
sample. Further optimization maybe required in order to generate sufficient material for further
purification and use in subsequent experiments. The deuterium labeling of the C-2 carbon and
chlorethyl carbons should be possible, but these processes will need substantial optimization.
We do not have a means of blocking or dramatically slowing the rate of oxidation at nitrogen or
sulfur without dramatic changes that could cause difficulty interpretation. Isotope labeling of
nitrogen would not result in a detectable change in inactivation rates and alkylation would cause

the formation of ylide that can act in a similar manner as the N-oxide. Isotope labeling of sulfur is
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practically useless since the percentage change in mass between sulfur isotopes is even smaller
than nitrogen. Selective alkylation or oxidation of the sulfur does not seem possible with our

current synthesis route so there may not be a viable path forward.

There is much work that could be done in regards to the effects of CMZ allosterism with
CYP3A4/5. The identification of the binding sites could be investigated through methods such
NMR, crystallography, or hydrogen-deuterium exchange mass spectrometry. Binding site
affinities could be investigated by the use of kinetics of metabolite formation of CMZ or other
binding methods such as surface plasmon resonance (SPR).(28,269,315-321) Since itis possible
that the increase in 1’-hydroxymidazolam turnover could be a function of better coupling or
changes in CYP3A4 structure that increases in rates of metabolite formation, these avenues can

be investigated as well.

Most studies that employ CMZ to inhibit CYP2E1 in vitro or in vivo do so without regard to
concentrations required to selectively inhibit CYP2E1 as cleanly as possible.(1,151,204-
207,322,323) The ideal dosing regimen for CMZ should maintain concentrations high enough to
suppress CYP2E1 activity nearly completely, but those same concentrations should not
substantially affect the activity of other CYPs and should not approach the concentrations required
for GABAA agonism.(140,142,324,325) With our in vitro kinetic data and in vivo data of CMZ
disposition, we should be able to estimate dosing regimens using PBPK modelling that would
fulfill those requirements and validate those regimens. It would then be finally possible to interpret
the real effects of CYP2E1 inhibition upon any disease or condition mediated by CYP2E1

metabolism.
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Figure 4.1 Effects of NADPH, GSH, and SOD/CAT upon CYP2B6 Inactivation in HLM

Incubations
100 yM CMZ preincubated with HLM in various combinations of NADPH, GSH, and SOD/CAT

and the remaining CYP2B6-mediated bupropion hydroxylase activity was assessed after
dialysis.

194



200+

150+

100+

50

OH-Bupropion (nM)

Figure 4.2 Effects of Dialysis and Co-incubation of CMZ with Bupropion upon TDI of

CYP2B6 in HLM Incubations
100 uM CMZ, 500 uM bupropion, or both were preincubated with HLM and the remaining

CYP2B6-mediated bupropion hydroxylase activity was assessed after dialysis.
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Figure 4.3 Calculated Difference Binding Spectra of CMZ with CYP2B6 Reconstituted
with Lipid

CMZ was added at various concentration to detect spectral changes associated with CMZ
binding. The reference cuvette contains all of the same components as the sample cuvette
except CYP2B6 reconstituted with lipid only. In panel A, all spectra were calculated in reference
to the enzyme only scan that was set as the baseline. In panel B, the spectra for 1.25 mM CMZ
were used as a reference to identify changes caused by dithionite.
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Figure 4.4 Time Course of Calculated Difference Spectra of CYP2B6 Inactivation by CMZ
To detect time dependent changes of CYP2B6 UV/Vis spectra related to CMZ inactivation, 1.25
mM of CMZ was added to CYP2B6 reconstituted with lipid and CPR, and the reaction was
initiated with NADPH. The reference cuvette contained all components except reconstituted
enzyme. The initial scan was obtained after the addition of NADPH, and each subsequent scan
is normalized against that scan to show time dependent effects related to CMZ inactivation of
CYP2B6.
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Figure 4.5 Calculated Difference Spectra of CMZ N-oxide with CYP2B6 Reconstituted
with Lipid

CMZ N-oxide and dithionite were added to CYP2B6 reconstituted with only lipid to identify the
binding mode of CMZ N-oxide and to explore whether CMZ N-oxide could form a Ml or sigma
complex wth CYP2B6. The reference cuvette contains all of the same components as the
sample cuvette except CYP2B6 reconstituted with lipid only. All spectra were calculated in
reference to the enzyme only scan that was set as the baseline.
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Figure 4.6 Effects of Dialysis, Ethanol, and SOD/CAT upon CMZ Inactivation of CYP2E1
in HLM Incubations

100 uM CMZ, 110 mM ethanol, NADPH, and SOD/CAT were preincubated with HLM in various
combinations, and the remaining CYP2E1-mediated chlorzoxazone 6-hydroxylase activity was
assessed after dialysis.
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Figure 4.7 Effects of Dialysis, NAPDH, GSH, and CHZ upon CMZ Inactivation of CYP2E1
in HLM Incubations

100 uM CMZ, 500 uM chlorzoxazone, NADPH, GSH, and SOD/CAT were preincubated with
HLM in various combinations, and the remaining CYP2E1-mediated chlorzoxazone 6-
hydroxylase activity was assessed after dialysis.
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Normalized Activity Remaining

Figure 4.8 Effect upon Normalized Activity of Various Preincubation Components upon
CMZ Inactivation of CYP2E1 in HLM Incubations

Activities from Figure 4.6 were normalized in pairwise by matching incubation components to
the member of the pair not containing CMZ being set as 100% activity.

*: Indicates statistical significance (p < 0.05) as compared to CMZ + NADPH sample
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Figure 4.9 Calculated Difference Binding Spectra of CMZ with CYP2E1 Reconstituted
with Lipid
CMZ was added at various concentration to detect spectral changes associated with CMZ

binding. The reference cuvette contains all of the same components as the sample cuvette
except CYP2E1 reconstituted with lipid only. All spectra were calculated in reference to the
enzyme only scan that was set as the baseline.
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Figure 4.10 Effect of Dithionite upon Calculated Difference Binding Spectra of CMZ with
CYP2E1 Reconstituted with Lipid

Dithionite was added to CYP2E1 was added to detect spectral changes associated with heme
reduction and CMZ binding. The reference cuvette contains all of the same components as the
sample cuvette except CYP2E1 reconstituted with lipid only. All spectra were calculated in
reference to the enzyme only scan that was set as the baseline.
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Figure 4.11 Time Course of Calculated Difference Spectra of CYP2E1 Inactivation by
CcMz

To detect time dependent changes of CYP2E1 UV/Vis spectra related to CMZ inactivation, 1
mM of CMZ was added to CYP2E1 reconstituted with lipid and CPR, and the reaction was
initiated with NADPH. The reference cuvette contained all components except reconstituted
enzyme. The initial scan was taken after the addition of NADPH, and each subsequent scan is
normalized against that scan to show time dependent effects related to CMZ inactivation of
CYP2E1.
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Figure 4.12 Calculated Difference Binding Spectra of CMZ N-oxide with CYP2E1
Reconstituted with Lipid Alone

CMZ N-oxide and dithionite were added to CYP2E1 reconstituted with only lipid to identify the
binding mode of CMZ N-oxide with CYP2E1. The reference cuvette contains all of the same
components as the sample cuvette except CYP2E1 reconstituted with lipid only. All spectra
were calculated in reference to the enzyme only scan that was set as the baseline.
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Figure 4.13 Effect of Dithionite upon Calculated Difference Binding Spectra of CMZ N-
oxide with CYP2E1 Reconstituted with Lipid

CMZ N-oxide and dithionite were added to CYP2E1 reconstituted with only lipid to identify the
binding mode of CMZ N-oxide and to explore whether CMZ N-oxide could form a Ml or sigma
complex wth CYP2B6. The reference cuvette contains all of the same components as the
sample cuvette except CYP2B6 reconstituted with lipid only. All spectra were calculated in
reference to the enzyme only scan that was set as the baseline.
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Figure 4.14 Extracted lon Current (A), TOF Spectra (B), and Proposed Structure of the
Putative CMZ N-oxide Protoporphyrin IX Adducts from Reconstituted CYP2E1 Incubation
(C)

CYP2E1 reconstituted with lipid and CPR was incubated with CMZ for 5 minutes, and the heme
adduct detection method from Chapter 3 was applied. Panel A is the extracted ion current (XIC)
of the only species consistent with a CMZ related heme or protoporphyrin IX adduct. Panel B
shows the spectra from the peak identified in the XIC. Panel C depicts two possible
configurations of a N-oxide related adduct that match the putative adduct.
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Figure 4.15 Effects of NADPH, GSH, and SOD/CAT upon CYP3A4/5 Inactivation in HLM
Incubations

10 mM of CMZ was preincubated with HLM in various combinations of NADPH, GSH, and
SOD/CAT and the remaining CYP3A4/5-mediated midazolam 1’-hydroxylase activity was
assessed aftfer dialysis.
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Figure 4.16 Effects of Dialysis and Co-incubation of CMZ with Testosterone upon TDI of
CYP3AA4/5 in HLM Incubations

10 mM CMZ, 400 pM testosterone, or both were preincubated with HLM and the remaining
CYP3A4/5-mediated midazolam 1’-hydroxylase activity was assessed after dialysis.
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Figure 4.17 Calculated Difference Spectrum of CMZ Binding with CYP3A4 Reconstituted
with Lipid

5 mM CMZ was added to detect spectral changes associated with CMZ binding. The reference
cuvette contains all of the same components as the sample cuvette except CYP3A4
reconstituted with lipid only. All spectra were calculated in reference to the enzyme only scan
that was set as the baseline.
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Figure 4.18 Calculated Difference Spectrum of CYP3A4 Reconstituted with Lipid and
CPR Incubated with 5 mM CMZ and NADPH

To detect time dependent changes of CYP3A4 UV/Vis spectra related to CMZ inactivation, 5
mM of CMZ was added to CYP3A4 reconstituted with lipid and CPR, and the reaction was
initiated with NADPH. The reference cuvette contained all components except reconstituted
enzyme. The initial scan was taken after the addition of NADPH, and each subsequent scan is
normalized against that scan to show time dependent effects related to CMZ inactivation of
CYP3A4.
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Figure 4.19 Effect of Dithionite upon Calculated Difference Binding Spectra of CMZ N-
oxide with CYP3A4 Reconstituted with Lipid

CMZ N-oxide and dithionite were added to CYP3A4 reconstituted with only lipid to identify the
binding mode of CMZ N-oxide and to explore whether CMZ N-oxide could form a Ml or sigma
complex wth CYP3A4. The reference cuvette contains all of the same components as the
sample cuvette except CYP3A4 reconstituted with lipid only. All spectra were calculated in
reference to the enzyme only scan that was set as the baseline.
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Figure 4.20 Proposed Reactivity of CMZ S-Oxide
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Figure 4.21 Proposed Schemes of Inactivation of CYP via CMZ N-oxide
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Appendix 1 LC/MS/MS Conditions for Phenacetin O-Deethylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of acetaminophen and acetaminophen-D3; were collected and integrated by Analyst

(version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:

Flow Rate:

IS:

Sample Tray Temperature:
Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAS1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 0% (0 — 1.3 min), 100% (1.6 - 4 min), 0% (4.1 - 7 min)
500 pL/min

Acetaminophen-D3 (100 nM)

4°C

10 L

Positive
35
600°C
60

60
5000 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 Time DP EP CE CXP
m/z m/z (ms)
Acetaminophen 152.1 110.0 75 60 10 25 15
Acetaminophen-Ds | 155.1 | 111.0 75 60 10 25 15
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Appendix 2 LC/MS/MS Conditions for Coumarin 7-Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of 7-OH coumarin and 7-OH-coumarin-'3Cs were collected and integrated by

Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions

Column: Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Column Temperature: Ambient
Needle Wash: Acetonitrile/methanol

Mobile Phases:

Gradient: (B) 0% (0 — 0.8 min), 100% (3.0 min), 0% (3.1 - 6 min)
Flow Rate: 500 pL/min
I1S: 7-OH-Coumarin-"3Cs (100 nM)

Sample Tray Temperature:

(A) 0.1% formic acid in water
(B) 0.1% formic acid in acetonitrile

4°C

Sample Injection Volume: 10 pL
MS Conditions
lonization Mode Negative
Curtain Gas: 35
Temperature: 600°C
GAS1: 60
GAS2: 60
lon Spray Voltage: -4500 V
CAD Gas: Medium
Multiple Reaction Monitor (MRM) Conditions:
Q1 Q3 Time DP EP CE CXP
m/z m/z (ms)
7-OH-Coumarin 160.9 | 133.0 150 -86 -10 -28 -21
7-OH-Coumarin-"3Cs 166.0 | 138.0 150 -86 -10 -28 -21
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Appendix 3 LC/MS/MS Conditions for Bupropion Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of OH-bupropion and OH-bupropion-Ds were collected and integrated by Analyst

(version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:
IS:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAST1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 0% (0 — 0.8 min), 100% (3.0 min), 0% (3.1 - 6 min)

500 pL/min

OH-Bupropion-Ds (100 nM)

4°C

10 L

Positive
35
600°C
60

60
5000 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 Time DP EP CE CXP
m/z m/z (ms)
OH-Bupropion 256.1 | 131.1 100 60 10 35 11
OH-Bupropion-Ds 262.1 | 138.0 100 60 10 35 11
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Appendix 4 LC/MS/MS Conditions for Amodiaquine O-Deethylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of desethylamodiaquine and desethylamodiaquine-Ds were collected and
integrated by Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were as
follows:

LC Conditions

Column: Thermo Fisher Hypurity C4 2.1 x 50 mm, 5 p (Waltham, MA)
Column Temperature: Ambient
Needle Wash: 0.3% Formic Acid in Acetonitrile
Mobile Phases: (A) 0.3% formic acid in water
(B) 0.3% formic acid in acetonitrile
Gradient: (B) 0% (0 — 0.8 min), 100% (3 - 4 min), 0% (4.1 - 7 min)
Flow Rate: 500 pL/min
IS: Desethylamodiaquine-Ds (100 nM)

Sample Tray Temperature: 4°C
Sample Injection Volume: 10 pL
MS Conditions

lonization Mode Positive
Curtain Gas: 35
Temperature: 600°C
GAST1: 60
GAS2: 60

lon Spray Voltage: 5000 V
CAD Gas: Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 | Time DP EP CE CXP

m/iz | m/iz | (ms)
Desethylamodiaquine 256.1 | 131.1 | 100 70 10 27 16

Desethylamodiaquine-Ds | 262.1 | 138.0 | 100 70 10 27 16
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Appendix 5 LC/MS/MS Conditions for Tolbutamide Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of OH-tolbutamide and OH-tolbutamide-Dg were collected and integrated by Analyst

(version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:
IS:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAST1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 0% (0 — 0.8 min), 100% (3 - 4 min), 0% (4.1 - 7 min)

500 pL/min

Hydroxytolbutamide-Dg (100 nM)

4°C

10 L

Positive
35
600°C
60

60
5000 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 | Time | DP EP CE CXP
m/z | m/z | (ms)

OH-Tolbutamide

287.1 | 188.2 | 100 70 10 17

OH-Tolbutamide-Dg

oo

296.1188.2 ] 100 70 10 17
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Appendix 6 LC/MS/MS Conditions for Mephenytoin Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of OH-mephenytoin and OH-mephenytoin -Ds were collected and integrated by

Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:
IS:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAST1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 0% (0 — 0.8 min), 100% (3 - 4 min), 0% (4.1 - 7 min)

500 pL/min

Hydroxymephenytoin-Ds (100 nM)

4°C

10 L

Positive
35
600°C
60

60
5000 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 | Time | DP EP CE CXP
m/z | m/z | (ms)

OH-Mephenytoin

235.0 | 150.0 | 150 80 10 30 14

OH-Mephenytoin-D3

238.0 | 150.0 | 150 80 10 30 14
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Appendix 7 LC/MS/MS Conditions for Dextromethorphan O-Demethylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of dextorphan and dextorphan-Ds were collected and integrated by Analyst (version
1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions

Column: Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)

Column Temperature: Ambient

Needle Wash: Acetonitrile/methanol

Mobile Phases: (A) 0.1% formic acid in water
(B) 0.1% formic acid in acetonitrile

Gradient: (B) 0% (0 — 1 min), 25% (1.1 min), 35% (2 min), 100% (4 min),
0% (4.1 - 7 min)

Flow Rate: 500 pL/min

IS: Dextorphan-Ds3 (100 nM)

Sample Tray Temperature: 4°C
Sample Injection Volume: 10 pL

MS Conditions
lonization Mode Positive
Curtain Gas: 35
Temperature: 600°C
GAS1: 60
GAS2: 60
lon Spray Voltage: 5000 V
CAD Gas: Medium
Multiple Reaction Monitor (MRM) Conditions:
Q1 Q3 | Time DP EP CE CXP
m/z | m/z | (ms)
Dextorphan 258.1 | 157.0 | 75 60 10 25 14
Dextorphan-D3 261.1 |1 157.0| 75 60 10 25 14
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Appendix 8 LC/MS/MS Conditions for Chlorzoxazone 6-Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of 6-OH chlorzoxazone and 6-OH chlorzoxazone-"Cs were collected and integrated
by Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions

Column: Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Column Temperature: Ambient
Needle Wash: Acetonitrile/methanol

Mobile Phases:

(A) 0.1% formic acid in water
(B) 0.1% formic acid in acetonitrile

Gradient: (B) 0% (0 — 0.8 min), 100% (1.8 - 3 min), 0% (3.1 - 5 min)
Flow Rate: 500 pL/min
IS: 6-OH Chlorzoxazone-"3Cg (100 nM)

Sample Tray Temperature:

4°C

Sample Injection Volume: 10 pL
MS Conditions
lonization Mode Negative
Curtain Gas: 35
Temperature: 500°C
GAS1: 60
GAS2: 60
lon Spray Voltage: -4200 V
CAD Gas: Medium
Multiple Reaction Monitor (MRM) Conditions:
Q1 Q3 | Time DP EP CE CXP
m/z | m/z | (ms)
6-OH Chlorzoxazone 184.0 | 120.0 | 50 -70 -10 -26 -19
6-OH Chlorzoxazone-"*C¢ | 192.0 | 125.0 | 50 -80 -10 -26 -19
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Appendix 9 LC/MS/MS Conditions for para-Nitrophenol Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of p-nitrocatechol and p-nitrocatechol-'>Cs were collected and integrated by Analyst
(version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Isocratic:
Flow Rate:
IS:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAST1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)

Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile
(B) 30%

500 pL/min

p-Nitrocatechol-'*Cs (100 nM)

4°C

10 L

Negative
35
500°C
60

60

-4200 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 | Time | DP EP CE CXP
m/z | m/z | (ms)
p-Nitrocatechol 153.8 | 123.8 | 100 -80 -10 -24 -9
p-Nitrocatechol-"*Cs 159.9 | 130.0 | 100 -80 -10 -24 -9
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Appendix 10 LC/MS/MS Conditions for Midazolam 1’-Hydroxylase and 4-Hydroxylase

Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of 1’-OH midazolam, 4-OH midazolam, and 1’-hydroxymidazolam-D3; were collected
and integrated by Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were

as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:
IS:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAS1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 y (Santa Clara, CA)

Ambient

Acetonitrile/methanol
(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile
(B) 0% (0 - 0.8 min), 35% (3 min), 100% (3.5 min), 0% (3.6-6 min)

500 pyL/min

1’-OH Midazolam-D4 (100 nM)

4°C
10 pL

Positive
35
600°C
60

60
5000 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 | Time | DP EP CE CXP
m/iz | m/iz | (ms)
1’-OH Midazolam 342.0 | 203.1 | 150 80 10 37 14
4-OH Midazolam 342.0 | 297.0 | 150 80 10 35 14
1’-OH Midazolam-D4 346.0 | 203.1 | 150 80 10 35 14
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Appendix 11 LC/MS/MS Conditions for Testosterone 6B-Hydroxylase Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of 63-OH testosterone and 63-OH testosterone-D3s were collected and integrated by

Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:
IS:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions

lonization Mode

Curtain Gas:
Temperature:

GAST1:

GAS2:

lon Spray Voltage:

CAD Gas:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 0% (0 - 0.8 min), 100% (3-4 min), 0% (4.1-7 min)

500 pL/min

63-OH Testosterone-D3 (100 nM)

4°C

10 L

Positive
35
650°C
60

60
5000 V
Medium

Multiple Reaction Monitor (MRM) Conditions:

Q1 Q3 | Time | DP EP CE CXP
m/z | m/z | (ms)

63-OH Testosterone

305.0 | 269.0 | 150 60 10 22 11

6B-OH Testosterone-D3

308.0 | 272.0 | 150 60 10 22 11

225




Appendix 12 LC/MS/MS Conditions for Nifedipine Dehydrogenation Assay

The LC/MS system was composed of an UHPLC (Waters H Class, Milford, MA) and a triple
quadrupole mass spectrometer (SCIEX API-4000 QTrap, Applied Biosystems, Framingham, MA).
Peak areas of dehydronifedipine and dehydronifedipine-Ds were collected and integrated by

Analyst (version 1.6, Applied Biosystems, Framingham, MA). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:
IS:

Agilent Zorbax XDB-C18 2.1 x 50 mm, 5 p (Santa Clara, CA)
Ambient

Acetonitrile/methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 0% (0 - 0.8 min), 100% (3-4 min), 0% (4.1-7 min)

500 pL/min

Dehydronifedipine-Dg (100 nM)

Sample Tray Temperature: 4°C
Sample Injection Volume: 10 pL
MS Conditions
lonization Mode Positive
Curtain Gas: 35
Temperature: 600°C
GAS1: 60
GAS2: 60
lon Spray Voltage: 5000 V
CAD Gas: Medium
Multiple Reaction Monitor (MRM) Conditions:
Q1 Q3 | Time DP EP CE CXP
m/z | m/z | (ms)
Dehydronifedipine 345.2 | 284.1 | 100 70 10 39 14
Dehydronifedipine-De 351.2|1287.1| 100 70 10 39 14
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Appendix 13 LC/MS Conditions for Chlormethiazole Metabolite Identification
The LC/MS system was composed of an UHPLC (Waters | Class, Milford, MA) and a hybrid
quadrupole/time of flight mass spectrometer (AB SCIEX 5600 TripleTOF, Applied Biosystems,

Framingham, MA).

Data were collected by Analyst TF (version 1.7.1, Applied Biosystems,

Framingham, MA), analyzed with PeakView (version 2.2, Applied Biosystems) and Metabolite
Pilot (version 2.0.2, Applied Biosystems) and integrated with MultiQuant (version 3.0.2, Applied
Biosystems). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions
lonization Mode
Curtain Gas:
Temperature:

GAS1:

GAS2:

ISVF:

Survey Scan Settings:
Scan Range:
Accumulation Time:
DP:

CE:

CES:

IDA Settings:

Maximum Scans per cycle:

Scan Range:
Accumulation Time:
DP:

CE:

CES:

IDA Trigger Type:
Mass Defect Filters:

Exclude previous ions:
Minimum CPS for trigger:

Waters Sunfire C1g 2.1 x 150 mm, 5 p (Milford, MA)

Ambient
Acetonitrile/methanol

(A) 10 mM ammonium bicarbonate in water

(B) acetonitrile

(B) 0% (0 - 1 min), 100% (14-15 min), 0% (15.1-20 min)

500 pyL/min
4°C
10 L

Positive
35
600°C
60

60
4500 V

50-1000 m/z
0.1 sec

100

5

0

4 (Product lon)

50-1000 m/z

0.1 sec

100

35

20

Mass Defect Filter and Largest Peak
50 mDa error/400 Da window
C16H24CIN4S206

1 sec

300
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Appendix 14 LC/MS Conditions for Heme Quantitation Method

The LC/MS system was composed of an UHPLC (Waters | Class, Milford, MA) and a hybrid
quadrupole/time of flight mass spectrometer (AB SCIEX 5600 TripleTOF, Applied Biosystems,
Framingham, MA). Peak areas of hemin B and hemin-D4 were collected by Analyst TF (version
1.7.1, Applied Biosystems, Framingham, MA), and integrated with MultiQuant (version 3.0.2,
Applied Biosystems). The details were as follows:

LC Conditions

Column: Waters XBridge Cs 2.1 x 50 mm, 5 u (Milford, MA)
Column Temperature: Ambient
Needle Wash: 10% ammonium hydroxide, 40% water, 50% isopropyl alcohol

Mobile Phases: (A) 2% ammonium hydroxide in water

(B) 2% ammonium hydroxide in isopropyl alcohol

Gradient: (B) 10% (0 - 1 min), 100% (4-5 min), 10% (5.1-8 min)
Flow Rate: 500 pL/min
IS: Hemin-D4 (500 nM)

Sample Tray Temperature:

Room temperature

Sample Injection Volume: 10 pL

MS Conditions

lonization Mode Positive
Curtain Gas: 35
Temperature: 600°C

GAS1: 60

GAS2: 60

ISVF: 5000 V
Survey Scan Settings:

Scan Range: 100-2000 m/z
Accumulation Time: 0.1 sec

DP: 100

CE: 5

CES: 0

Product lon Settings:

Parent m/z 1: 616.18
Parent m/z 2: 621.21

PIS Scan Range: 100-2000 m/z
Accumulation Time: 0.1 sec

DP: 100

CE: 55

Scan Range: 100-2000 m/z
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Appendix 15 LC/MS Conditions for Base Heme Adduct Method

The LC/MS system was composed of an UHPLC (Waters | Class, Milford, MA) and a hybrid
quadrupole/time of flight mass spectrometer (AB SCIEX 5600 TripleTOF, Applied Biosystems,
Framingham, MA). Data were collected by Analyst TF (version 1.7.1, Applied Biosystems,
Framingham, MA), and were analyzed with PeakView (version 2.2, Applied Biosystems) and
Metabolite Pilot (version 2.0.2, Applied Biosystems). The details were as follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:
Flow Rate:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions
lonization Mode
Curtain Gas:
Temperature:

GAS1:

GAS2:

ISVF:

Survey Scan Settings:
Scan Range:
Accumulation Time:
DP:

CE:

CES:

IDA Settings:

Maximum Scans per cycle:

Scan Range:
Accumulation Time:
DP:

CE:

CES:

IDA Trigger Type:
Mass Defect Filters:

Exclude previous ions:
Minimum CPS for trigger:

Waters XBridge Cs 2.1 x 50 mm, 5 u (Milford, MA)

Ambient

10% ammonium hydroxide, 40% water, 50% isopropyl alcohol
(A) 0.1% ammonium hydroxide in water

(B) 0.1% ammonium hydroxide in isopropyl alcohol

(B) 0% (0 - 1 min), 100% (14-15 min), 0% (15.1-20 min)

500 pyL/min

Room temperature

10 uL

Positive
35
600°C
60

60
4500 V

100-2000 m/z
0.1 sec

100

5

0

4 (Product lon)

100-2000 m/z

0.1 sec

100

35

20

Mass Defect Filter and Largest Peak

70 mDa error/400 Da window with C34H3aN4Os + Compound
Formula and CzsH32N4O4Fe + Compound Formula
1 sec

200

229



Appendix 16 LC/MS Conditions for Whole Protein Analysis

The LC/MS system was composed of an UHPLC (Waters | Class, Milford, MA) and a hybrid
quadrupole/time of flight mass spectrometer (Waters Synapt G2 Si, Milford, MA). Data were
collected and analyzed by MassLynx (version 4.1, Waters, Milford, MA). The details were as

follows:

LC Conditions
Column:

Column Temperature:
Needle Wash:

Mobile Phases:

Gradient:

Flow Rate:

Sample Tray Temperature:

Sample Injection Volume:
MS Conditions
lonization Mode

Desolvation Gas:
Desolvation Temperature:

Source Temperature:
Capillary Voltage:
Reference Cone Voltage:
Resolution Setting:

Scan Range:
Accumulation Time:

Agilent PLRP-S 2.1 x 50 mm, 300A (Santa Clara, CA)

Ambient

Acetonitrile/Methanol

(A) 0.1% formic acid in water

(B) 0.1% formic acid in acetonitrile

(B) 5% (0 min), 20% (1 min), 50% (3 min), 95% (4 min), 5% (4.1-
5.5 min)

500 pL/min (0 min), 300 yL/min (1-5.5 min)

Room temperature

10 L

Positive

800 L/hr

325°C

100°C

3 kV

40V

Resolution Mode
400-4000 m/z
0.1 sec
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