ELECTRON PARAMAGNETIC RESONANCE STUDIES OF DRUG BINDING IN
CYTOCRHOME P450 ENZYMES

by
MOLLY MARIE LOCKART
MICHAEL K. BOWMAN, COMMITTEE CHAIR
ELIZABETH T. PAPISH
JOHN B. VINCENT
JACK A. DUNKLE
ARTHUR G. ROBERTS

A DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
in the Department of Chemistry
in the Graduate School of
The University of Alabama

TUSCALOOSA, ALABAMA

2019

Copyright Molly Marie Lockart 2019
ALL RIGHTS RESERVED

ABSTRACT
Cytochrome P450 enzymes (CYPs) are heme-containing monooxygenase enzymes that
exist in nearly every living organism. They are responsible for oxidizing a wide variety of
substrates in biosynthetic and detoxification pathways and are a common target for drug design.
CYP-drug binding modes are traditionally characterized using optical difference spectra, but
these binding assignments oftentimes miss atypical CYP-drug binding and do not account for
mixtures of binding modes. Electron paramagnetic resonance (EPR) spectroscopy can shed light
on CYP-drug binding.
A mixture of continuous wave (CW) EPR and pulsed EPR methods provides some
valuable insight into how common drugs and drug fragments interact with the active site heme.
First, the two human isoforms that contribute significantly to drug metabolism, CYP3A4 and
CYP2C9, are studied in complex with a variety of drugs. The results demonstrate that CW EPR
parameters can reveal drug binding modes. Remarkably, this research finds an abundance of
water-bridged complexes, and many of them coexist in frozen solution with complexes where the
drug directly coordinates to the heme. These mixtures of binding modes have significant
ramifications for drug design. Additionally, CYP3A4 is studied in the context of drug-drug
interactions, looking at how common drugs, like acetaminophen, caffeine, midazolam, and
carbamazepine can simultaneously occupy the active site when combined. These results find that
multiple drugs occupy the active site and that they are distinct from any CYP-single drug
complex. A method is established for observing human CYP drug-drug interactions with EPR,
and it provides evidence of simultaneous drug binding with common drugs. In addition to human
ii

CYPs, this research examines drug binding in CYP51B1, a Mycobacterium tuberculosis CYP
isoform. The results find that inhibitor-like compounds form mixtures of bound complexes,
including some that retain the axial water. Overall, this research provides several new details
about CYP-drug interactions. These results and observations highlight the importance of
understanding and characterizing CYP-drug binding with more detailed analyses that provide
information on the full range of CYP binding modes.
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CHAPTER 1:
INTRODUCTION
1.1 CYP Background and Function
Cytochrome P450 enzymes (CYPs) are heme thiolate monooxygenases that exist in
nearly every living organism. They are responsible for a wide variety of vital biosynthetic tasks,
including the production of cholesterol, steroids, prostacyclins, and thromboxane A2 [1]. CYPs
are also common drug targets because they contribute to xenobiotic detoxification and drug
metabolism. In humans, membrane-bound hepatic CYPS metabolize the majority of
pharmaceutical drugs on the market today, with six isoforms--CYP1A2, CYP2C9, CYP2C19,
CYP2D6, CYP3A4, and CYP3A5--metabolizing 90 percent of all drugs [2, 3]. Consequently,
CYPs are a primary consideration in drug design since they oftentimes determine the lifetime of
a drug in the bloodstream. CYPs can also be therapeutic targets themselves; for example, many
bacterial CYPs, including those of Mycobacterium tuberculosis, are targeted by inhibitors to
reduce bacterial growth [4]. Because they are so ubiquitous in drug metabolism, CYPs also pose
a persistent threat for drug interactions. Drugs that interact with human CYPs are classified as
either inhibitors or inducers. Inhibitors block the activity of one or more CYP isoforms and
therefore could increase the lifetime of other drugs in bloodstream, while inducers increase CYP
activity by inducing enzyme synthesis, which could decrease the lifetime of other drugs in the
blood stream [1]. One of the most widely known adverse interactions is that of grapefruit and
drugs that are metabolized by CYP3A4. The furanocoumarins in grapefruit inhibit some forms of
CYP3A4, so drug metabolism slows down, leading to an increase in blood serum concentration
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and potentially lethal overdose [5]. The possibility of adverse interactions is exacerbated by the
fact that many CYPs bind a variety of structurally unrelated substrates and by the fact that
metabolism is oftentimes complicated by cooperativity and allosterism [6-9]. Some of these
altered kinetics have been attributed to nuances in the ways drugs interact with the active site
heme, including: that multiple drugs can simultaneously occupy the active site; that drugs can
interact with allosteric sites; and that drugs can bind in unexpected yet metabolically productive
ways [6, 9-16]. Although many CYP-drug interactions have been studied and characterized in
detail, ambiguity and uncertainty remain about the structural details of some CYP-drug
complexes. Because consequences can be lethal or life-altering this ambiguity warrants further
research into how drugs bind to CYPs, the variants these bound complexes exhibit, and the ways
in which multiple drugs interact in the CYP active site.
CYPs appeared in the literature in the 1950s and 1960s via studies of drug metabolism,
steroids, and carcinogens. They were named in 1962 when Sato and Omura termed a heme
pigment that bound to CO to produce a Soret absorption band at 450 nm a “P450” [17]. This
pigment was linked to oxidation reactions in 1965 by Cooper et al. through studies on
hydroxylation reactions with a steroid in adrenal cortex microsomes [18]. In the years following,
CYP drug oxidations were characterized, and the presence of multiple isoforms was suggested
[19]. One of the most significant advances in the field was the solution of the crystal structure of
bacterial P450cam or CYP101A1 in the mid-1980s, which provided insight into the catalytic
activity and active site structures of CYPs [20]. P450cam is ~ 45 kDa (414 amino acid residues),
and its structure revealed a hydrophobic interior that harbors the protoporphyrin IX heme [21].
Figure 1.1 shows the crystal structure of P450cam. As additional crystal structures appeared, a
concomitant rise in gene sequencing capabilities allowed the creation of a CYP nomenclature
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based on the protein sequence. A naming system emerged in 1987, and this system is still used to
name new isoforms. CYPs are named according to the formula CYP#letter#, where the first
number is the gene family, the letter indicates the subfamily, and the second number indicates
the individual gene or organism. Gene families must share at least 40 % sequence identity, while
gene subfamilies must share at least 55 % sequence identity [22]. CYPs can also be loosely
classified based on their function; for example, the 57 known human CYPs can roughly be
divided into 6 categories based on the metabolism they are involved in: sterols, xenobiotics, fatty
acids, eicosanoids, vitamins, and unknown metabolism [19]. While this is useful to compare
function with structure, several CYPs can catalyze multiple, unrelated reactions, and roughly a
quarter fall into the unknown metabolism category.
1.2 CYP Structure and Mechanism
CYPs are highly conserved across species and contain 12 common helices (A-L) and four
𝛽-sheet regions [19]. The resting CYP active site consists of a ferric heme coordinated to a
conserved cysteine residue and a water molecule as the axial ligands. In the resting state, the
ferric heme exists in an equilibrium between high and low-spin, and this equilibrium is isoform
dependent [23]. The active sites vary considerably in shape and size between isoforms, from a
volume of 190 Å3 in CYP2E1 to 1438 Å3 in CYP2C8 [24, 25]. The large active sites of some
CYPs such as CYP3A4 (1385 Å3) have been suggested to play a role in the wide variety of
substrates that they can accommodate [19, 26]. In some cases, crystal structures show multiple
substrate molecules simultaneously occupying the active site. These include human CYP2C8 and
CYP3A4 and bacterial CYP107A1 and CYP158A2 CYPs [26-29]. Interestingly, not all crystal
structures depict a binding mode that positions the substrate in a productive manner for the
metabolic product; such is the case with the CYP1A2 𝛼-naphthoflavone structure, where the
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position that is oxidized is furthest away from the heme [30]. Such non-productive complexes
lower the catalytic efficiency and have been suggested to be indicative of multiple binding
modes.
The classic CYP catalytic cycle of P450cam can be broken into two stages, Figure 1.2.
The first stage, steps 1-4, begins with substrate binding and involves the activation of oxygen.
Substrates are thought to displace the axial water and cause a shift from low-spin to high-spin
heme. The high-spin heme complex is structurally distorted because the iron protrudes up and
out of the plane of the heme. This distorted state has a lowered reduction potential and undergoes
a one electron reduction to ferrous heme by its general reducing partner, NADPH-P450
reductase, though the redox partner protein varies depending on the organism and the location of
the isoform in the cell [31]. This reduction facilitates the binding of molecular oxygen, which is
then reduced by a second electron from NADPH-P450 reductase. The next stage of catalysis,
steps 5-9, is substrate oxidation, and it involves several steps that are not well understood and
appear to vary with isoform. The reduced P450-oxygen complex, FeO2-, is protonated and the
peroxide bond undergoes heterolytic scission via a proton network with a conserved Thr residue.
The subsequent steps oxidize the substrate, but the oxidation mechanism varies with substrate,
and several, sometimes contradictory, routes have been proposed [19]. In the context of drug
design, the initial substrate binding step is arguably the most significant. CYP inhibitors interrupt
the catalytic cycle by replacing the axial water and directly coordinating the heme in the first step
in the catalytic cycle, which increases the proportion of low-spin heme and prevents heme
reduction, therefore preventing catalysis. In the case of drug-drug interactions, the initial drug
binding step is of the upmost importance because the presence of multiple drugs can alter
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substrate positioning and the subsequent metabolic products. This work focuses on
characterizing that initial drug binding step.
1.3 Classifications of Drug Binding
CYP-drug binding modes are characterized using high-throughput UV/vis absorbance
measurements that monitor the heme spin state [32, 33]. This classification system uses optical
difference spectra, Figure 1.3, which represent the difference in absorption between the drug-free
and drug-bound states. These difference spectra fall into two main classes, type I spectra and
type II spectra. A type I spectrum reflects an apparent blue shift of the heme Soret band and
typically has a maximum of ~390 nm and a minimum near 430 nm. This optical shift is
characteristic of a complex in which drug or substrate displaces the resting water but does not
coordinate to the heme [20]. Instead, it leaves the heme in a pentacoordinate state and causes an
increase in the fraction of high-spin heme. This spectrum is typical of substrates since the highspin complex can then be reduced by NADPH-P450 reductase and proceed along the catalytic
cycle. In contrast, type II spectra have a maximum of ~ 434 nm and a minimum near 410 nm and
represent a red shift of the heme Soret band. These difference spectra are characteristic of
complexes where drugs displace and replace the axial water ligand, resulting in a hexacoordinate
complex with a drug that is directly-coordinated to the heme [34, 35]. This binding mode
increases the fraction of low-spin heme and is functionally associated with CYP inhibitors that
trap the heme in a low-spin state that is difficult to reduce. A third class of difference spectra,
reverse type I spectra, resemble inverted type I spectra with a minimum near 390 nm that is a
blue shift from the minimum in type II spectra. These spectra have an increase in the intensity of
the Soret band with little or no corresponding red shift. This class is not as well understood; it
has been suggested that it represents weak heme coordination, potentially with drugs that contain
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heteroatoms other than sp2 hybridized nitrogen atoms [10, 34, 36]. Reverse type I ligand
complexes have been shown to reduce the rate of heme reduction in P450cam, but no general
understanding regarding their structure has reached [33]. In addition, many researchers only
classify spectra as type I or type II and assign spectra that fall into the reverse type I category as
slightly shifted type II spectra. Figure 1.3 shows examples of each type of optical difference
spectrum. There are also optical difference spectra that do not fall into these classes. Some lack
clear minima and maxima and therefore defy classification.
1.4 Challenges to the Drug Classification Paradigm
While optical difference spectra provide a high-throughput screening option for CYPdrug interactions, several CYP-drug binding examples do not fit into this classification. Some
optical difference spectra, including a few with human CYP2C9, have asymmetric difference
spectra that lack clear minimums/maximums and defy classification [10, 37]. Furthermore, some
drugs exhibit metabolism that is counterintuitive to their classification. A study with CYP2C9
binding to substituted quinoline carboxamide analogs (QCAs), which are expected to act as
inhibitors, found that several QCAs produced a type II optical difference spectra but were still
efficiently metabolized, some with clearance rates higher than compounds that are considered
substrates and produce type I spectral shifts [38]. Another study with pyridinyl quinoline-4carboxaminde analogs binding to CYP3A4 observed turnover of tight-binding type II ligands,
adding to the evidence that high affinity Fe-drug interactions do not necessarily lead to enzyme
inhibition [39]. In fact, a study on rabbit CYP1A2 was able to directly observe the reduction of
ligand-coordinated, hexacoordinate heme with 1,4-phenylene diisocyanide (PDI) [40, 41]. In
some cases, drugs do not replace the axial water to directly coordinate to the heme. The Bowman
group has reported the turnover of the nitrogen heterocycle-containing 17-click, a derivative of
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the substrate 17-𝛼-ethynylestradiol, with CYP3A4. The addition of 17-click formed caused a
reverse type I optical shift and formed a low-spin, water-bridged CYP-drug complex that
retained the axial water and was metabolically labile [11]. However, cases also exist where
reverse type I ligands are inhibitory; such is the case with Mtb CYP125A1 and the inhibitor
LP10 [10].
1.5 The Role of H2O in CYP-Drug Binding
Several examples of substrates and inhibitors are known that do not displace the axial
water and instead form hydrogen bonds with it. However, this binding mode is underrepresented
in the crystallographic database and is not fully understood. In many cases, the substrate or
inhibitor is within hydrogen bonding distance to the water and is thought to interact with the
heme through a hydrogen bonding network [10, 42]. For example, water-bridged complexes in
both human and mycobacterium tuberculosis (Mtb) CYPs with a variety of substrates and
inhibitors have been observed in previous research in the Bowman group [10, 11, 16].
Remarkably, water-bridged complexes typically coexist in solution with directly-coordinated
complexes, a phenomenon that to our knowledge, is only observed in one crystal structure, the
structure of CYP121A1 with fluconazole [43]. This structure has six CYP121 molecules per unit,
and each active site is occupied by fluconazole to a different extent; the majority of the bound
complexes are water-bridged, but a minor population is directly-coordinated. The apparent
abundance of water-bridged complexes in the CYPs studied with EPR and the fact that they
typically coexist with directly-coordinated complexes suggests that the two binding modes are
similar in energy. While they may be abundant, the metabolism of water-bridged complexes is
not understood. The Bowman group has previously observed the metabolism of the nitrogen
heterocycle 17-click, a derivative of the substrate 17-𝛼-ethynylestradiol, which forms a water-
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bridged complex with human CYP3A4. Fielding et al. demonstrated with CYP121 that a waterbridged complex with the substrate cyclodityrosine (cYY) is metabolized normally; in fact, they
propose that the two waters in the active site play a structural role in substrate positioning. They
also note that there is an apparent equilibrium between multiple low-spin and high-spin species
in solution [42]. In addition to substrates, several inhibitors or inhibitor-like compounds that
form water-bridged structures, such as the CYP121A1-fluconazole complex or 1,2,3-triazole and
1,2,4-triazole binding to human CYP2C9d [16, 43]. The fact that the water-bridged binding
mode is present in both substrate and inhibitor compounds clouds its metabolic roles; in some
cases, it is proposed to position substrate, and in other cases it appears to inhibit the enzyme,
presumably by stabilizing the low-spin, ferric heme without replacement of the water.
1.6 EPR Spectroscopy of Heme Complexes
Electron paramagnetic resonance (EPR) spectroscopy is uniquely qualified to probe
CYP-drug binding because it probes the paramagnetic ferric heme that is present in the first step
of the catalytic cycle where drugs initially bind. EPR of heme proteins gained popularity in the
1970s with investigations on paramagnetic derivatives of hemoglobin. Blumberg and Peisach
pioneered studies that used continuous wave (CW) EPR spectra to derive structural information
about the ligand field. In particular, they showed that a CW spectrum could be used to predict
heme ligation; they calculated crystal field parameters that described the relative magnitude of
the rhombic and axial terms in the spin Hamiltonian from EPR spectra and showed that plots of
the crystal field parameters revealed groups or clusters of similarly-ligated heme compounds [44,
45]. This work was the foundation of a new concept—that EPR g values contain a wealth of
information about the crystal field and structure—that gained popularity in the following decades
[44-47]. One advantage of using EPR g values to elucidate crystal field parameters is that the
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ligation structure of the complex does not need to be known in advance in order to elucidate
crystal field parameters. Another important advantage is that crystal field parameters oftentimes
fall in groups of structurally-related complexes, so complexes with unknown structures can be
compared and assigned based on their placement into groups. In this way, using EPR g values to
interpret the crystal field is similar to statistical techniques like principal component analysis that
take a series of inputs and reorganize them into an axis system based on their variances. In
principal component analysis, the crystal field plot would represent a new axis system called
principal component space, and the calculated crystal field parameters would be scores or points
in that new axis system.
Pulsed EPR measurements are also commonly used to determine structural characteristics
of heme proteins. For P450s, pulsed EPR techniques provided some of the first structural details
that serve as the foundation of our knowledge of P450 heme coordination, resting state structure,
and substrate-bound complexes. In 1980, LoBrutto and Scholes used electron nuclear double
resonance (ENDOR) measurements to determine the coordination of P450cam and distinguish
between resting state hexacoordinate and substrate-bound pentacoordinate heme [48]. Shortly
thereafter, Groh et al. first applied electron spin echo spectroscopy (ESE) to P-450scc, a bovine
adrenal side-chain cleavage P450, to find interatomic distances in substrate-bound complex [49].
Goldfarb et al. used ENDOR and ESEEM measurements to definitively identify water as the
sixth axial ligand in resting-state P450cam [50, 51]. Since then, ENDOR and ESEEM
measurements became increasingly popular for the spectroscopic characterization of
metalloproteins and have expanded the scope of EPR and its ability to provide atomic-level
structural details on protein structure.
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CW and pulsed EPR measurements provide complementary information about the nature
of CYP-drug interactions. First, CW EPR measurements provide information about the number
of distinct CYP-drug complexes in frozen solution and shed light on how drugs change the
electronic environment of the heme. Pulsed EPR measurements are able to distinguish between
CYP-drug complexes where the drug displaces the axial water and directly coordinates the heme
and those where the drug does not displace the water but still occupies the active site. These
pulsed EPR techniques target and directly observe the 1H peaks of the axial water ligand, which
are distinguishable from other 1H peaks because of the hyperfine coupling to the unpaired
electron in the heme [50, 51]. In particular, HYSCORE, has been used to resolve the 1H of the
axial water and study the active sites of CYPs [11, 15, 23, 52]. Figure 1.4 shows an example of
HYSCORE spectra with and without the axial water proton peaks for CYP51B1 in complex with
4-(3-phenylpropyl)-1H-1,2,3-triazole (PPT). In previous research the Bowman group studied the
binding mode of CYP2C9d in complex with 1,2,3-TRZ and PPT using HYSCORE
measurements. Although CYP2C9d binding to azole derivatives is considered a typical example
of direct heme coordination, the axial water protons were still present when PPT was added,
indicating that it bound via a water bridge. [15N]-PPT indicated that the drug was present in the
active site and in close enough proximity to coordinate to the heme. Both 1H and 15N peaks were
observed, confirming that CYP2C9d with PPT bound via a water bridge [10]. Moreover, the
optical difference spectrum for CYP2C9d-PPT was similar to that of CYP2C9d-1,2,3-TRZ, a
classic type II spectrum; thus it could be classified incorrectly as a type II compound. In addition
to CYP2C9d, the Bowman group has observed a water-bridged complexes with Mycobacterium
tuberculosis CYP125A1 and human CYP3A4 [10, 11]. In the case of CYP3A4, 17-click, a
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derivative of the substrate 17-𝛼-ethynylestradiol, formed a water-bridged complex that was still
catalytically active. In fact, metabolism of 17-click yielded a library of different products.
1.7 Chapter Overview
This dissertation aims to add to the dialog of CYP-drug binding by revealing some
nuances of CYP-drug complexes for a variety of substrates, inhibitors, and known drug-drug
interactions and highlighting their implications for drug metabolism and drug design.
Additionally, EPR is presented as a tool for the facile determination of CYP-drug binding that
addresses the existence of multiple, coexisting CYP-drug complexes and binding modes. This
research also includes methods for processing EPR data that are easy to implement and
maximize the amount of structural information available in EPR spectra.
Chapter 2 discusses the theory behind EPR and explain how EPR measurements are able
to provide additional insight into CYP-drug binding. The theory behind the EPR measurements
included in this research is discussed in detail, including CW EPR, simulations, and pulsed EPR
techniques such as HYSCORE and ENDOR. This chapter also outlines the need for EPR
processing techniques that maximize signal, and therefore information, obtained from EPR
spectra and summarizes a few common strategies for processing pulsed EPR data.
Chapter 3 presents a study of multiple CYP/drug combinations with two human isoforms
responsible for the vast majority of drug metabolism, CYP3A4 and CYP2C9d. Shifts in CW
EPR peaks, changes in the ligand field, and principal component analysis show that CW EPR
parameters reveal CYP450 binding modes. The assignment of binding modes is corroborated
with HYSCORE measurements that directly observe 1H on the axial water ligand and distinguish
between CYP-drug complexes that are directly-coordinated and water-bridged. These results
show that a surprising number of CYP-drug complexes contain multiple, isoenergetic complexes
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in frozen solution, and in many cases, these complexes contain a mixture of directly-coordinated
and water-bridged drugs. These findings have significant implications for drug metabolism and
drug design; the existence of multiple bound complexes suggests a mixture of metabolic activity,
especially for drugs that are designed to directly coordinate and inhibit the enzyme.
Chapter 4 investigates the simultaneous binding of multiple drugs with two known drugdrug interactions, acetaminophen/caffeine and midazolam/carbamazepine binding to CYP3A4. It
also establishes a nascent method for studying drug-drug interactions with CW and pulsed EPR,
which to our knowledge, has not yet been developed. This study uses two drug combinations that
have been studied previously with kinetic and nuclear magnetic resonance (NMR) measurements
in order to explore how EPR measurements provide additional insight into the simultaneous
binding of two drugs [9, 13]. In the case of acetaminophen/caffeine binding to CYP3A4, the
complex with both drugs is spectroscopically distinct from complexes with either drug alone,
which is demonstrated both in CW spectra and in changes in the hyperfine interaction between
the heme and the axial water protons. The same method is applied to probe
midazolam/carbamazepine binding to CYP3A4. Neither drug displaces the axial water upon
binding, but that the bound complexes are spectroscopically distinct and cause different shifts in
the fraction of low-spin heme present. The complex of CYP3A4 with both midazolam and
carbamazepine is also distinct from complexes with either drug alone, which supports evidence
of a multiply-bound CYP. Together, these results demonstrate that EPR measurements can reveal
drug-drug interactions and can track differences in the bound species via the axial water ligand
and spin-state changes.
Chapter 5 examines how three inhibitor-like compounds that contain nitrogen
heterocycles bind to Mtb CYP51B1. Tuberculosis is resurgent as a leading cause of death today,
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and despite decades of research, there are few drugs that offer effective treatments. The Mtb
genome encodes for 20 distinct CYPs, and a few of those have been shown to be essential for
bacterial function [4]. Consequently, Mtb CYPs are attractive targets for inhibitor design. This
research shows that three nitrogen heterocycles bind to CYP51B1 in a mixture of directlycoordinated and water-bridged complexes, despite having classical type II optical difference
spectra. In addition, the hyperfine interaction between the heme and axial water protons in the
water-bridged complexes is analyzed. Comparing the hyperfine interaction between samples
reveals a reorientation of the axial water in water-bridged complexes, which supports the
hypothesis that water-bridged drugs are involved in hydrogen bonding networks with the axial
water. These findings add to the growing body of evidence that CYP inhibitors do not
necessarily displace the axial water and that drug binding is heterogeneous with multiple
complexes coexisting in solution. These mixtures suggest a corresponding mixture of metabolic
activity, especially since there are several examples in the literature of water-bridged complexes
that undergo enzyme turnover [11, 42]. This is extremely important to consider in the design of
new inhibitors to target Mtb CYPs.
The final chapter presents PiEPR, a custom-built software for processing EPR data and
maximizing the amount of signal that can be gained from EPR measurements. The software aims
to eliminate the need to process EPR data on instrument computers or with commercial,
proprietary software like MATLAB that requires an expensive license to use. PiEPR is written in
the Python programming language, making it free, open-source, and easy to customize and
distribute. The software is a collection of class modules that handle data import, pre-processing,
data comparison, and data export. The output is a publication-quality figure and a .csv file with
the processed data so users can use their graphing software of choice if they desire other figures.
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The software handles HYSCORE and ENDOR data currently but is readily extensible to
additional experiment types. This chapter describes the software structure in detail and presents
two test cases, one for HYSCORE experiments and one for ENDOR. It also describes additional
experiments and processing options that are under development.
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Figures

Figure 1.1: The nine steps of the CYP catalytic cycle. The first step (red box), is the step that
this research focuses on with EPR measurements because it represents initial drug binding to the
ferric heme. Figure adapted from ref [19].
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Figure 1.2: Crystal structure of resting state P450cam (PDB ID: 4JWU). Image is zoomed in to
show the heme at the center with water (the water oxygen is the red atom coordinated to heme)
and cysteine (yellow atom coordinated to heme) as axial ligands. Image generated in UCSF
Chimera version 1.11.2.
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a

b

c

Figure 1.3: Classes of optical difference spectra labeled by type with blue letters in the upper
right hand corner. Spectrum a is an example of a type I spectrum, which typically have minima
near 430 nm and maxima near 390 nm. Spectrum b is an example of a reverse type I spectrum,
which typically have minima near 390 nm and maxima near 420 nm. Spectrum c is an example
of a type II spectrum, which typically have minima near 410 nm and maxima near 434 nm.
Figure adapted from [11].
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water peaks

Figure 1.4: HYSCORE spectra of CYP51B1 in complex with PPT at 288.0 mT (left) and at
280.5 mT (right). The peaks near 16 MHz are from protons on the axial water (labeled with red
arrows), the peaks near 14 MHz are from β-protons on the conserved cysteine residue. Both
spectra have the cysteine protons, but the spectrum on the right lacks the axial water proton
peaks, indicating that the water has been replaced in this CYP-drug complex.
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CHAPTER 2:
ELUCIDATING CYP-DRUG BINDING WITH EPR MEASUREMENTS
2.1 Introduction
The nuances of CYP-drug interactions are oftentimes lost in the methods used to probe
them. In the pharmaceutical industry, drug binding to CYPs is characterized by optical difference
spectra that measure the difference in absorbance between the drug-bound and drug-free states
[1-4]. These optical difference spectra are used in drug candidate binding assays to determine the
extent and mode of CYP-drug interactions. The optical difference spectra are categorized as two
main types: type I and type II binding spectra. Type I spectra have a peak near 390 nm and a
minimum near 430 nm. This spectrum represents an increase in high-spin heme and is therefore
associated more with substrates. Type II spectra have a minimum near 410 nm and a peak near
434 nm and indicate an increase in the fraction of low-spin heme. As a result, the type II
spectrum is associated more with inhibitors, and over time, it has come to be indicative of
replacement of the axial water. Not all drugs fit into these two categories, however. Some
compounds produce a reverse type I spectrum, which has a peak near 434 nm and a minimum
near 390 nm rather than the 410 nm peal of classic type II spectra. Not everyone bothers to
distinguish between type II and reverse type I spectra because the underlying causes of reverse
type I spectra are not clear, although reverse type I spectra have been suggested to represent a
drug that weakly coordinates the heme with a heteroatom other than sp2-hybridized nitrogen [1,
5]. Reverse type I spectra have also been observed with complexes that form a water-bridge [6].
Some difference spectra defy classification because they have missing or incomplete
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peaks/minimums and fall outside the usual categories. Figure 2.1 shows an example of a classic
type II optical difference spectrum compared to a spectrum that has no peak and is not easily
classified More importantly, optical difference spectra represent an average of all CYPs in the
bulk solution; the spectra of individual components cannot be determined in a mixture. Still,
difference spectra provide useful information about shifts in heme spin state and are useful for
binding assays.
In addition to optical difference spectra, other methods such as nuclear magnetic
resonance (NMR) and magnetic circular dichroism (MCD) measurements have been used to
study CYP-drug interactions. These methods are generally sensitive to changes in the axial
ligand; and in some cases, they can be carried out at temperatures that are physiologically
relevant. NMR measurements are complicated by the fact that the oxidized heme broadens NMR
lines, so NMR relaxation methods are commonly used to determine the position and orientation
of substrates and inhibitors bound to CYPs [7-10]. Like optical difference spectra, MCD and
NMR measurements provide a structural average of CYP-drug interactions rather than a detailed
picture of individual bound complexes. These methods are extremely useful for determining the
major binding interaction in solution, but they do not shed light on other drug-bound species.
Electron paramagnetic resonance (EPR) spectroscopy provides a unique opportunity to
investigate multiple drug-bound species in the same solution. EPR measurements are made on
frozen solutions containing the individual structural conformers present when the sample froze.
EPR spectra reflect the superposition of all species in the sample, including drug-bound and
drug-free states. Continuous wave (CW) EPR spectra that are often show multiple species, and
deconvolution of the spectra determines the relative amounts of the different species present in
the sample. Each species has its own set of EPR spectral parameters that are related to the
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whether or not drugs displace and/or replace the axial water. These two binding modes can be
assigned with pulsed EPR. The first is a directly-coordinated binding mode where the drug
displaces and replaces the axial water, and the second is a water-bridged binding modes where
the drug does not displace or replace the axial water and instead interacts with the heme through
a hydrogen bonding network with the water [6]. Pulsed EPR techniques like hyperfine sublevel
correlation spectroscopy (HYSCORE) and electron-nuclear double resonance (ENDOR)
spectroscopy can be used to differentiate between the species and to probe the binding and active
site environment of each one. Pulsed EPR data requires advanced processing. In this research,
custom processing routines written in the Python programming language are used to streamline
and optimize data processing and maximize the amount of information available in each
spectrum. Used together, CW and pulsed EPR measurements coupled with computational
simulations and optimized processing provide a robust tool for studying complex CYP-drug
interactions.
2.2 Background
CW EPR measures the absorbance of microwave irradiation by paramagnetic materials as
the magnetic field is swept. The signal corresponds to the difference in energy between the α and
β spin manifolds, which represent energy levels with ms = -1/2 and +1/2, respectively, in the
presence of a magnetic field. In the absence of a magnetic field, an unpaired electron’s -1/2 and
+1/2 spin manifolds are degenerate and equal in energy. However, in the presence of a magnetic
field, the difference in energy between the two states is in the range of microwave frequencies
and increases linearly with the strength of the magnetic field, a phenomenon called the Zeeman
effect (Figure 2.2). When the difference in energy at a certain magnetic field equals the applied
microwave irradiation, an absorbance signal is generated. The typical EPR spectrum is plotted as
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the first derivative of absorbance to enhance changes in the absorbance line shape. The shape of
the first derivative spectrum is influenced by several factors, including the presence of multiple
unpaired electrons, the presence of transition metals, and the presence of hyperfine interactions,
or the interactions between the unpaired electrons and surrounding nuclei. EPR peak positions
contain information about the chemical environment surrounding the unpaired electron; in the
case of CYPs, they reflect the ligand field of the paramagnetic heme iron. These peak positions
are characterized by g values, which are analogous to chemical shifts in NMR. The g value is
independent of magnetic field and microwave frequency (see Eq. 1), so g values can be
compared across a variety of magnetic fields and microwave frequencies. The g value is
calculated as
ℎ𝜐𝜐

𝑔𝑔 = 𝛽𝛽𝐵𝐵

0

Eq. 1

where h is Planck’s constant, 𝜐𝜐 is the microwave frequency, 𝛽𝛽 is the Bohr magneton, and B0 is

the magnetic field at the peak absorption.

CYPs have a CW spectrum similar to that of other heme-thiolate complexes [11].
Typically, samples have a mixture of hexa-coordinate, low-spin heme and penta-coordinate,
high-spin heme. The high-spin heme spectrum is only observable at temperatures well below 77
K because of rapid spin-lattice relaxation due to the interactions of the five unpaired electrons.
The low-spin, ferric heme is readily observable at 77 K and is typically what this body of work
focuses on for drug binding. The low-spin spectrum has three characteristic peaks, denoted gx,
gy, and gz, which is assigned in this research to gmin, gmid, and gmax (Figure 2.3). There are other
conventions used for labeling the g values in heme proteins, but the Bowman group uses this one
because it is most common. These three peaks are observed for three mutually perpendicular
orientations of the molecular axis of the heme in the magnetic field. For example, gx and gy are
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seen when the magnetic field lies in the plane of the heme, and gz when the field is perpendicular
to the heme, or along the axial bonds in the heme [12]. Therefore, the gz peak changes the most
upon drug binding. The g values also provide information about the ligand field and can be used
to calculate crystal field parameters.
CW spectra can be deconvoluted into spectra of their component species with
computational simulations using programs like the EasySpin toolbox in MATLAB [13]. Species
with different g values can be identified and correlated with different binding modes. The
simulations also take into account the g strain of a species, which is related to peak linewidth.
The g strain arises from a distribution of g values within the same type of species. In simulations
of CYPs this distribution can be due to structural differences such as variations in charge
distribution and hydrogen bonds within the protein. Each species also has a simulated weight that
indicates its relative abundance in the overall spectrum. In the CYPs presented in this research,
the drug-free spectrum is usually comprised of one or two species. The spectrum of the drug-free
enzyme is simulated by starting with one species and adding species only as necessary to fit the
overall spectrum. Those parameters can then be used as a starting point for any drug-bound
spectra because many spectra retain some residual drug-free enzyme. Additional species are then
added to the simulation as needed to fit the overall spectrum. Each species can be studied
individually with pulsed EPR techniques using a phenomenon called orientation selection.
Orientation selection takes advantage of that fact that measurements at a specific magnetic field
only pick up complexes that absorb at that magnetic field; for example, measurements made at gz
only observe complexes oriented with their gz axis along the magnetic field. This allows pulsed
EPR techniques to characterize CYP-drug binding in different species that are present in the
sample.
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2.3 The Hyperfine Interaction
Unpaired electrons in the CYP heme interact with the magnetic moments of surrounding
nuclei via hyperfine interactions. These interactions provide crucial structural information by
providing a way of determining the location of nuclei relative to the heme and can therefore
indicate when drugs bind in close proximity to the heme. The hyperfine interaction has two
components, the isotropic and the anisotropic component. The isotropic component is the Fermi
contact interaction of electron spin density delocalized from the heme onto the surrounding
nuclei. The orientation-dependent anisotropic component is a through-space interaction between
the magnetic moments of the unpaired electron and the nucleus. In CYPs, this interaction
behaves as a point-dipole interaction because most of the unpaired electron spin is localized on
the heme. The spin has spherical geometry around the Fe(III) of the heme, and the wave
functions of the iron and the surrounding nuclei do not overlap [7, 12, 14, 15]. This allows nuclei
near the heme to be treated as an interaction of point-dipoles with an r-3 distance dependence,
where r is the distance between the heme and the nucleus in question. The anisotropic component
of the hyperfine interaction, T, can be used to calculate this distance using the point-dipole
approximation
𝜇𝜇

𝑇𝑇 = �4𝜋𝜋0 �

𝑔𝑔𝑒𝑒 𝑔𝑔𝑛𝑛𝛽𝛽𝑒𝑒 𝛽𝛽𝑛𝑛
ℎ𝑟𝑟 3

Eq. 2

where 𝜇𝜇0 is the permittivity of free space, 𝑔𝑔𝑒𝑒 is the electronic g value, 𝑔𝑔𝑛𝑛 is the nuclear g value,

𝛽𝛽𝑒𝑒 is the electronic Bohr magneton, 𝛽𝛽𝑛𝑛 is the nuclear Bohr magneton, h is Planck’s constant, and

r is the distance from the proton to the electron of the heme. These distances can be determined
up to 1 nm [16]. The hyperfine coupling tensor, A, can be constructed from the isotropic and
anisotropic components of the hyperfine interaction by
𝐴𝐴 = [𝑎𝑎 − 𝑇𝑇, 𝑎𝑎 − 𝑇𝑇, 𝑎𝑎 + (2 ∗ 𝑇𝑇)]
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Eq. 3

where a is the isotropic and T is the anisotropic contribution of the hyperfine interaction.
This research focuses on the hyperfine interactions between the low-spin ferric heme, S =
½, and nuclei with spin I = 1/2, such as 1H, 15N, and 13C. The spin levels of these nuclei are split
by their nuclear Zeeman frequency, 𝑣𝑣𝐼𝐼 , in the presence of the B0 of the spectrometer to give an
NMR line at

𝑣𝑣𝐼𝐼 =

𝑔𝑔𝑛𝑛 𝛽𝛽𝑛𝑛 𝐵𝐵0
ℎ

Eq. 4

where 𝑔𝑔𝑛𝑛 is the nuclear gyromagnetic ratio (g value), 𝛽𝛽𝑛𝑛 is the nuclear magneton. This NMR

spectrum is split into two lines due to the fact that the hyperfine coupling either adds or subtracts
to B0, depending on which electron spin state it is associated with. These two lines appear at
𝐴𝐴

𝑣𝑣𝐼𝐼 ± 2

Eq. 5

where 𝑣𝑣𝐼𝐼 is the nuclear Zeeman frequency. Figure 2.4 shows the energy levels for a S = ½, I = ½

hyperfine interaction. Nuclei with A < 2𝑣𝑣𝐼𝐼 are considered to be weakly coupled and ideal for
detection by techniques like electron-nuclear double resonance (ENDOR) spectroscopy or
hyperfine sublevel correlation (HYSCORE) spectroscopy.
2.4 ENDOR
ENDOR is a double resonance technique that can recover hyperfine interaction

information that is lost in traditional EPR spectra. It is particularly invaluable for biological EPR
samples, which are usually measured at cryogenic temperatures where their spectra are
inhomogeneously broadened by the superposition of all possible sample orientations with respect
to the external magnetic field [16]. ENDOR uses microwaves and radio waves to simultaneously
excite electronic and nuclear transitions, and it is considered a double resonance technique
because the nuclear transitions are monitored via their effect on the electronic transitions. In this
way, pulsed ENDOR is essentially electron spin echo-detected NMR; the radio frequency is
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swept to excite nuclear transitions while the echo intensity is monitored. The resulting spectrum
is the NMR spectrum of nuclei that interact with the unpaired electron. ENDOR peaks from
nearby nuclei show up near their Zeeman frequencies shifted by the hyperfine coupling. There
are two common pulse sequences used in ENDOR spectroscopy, Mims ENDOR and Davies
ENDOR [17, 18]. This research uses Mims ENDOR because it is easy to quantitatively simulate
using software such as EasySpin and it less affected by competing processes such as spin
relaxation or spectral diffusion. Figure 2.5 shows the Mims ENDOR pulse sequence. The
sequence, π/2−τ−π/ 2−T−π/2−τ−echo, uses three π/2 microwave pulses that rotate the electron
spin population by 90º. The first two pulses prepare the spin population, and the final π/2 pulse
generates the electron spin echo for detection. The delay times τ and T are set to optimize the
signal for the nucleus in question. During the delay time T, a radio frequency π pulse is used on
invert the nuclear spin population, which “mixes” the nuclear and electronic transitions via
polarization transfer. The intensity of the EPR transition (as monitored by the electron spin echo)
is measured as a function of rf frequency to produce the ENDOR spectrum. ENDOR spectra are
typically processed and normalized to generate the absolute ENDOR effect, which is a
quantitative measure of the change in spin echo amplitude versus the applied rf pulse [12].
Figure 2.6 shows an example of the 1H region of an ENDOR spectrum of CYP3A4 in complex
with the drug midazolam taken near gz. The spectrum is centered at the 𝑣𝑣𝐼𝐼 for this magnetic field.
The spectrum contains a large, broad peak centered at ~ 12.5 MHz that is referred to as the

matrix proton peak; it represents protons that are distant from and weakly coupled to the heme.
The shoulders from ~11 MHz to ~ 12.5 MHz and from ~13.5 MHz to ~ 15 MHz are from the 1H
of the axial water ligand that are overlapped with 1H from the 𝛽𝛽-carbon of the cysteine.
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For systems with a rhombic g-tensor, such as with CYPs, the ENDOR spectrum changes
with respect to the field position because of orientation selection. At the low-field and high-field
edges of the EPR spectrum, only complexes where the gz and gx axes are aligned with the
magnetic field are probed. At intermediate field positions multiple orientations contribute to the
signal, giving rise to multiple ENDOR frequencies [19]. As a result, ENDOR spectra are
commonly taken at a variety of magnetic fields across the EPR spectrum so that individual sets
of peaks arising from a single nucleus can be identified and simulated. For biological samples, it
is also common to subtract ENDOR spectra to single out nuclei of interest. For example, the 1H
ENDOR spectrum of drug-free CYPs can be subtracted from spectra of drug-bound CYPs to
generate 1H peaks that are from the drugs themselves; all other proton peaks in the protein,
including the axial water protons, can be removed by subtracting the two sets of spectra. Figure
2.7 shows an example of ENDOR subtraction spectra with 1,2,3-triazole bound to CYP51B1.
There are several sets of negative and positive peaks; these represent protons that were lost and
gained upon drug binding, respectively. In this case, there are several sets of intense peaks from
the triazole ring, which suggests that the drug-bound complexes have a 1,2,3-trizole coordinated
directly to the heme.
2.5 HYSCORE
Several other pulsed EPR techniques that detect nuclei surrounding a paramagnetic center
are used to study proteins and biomolecules. For example, electron spin echo envelope
modulation (ESEEM) is a widely used technique that uses pulses of microwaves to
simultaneously excite electron and nuclear spins by pumping weakly-allowed spin transitions.
ESEEM measurements monitor nuclear transition frequencies indirectly by using microwave
pulses to create electron and nuclear coherences. The result is nuclear modulation in the spin

32

echo decay, which can be Fourier transformed into the frequency domain where nuclei show up
as peaks at their nuclear Zeeman frequencies. These peaks tend to overlap, however. For
example, the 1H peaks from the axial water ligand in CYPs overlaps with 1H peaks from the
cysteine residue and with peaks from all other weakly coupled 1H in the protein. ESEEM
requires an anisotropic hyperfine interaction that produces the weakly allowed transitions that
involve simultaneous flips of nuclear and electron spins. The anisotropic hyperfine interaction
also produces second-order shifts in the ENDOR frequencies that cause peaks shift to
frequencies higher than the 𝑣𝑣𝐼𝐼 ± 𝐴𝐴/2 formula would predict. The result is that lines that overlap

in traditional ESEEM spectra can be resolved in two-dimensional ESEEM experiments such as
HYSCORE as long as the nuclei that produce the lines have different anisotropic hyperfine

interactions. HYSCORE resolves overlapping 1H peaks and thus allows for the detection of CYP
binding modes. HYSCORE was developed in 1986, but it was not commonly used until more indepth spectra analysis techniques were developed [20-25]. The measurements use a four-pulse
sequence, π/2−τ−π/2−t1−π−t2−π/2−τ−echo, as seen in Figure 2.8. The times t1 and t2 are varied
independently to produce the two axes of the spectrum, and the delay time τ is usually set to a
value that maximizes nuclear modulation, or the effect of the surrounding nuclei on the detected
electron spin echo. The π pulse acts as a mixer; it interchanges nuclear coherence between the
two electron spin manifolds. Nuclear coherences are then detected via a spin echo that is
modulated by nuclear frequencies [16].
Figure 2.9 shows an example of a HYSCORE spectrum of drug-free CYP3A4 taken near
gz. The spectrum contains peaks from heme nitrogen atoms below 4 MHz. Nitrogen is a S = 1
nucleus with a nuclear quadrupole that generates multiple ENDOR lines. These peaks are present
in both drug-free and drug-bound spectra and do not contain information about drug binding
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unless they can be subtracted out in difference spectra or compared with 15N labeled drug-bound
spectra to reveal nitrogen atoms on drugs. The proton region of the HYSCORE spectrum,
however, reveals CYP-drug binding modes. The peaks near 13.5 MHz correspond to 𝛽𝛽-protons
on the proximal cysteine ligand, and these cysteine proton peaks act as an internal intensity
standard for the HYSCORE spectra. If the cysteine peaks are resolved, then other nearby
protons, such as those on the axial water, should also be resolved. The axial water peaks show up
near 15 MHz and act as a mode of detection for drug binding. If a drug displaces the water then
the water peaks disappear but the cysteine proton peaks remain, whereas if the drug does not
displace the water then both sets of peaks remain. Figure 2.10 shows the HYSCORE spectrum of
CYP3A4 bound to acetaminophen. Although saturating amounts of acetaminophen were added,
the axial water protons remain, indicating that the acetaminophen did not displace or replace the
axial water upon binding. Instead, it could be forming a hydrogen bond network with axial water.
2.6 Discussion
EPR measurements are particularly dynamic for investigating CYP-drug interactions.
CW EPR probes the low-spin ferric heme and determines the extend of heterogeneity in both
drug-free and drug-bound CYPs. These measurements contain a wealth of information that can
be accessed through careful simulations. Pulsed EPR measurements such as ENDOR and
HYSCORE probe hyperfine interactions between the heme and surrounding nuclei and provide
structural details such as the identity and position of surrounding nuclei. These measurements are
sensitive to small changes in the heme environment and can be used to determine drug binding
modes. Most importantly, they reveal mixtures of bound complexes and are able to define drug
binding for individual complexes in solution. In addition, measurements like HYSCORE are able
to detect drug-bound complexes with axial water, which are rare in the crystallographic database.
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Together, these EPR techniques provide more detail than other spectroscopic methods such as
optical difference spectra. The following chapters will demonstrate how these techniques yield
significant conclusions about the nuances of drug binding with a variety of CYP/drug
combinations.
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Figures

Figure 2.1: Optical difference spectra of CYP2C9d bound to 1,2,3-triazole (left) and PPT (right).
The spectrum on the left has characteristic minima and maxima of a type II spectrum, but the
spectrum on the right is missing a maximum peak and thus could not be classified as either a
type II spectrum or a reverse type I spectrum. Figure insets show the absolute absorbance spectra
for the 𝛼𝛼/𝛽𝛽 bands (500-600 nm), which are similar to those observed in type II spectra. Figure
adapted from [26].
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Figure 2.2: The Zeeman effect. The difference in energy between -1/2 and +1/2 electron spin
manifolds increases linearly with increasing magnetic field strength. The difference in energy, E,
is the product of Planck’s constant and the frequency of irradiation used, which is on the order or
microwave irradiation. The difference in energy can also be expressed with the g value, the Bohr
magneton, β, and the magnetic field, B0.
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Figure 2.3: CW EPR spectrum of CYP2C9d with 1,2,3-triazole. The spectrum is composed of
multiple complexes, which is revealed by the multiple peaks at the three characteristic g values,
gx, gy, and gz.
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Figure 2.4: Energy level diagram for hyperfine interaction between S = ½ and I = ½ spin system.
The nuclear Zeeman effect splits the produces the NMR line at a frequency equal to the product
of the nuclear g value, g, the nuclear magneton, βn, and the magnetic field, B0, divided by
Planck’s constant (purple equation and arrows). This NMR line is split into two lines by the
hyperfine interaction, A, with frequencies at νI = ± A/2 (blue equations and arrows).
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Figure 2.5: Mims ENDOR pulse sequence. The three π/2 microwave pulses each rotate the
electron spin population by 90º. The first two pulses invert the spin population, and the final π/2
pulse generates the electron spin echo for detection. The delay times τ and T are set to optimize
signal for the nuclei of interest. The radio frequency π pulse is applied during the delay time T to
transfer polarization between nuclear and electron spins.
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Figure 2.6: Mims ENDOR spectrum of CYP3A4 with 120 µM midazolam. The large peak
centered at ~ 12.5 is the matrix proton peak; this is from all the weakly-coupled protons near the
active site. The shoulders from ~11 MHz to 12.5 MHz and from ~13.5 MHz to ~ 15 MHz are
from protons on the cysteine and water ligands.
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Figure 2.7: Mims ENDOR subtraction spectra of CYP51B1 with 1,2,3-TRZ. Spectra are taken at
magnetic fields that span the region between gz and gy because this is the region that changes the
most upon drug binding. Spectra are symmetrized around the nuclear Zeeman frequency by
plotting the data as the difference in absolute ENDOR effect versus the nuclear Zeeman
frequency and the reflection of the difference spectrum about the nuclear Zeeman frequency
versus the nuclear Zeeman frequency (bold and thin lines, respectively).
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Figure 2.8: The HYSCORE pulse sequence. The three π/2 microwave pulses each rotate the
electron spin population by 90º. The π pulse mixes electron and nuclear spin polarization to
generate nuclear modulation in the detected spin echo. The delay time τ is set to a value that
maximizes nuclear modulation for the nuclei of interest, and the times t1 and t2 are varied
independently to produce the two axes of the HYSCORE spectrum.
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Figure 2.9: HYSCORE spectrum of CYP3A4 with no drug added taken at 291.6 mT, which is
near the gz peak. Peaks along with diagonal ~4 MHz are from heme nitrogen atoms. Peaks near
14 MHz are from 1H. The intense peak along the diagonal at 13 MHz is the matrix proton peak.
The peaks split from the diagonal flanking the matrix peak are from protons on the cysteine
residue, and the large, more intense peaks above those are from protons on the axial water.
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Figure 2.10: HYSCORE spectrum of CYP3A4 bound to acetaminophen taken at 292.2 mT,
which is near the gz peak. Peaks along with diagonal ~4 MHz are from heme nitrogen atoms.
Peaks near 14 MHz are from 1H. The intense peak along the diagonal at 13 MHz is the matrix
proton peak. The peaks split from the diagonal flanking the matrix peak are from protons on the
cysteine residue, and the large, more intense peaks above those are from protons on the axial
water.
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CHAPTER 3:
CW EPR PARAMETERS REVEAL CYP450 BINDING MODES
3.1 Introduction
The paradigm for drug binding in CYPs is that drugs bind in two ways, which are
observed in numerous crystal structures [1, 2]. As discussed in Chapter 2, these two binding
modes are correlated with optical difference spectra used for high-throughput drug screening or
for measuring binding constants for drugs and inhibitors [3]. These spectra typically fall into two
classes, type I and type II. These categories are loosely associated with binding modes. Type I
spectra are thought to represent displacement of the axial water and a shift to pentacoordinate
high-spin heme, whereas type II spectra are thought to indicate displacement and replacement of
the axial water and a shift to low-spin heme. However, as mentioned in previous chapters, not all
binding modes produce optical difference spectra that fall into these two categories. For
example, reverse type I spectra resemble red-shifted type II spectra. Like type II spectra, they
indicate a shift to low-spin heme. Coordination to the heme by a heteroatom other than nitrogen
to the heme is proposed as the cause of some, but not all, reverse type I spectra [6]. Because the
corresponding structure is not necessarily known, many researchers do not consider reverse type
I spectra a category and instead classify reverse type I spectra as type II spectra. In addition,
some CYP complexes have optical difference spectra that defy classification [7]. The usefulness
of the binary type I – type II classification encourages the perception that drug binding is also
binary: that every bound compound can only replace the axial water or displace it. CYP crystal
structures containing drugs or substrates occasionally have binding modes that neither replace or
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displace the axial water. The complexes of CYP125A1 with LP10 (Figure 1) [8]; CYP121A1
with fluconazole [9]; CYP121 with cyclodityrosine [10]; and possibly CYP101A1 with 2phenylimidazole [2] all show drug or substrate in the binding pocket with the axial water intact
and forming a hydrogen-bonded bridge to the drug. The crystal structure of the complex of
CYP121A1 with fluconazole is notable because it contains different mixtures of water-bridged
and directly-coordinated fluconazoles in each of the six CYP121A1 molecules that make up the
asymmetric unit, suggesting that the binding energies are so similar that the two binding modes
coexist in the crystal [9]. Collectively, these observations of water bridges between the heme and
bound ligands indicate that the simple two-state, high-spin vs. low-spin, type I vs. type II
paradigm is oversimplified, and more detailed characterization of CYP complexes is needed.
Water-bridged CYP complexes are quite rare in the crystal structure database, yet pulsed
EPR studies found a high frequency of examples in the CYP-drug complexes studied by the
Bowman group [7]. This suggests that water-bridged complexes are highly underrepresented in
the crystal structure database, and may be more common in solution and in vivo. If that is true,
then high-throughput spectroscopic methods used to characterize drug binding in the
pharmaceutical industry need the ability to identify water-bridged complexes. While waterbridged complexes can be successfully identified, the pulsed EPR methods outlined in Chapter 2
are not high-throughput; they oftentimes take a lot of time and money to complete. CW EPR
measurements probe the ligand field and therefore code a lot of information about the nuclei
surrounding the low-spin, ferric heme. As a result, they could also reflect CYP-drug binding
modes. This study hypothesizes that CW EPR parameters, as determined by simulating CW EPR
spectra, can be used to elucidate CYP-drug binding. The two major human drug-metabolizing
CYP isoforms, CYP3A4 and CYP2C9d, are examined in complexes with several drugs, drug
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fragments, and inhibitors. These two isoforms were chosen specifically because they are the
largest contributors to drug metabolism, with CYP3A4 metabolizing ~50 % and CYP2C9
metabolizing ~16 % of all drugs that are metabolized by enzymes in the human body [11]. This
study aims to determine whether water-bridged complexes of these important isoforms are
indeed rare or simply under-represented in the crystal structure database, and a simple
spectroscopic method to identify these water-bridged complexes from CW EPR spectral
parameters is described. These results find significant heterogeneity of heme ligation states for
many drugs and inhibitors that is not readily apparent from the optical absorbance spectra,
including a significant contribution in many cases from the water-bridged binding mode.
3.2 Materials and Methods
Protein Sample Preparation
Protein expression and purification was done by the Atkins group at the University of
Washington in Seattle, Washington. CYP2C9d was prepared as previously described [7, 12]. The
protein was expressed in DL39 Escherichia coli and contains a His6 C-terminal tag to facilitate
purification and several amino acid substitutions to increase solubility [7, 12]. CYP3A4 was also
prepared as previously described [13, 14]. Drug concentrations were chosen to be saturating
(generally ~10 times the KD at room temperature), but in some cases, residual unbound, i.e.,
resting state, enzyme was present in the frozen sample. The concentrations used in all samples
can be found in Appendix A2. Each structurally-distinct heme complex has a distinct EPR
spectrum because the ligand fields are significantly different. Consequently, spectra from both
forms can be deconvoluted and studied independently in the same sample. EPR samples were
prepared and frozen as previously described [5, 7]. No high spin heme was observed for any of
these samples; this could be due in part to the fact that they were frozen in liquid nitrogen over
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the course of a few seconds. The freeze rate and method do seem to influence the proportion of
high spin heme present, and liquid nitrogen has been reported to produce more low spin
complexes [10]. All of these drugs have pharmaceutical significance. Acetaminophen and
caffeine are common drugs, and 17-click and 17-EE are analogs of ethinylestradiol, an estrogen
medication. The other compounds are nitrogen heterocycles, which are commonly incorporated
into drugs to improve metabolic stability and potency [15-17]. Specifically, the 1,2,3-triazole
moiety is a central scaffold moiety in fragment-based drug design since the discovery of click
chemistry in 2001 [18-20]. Both 1,2,4-triazole and imidazole are common moieties found in
many approved drugs [21]. Structures of all the compounds used are shown in Figure 2 and will
be referred to as "drugs" for convenience.
EPR spectroscopy
CW EPR spectra were measured on a Bruker ELEXYS E540 X-band spectrometer with
an ER 4102 ST resonator (Bruker-Biospin, Billerica, MA). CW spectra were measured at a
nominal microwave frequency of 9.45 GHz. Spectra were recorded at 77 K using a liquidnitrogen quartz insertion Dewar or at 15 K using a Bruker ER 4112 HV helium flow cryostat.
HYSCORE measurements were made at 10-15 K with a nominal microwave frequency
of 9.76 GHz using an ELEXSYS E680 EPR spectrometer (Bruker-Biospin, Billerica, MA)
equipped with a Bruker Flexline ER 4118 CF cryostat and an ER 4118X-MD4 ENDOR
resonator. HYSCORE measurements used a four pulse sequence,
π/2−τ−π/2−t1−π−t2−π/2−τ−echo repeated at a rate of 2 kHz, where π/2 and π represent pulses 16
and 32 ns long, respectively, and t1, t2, and τ are delays between the pulses. The times t1 and t2
are varied independently to create the two dimensions of the HYSCORE spectrum. The delay
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time τ was set to 240 ns for all measurements except CYP2C9d with no drug added at 296.5 mT,
which had a τ value of 288 ns to give a slightly more intense signal.
CW EPR analysis
CW EPR spectral processing and simulations were done using MATLAB (MathWorks,
R2017a) and the EasySpin package [22]. Spectral baselines were corrected using a polynomial
fitting function. Some spectra have a background signal in the range g = 1.96-2.08 from
contaminants in the EPR cavity. The contaminants appear between gx and gy in our samples and
do not interfere with the CYP measurements. The g-values (or peak positions) and g-strains
(related to peak widths arising from a distribution of ligand fields and any hyperfine broadening)
for each complex in the spectrum were determined using the “pepper” function in EasySpin. The
g-values of the drug-free resting state were obtained from samples without drug. Each sample
that included drug typically contained spectra of the drug-free, resting form of the enzyme and of
one or more forms with drug bound. Spectra were simulated by adding spectral complexes one at
a time until their sum adequately fit the experimental spectrum, as determined by the calculated
root-mean-square deviation of the fit.
Ligand field analysis
Analysis of ligand field parameters was done using MATLAB. The g-values for each
spectral complex were used to calculate that complex’s tetragonal field, Δ/𝜆 (Eq. 1), which is the
axial distortion of the ligand field, and rhombicity, V/Δ (Eq. 2), or the degree by which the ligand
field is non-axial. Palmer’s convention [23] was used to calculate the ligand field parameters as
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Eq. 1

Eq. 2

Where Δ, 𝜆, and V are the tetragonal splitting, the spin-orbit coupling constant, and the rhombic
splitting, respectively. Ligand-field parameters are calculated as in Blumberg and Peisach [24],
using a coordinate system in which gx, gy, and gz correspond to gmin, gmid, and gmax, respectively
[25]. Plots were made using OriginLab (OriginPro 2016 (64-bit) Sr2).
Principal component analysis (PCA)
Principal component analysis was done with OriginLab using the covariance matrix. The
g-values and g-strains for each complex in each simulation was entered into a matrix (Appendix
A2). Principal component analysis is a multivariate statistical technique to extract valuable
information from datasets that contain sets of inter-correlated parameters, in our case, the gvalues and g-strains from CW EPR spectra. PCA finds the combination of parameters that best
account for the differences between the CW EPR spectra [36]. The degree to which each
principal component contributes to the overall variance can be determined using a scree plot,
which plots the eigenvalue (or fraction of total variance) versus the principal component number.
The point at which the plot significantly changes slope represents the number of principal
components that are significant for describing the CW EPR spectra [26]. In our analysis, six
principal components were obtained, but only two are significant and account for the majority of
the variance in CW EPR spectra. Therefore, only the first two principal components were used in
biplots, which are scatter plots that show the values of the significant principal components for
each CW EPR spectrum.
3.3 Results
CW EPR spectra
CW EPR spectra were obtained for CYP3A4 and CYP2C9d without drugs and in
complex with the drugs and fragments shown in Figure 1. In every case, the CW EPR spectrum
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contained a mixture of low-spin complexes. CYP2C9d with 1,2,4-triazole, Figure 3A,
demonstrates a typical mixture with three distinct complexes. EPR parameters for each complex
in all samples are collected in SI Tables 2 and 3. CW spectra were simulated for a nominal
frequency of 9.769 GHz (the average in the HYSCORE measurements) as absorption spectra to
aid in planning the pulsed EPR measurements. The calculated absorption spectra for CYP2C9d
with 1,2,4-triazole and each of its three complexes are shown in 3B.
The EPR g-value reflects the magnetic moment of the unpaired electron in an applied
magnetic field and depends on the orientation of that field relative to the heme. CYPs have three
characteristic g-values, gx, gy, and gz, which correspond to physical axes of the heme with gz
perpendicular to the heme plane [7]. Spectra of the 1H of the axial water ligand are best resolved
from signals of other 1H when the magnetic field is parallel to the O-Fe coordination bond and
perpendicular to the heme plane. CYPs with this orientation appear in the EPR spectrum near gz,
so HYSCORE or ENDOR measurements near gz select those CYPs oriented optimally for
determining the presence or absence of 1H of an axial water ligand. Each complex has a different
gz value, the complexes that contributed to a HYSCORE spectrum could be differentiated by
selecting the g-value (magnetic field) for the HYSCORE measurement. In this way, the
HYSCORE spectrum and the presence or absence of an axial water ligand for most of the
spectral complexes could be determined [27].
HYSCORE spectra
As described in detail in Chapter 2, electron spin echo envelope modulation (ESEEM)
and HYSCORE spectra have been used to observe water peaks of the axial water ligand of
resting state and water-bridged CYPs [5, 7, 14, 28-30]. In brief, peaks appear in pairs at the
ENDOR frequencies, which are the 1H NMR frequency shifted by half the hyperfine coupling.

55

The 1H nuclei nearest to the heme iron have the largest hyperfine coupling and the largest
changes in the hyperfine measured at different positions in the EPR spectrum, which can be used
to determine their physical position relative to the heme. The two most prominent sets of 1H peak
pairs have locations consistent with the protons of an axial water ligand and of the 𝛼-carbon of
the coordinated cysteine. The two pairs of peaks are distinct and do not overlap with other
weakly coupled protons in the protein because of their significant hyperfine coupling to the heme
[27]. When a ligand such as imidazole or triazole displaces the axial water, the water proton
peaks disappear but the cysteine peaks remain [5, 7, 14, 29]. In the case of imidazole, previous
research observed the disappearance of the axial water peaks and the appearance of more distant
1

H peaks from the imidazole [29]. The HYSCORE spectra of directly-coordinated drugs contain

peaks from nitrogen atoms on the drug, but these peaks are not always distinct from those of the
heme nitrogen atoms, although normalization and subtraction of the drug-free spectrum usually
can identify the peaks from directly-coordinated nitrogen [29]. In HYSCORE spectra, the
disappearance of water protons is the best indicator of replacement of the axial water by the
drug.
The mode of binding for each complex in the EPR spectrum was assigned as waterbridging (WB) or directly-coordinated (DC) based on the presence or absence of water proton
peaks in the HYSCORE data for that complex [7]. For example, two HYSCORE spectra of a
sample with 1,2,4-triazole and CYP2C9d are shown in Figure 4. The spectrum measured at a
magnetic field of 293.0 mT, Figure 4B, contains a pair of peaks from 1H of an axial water with
coordinates of about [10 MHz, 15 MHz] and [15 MHz, 10 MHz] as indicated by red arrows.
Slightly weaker peaks, near 11 and 14 MHz, are from 1H on the 𝛼-carbon of the cysteine
coordinated to the heme. These peaks are not exchangeable in deuterated buffers and have the
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right distance and orientation to be the protons on the 𝛼-carbon of cysteine [27]. These cysteine
peaks serve as a positive control and intensity benchmark in the HYSCORE spectrum. The
spectrum in Figure 4A was measured at a magnetic field of 283.5 mT and clearly shows the
cysteine peaks but no water peaks, even with the contour levels set much lower than in Figure
4B.
The spectrum in Figure 4A was measured at 283.5 mT, indicated by the left-most red
arrow, in Figure 3B. Only complexes 2 and 3 (in red and dark blue, respectively) contribute to
the CW EPR and HYSCORE spectra at that field, which indicates that both have the drug
directly coordinating the heme iron because the heme is still low spin, with no axial water ligand.
The HYSCORE spectrum in Figure 4B measured at the 293.0 mT, indicated by the right red
arrow in Figure 3B includes complex 1 (light blue) in addition to complexes 2 and 3. Because
peaks from the axial water ligand now appear in the HYSCORE spectrum at this field, but not at
283.5 mT where only complexes 2 and 3 are observed, complex 1 can be assigned as having an
axial water ligand. Complex 1 has g-values that are distinct from the resting state enzyme;
therefore, it is not residual resting state enzyme and can be assigned as a distinct water-bridged
complex.
This procedure allows for the assignment of binding modes for the majority of complexes
seen in the CW EPR spectra. The binding mode of some complexes with strong spectral overlap
could not be assigned definitively from the HYSCORE spectra, so their binding mode is
conservatively indicated as unknown (UKN). This typically occurs when gz peaks are nearly
superimposed, so that their HYSCORE spectra cannot be distinguished, and at least one complex
contains water or is water-bridged. Water-bridged complexes were only assigned if the
assignment could be done unambiguously. Thus several of the 'unknown' components may be
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water bridged as well. Complexes in samples with added drug that had an EPR spectrum
indistinguishable from that of resting state samples with no drug were assigned as residual
unbound CYP (resting) and always showed bound water. The binding mode assignments are
tabulated in Tables 1 and 2.
Analysis of gz shifts
The shift of 𝑔𝑧 from that of the resting state of the enzyme was plotted in Figure 5 as
∆𝑔𝑧 for each complex in every CW EPR spectrum. The ∆𝑔𝑧 = 𝑔𝑧 (resting) − 𝑔𝑧 (+drug) in CW
EPR spectra have long been correlated with the identity of the sixth axial ligand: 𝑔𝑧 shifts to
higher values (lower field), with direct coordination by a strong nitrogen-coordinated ligand but
shifts to lower values (higher field), with weak ligands [7, 31]. The same correlation should also
hold for CYP binding modes because all drug complexes either have a nitrogen from the drug as
the sixth axial ligand (strong ligand) or an oxygen from the axial water that has neither been
displaced or replaced (weak ligand). The points for all complexes with a drug bound and an axial
water are indicated by symbols filled with a "+", and the complexes with the drug replacing the
axial water are indicated by solid symbols. Points that are filled with a “+” but lie directly at
∆𝑔𝑧 = 0 represent the resting state with no bound drug. Remarkably, every assigned complex
with a drug replacing the axial water (solid symbols) has a negative ∆𝑔𝑧 , < -0.03, corresponding
to a shift to lower field relative to the resting state. All known water-bridged complexes in the
CYP2C9d samples have a ∆𝑔𝑧 ≥ 0, all are significantly shifted from the resting state. On the
other hand, water-bridged complexes in CYP3A4 are clustered near the resting state 𝑔𝑧 value,
with ∆𝑔𝑧 ~0, perhaps indicating a weaker perturbation upon drug binding.
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Ligand field parameters
The gz value in low-spin ferric heme is strongly influenced by the ligand field of the iron
[25] so that perturbations or changes of the axial ligand are likely causes of the shifts observed in
gz. Consequently, one could expect the ligand field to be highly correlated to the binding mode.
The ligand field parameters were calculated for each complex and examined in scatter plots,
sometimes known as Blumberg/Peisach truth tables [24]. Figure 6 shows the calculated
tetragonal field and rhombicity of each complex in every CW EPR spectrum. A version of the
plot annotated with drug complexes is available in Appendix A3. The two binding modes cluster
in adjacent, non-overlapping groups, but neither the tetragonal field nor the rhombicity alone
provides good separation between groups with different binding modes. Water-bridged
complexes have higher rhombicity and tetragonal field values than the directly-coordinated
complexes.
Principal component analysis
The complexes in the CW EPR spectra have significant variations in g-strain, which
characterizes the distribution of g-values within that single complex and appears as a broadening
of the EPR spectral features. The g-strain reflects natural structural variations within a complex
and the rigidity of the bound complex, characteristics that are not included in the ligand field
analysis. This study incorporated principal component analysis (PCA) so that g-strain could be
conveniently considered along with all three g-values. PCA is a statistical technique that
identifies the most significant trends in a set of observations, and it has proved to be useful for
comparing complexes of CYP substrates and inhibitors [32]. While PCA groupings do not
directly correspond to structural or functional characteristics, they can provide useful insights
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into underlying correlations in data. PCA was applied to the entire set of spectra, considering the
three g-values and the three g-strains for each complex.
A scree plot of the loading for all samples, Figure 7A inset, shows the relative
contribution of each principal component to the overall variance of the dataset. Only the first two
principal components are significant, as determined by the break as the slope becomes ~0 in the
scree plot. The first principal component accounts for about 75 % of the total variation between
spectra. The largest part of the first principal component is gz, as might be expected from the
trends seen for Δgz, with significant contributions from gz strain and gz-gx, Figure 7A. In
contrast, gz strain is the major part of the second principal component.
The small contributions by gy, gx strain and gy strain to the first two principal values
shows that they are rather insensitive to axial ligand in the complex. A biplot of the dataset,
Figure 7B, maps each complex into its first two principal components and is colored by isoform.
A version annotated with the drug complexes is available in Appendix A3. Water-bridged
complexes form a distinct cluster on the left-hand side that is clearly separate from the directlycoordinated complexes. Every assigned complex with a negative score on the first principal
component axis is water-bridged, while every assigned complex with a positive score is directlycoordinated. Water-bridged complexes have scores for the second principal component very
close to zero, while the directly-coordinated complexes have a large scatter in the second
principal component. Multiple complexes with the same binding mode have minor variations
along the first and second principal components. The variations do not represent major
differences in binding, but they could reflect different ligand-iron rotamers, variations in Hbonding networks, or different protonation states of the protein [10]. The clear distinction of
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binding mode by these two principal component suggests that the binding mode could be
assigned solely by CW-EPR spectra.
3.4 Discussion
Extent of water-bridged complexes
Several significant conclusions emerge from this work. The first concerns the prevalence
of water-bridged complexes in both CYP3A4 and CYP2C9 and for a wide range of drug
fragments or drugs. With CYP3A4, 28% of the total complexes observed in the samples are
water-bridged complexes (omitting residual resting states), and with CYP2C9d, 20% are waterbridged. Remarkably, acetaminophen and caffeine, which are both substrates and drugs, yield
large fractions of water-bridged complexes (50%) with CYP3A4. Similarly, the drug-like
compounds 17-click and 17-EE, which are analogs of ethynyl estradiol, yield 50% water-bridged
heme with CYP3A4. The complexes in which the axial water has neither been displaced nor
replaced occur rather frequently and are not readily detectable in optical difference spectra.
The current and previous EPR data from demonstrates that water-bridging occurs with a
range of structurally distinct nitrogenous compounds including imidazoles, triazoles, pyridines,
methyl xanthines, and acyl anilines across several CYP isoforms [5, 7]. This research suggests
that a bridging water is a common structural feature in CYP-drug complexes. These results
emphasize the need to consider water-bridging in the design of CYP inhibitors based on nitrogen
heterocycles and in the metabolism of nitrogenous substrates. Most drugs contain substituted
amines, where it is assumed that nitrogen directly coordinates the heme iron when a type II
optical difference spectrum is observed [4]. However, water-bridged complexes are surprisingly
abundant in the complexes examined here, with water-bridged and directly-coordinated
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complexes often coexisting in the same sample and with overlapping contribution to the optical
difference spectra.
It is interesting that the drug fragments, 1,2,3 triazole and 1,2,4 triazole, do not form
water-bridged complexes with CYP3A4 but both do form water bridges with CYP2C9. This is
an important indication that the type of complex formed is not entirely dictated by the nature of
the fragment or nitrogen heterocycle and underscores the involvement of the enzyme active site
architecture and solvation in the accommodation of specific heme ligation states. A previous
study comparing the binding of several type II ligands to CYP3A4 and CYP2C9 found that
CYP2C9 displayed more complex binding behavior than CYP3A4, and in some cases multiple
binding events were observed [21]. It is possible that some of the complexities observed are due
to the retention of the axial water ligand in a fraction of the drug-bound complexes.
Water-bridged ligation is not unique to nitrogenous compounds. Similar findings appear
in other studies. A very recent study of a substrate, cyclodityrosine (cYY), bound to CYP121
found that the crystal structure of the cYY-bound complex contains two water molecules
forming a hydrogen-bonding bridge from cYY to the heme, which the authors propose plays a
structural role by positioning the hydroxyl group of the substrate near the heme [10].
Energies of complexes
Nearly all the samples studied here that contain a drug have a mixture of coexisting
water-bridged, resting state, and/or directly-coordinated complexes. In particular, the triazole
fragments have several spectrally-distinct, directly-coordinated complexes, suggesting
heterogeneity even for complexes with direct nitrogen coordination. This study cannot determine
the source of this spectral heterogeneity, but it obviously arises from different geometries or
bond strengths producing directly-coordinated complexes from the same constituents. These
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samples were flash-frozen from equilibrated liquid solutions, so the coexisting complexes could
represent distinct, slowly-equilibrating complexes present in solution or binding modes trapped
at local minima of the conformational energy surface of a rapidly-equilibrating, dynamic
ensemble present at room temperature. Regardless of this uncertainty, the heterogeneous
populations indicate that these different heme ligation states are similar in energy. A study on
CYP2C9 binding with substituted quinoline carboxamide analogs (QCAs), which would be
considered inhibitors, observed multiple distinct enzyme forms in EPR spectra for QCAs that
contained a para nitrogen atom in the pyridine ring. The authors deemed this “mixed” and/or
incomplete binding that might be due to an increased steric bulk that interferes with formation of
a classic type II complex [17]. Multiple complexes are also observed in the study on CYP121
binding to cYY, a substrate rather than an inhibitor. They found that multiple enzyme forms,
both high spin and low spin, exist in an equilibrium in solution [10].
Nitrogen heterocycles such as imidazole or 1,2,4 triazole are more nucleophilic than
water and are expected to completely displace water in isolated heme systems lacking competing
interactions [5]. However, the drugs also have other fragments that can interact with active site
groups and bound water. As a result, drugs with directly-coordinated fragments can have
competing interactions that cannot be fulfilled simultaneously and lead to multiple nearly
isoenergetic complexes. The interaction with heme does not completely control the structure of
the complex.
Enzyme activity
The previously mentioned study of CYP2C9 binding to carboxamide analog (QCA)
scaffolds also shows that directly-coordinated compounds can still be efficiently metabolized,
some with intrinsic metabolic clearance rates that are higher than the compounds that yielded
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type I spectra and would conventionally be considered substrates [17]. The isoenergetic
complexes in our samples might help explain some of the perplexing features in turnover of
directly-coordinated compounds. The Bowman group has also reported the turnover of the waterbridged complex of CYP3A4 with 17-click, where the drug was metabolized to a mixture of
metabolites rather than inhibiting the enzyme [5]. The metabolism of 17-click could suggest a
similar purpose for the bridging water; rather than inhibit enzyme metabolism, the hydrogen
bonding network functions as a scaffold that positions the substrate in the active site. The
heterogeneity in some of our samples is a mixture of directly-coordinated complexes, some of
which could be classically-inhibited and some of which could be active, and water-bridged
complexes, which could preserve some catalytic activity, even if the mixture has a type II
difference spectrum.
Characterizing binding mode
Finally, the analysis of gz shifts, ligand field parameters, and PCA shows an excellent
correlation between the ligand field of the heme, as reflected in CW EPR parameters, and the
CYP binding mode, with most of the EPR spectral variation arising from differences in heme
ligation. The data include a variety of CYP isoforms and drug combinations, suggesting that
binding modes can be assigned accurately from CW EPR parameters with other isoforms and
drugs. The first principal component shows the best discrimination between modes of drug
binding. CW EPR measurements are much faster than crystallographic or HYSCORE
measurements and may be a reliable way to distinguish between direct heme coordination and
water-bridged complexes. As a result, CW EPR measurements also determine heterogeneity in
binding. The CW EPR approach does need additional validation with more CYP isoforms and
more drugs. However, EPR already shows that there are multiple complexes involved in
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CYP/drug binding, and suggests that a binary classification of binding is too simple and may
lead to misinterpretation of both enzyme activity and coexisting binding modes in solution.
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Figures

Figure 3.1: CYP125A1 in a water-bridged complex with LP10. Adapted from the 1.5 Å
resolution crystallographic data of CYP125A1, PDB file: 2XC3. Small red spheres above the
heme iron are oxygen atoms of water molecules.
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Figure 3.2: Structures of all drugs used.
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Figure 3.3: CW-EPR spectrum and simulations. (A) The CW-EPR spectrum of CYP2C9d with
124 TRZ. The spectrum was taken at a microwave power of 3.334 mW, a modulation amplitude
of 10.0 G, and a modulation frequency of 100 kHz. The simulated components that represent
different complexes in the sample are labeled as component 1, component 2, and component 3.
(B) The frequency-shifted absorbance CW-EPR spectrum of CYP2C9d with 124 TRZ.
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A

B

Figure 3.4: HYSCORE spectrum of CYP2C9d with 124 TRZ at 283.5 mT (A) and CYP2C9d
with 124 TRZ at 293.0 mT (B). Peaks from the axial water in the spectrum at 293.0 mT are
indicated with red arrows.
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Figure 3.5: Correlation of binding mode with shift in gz. Points are colored by isoform; green
circles are CYP2C9d complexes and black squares are CYP3A4 complexes. Solid points
represent directly-coordinated complexes, points filled with a + represent water-bridged
complexes, and open points represent complexes that could not be assigned a binding mode.
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Figure 3.6: Correlation of binding mode with ligand-field parameters. Points are colored by
isoform; green circles are CYP2C9d complexes and black squares are CYP3A4 complexes. Solid
symbols represent directly-coordinated complexes, symbols filled with a + represent waterbridged complexes, and open symbols represent complexes for which the binding mode could
not be assigned.

71

0.003

1.0
0.8

Eigenvalues

Principal Component 2 (19.6%)

1.2

0.002

gz strain
0.001

0.6
0.000

0.4

1

2

3

4

5

6

Principal Component Number

gx strain

gx

0.2

gy strain

0.0

gy

-0.2

gz

-0.4
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

Principal Component 1 (77.8%)
Figure 3.7a: The loadings and scree plot (inset). The loading vectors represent the overall
contribution of each observation with respect to the first and second principal components.
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Figure 3.7b: A biplot of the scores for the first and second principal components from PCA of
the CW EPR spectral fit parameters. Points are colored by isoform; green circles are CYP2C9d
complexes and black squares are CYP3A4 complexes. Solid symbols represent directlycoordinated complexes, symbols filled with a + represent water-bridged complexes, and open
symbols represent complexes for which the binding mode could not be assigned.
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Sample Complex
no drug
17-click
17-EE
1,2,3-TRZ

1,2,4-TRZ
IMZ
APAP
APAP and
caffeine
caffeine

Contribution (%)
76.3
23.7
76.3
23.7
75.1
24.9
5.8
62.8
31.4
15.3
58.4
26.3
78.4
21.6
57.9
42.1
58.3
41.7
67.3
32.7

Binding Mode
resting state
resting state
WB
UKN
WB
UKN
UKN
DC
DC
UKN
DC
DC
DC
UKN
WB
UKN
WB
UKN
WB
UKN

Table 3.1: All EPR spectra complexes with their corresponding weights and assigned binding
modes for CYP3A4 samples. Complexes labeled in blue as “resting state” are resting state
enzyme, “DC” are directly-coordinated, “WB” are water-bridged, and “UKN” are unknown
complexes where a binding mode could not be assigned.
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Sample Complex Contribution (%)
74.0
no drug
26.0
14.2
1,2,3-TRZ
60.1
25.7
22.8
1,2,4-TRZ
62.7
14.5
PPT
20.0
PPT
14.0
PPT
51.0
PPT
15.0
IMZ
72.6
IMZ
27.4

Binding Mode
resting state
resting state
WB
DC
DC
WB
DC
DC
resting state
resting state
DC
UKN
DC
DC

Table 3.2: All EPR spectra complexes with their corresponding weights and assigned binding
modes for CYP2C9d samples. Complexes labeled in blue as “resting state” are resting state
enzyme, “DC” are directly-coordinated, “WB” are water-bridged, and “UKN” are unknown
complexes where a binding mode could not be assigned.
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Chapter 3 Appendix
A1: CW and HYSCORE spectra
CW spectra (plotted as absorbance) and corresponding HYSCORE spectra for all CYP-drug complexes.
Assignments are listed and justified, where WB and DC stand for water-bridged and directlycoordinated components, respectively. Resting state components and components that were left as
unknown assignments are also listed. Simulated complexes are referred to as “components” in the
simulated spectra.
CYP3A4 no ligand
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Component 1: resting state enzyme
Componenr 2: no HYSCORE data available; left as unknown.
CYP3A4 17 click

Component 1: WB
Component 2: Unknown, no HYSCORE data available for a lower field where component 1 does not
contribute. Water signal significantly decreases relative to cysteine, so DC is likely.
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CYP3A4 17EE

Component 1: WB
Component 2: No HYSCORE data available; left as unknown.
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CYP3A4 123 TRZ

Component 1: No HYSCORE data that distinguishes it from other components; left as unknown.
Component 2: DC; makes up significant amount of signal at 283.0 mT
Component 3: DC; makes up significant amount of signal at 283.0 mT
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CYP3A4 124 TRZ

Component 1: Potential water protons not above noise level; left as unknown.
Component 2: DC
Component 3: DC
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Normalized CW EPR Intensity
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Component 1: DC; no water protons at a field where component 1 contributes significantly to overall
signal.
Component 2: UKN; overlaps with component 1. No HYSCORE data available that will sufficiently
separate it from component 1.
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CYP3A4 APAP

Component 1: WB; intense water proton peaks at a field where component 1 contributes significantly to
overall signal.
Component 2: UKN; overlaps with component 1. No HYSCORE data available that will sufficiently
separate it from component 1.
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CYP3A4 Caffeine

Component 1: WB; intense water proton peaks at a field where component 1 contributes significantly to
overall signal.
Component 2: UKN; overlaps with component 1. No HYSCORE data available that will sufficiently
separate it from component 1.
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CYP3A4 Caffeine/APAP

Component 1: WB; intense water proton peaks at a field where component 1 contributes significantly to
overall signal.
Component 2: UKN; overlaps with component 1. No HYSCORE data available that will sufficiently
separate it from component 1.
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CYP2C9d No Ligand

Component 1: resting state enzyme
Component 2: resting state enzyme
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CYP2C9d 123 TRZ

Component 1: WB. Proton signal is weak, but it is not present at all at lower fields where only
components 2 and 3 are present. Component 1 does not make up the majority of the signal at 296.0 mT,
so the water proton peaks are expected to be weak if they are present.
Component 2: DC
Component 3: DC
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CYP2C9d 124 TRZ

Component 1: WB. The water proton peaks are not present at 283.5 mT, where only components 2 and 3
are present. They are relatively intense at 293.0 mT where component 1 starts to contribute to the overall
signal.
Component 2: DC
Component 3: DC
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CYP2C9d PPT

Component 1: Residual resting state enzyme
Component 2: Residual resting state enzyme
Component 3: DC. It is the only signal that is dramatically increasing from 291.0 mT to 297.0 mT. The
only other signals that increases in that range are components 1 and 2, but those represent residual
resting state enzyme and therefore should increase the intensity of the water proton peaks in that range.
The intensity decreases, suggesting that component 3 is DC.
Component 4: No HYSCORE data available at a field that distinguishes it from other components; left
as unknown.
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CYP2C9d IMZ

Component 1: DC. No water peaks present at a field where it contributes significantly to the overall
spectrum.
Component 2: DC. Still no water peaks present at fields where it is contributing to overall spectrum.
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A2: Tables of drug concentrations and all CW parameters
Sample
CYP3A4 with 1,2,3-TRZ
CYP3A4 with 1,2,4-TRZ
CYP3A4 with 17-click
CYP3A4 with 17-EE
CYP3A4 with acetaminophen
CYP3A4 with caffeine
CYP3A4 with imidazole
CYP2C9d with 1,2,3-TRZ
CYP2C9d with 1,2,4-TRZ
CYP2C9d with PPT
CYP2C9d with imidazole
Concentrations of all drugs used.
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Concentration
50 mM
40 µM
225 µM
160 µM
1 mM
1 mM
4 mM
350 µM
200 µM
350 µM
500 µM

Sample Component

gx

gy

gz

CYP3A4 resting
CYP3A4 resting
CYP3A4 with 17click
CYP3A4 with 17click
CYP3A4 with 17EE
CYP3A4 with 17EE
CYP3A4 with 123 Triazole
CYP3A4 with 123 Triazole
CYP3A4 with 123 Triazole
CYP3A4 with 124 Triazole
CYP3A4 with 124 Triazole
CYP3A4 with 124 Triazole
CYP3A4 with IMZ
CYP3A4 with IMZ
CYP3A4 with APAP
CYP3A4 with APAP
CYP3A4 with APAP and 1mM caffeine
CYP3A4 with APAP and 1mM caffeine
CYP3A4 with 1 mM caffeine
CYP3A4 with 1 mM caffeine

1.923
1.891
1.924
1.894
1.924
1.897
1.900
1.887
1.869
1.900
1.896
1.866
1.919
1.887
1.924
1.891
1.925
1.896
1.920
1.888

2.251
2.255
2.250
2.256
2.250
2.257
2.251
2.261
2.266
2.251
2.251
2.256
2.261
2.265
2.248
2.255
2.247
2.257
2.249
2.257

2.425
2.486
2.418
2.457
2.420
2.467
2.425
2.474
2.523
2.425
2.464
2.524
2.452
2.485
2.414
2.486
2.408
2.458
2.422
2.470

gx strain gy strain gz strain weight weight (%) tetragonal field rhombicity
0.019
0.046
0.017
0.041
0.018
0.041
0.014
0.021
0.022
0.024
0.031
0.032
0.019
0.038
0.021
0.053
0.019
0.042
0.020
0.046

0.015
0.025
0.015
0.023
0.015
0.021
0.013
0.019
0.020
0.012
0.022
0.019
0.012
0.024
0.017
0.043
0.016
0.030
0.018
0.023

0.050
0.152
0.045
0.109
0.044
0.115
0.045
0.053
0.051
0.053
0.063
0.061
0.057
0.110
0.051
0.115
0.048
0.121
0.050
0.123

1.740
0.540
0.915
0.284
0.919
0.304
0.120
1.300
0.650
0.064
0.244
0.110
0.089
1.693
2.312
1.679
2.094
1.496
2.149
1.044

76.30
23.70
76.30
23.60
75.10
24.90
5.80
62.80
31.40
15.30
58.40
26.30
78.40
21.60
57.90
42.10
58.30
41.70
67.30
32.70

5.357
5.129
5.342
4.986
5.365
5.076
4.968
4.879
4.820
4.968
5.152
4.954
4.911
4.593
5.351
5.129
5.345
5.013
5.336
4.944

0.914
0.816
0.930
0.884
0.922
0.859
0.945
0.871
0.800
0.945
0.848
0.771
0.868
0.817
0.934
0.816
0.948
0.880
0.917
0.865

binding
mode
resting
resting
WB
UKN
WB
UKN
UKN
DC
DC
UKN
DC
DC
DC
UKN
WB
UKN
WB
UKN
WB
UKN

All CYP3A4 sample components with their corresponding g-values, g-strains, weights, tetragonal
field, rhombicity, and assigned binding mode. Components labeled in blue as “resting” are resting
state enzyme, “DC” are directly-coordinated, “WB” are water-bridged, and “UKN” are unknown
components where a binding mode could not be assigned.
A3: Annotated fi
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Sample Component

gx

gy

gz

CYP2C9D resting
CYP2C9D resting
CYP2C9D with 123 Triazole
CYP2C9D with 123 Triazole
CYP2C9D with 123 Triazole
CYP2C9D with 124 Triazole
CYP2C9D with 124 Triazole
CYP2C9D with 124 Triazole
CYP2C9D with PPT
CYP2C9D with PPT
CYP2C9D with PPT
CYP2C9D with PPT
CYP2C9d with IMZ
CYP2C9d with IMZ

1.917
1.929
1.922
1.891
1.870
1.916
1.892
1.872
1.917
1.929
1.930
1.893
1.875
1.905

2.248
2.252
2.252
2.269
2.273
2.255
2.251
2.261
2.248
2.252
2.248
2.268
2.257
2.248

2.429
2.396
2.400
2.474
2.523
2.414
2.473
2.510
2.429
2.396
2.388
2.474
2.512
2.437

gx strain gy strain gz strain weight weight (%) tetragonal field rhombicity
0.019
0.018
0.017
0.023
0.026
0.020
0.025
0.026
0.015
0.026
0.016
0.028
0.042
0.019

0.016
0.015
0.015
0.015
0.012
0.016
0.024
0.024
0.018
0.028
0.019
0.021
0.016
0.017

0.042
0.042
0.038
0.055
0.057
0.049
0.059
0.059
0.041
0.037
0.030
0.081
0.106
0.038

0.797
0.287
0.240
1.018
0.436
0.304
0.838
0.194
0.200
0.140
0.510
0.150
1.290
0.488

74.00
26.00
14.20
53.70
23.00
22.80
62.70
14.50
20.00
14.00
51.00
15.00
72.60
27.40

5.352
5.214
5.121
4.791
4.711
5.062
5.144
4.881
5.352
5.214
5.263
4.845
5.010
5.188

0.899
1.004
1.001
0.894
0.821
0.976
0.832
0.807
0.899
1.004
1.012
0.888
0.786
0.893

binding
mode
resting
resting
WB
DC
DC
WB
DC
DC
resting
resting
DC
UKN
DC
DC

All CYP2C9d sample components with their corresponding g-values, g-strains, weights, tetragonal
field, rhombicity, and assigned binding mode. Components labeled in blue as “resting” are resting
state enzyme, “DC” are directly-coordinated, “WB” are water-bridged, and “UKN” are unknown
components where a binding mode could not be assigned.
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Annotated Figures
1.05
PPT (2)

1.00

PPT (3)
no ligand (2)

123 TRZ (1)

0.95

124 TRZ (1)

APAP and caffeine

123 TRZ (1)

17 click (1)
caffeine (1)

0.90

PPT (1)

123 TRZ (2)

17 EE (2)

APAP and caffeine (2)

123 TRZ (3)

17 click (2)

caffeine (2)

IMZ (1)

0.80

IMZ (2)

APAP (1)
17 EE (1)
no ligand (1)
no ligand (1)

IMZ (2)
123 TRZ (2)

0.85

PPT (4)

Rhombicity (V/∆)

124 TRZ (1)

124 TRZ (2)
124 TRZ (2)

no ligand (2)

APAP (2)

124 TRZ (3)
123 TRZ (3)
IMZ (1)

0.75

124 TRZ (3)

4.6

4.8

5.0

Tetragonal Field (∆/λ)

5.2

5.4

Correlation of binding mode with ligand-field parameters. Points are colored by isoform; green circles
are CYP2C9d components and black squares are CYP3A4 components. Solid symbols represent
directly-coordinated components, symbols filled with a + represent water-bridged components, and open
symbols represent components for which the binding mode could not be assigned. Points have been
labeled with their corresponding component.
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A biplot of the scores with respect to the first and second principal components. Points are colored by
isoform; green circles are CYP2C9d components and black squares are CYP3A4 components. Solid
symbols represent directly-coordinated components, symbols filled with a + represent water-bridged
components, and open symbols represent components for which the binding mode could not be
assigned. Points have been labeled with their corresponding component.
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CHAPTER 4:
PULSED EPR STUDY OF DRUG-DRUG INTERACTIONS IN CYP3A4
4.1 Introduction
Of the various drug-metabolizing CYPs in humans, CYP3A4 is the most abundant and
has a leading role in drug metabolism [1]. CYP3A4 has a dynamic active site that is able to
accommodate multiple types and multiple copies of substrates, which leads to cooperativity and
altered kinetics [2-6]. A few crystal structures demonstrate binding to more than one substrate
molecule in the CYP3A4 active site, namely ketoconazole and ritonavir [7-9]. This cooperativity
is often at the center of drug-drug interactions that lead to unintended and potentially harmful
drug metabolism. The molecular basis for cooperativity in CYP3A4 has been probed using a
variety of techniques, including UV-Vis spectroscopy, molecular dynamics simulations, and
NMR paramagnetic relaxation studies. These techniques are robust in that they can provide a
detailed structural picture of drug interactions and their corresponding metabolic consequences.
EPR adds to this picture because it provides the unique ability to study drug binding in individual
conformers in solution. The research in Chapter 3 shows that drug binding is more nuanced than
what can be determined from techniques like UV-Vis spectroscopy that show only the average of
all bound conformations. In fact, multiple binding modes often exist in the same solution, which
could complicate efforts to determine a molecular basis for drug-drug interactions in which
multiple drugs occupy the active site [10]. In order to establish a method for probing drug-drug
interactions with EPR, this study examines two drug combinations, acetaminophen and caffeine
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binding to CYP3A4 and midazolam and carbamazepine binding to CYP3A4, both of which are
known to exhibit cooperativity and have been studied with other techniques [11, 12].
This study focuses first on the drug combination of acetaminophen and caffeine.
Acetaminophen is partially metabolized by P450s, and different P450 enzymes produce the two
primary metabolites, the nontoxic 3-OH-APAP and the toxic N-acetyl-p-benzoquinone imine
(NAPQI), Figure 4.1, in differing ratios [11, 13-19]. Metabolism by CYP3A4 almost exclusively
yields the toxic product [19]. Toxic product formation is exacerbated by the presence of caffeine,
a common drug used in conjunction with acetaminophen [20]. This drug/drug interaction has
been characterized in CYP3A4 with nuclear magnetic resonance T1 relaxation measurements,
which found that acetaminophen and caffeine can simultaneously occupy the active site, which
disrupts acetaminophen’s ability to coordinate to the heme and alters its metabolism [21]. The
addition of acetaminophen caused a low-spin transition, meaning the heme remained hexacoordinate, but the nearest acetaminophen protons 5-6 Å away, based on T1 relaxation distance
calculations [21]. Since the heme remained hexa-coordinate, acetaminophen either replaced the
axial resting state water or left the water intact, which seems likely given the distance between
the heme and acetaminophen protons.
In addition to acetaminophen and caffeine, this study observes the interaction between
midazolam (MDZ) and carbamazepine (CBZ), two common drugs that are primarily metabolized
by CYP3A4 [12, 22, 23]. Midazolam is a sedative and one of the most commonly used
benzodiazepines [24]. It is hydroxylated both at the C1 and C4 positions but preferentially forms
the 1-OH product at low MDZ concentrations. The fraction of 4-OH products increases with
higher MDZ concentrations [12]. This homotropic cooperativity and has been attributed to
multiple MDZ molecules simultaneously occupying the active site in a stacked configuration that
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results in the proton at position 4 being closer to the heme [12]. MDZ metabolism also exhibits
heterotropic cooperativity with other drugs, including α-naphthoflavone, testosterone, and CBZ
[12, 21]. CBZ is widely used anticonvulsant that is metabolized to the 10,11-epoxide by
CYP3A4 [25]. This metabolism also demonstrates heterotropic cooperativity with other drugs.
The presence of CBZ induces CYP3A4 and can accelerate the clearance of other drugs,
including warfarin and oral contraceptives [12, 26-28]. Simultaneous binding of MDZ and CBZ
has been studied using longitudinal T1 relaxation NMR measurements and molecular docking
simulations. The authors of that study found that either two MDZ molecules or a MDZ and a
CBZ molecule simultaneously occupy the active site, leading to preferential metabolism of MDZ
to the 4-OH product.
Although cooperativity has been well established with both acetaminophen/caffeine and
MDZ/CBZ binding to CYP3A4, there is still a need for experimental structural data for these
drug-drug interactions. EPR techniques serve to complement existing experimental evidence as
well as provide new details on drug binding by probing individual bound complexes in the
solution. This project examines these two drug combinations with continuous wave (CW) and
pulsed EPR to characterize the binding of each individual drug as well as to monitor changes
upon the addition of other drugs. First, the drug-bound complexes are analyzed with CW EPR to
determine the number of similar bound complexes and to detect changes in the CW EPR
spectrum upon drug binding. In the case of MDZ and CBZ binding to CYP3A4, CW simulations
are used to monitor shifts from low-spin to high-spin heme upon drug binding. In addition to CW
EPR, HYSCORE is used to detect the presence of axial water ligands in all drug-bound
complexes, and in the case of acetaminophen and caffeine binding to CYP3A4, the hyperfine
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parameters are used to probe the distance and orientation of the 1H on the axial water ligands in
each bound complex.
Lastly, electron nuclear double resonance (ENDOR) is used to examine 1H and 2H from
bound drugs. Remarkably, the results reveal that the axial water is retained upon the binding of
all drugs, but differences in the CW parameters and spin states, the position and orientation of
the axial water, and the ENDOR spectra indicate that the drug-bound complexes are distinct
from the drug-free and that the complexes with two drugs present are different from those with
only a single drug added. These results contribute new details about the binding of
acetaminophen, caffeine, MDZ, and CBZ to CYP3A4. In particular, they show that these drugs
do not replace the axial water, and that the combination of two drugs perturbs the water-bridged
complexes with only a single drug added. In addition, this work provides a framework for
studying drug-drug interactions with EPR.
4.2 Materials and Methods
Sample Preparation
Protein expression and purification was done by the Atkins group at the University of
Washington in Seattle, Washington. CYP3A4 was expressed and purified as previously
described [29]. EPR samples consisted of 50 µL of 80 µM CYP3A4 in 200 mM potassium
phosphate buffer with 20% (v/v) glycerol added. Acetaminophen, caffeine, midazolam,
carbamazepine, and carbamazepine-d10 were purchased from Sigma-Aldrich (St Louis, MO,
USA), and deuterated acetaminophen was purchased from CDN Isotopes (Pointe-Claire, Quebec,
Canada). Acetaminophen and caffeine stock solutions were prepared in water and added to the
50 µL protein samples to a final concentration of 1 mM for both drugs. Midazolam and
carbamazepine stock solutions were prepared in methanol and added to 50 µL protein samples
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for a final drug concentration of 80 µM and 325 µM, respectively. The drug concentrations were
chosen to be saturating at room temperature (~10 x the KD or KS value) [12]. Caffeine has two
distinct reported KS values, 62 ± 33 µM and 12.9 ± 2.9 mM [11]. In this case the first KS value
was chosen; attempts to use the later concentration of caffeine had solubility problems.
Continuous Wave EPR Spectroscopy
Continuous wave spectra were recorded at 77 K on a Bruker ELEXYS E540 X-band
spectrometer with an ER 4102 ST resonator (Bruker-Biospin, Billerica, MA) using a liquid
nitrogen insertion dewar. Measurements had a nominal microwave frequency of 9.45 GHz,
microwave attenuation between 4 and 12 dB, depending on which power gave the best signal, a
modulation amplitude between 10 and 15 G, and 100 kHz field modulation. CW spectra were
taken only of the low-spin heme. No signal from the high-spin heme was seen, even at 4 K with
a liquid helium flow system. One possible explanation for not observing a high-spin heme signal
is the freezing rate. Samples were frozen slowly in liquid nitrogen, which has been reported to
maximize the low-spin heme [30].
HYSCORE Spectroscopy
HYSCORE spectra were measured at 10 K using an ELEXSYS E680 EPR spectrometer,
with a Flexline ER 4118 CF Cryostat and ER 4118X-MD4 ENDOR resonator. Each sample was
measured at several different magnetic fields within the g z region of the spectrum. The g z region
of the EPR spectrum measures complexes where the applied magnetic field is roughly
perpendicular to the plane of the heme, which is optimal for observing water and drugs in the
axial position [29, 31-33]. Hyperfine sub level correlation spectroscopy (HYSCORE)
measurements were used to determine drug binding and directly observe 1H on the axial water
ligand. In the two-dimensional HYSCORE experiment, nuclear coherences are transferred to the
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spin polarization of the unpaired electron and reveal cross-correlated ENDOR frequencies. These
frequencies are NMR frequencies that have been shifted by hyperfine interactions with the heme
electron and are plotted on a 2D spectrum. HYSCORE uses four microwave pules in the
following sequence: π/2-τ-π/2-𝑇1 -π-𝑇2 -π/2-τ-echo, where the π/2 and π pulses rotate the net
magnetization vector by 90 and 180 degrees, respectively. The delay times 𝑇1 , 𝑇2 are
independently incremented to produce the two axes of the HYSCORE spectrum. The delay
between the first and second microwave pulses and the last pulse and the detected echo, τ, is
chosen to maximize nuclear modulation and signal and is held constant throughout the
experiment [33]. A τ value to 240 ns was chosen for our HYSCORE measurements because it
resulted in the best signal to noise ratio in the proton region of the spectrum. All spectra were
processed using custom scripts in MATLAB and plotted in OriginLab (OriginPro 2018b (64bit)).
ENDOR Spectroscopy
ENDOR measurements were made at 10 K using an ELEXSYS E680 EPR spectrometer
(Bruker-Biospin, Billerica, MA) that has a Bruker Flexline ER 4118 CF cryostat and an ER
4118X-MD4 ENDOR resonator. ENDOR measurements used the Mims ENDOR pulse
sequence, π/2−τ−π/ 2−T−π/2−τ−echo, with a 9 μs rf π pulse applied during the delay time T [34].
A tau value of 240 ns was chosen for all measurements because it resulted in the best signal in
the 1H region of the spectrum. ENDOR spectra were processed using PiEPR, a custom-built
processing software. Spectra were plotted in OriginLab (OriginPro 2018b (64-bit)).
CW EPR Simulations and Analysis
CW EPR processing and simulations were done using custom scripts written in
MATLAB (MathWorks, R2018b) with the EasySpin package [35]. CW simulations from the
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previous study outlined in Chapter 3 were used as a starting point, but minor improvements to
the simulation process were made. Prior to simulation, spectra were baseline corrected using a
polynomial fitting function. The g values, or peak positions, and g strains, which represent line
broadening arising from a distribution of hyperfine interactions and ligand fields, were calculated
using the “pepper” function in EasySpin. The values from Chapter 3 for CYP3A4 CW
simulations were used as a starting point, but minor improvements to the CW simulation process
were made, which resulted in slightly different CW EPR parameters for each sample. For
example, the least-squares fitting in the previous study used the Levenberg-Marquardt algorithm,
while in this study a mixture of Levenberg-Marquardt and Simplex algorithms was used. As in
the previous study, each CW EPR spectrum contained at least two spectrally distinct complexes;
the CW EPR parameters along with a weight, or the overall contribution to the spectrum, were
calculated for each complex. Spectra were either plotted as the baseline corrected data or were
sometimes normalized for easy comparison by dividing each spectrum by the maximum point.
CW EPR Spin State Analysis
CW EPR measurements on low-spin heme can be very quantitative and can provide
information on spin state shifts by comparing signals normalized for sample volume and
concentration. In order to quantify the amount of CW signal across different spectra, a calculated
intensity standard was added to the spectra before CW simulations. The added peak was
calculated at g = 1.8 using EasySpin and does not overlap any protein peaks. The intensity
standard was then simulated along with the protein spectrum to determine its overall
contribution, or weight, compared to the other complexes present in the spectrum. The weight of
the intensity standard was used to normalize the absolute weights for each complex in the
spectrum. This allows the comparison of the number of spins between samples. A loss in overall
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intensity of the low-spin heme shows a shift to high-spin heme. This procedure was used to
compare populations of the spin states and complexes in spectra of CYP3A4 with MDZ, CBZ,
and with MDZ/CBZ together. The procedure was not used for acetaminophen and caffeine
because different tube sizes were used in some cases, which affects the CW EPR signal intensity.
Analysis of Hyperfine Parameters
HYSCORE spectra from several different fields across gz were used to characterize the
hyperfine interaction between the axial water proton ridges and the heme. Ten points were
selected along the proton contour line shape from the spectrum at each magnetic field. The points
yielded a set of arcs, which transform to a straight line (whose slope and intercept is described by
Eq. 1 and Eq. 2, respectively) when the frequencies were scaled to a common nuclear Zeeman
frequency (𝜈𝑖 ) of 12.5 MHz, which corresponds to the proton frequency at a magnetic field of
293.5 mT, near the gz maximum in our samples. The frequency-scaled points were fit by a line
with
𝑄∝(𝛽) = (𝑇 + 2𝑎 ∓ 4𝜐𝑖 )/(𝑇 + 2𝑎 ± 4𝜐𝑖 )
𝐺∝(𝛽) = ± 2𝜈𝑖 (4𝜈𝑖2 − 𝑎2 + 2𝑇 2 − 𝑎𝑇)/(𝑇 + 2𝑎 ± 4𝜐𝑖 )

Eq. 1
Eq. 2

where 𝑄∝(𝛽) and 𝐺∝(𝛽) are the slope and intercept, respectively [36]. The isotropic, a, and
anisotropic, T, components of the hyperfine interaction were determined by fitting the line in
OriginLab. The anisotropic contribution of the hyperfine interaction represents the through-space
interaction between the magnetic moment of the surrounding nucleus and the unpaired electron.
In our case, this interaction behaves like that of a point-dipole because the unpaired electron
density is localized roughly spherically on the iron and does not overlap the surrounding nuclei
[37, 38]. The point-dipole interaction (Eq. 3) has been used to calculate proton-heme distances in

105

other CYPs [38, 39]. The anisotropic contribution to the hyperfine interaction, T, indicates the
distance between the iron of the heme and the protons on the axial water ligands:
𝜇

𝑇 = (4𝜋0 )

𝑔𝑒 𝑔𝑛𝛽𝑒 𝛽𝑛
ℎ𝑟 3

,

Eq. 3

where 𝜇0 is the permittivity of free space, 𝑔𝑒 is the electronic g value, 𝑔𝑛 is the nuclear g value,
𝛽𝑒 is the electronic Bohr magneton, 𝛽𝑛 is the nuclear Bohr magneton, h is Planck’s constant, and
r is the distance in nm from the proton to the electron of the heme.
HYSCORE Simulations
HYSCORE spectra were simulated using EasySpin, a toolbox in MATLAB (MathWorks,
R2018a) [35]. Simulations included g values, the magnetic field, the measurement delay time
tau, the proton hyperfine coupling, and the Euler angles α and β, which correspond to ɸ and ɵ,
spherical coordinates of the water protons relative to the heme in the x and y plane and the z axis,
respectively. The proton hyperfine coupling is the sum of the isotropic and anisotropic
components of the hyperfine interaction, derived from HYSCORE arc analysis [36, 40]. Spectra
at different magnetic fields were simulated to determine the values of ɸ and ɵ, which are
independent of magnetic field.
4.3 Results
CW EPR of acetaminophen and caffeine in complex with CYP3A4
Figure 4.2 shows CW EPR spectra for CYP3A4 with no drug, with acetaminophen, with
caffeine, and with both acetaminophen and caffeine. The CW EPR spectrum of CYP3A4 with no
drug has three distinct regions that correspond to a rhombic g tensor. The three regions are
labeled as gx, gy, and gz, corresponding to gmin, gmid, and gmax, respectively. The spectrum is made
of two spectrally distinct complexes; the first, major complex, has narrow peaks with g values
similar to other CYP3A4 isoforms [29]. The second complex is very broad with a g-strain of
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~0.2, which is usually indicative of damaged protein. Previous work with CYP3A4 prepared the
same way observed only one CW EPR species [29]. This complex appears in all samples and is
not considered a valid drug-bound complex because of its large g-strain. Because the complex is
likely from damaged protein, measurements focused on the major, complex with a sharp peak in
all spectra. The g values, g strains and weights of each complex are given in Table 4.1.
The addition of APAP to CYP3A4 causes a shift in the gz peak of the CW spectrum to
higher field (lower g value). A shift to lower g values is consistent with other ligands that
produce reverse type I optical difference spectra and maintain the axial water [31]. On the other
hand, the addition of caffeine causes a shift to a higher gz value, which typically indicates the
replacement of the axial water. The spectrum is noisy and much less intense than the drug-free
spectrum or the acetaminophen-bound spectrum, however. This is consistent with literature
reports that caffeine binding causes a shift to high-spin heme and results in a complex that is no
longer hexa-coordinate [11]. Although it was expected that only residual drug-free enzyme
would be present, this spectrum has different g values and g strains, indicating it is a complex
distinct from the drug-free enzyme. An attempt was also made to measure the high-spin heme
spectrum of CYP3A4 with caffeine at 4 K where electron relaxation is slow enough to see signal
from the spin 5/2 complex. However, no high-spin signal was observed. Previous EPR studies on
CYPs have observed a similar lack of high-spin heme, even a significant portion of high-spin
heme was present in the optical spectra [41]. Another study found that the method of freezing
greatly affected the amount of high-spin heme observed with EPR, with slow freezing in
nitrogen causing the greatest proportion of low-spin heme [30]. These samples are frozen in
nitrogen over the course of several seconds, which might increase the proportion of low-spin
complexes.
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The presence of both acetaminophen and caffeine produced a shift to a lower gz value
that was similar to that of CYP3A4 with acetaminophen. Caffeine has a low binding affinity for
CYP3A4 and does not compete with acetaminophen for binding to the heme, instead, it affects
the orientation of acetaminophen with regards to the heme and therefore also affects the
metabolic product [11]. Remarkably, the spectrum has g values that are distinct from those of
acetaminophen or caffeine bound to CYP3A4 alone, which suggests that its binding is also
different. This corroborates evidence that caffeine causes a change in the CYP3A4acetaminophen complex and could indicate the existence of a ternary complex with both
acetaminophen and caffeine.
CW EPR of MDZ and CBZ in complex with CYP3A4
Figure 4.3 shows the CW EPR spectra of drug-free CYP3A4 and CYP3A4 with MDZ,
CBZ, and MDZ/CBZ added. The drug-free spectrum contains a new peak around g = 2 that falls
between gx and gy in the CYP3A4 spectrum. This peak is a contaminant that appeared after the
CYP3A4 stock protein was partially warmed up in a freezer malfunction, but it only accounts for
~2 % of the total electron spins in the sample. The CYP peaks still shifted upon drug binding. A
saturating amount of 1,2,3-triazole shifted the gz peak to a higher value (lower magnetic field) as
expected, indicating that the CYP3A4 was still viable for drug binding. The drug-free CYP3A4
spectrum shows two complexes in addition to the contaminant peak. Like the CW spectra of
acetaminophen and caffeine in complex with CYP3A4, the CW spectra still have two protein
complexes. However, the second broad complex with larger gz values makes a larger fraction of
the overall signal than in the previous study with acetaminophen and caffeine. The second
complex still has a large g strain and could represent damaged protein. It does appear to change
with drug binding, but baseline correction procedures do perturb it because of how broad it is.
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Therefore, this study does not consider it a viable drug-binding protein conformation and do not
focus on it.
Table 4.2 shows the simulated g values, g strains, and weights for each complex. The
weights have all been normalized to the added intensity standard. The contaminant peak is not
included, but it contributes an average of 2 % to the overall weight of each spectrum. All drugbound complexes had one complex that demonstrated a gz shift to a lower value, which typically
indicates retention of the axial water upon drug binding. In the case of MDZ and CBZ, the
second drug-bound complex had a gz peak that shifted to higher values than that of the resting
state. This typically indicates that the axial water has been replaced in that drug-bound complex;
however, pulsed EPR measurements are needed to corroborate this since the second complex
could be damaged protein.
Figure 4.4 shows the absolute weights for each complex in the CW spectra of CYP3A4
with no drug and with MDZ, CBZ, and MDZ/CBZ added. Complexes 1 and 2 are labeled, as is
the sum of all the complexes, which is the total signal from the low-spin heme. The points that
fall near zero are the weights of the contaminant peak near g = 2. These do not contribute much
to the overall spectrum and did not change with drug binding. In previous literature it was
reported that drug-free CYP3A4 is 67 % low-spin based on optical spectra. The addition of MDZ
caused a shift to 70 % high-spin heme, CBZ caused a shift to 34 % high-spin heme, and the two
together caused a shift to 55 % high-spin heme. Our CW spectra do not follow this trend; the
drug free sample has the most overall low-spin signal, followed by MDZ, CBZ, and MDZ/CBZ,
respectively. This could be due to a number of factors. First, different drug concentrations were
used; these concentrations were saturating based on reported KD values whereas the optical
studies used 260 µM for both the MDZ and CBZ concentrations. Second, there is a possibility
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that more low-spin heme is produced in these samples due to the freezing process in liquid
nitrogen [30]. The second, broad complex in the spectra of MDZ and MDZ/CBZ contributes
more to the overall signal than the first complex, which makes up the majority of the signal in
the drug-free and CBZ spectra.
These results could indicate two binding phenomena. The number of spins in the broad
complex changes only slightly across samples, but not as much as the first complex that makes
up the majority of the signal in the drug-free spectrum. The second complex contributes more to
the signal in the samples containing MDZ, which could simply indicate a shift of the first
complex to high-spin heme, which would decrease its contribution to the low-spin spectrum.
This scenario would support the hypothesis that the second complex is damaged protein that may
not be relevant to drug binding. The second possibility is that the broad signal represents a
different active site structure, whether it be a difference in the numbers of drug molecules
present, different drug binding modes, or differences in hydrogen bonding. Because the second
complex could be damaged protein, this study focuses on the first complex for pulsed EPR
measurements and drug binding determinations. Additional research is necessary to determine
the relevance of the second complex and whether or not it represents an undamaged
conformation of drug-bound protein.
HYSCORE Spectroscopy of Acetaminophen and Caffeine in Complex with CYP3A4
The CW spectra at 77 K are the superposition of all possible orientations of the heme
complexes, and potential information about the hyperfine interactions of surrounding nuclei are
not resolved. In order to gain more information about how the drugs are interacting with the axial
water and with each other, pulsed EPR measurements were conducted to specifically observe the
axial ligand and characterize perturbations induced upon drug binding. In order to help find a
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magnetic field that has signal intensity from both complexes, the CW spectra and simulations
were standardized to a nominal frequency of 9.76 GHz, which is the frequency typically used in
HYSCORE measurements. The spectra were also plotted as absorbance rather than the first
derivative to best visualize complex overlap. Measurements were made near the gz peak and
focused on the first complex in all spectra with g values and g strains that are consistent with
previous CYP3A4 studies. The signal was too weak to determine any structural information from
the second, broad component that could be damaged protein.
The HYSCORE spectra taken near gz of CYP3A4 with no drug show axial water peaks
with coordinates of about [10 MHz, 15 MHz] and [15 MHz, 10 MHz] (Figure 4.6). Another set
of peaks, near 11 and 14 MHz, are from 1H on the 𝛽-carbon of the conserved cysteine
coordinated to the heme. The peak along the diagonal is the matrix proton peak; it contains
signal from all protons that are weakly coupled to the heme, including the protons on APAP and
caffeine. The axial water proton peaks are more useful indicators of binding mode since these
protons are indistinguishable from other protons in the matrix peak.
HYSCORE spectra at different magnetic fields for CYP3A4 in complex with
acetaminophen (Figure 4.7), caffeine (Figure 4.8), and the two in concert (Figure 4.9) all retain
the axial water peaks. This indicates that the axial water is intact in complexes with all three drug
combinations. Acetaminophen is a reverse type I ligand that binds predominantly low-spin heme
and seems to be similar to other reverse type I ligands that form water-bridged complexes in
CYP3A4 and CYP2C9d. Caffeine, however, causes a shift to high-spin heme and is traditionally
not expected to interact with low-spin heme. Because of that, the HYSCORE spectra with
acetaminophen and caffeine bound to CYP3A4 could be the low-spin water-bridged
acetaminophen complex unaffected by caffeine, while the spectra of low-spin CYP3A4 with
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caffeine added could be from drug-free enzyme. However, this is not the case. Both complexes
have CW EPR parameters such as g values and g strains that are different from either the
acetaminophen complex or the drug-free enzyme. This indicates that at least a portion of the
caffeine molecules do interact with low-spin heme without displacing the axial water and
causing a shift to high-spin heme. HYSCORE simulations of the axial water protons for all drug
combinations can reveal differences in the hyperfine coupling between the drug combinations,
which will shed light on the distance and orientation of the axial water protons in each sample. A
difference in the hyperfine coupling and in the orientation of the axial water protons indicates
that the complex is distinct from drug-free enzyme and that the drug is in the active site where it
perturbs the axial water rather than in an allosteric site far from the heme.
HYSCORE Spectroscopy of MDZ and CBZ in Complex with CYP3A4
HYSCORE measurements of MDZ and CBZ bound to CYP3A4 focused on the gz region
of the complex that has similar g values and g strains to what has been reported for CYP3A4
[29]. The second, broad complex in the spectra did not have a signal strong enough for
determination of any structural details. For MDZ bound to CYP3A4, HYSCORE spectra near gz
(Appendix section A.3) retain the axial water proton peaks, which indicates that MDZ does not
displace the axial water upon binding. This complex has different g values than the drug-free
complex, so it is not residual drug-free enzyme. For CYP3A4 with CBZ, the spectra near gz also
retain the axial water protons and have different g values than the drug-free complex (Appendix
section A.3). HYSCORE spectra near gz with both MDZ and CBZ bound to CYP3A4 are too
noisy to definitively determine whether the axial water has been displaced. This is because the
combination of drugs resulted in the least amount of low-spin heme and therefore had the least
amount of signal in the EPR measurements.
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HYSCORE Simulations of Acetaminophen and Caffeine in Complex with CYP3A4
HYSCORE simulations are commonly used to characterize hyperfine interactions in
biological systems. Simulations must take into account the experimental parameters of the
measurement as well as the hyperfine tensor and any Euler rotations that relate the hyperfine
tensor to the g axis. The hyperfine tensor can be split into two components, the isotropic and
anisotropic parts of the hyperfine interaction. The isotropic component, a, represents the Fermi
contact interaction from electron spin density that is localized at the nucleus, while the
anisotropic complex, T, represents the through-space interaction between the magnetic moments
of electron spins with the surrounding nuclei [33]. In order to determine these two components,
points along the top of the water proton HYSCORE arc were analyzed for every spectrum from
each drug combination. Points collected from different spectra are plotted together and form a
line whose slope and intercept contain information about the anisotropic and isotropic
contributions to the hyperfine interaction [36, 40]. Figure 4.5 shows the proton arc analysis fits
for each sample. Once a and T are known, several other useful structural characteristics, such as
the distance and orientation of the water protons, can be derived. First, the distance from the
Fe(III) of the heme and the water protons is determined by using the anisotropic interaction, T,
and the point-dipole approximation. Next, the orientation of the water protons, as the polar
angles ɸ and ɵ, is determined from setting a and T by varying the two angles to best fit the
proton peaks. Table 4.3 summarizes the hyperfine interaction parameters and the calculated
distances in each complex.
The hyperfine parameters, distance, and orientation of the water protons in the drug-free
enzyme is similar to what has been observed in other CYPs [33]. The addition of drugs does not
appear to change the strength of the anisotropic hyperfine interaction, which means that the
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distance between the water protons and the heme does not change. The isotropic hyperfine
interaction and the orientation of the water protons only change in the complexes that contain
caffeine; the CYP3A4-acetaminophen complex has values for a, ɸ, and ɵ that are
indistinguishable from those of the drug-free enzyme. Although the water does not appear to be
perturbed in the acetaminophen-bound complex, the CW spectrum shifts, which means that the
active site is different than that of the drug-free enzyme. The acetaminophen complex does not
perturb the water but could still interact with it, and additional information is needed to
structurally characterize that interaction.
The CYP3A4-caffeine water proton hyperfine interaction is significantly different than
that of the drug-free enzyme. The anisotropic hyperfine interaction and the distance do not
change, but the isotropic part changes and the orientation of the water protons is significantly
different. The drug free enzyme has values of ɵ and ɸ that are 26º and 43º, respectively, and the
addition of caffeine shifts them to 9 º and 30 º, respectively. This represents a significant
movement of the axial water protons with respect to the heme. The caffeine seems to be directly
interacting with the water in low-spin heme.
The complex of CYP3A4 with both acetaminophen and caffeine added has its isotropic
hyperfine component and water proton orientation that are distinct from drug-free enzyme and
from complexes with only acetaminophen or caffeine added. The values of ɵ and ɸ are more
similar to those of the acetaminophen complex than of the caffeine only complex, which
suggests that the binding resembles that of the CYP3A4-acetamiphen complex. It is, however,
not identical, which means that the CYP3A4-acetamiphen complex is modified in the presence
of caffeine. It reflects what is reported from the NMR T1 relaxation study that found that the
presence of caffeine disrupted the CYP3A4-acetaminophen complex in a way that favored
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metabolism to the toxic product, NAPQI. HYSCORE shows that the axial water is retained
throughout the DDI, but it also shows that the hyperfine interaction and the orientation of the
axial water can be used as a marker of a CYP3A4-acetaminophen-caffeine ternary complex.
These HYSCORE simulations were conducted under the assumption that there is one set
of arcs for the axial water, which requires the two protons to be magnetically equivalent. This is
the case in other systems presented in this dissertation, such as with CYP51B1 binding to
nitrogen heterocycles. However, some of the HYSCORE spectra with APAP and/or caffeine
seem to contain multiple arcs. Deconvolution of these arcs is necessary to accurately assign
proton distances and hyperfine interaction parameters. Current research efforts are focused on
accurately dissecting spectra into multiple proton peaks.
HYSCORE Simulations of Acetaminophen and Caffeine in Complex with CYP3A4
HYSCORE spectra for MDZ and CBZ binding to CYP3A4 were simulated using the
same procedure as above. However, spectra from only two magnetic fields were measured,
which decreases the accuracy with which hyperfine parameters and the orientation of the axial
water can be determined. Spectra of CYP3A4 with both MDZ and CBZ added were too noisy for
detailed analysis. Appendix section A.3 lists the derived hyperfine parameters, distances, and
angles that relate the heme to the axial water protons. Appendix section A.3 shows the resulting
simulations for drug-free CYP3A4, CYP3A4 with MDZ, and CYP3A4 with CBZ. The isotropic
and anisotropic contributions to the hyperfine interaction are similar for the drug-free enzyme
and the CYP3A4-MDZ complex, but the orientation of the axial water changes slightly. The
CBZ-CYP3A4 complex varies slightly from the other two in the hyperfine parameters, and the
distance determined between the heme and the axial water protons decreased. The orientation is
also different; the angle ɸ differs from that of either the drug-free enzyme or the CYP3A4-MDZ
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complex. This could indicate a rotation of the axial water that orients one water proton closer to
the heme, making the two protons magnetically inequivalent. Unfortunately, the HYSCORE
peaks overlap in such a way that it is impossible to resolve water protons that differ slightly in
orientation with respect to the heme.
ENDOR Spectroscopy of CYP3A4 with MDZ and CBZ
While the 1H HYSCORE spectra can detect changes in the position and orientation of the
axial water, they do not have the resolution in this case to probe protons on the drugs.
Comparisons of 1H ENDOR spectra between drug-free and drug-bound states can detect protons
that are gained and/or lost upon drug binding. Subtracting the drug-free spectrum from the drugbound spectrum can reveal positive peaks that represent weakly coupled protons on the drugs
and negative peaks that represent protons that are expelled by drug binding. Figure 4.10 shows
the result of such a subtraction between spectra of CYP3A4-CBZ and drug-free CYP3A4 at
293.0 mT. The result is centered at and symmetrized around the proton nuclear Zeeman
frequency to best view the splitting between peaks. There are a few weak positive peaks that
could be from protons on the CBZ, but the difference spectrum is dominated by a set of negative
peaks, which are lost upon drug binding. These protons have a small splitting and are therefore
weakly coupled; they could be from water molecules near the heme that are lost by drug binding
or from residues that are moved aside. Figure 4.11 shows the CYP3A4-MDZ spectrum minus the
drug-free spectrum at 293.0 mT. Unlike the negative peaks in the CYP3A4-CBZ difference
spectrum, it is dominated by a set of peaks from weakly coupled protons. These peaks stem from
protons on MDZ, but the fact that they are not strongly coupled means they are distant from the
heme. This would be consistent with a water-bridged structure where the axial water is retained
and lies between the heme and the drug.
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4.4 Discussion
Binding Modes of Individual Drugs
Chapter 3 reported that acetaminophen and caffeine do not displace the axial water upon
binding to CYP3A4 [10]. The observation that MDZ and CBZ also do not displace the axial
water has not been previously reported, however. MDZ was known to cause a shift to high-spin
heme in optical spectra, presumably by displacing the axial water to produce a penta-coordinate
heme. This study’s observation of a low-spin complex that is distinct from the drug-free enzyme
is significant. It shows that MDZ does interact with low-spin heme but does not displace the
axial water. ENDOR difference spectra show peaks from protons perhaps on MDZ itself, which
indicates that the drug is close to the heme in the active site pocket. This research observes a
similar phenomenon with the complex of CYP3A4 and CBZ. It has been suggested that CBZ can
form covalent adducts with CYP3A4 at allosteric site that leaves the active site open for other
substrates [23]. These results show that the CYP3A4-CBZ complex is spectroscopically distinct
from the drug-free enzyme, even though it retains the axial water ligand. This would be
consistent with CBZ bound somewhere distant from the heme in an allosteric site; however, the
ENDOR difference spectrum reveals that protons on CBZ are near the heme. These results
corroborate the idea of a fluid active site that is large enough to accommodate a wide range of
drugs that interact with the heme without displacing the axial water ligand.
CW EPR Reveals Distinct Complexes for Drug/Drug Combinations
One important observation from this work is that the CW EPR spectra of CYP3A4 with
APAP/caffeine and with MDZ/CBZ are distinct from those with any of the drugs alone. The
spectra with two drugs added have different g values, g strains, and in the case of MDZ/CBZ,
different amounts of low-spin heme than with the drug free enzyme or any of the single drug
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additions. This is an important first step in observing drug-drug interactions with EPR; it
demonstrates that a unique complex that is affected by both drugs can be detected. These results
are not able at this time to determine if both drugs occupy the active site or if one binds to an
allosteric site instead. The CYP3A4-acetaminophen complex is more similar in g values and in
the hyperfine interaction of the axial water protons to the complex with both drugs than the
CYP3A4-caffeine only complex is. This suggests that acetaminophen is still the main drug
interacting with the heme, but that caffeine changes that interaction slightly to produce a distinct
complex. This aligns with the fact that acetaminophen has a higher binding affinity to CYP3A4
than does caffeine and would not be replaced by a caffeine molecule. Instead, its interaction with
the heme might be perturbed by the presence of caffeine, as reported in the longitudinal T1
relaxation NMR study [11]. In a similar fashion, the complex of CYP3A4 with MDZ and CBZ
more closely resembles the CYP3A4-CBZ complex than the CYP3A4-MDZ complex. While the
g values for all three are similar, the overall amount of low-spin signal between the complex of
CYP3A4 with MDZ and CBZ and the CYP3A4-CBZ complex is almost identical. This could
suggest that CBZ is not displaced by the addition of MDZ. ENDOR subtraction spectra show
weak peaks from CBZ, but they are weakly coupled and likely distant from the heme. Overall,
this research finds that CYP3A4 complexes with two drugs are distinct from those of only a
single drug added. For both drug combinations, the complex with two drugs seems to be more
similar to the single-drug complex that is reported to bind more to low-spin heme. While the
drug with the higher binding affinity should not be replaced, the addition of a second drug does
result in a different complex. These results corroborate the hypothesis that the binding of a
second drug perturbs the bound complex of the first. The next step in this research will be to
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determine the exact position of the drugs with respect to the heme to characterize the structural
changes that occur with drug positioning when multiple drugs bind.
Future Work
This research opens up several new questions about multiple drug binding in CYP3A4
because it forms complexes with multiple drugs that are distinct from any single drug
combination. The next step is to determine how both drugs interact simultaneously with the
heme. This research also used deuterated drugs in an attempt to determine the drug positions, but
no deuterium peaks were observed in ENDOR or HYSCORE spectra. This is in part due to the
fact that the delay times necessary for deuterium HYSCORE are so long that sensitivity is
greatly reduced. Other labels, such as 13C or 15N (υI = 4 MHz and υI = 1.4 MHz , respectively)
should be used instead to determine drug positions with respect to the heme and how the
presence of two drugs alters conformation and drug metabolism. The pulsed EPR signals could
be increased by preparing new CYP3A4 with greater concentration and purity. While the
contaminant in the MDZ/CBZ samples does not interfere much with the overall signal, it does
decrease the total signal, and the fact that it appeared after the protein was thawed could indicate
altered function or binding. Finally, simulations of higher-resolution HYSCORE spectra that
include multiple protons in each spectrum may reveal overlapping peaks.
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Figures

Figure 4.1: Acetaminophen is partially metabolized by P450s to produce the nontoxic 3-OHAPAP and the toxic N-acetyl-p-benzoquinone imine (NAPQI). Metabolism by CYP3A4
primarily yields the toxic product, NAPQI.
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Figure 4.2: Normalized CW spectra of CYP3A4 with no drug, APAP, and APAP and caffeine
added.

Figure 4.3: CW spectra of CYP3A4 with no drug, midazolam (MDZ), carbamazepine (CBZ),
and midazolam and carbamazepine (MDZ/CBZ) added.
121

Figure 4.4: Simulated absolute weights for complexes 1 and 2 in each sample. The absolute
weight is the simulated complex weight divided by the weight of the added intensity standard.
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Figure 4.5: HYSCORE peak arc fits for each sample. Each plot represents points chosen along a
water proton HYSCORE arc at different magnetic fields. The red line is the fit using Eqs. 1 and 2
and the parameters listed in Table 4.3.
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Figure 4.6: HYSCORE spectra and simulations of CYP3A4 with no drug added at 286.7 mT,
291.6 mT, and 295.0 mT. Simulations appear as black contour lines on top of peaks. The
simulated arcs overlap the experimental peaks in some cases, but the fit is considered valid as
long as the center of the arcs match up and the shape of the simulated arc is consistent with the
shape of the experimental arc.

Figure 4.7: HYSCORE spectra and simulations of CYP3A4 with acetaminophen added at 287.2
mT, 288.0 mT, 290.0 mT, and 293.0 mT. Simulations appear as black contour lines on top of
peaks.
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Figure 4.8: HYSCORE spectra and simulations of CYP3A4 with caffeine added at 287.3 mT,
292.3 mT, and 295.0 mT. Simulations appear as black contour lines on top of peaks.

Figure 4.9: HYSCORE spectra and simulations of CYP3A4 with acetaminophen and caffeine
added at 288.0 mT, 293.0 mT, and 295.0 mT. Simulations appear as black contour lines on top of
peaks.
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Figure 4.10: Mims ENDOR difference spectrum of CYP3A4 with CBZ minus drug-free
CYP3A4 at 293.0 mT. The reflection across the nuclear Zeeman frequency (x = 0) is plotted as a
dashed line. The set of negative peaks at ± 1 MHz are protons that are lost upon drug binding,
whereas weak positive peaks ± 1.3 MHz are protons, presumably on CBZ, that are gained upon
drug binding.

126

Figure 4.11: Mims ENDOR difference spectrum of CYP3A4 with MDZ minus drug-free
CYP3A4 at 293.0 mT. The reflection about the nuclear Zeeman frequency (x = 0) is plotted as a
dashed line. The positive peaks ± 0.5 MHz are protons, presumably on MHz, that are gained
upon drug binding.
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sample

gx
1.925
drug-free
1.894
1.924
acetaminophen
1.889
acetaminophen 1.924
and caffeine
1.895
1.920
caffeine
1.892

gy
2.249
2.257
2.249
2.259
2.246
2.255
2.248
2.257

gz
2.419
2.475
2.414
2.502
2.410
2.455
2.422
2.458

gx strain
0.0183
0.0542
0.0203
0.0449
0.0187
0.0424
0.0195
0.0566

gy strain
0.0162
0.0299
0.0168
0.0510
0.0159
0.0298
0.0164
0.0304

gz strain
0.0487
.01310
0.0525
.01144
0.0477
0.1203
0.0494
0.1489

Weight (%)
59.9
40.1
61.7
38.3
57.9
42.1
62.7
37.3

Table 4.1: Simulated CW parameters of CYP3A4 with no drug, acetaminophen, acetaminophen
and caffeine, and caffeine added. Each simulated spectrum is comprised of two complexes.

sample
drug-free
MDZ
CBZ
CBZ/MDZ

gx
1.921
1.897
1.925
1.898
1.924
1.892
1.924
1.913

gy
2.247
2.254
2.246
2.254
2.246
2.253
2.246
2.251

gz
2.416
2.454
2.403
2.453
2.405
2.456
2.407
2.434

gx strain
0.0177
0.0740
0.0168
0.0440
0.0184
0.0441
0.0143
0.1102

gy strain
0.0160
0.0301
0.0155
0.0367
0.0159
0.0311
0.0138
0.0258

gz strain
0.0456
0.1204
0.0404
0.1008
0.0465
0.1067
0.0352
0.1967

Table 4.2: CW simulation parameters for spectra of CYP3A4 with no drug, midazolam,
carbamazepine, and midazolam and carbamazepine added.
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weight
0.56
0.44
0.47
0.51
0.53
0.45
0.27
0.70

sample
No drug
APAP
caffeine
APAP and
caffeine

aiso (MHz)
-3.33 ± .11
-1.96 ± .16
-3.62 ± .12
-1.70 ± .17
-3.62 ± .34
-1.60 ± .48
-4.46 ± .16
-0.79 ± .21

T (MHz)

r (Å)

ɵ (˚)

ɸ (˚)

5.29 ± .05

2.46 ± .01

26

43

5.32 ± .05

2.46 ± .01

27

44

5.22 ± .14

2.47 ± .02

9

30

5.25 ± .05

2.47 ± .01

28

37

Table 4.3: Hyperfine coupling parameters, the distance between the heme and the water protons,
and the orientation of the water proton for CYP3A4 with acetaminophen, caffeine, and
acetaminophen and caffeine added. These parameters are assuming the HYSCORE arcs are
composed of one proton.
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Chapter 4 Appendix
A.1 CW EPR Simulations
CYP3A4 with no drug
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CYP3A4 with acetaminophen

CYP3A4 with caffeine
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CYP3A4 with acetaminophen and caffeine

CYP3A4 with no drug (for midazolam/carbamazepine sample set)
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CYP3A4 with midazolam

CYP3A4 with carbamazepine
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CYP3A4 with midazolam and carbamazepine

A.2 CW EPR of CYP3A4 with 1,2,3-triazole
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A.3 HYSCORE Spectra and Simulations of CYP3A4 with midazolam and carbamazepine

HYSCORE spectra and simulations of CYP3A4 with no drug added at 293.0 mT (left) and 296.0
mT (right). Simulations appears as black contour lines on top of the HYSCORE contour peaks.

HYSCORE spectra and simulations of CYP3A4 with CBZ added at 293.0 mT (left) and 296.0
mT (right). Simulations appears as black contour lines on top of the HYSCORE contour peaks.
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HYSCORE spectra and simulations of CYP3A4 with MDZ added at 293.0 mT (left) and 296,0
mT (right). Simulations appears as black contour lines on top of the HYSCORE contour peaks.

HYSCORE spectra of CYP3A4 with both MDZ and CBZ added at 293.0 mT (left) and 296.0
mT(right). These peaks were too weak to simulate.
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sample
No drug
MDZ
CBZ

aiso (MHz)
-3.9 ± .2
-1.3 ± .3
-3.8 ± .3
-1.4 ± .4
-3.3 ± .2
-2.0 ± .3

T (MHz)

r (Å)

ɵ (˚)

ɸ (˚)

5.19 ± .09

2.48 ± .01

21

8

5.19 ± .09

2.48 ± .01

17

20

5.37 ± .08

2.45 ± .01

18

15

Hyperfine coupling parameters, the distance between the heme and the water proton, and the
orientation of the water proton for CYP3A4 with no drug, with midazolam, and with
carbamazepine.

141

CHAPTER 5:
MIXED INHIBITOR BINDING IN CYP51B1
5.1 Introduction
Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB), an
infectious disease that has afflicted humans for centuries. TB remains a threat and a major cause
of death today. Current treatments are complicated by the rise of resistant strains of Mtb, which
have caused renewed interest in TB research and drug development. One of the largest recent
advances in TB research was the sequencing of the Mtb genome, which revealed new drug
targets. One of the most noteworthy aspects of the genome was the discovery that Mtb encodes
20 different cytochrome P450 enzymes (CYPs) [1]. CYPs are heme-containing monooxygenase
enzymes responsible for essential biosynthetic and detoxification tasks in nearly all living
organisms [2]. Of the 20 CYPs present in Mtb, CYP51B1 was the first member of the CYP51
family to be found in prokaryotes [1]. CYP51B1 catalyzes the oxidative demethylation of
dihydrolanosterol and obtusifoliol which is similar to the role and function of eukaryotic CYP51
[3, 4]. Inhibition of CYP51 causes an accumulation of methylated sterols, which is lethal to the
targeted system. Although a complete sterol biosynthetic pathway is not known in Mtb,
CYP51B1 has remained of therapeutic interest since inhibition of P450s in Mtb inhibits its
growth. Although tuberculosis has been affecting humans for centuries, the first effective drugs
against Mtb, isoniazid, pyrazinamide, and rifampicin, came out in the 1950s [5]. These azolebased inhibitors remained the most effective drugs for decades and are still some of the only
treatment options.
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CYPs contain an active site comprised of a ferric, low-spin heme coordinated to a
conserved cysteine residue. The sixth axial ligand is a water molecule that is present in the
resting state but is assumed to be either displaced or replaced upon drug binding. In the
traditional paradigm, nitrogen-containing heterocycles are considered CYP inhibitors because
they replace the axial water by directly coordinating to the heme, trapping the heme in a low-spin
state. These low-spin complexes are not easily reduced and therefore cannot continue in the
catalytic cycle. Substrates, on the other hand, displace the axial water without replacing it, which
leaves the heme in a high-spin state that is easily reduced to begin the catalytic cycle. In some
cases, the drug does not follow the traditional substrate/inhibitor paradigm, and instead of
displacing or replacing the axial water, it interacts with the heme via a hydrogen bonding
network. This water-bridged complex is only observed in a few crystal structures and is
considered rare [6-10]. This binding mode is not necessarily associated with substrates or
inhibitors; in fact, it has been observed with both in a variety of CYP isoforms [11]. While the
water-bridged complex is still low-spin, it is not necessarily catalytically inactive. In fact, a study
with CYP3A4, the major human isoform responsible for drug metabolism, found that an
ethinylestradiol derivative, 17-click, formed a water-bridged complex that was still metabolized,
producing a library of different metabolic products [12].
In the case of Mtb CYPs, a few crystal structures show substrates and substrate analogs
engaging in hydrogen bonds with active site waters [9, 10, 13-15]. Recently, a water-bridged
complex has been identified in the Mtb CYP121 with the substrate cyclodityrosine (cYY) [9].
The H-bond network involves two ordered water molecules which are present in other CYP121
ligand bound crystal structures, and the authors suggest that such H-bond networks could
position substrates or drugs in the active site for metabolism. Another study with CYP121 found
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that the drug fluconazole did not displace the axial water and instead was involved in a
hydrogen-bonding network with it [8]. The Bowman group has also observed a water-bridged
complex with the Mtb isoform CYP125A1 and the pyridine-based inhibitor LP10 using electron
paramagnetic resonance (EPR) and visible and near-infrared magnetic circular dichroism (MCD)
spectroscopy [16].
Water-bridged complexes have been characterized in a few Mtb CYPs, but the extent to
which these complexes exist in other isoforms and with other drugs is not known. The research
outlined in previous chapters found that water-bridged complexes oftentimes coexist in frozen
solution with directly-coordinated complexes, representing a mixture of binding modes for the
same drug. This mixture of binding modes calls to question the catalytic competency of the drug
because the metabolic purpose of water-bridged drug complexes is confounded by the fact that
they have been observed with both inhibitors and substrates. This study suggests that a similar
mixture of binding modes in solution might exist with CYP51B1 with nitrogen heterocycles that
would traditionally be expected to replace the axial water and directly coordinate the heme.
This study uses EPR to characterize the binding of three nitrogen-containing heterocycles
that would be considered inhibitor-like ligands to CYP51B1. This study first determines drug
binding with optical difference spectra, a common technique used to categorize CYP-drug
binding in the pharmaceutical industry. These drugs produce apparent type II optical difference
spectra, which are considered to represent replacement of the axial water and direct coordination
to the heme. Continuous wave (CW) EPR and hyperfine sublevel correlation spectroscopy
(HYSCORE) are then used to directly probe the protons on the axial water and distinguish
between drugs that are directly-coordinated and those that form a water-bridged complex. In
addition, electron-nuclear double resonance (ENDOR) spectroscopy is used to observe protons
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on the drugs and to show that the drugs are occupying the active site and are close enough to
participate in hyperfine interactions with the heme. This study finds that all three nitrogencontaining heterocycles bind as a mixture of water-bridged and directly-coordinated complexes.
These results also demonstrate that the axial water is slightly perturbed and re-oriented with
respect to the heme in water-bridged complexes. This study suggests that water-bridged
complexes may not be rare in Mtb P450s, and corroborates the suggestion that that the axial
water might play a structural role in drug binding, as suggested with CYP121 [9]. These results
have significant implications for inhibitor design and could help guide future efforts to design
effective inhibitors for both CYP51B1 and other Mtb CYP isoforms.
5.2 Materials and Methods
Protein expression and purification
Purified CYP51B1 was obtained from the Atkins group at the University of Washington
in Seattle, WA. CYP51B1 was expressed and purified as previously described [3]. Purified
protein was dialyzed into 10 mM Tris-HCl (pH 7.5) buffer and concentrated to 324 μM. EPR
samples consisted of 50 μL purified protein in buffer with 20 % glycerol added (v/v) as a
cryoprotectant. The compounds in this study, 1,2,3-triazole (1,2,3-TRZ), 17α-(2H-2,3,4triazolyl-estradiol (17-click), and 4-(3-phenylpropyl)-1H-1,2,3-triazole (PPT), were chosen
because they are expected to produce a type II optical difference spectrum similar to many
existing azole drugs [12, 16]. These three compounds will be referred to as “drugs” henceforth
for convenience. Drug concentrations were made to be saturating (10 x KD). Samples were made,
transferred to 3 mm quartz EPR tubes, and immediately frozen and stored in liquid nitrogen.
Measurement of UV/Vis Absorbance Difference Spectra
UV/Vis spectra were measured by Dr. Kip Conner at the University of Washington in
Seattle, WA. Absorbance measurements were measured as previously described [16].
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Measurements were made on an Olis Modernized Aminco DW-2 (Olis, Inc., Bogart, GA) dualbeam spectrophotometer that was equipped with a Julabo F30-C compact refrigerated circulator
(Julabo USA, Inc. Allentown, PA). Initial sample volumes were 500 μL with 1-2 μL of purified
protein in 10 mM Tris-HCl (pH 7.5) buffer with 20% glycerol added Spectra were recorded from
270-650 nm in absolute mode after the addition of 1 μL of drug stock solution. The difference in
the absorbance spectrum of the drug-bound and the drug-free states was plotted and analyzed for
peaks and minimums characteristic of type I, type II, and reverse type I spectra.
Continuous Wave (CW) EPR Measurements and Simulations
CW EPR measurements were made on a Bruker ELEXSYS E540 X-band spectrometer
with an ER 4102 ST resonator and a quartz liquid nitrogen insertion dewar. Spectra were
recorded at 77 K with a nominal microwave frequency of 9.45 GHz, a modulation amplitude and
frequency of 5.0 G or 10.0 G and 100 kHz, respectively, and a microwave power of 3.34 mW or
6.64 mW. CW EPR simulations were done using the EasySpin toolbox in MATLAB
(Mathworks, R2018a) [17]. Simulations included g values, g strains, and weights for each
complex in the EPR spectrum. The g value is used in EPR to describe the peak position with
respect to the microwave frequency and magnetic field, the g strains are related to the line
widths, and the weights describe each complex’s relative contribution to the overall spectrum.
With the exception of the drug-free spectrum, each drug-bound spectrum is a convolution of
multiple EPR spectra. In these cases, the overall spectrum was simulated with one complex using
the drug-free parameters first, and additional complexes were added as necessary to match the
experimental spectrum. In some cases, residual drug-free enzyme remained upon drug binding;
these complexes have the same g values as the drug-free spectrum and are identified as “drugfree” in binding assignments.
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Pulsed EPR Measurements and Analysis
CW spectra were shifted to 9.76 GHz, the average microwave frequency used in
HYSCORE measurements, and plotted as the absorbance rather than the first derivative to aid in
the planning of HYSCORE measurements, as done in previous studies [11, 16]. This allows for
the determination of complex overlap in the CW spectra so magnetic fields that have the least
amount of overlap for HYSCORE measurements can be chosen. HYSCORE and ENDOR
measurements were made at 10-20 K using an ELEXSYS E680 EPR spectrometer (BrukerBiospin, Billerica, MA) equipped with a Bruker Flexline ER 4118 CF cryostat and an ER
4118X-MD4 ENDOR resonator. HYSCORE measurements used a four-pulse sequence,
π/2−τ−π/2−t1−π−t2−π/2−τ−echo. This sequence was repeated at a rate of 2 kHz with values of
16 ns and 32 ns for the π/2 and π pulses, respectively. The times t1 and t2 were varied
independently, and the delay time τ was set to 240 ns to give the best signal in the proton region
of the HYSCORE spectrum. ENDOR measurements used the Mims ENDOR pulse sequence,
π/2−τ−π/ 2−T−π/2−τ−echo, with a 9 μs rf π pulse applied during the delay time T [18]. the delay
time τ was set at 240 ns for all measurements because it resulted in the best resolution in the 1H
region of the spectrum. Mims ENDOR spectra were collected at magnetic fields spanning gz for
all samples.
HYSCORE and ENDOR spectra were processed using custom-built scripts in MATLAB
(Mathworks, 2018a) and scripts written in the Python Programming language. HYSCORE
simulations were done using the EasySpin toolbox in MATLAB [17].
Analysis of Hyperfine Parameters
HYSCORE spectra from several different fields across gz were used to best characterize
the hyperfine interaction between the axial water proton ridges and the heme. Eight points were
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selected from the spectrum at each magnetic field along the proton peaks, or the ridge forming
each cross-peak on the contour plot. The points yielded a curved arc, which was transformed to a
straight line by scaling all the frequencies to a common nuclear Zeeman frequency (𝜈𝑖 ) of 12.5
MHz. This frequency corresponds to the proton frequency at a magnetic field of 2935 G, near the
gz maximum in the samples. The frequency-normalized points were the plotted together to form
a straight line (whose slope and intercept is described by Eqs 1 and 2):
𝑄∝(𝛽) = (𝑇 + 2𝑎 ∓ 4𝜐𝑖 )/(𝑇 + 2𝑎 ± 4𝜐𝑖 )

Eq. 1

𝐺∝(𝛽) = ± 2𝜈𝑖 (4𝜈𝑖2 − 𝑎2 + 2𝑇 2 − 𝑎𝑇)/(𝑇 + 2𝑎 ± 4𝜐𝑖 )

Eq. 2

where 𝑄∝(𝛽) and 𝐺∝(𝛽) represent the slope and intercept, respectively, of the line [19]. The
isotropic, a, and anisotropic, T, components of the hyperfine interaction were determined by
fitting the line in OriginLab. The anisotropic contribution of the hyperfine interaction represents
the through-space interaction between the magnetic moment of the surrounding nucleus and the
unpaired electron. In the case of low-spin ferric heme, this interaction behaves like a point-dipole
because the unpaired electron density is localized spherically on the iron and the wave functions
of the iron and the surrounding nuclei do not overlap [20, 21]. The point-dipole interaction (Eq.
3) has been used to calculate proton-heme distances in other CYPs [21, 22]. The anisotropic
contribution to the hyperfine interaction, T, was used to calculate the distance between the iron
of the heme and the protons on the axial water:
𝜇

𝑇 = (4𝜋0 )

𝑔𝑒 𝑔𝑛𝛽𝑒 𝛽𝑛
ℎ𝑟 3

,

Eq. 3

where 𝜇0 is the permittivity of free space, 𝑔𝑒 is the electronic g value, 𝑔𝑛 is the nuclear g value,
𝛽𝑒 is the electronic Bohr magneton, 𝛽𝑛 is the nuclear Bohr magneton, h is Planck’s constant, and
r is the distance in nm from the proton to the electron of the heme.
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HYSCORE Simulations
HYSCORE spectra were simulated using EasySpin, a toolbox in MATLAB (MathWorks,
R2018b) [17]. Simulations included g values, the magnetic field, the measurement delay time
tau, the proton hyperfine coupling, and the Euler angles α and β, which correspond to ɸ and ɵ,
the rotation of the water protons relative to the heme in the x and y plane and the z axis,
respectively. The proton hyperfine coupling tensor, A (Eq. 4), was calculated as the sum of the
isotropic and anisotropic components of the hyperfine interaction derived from HYSCORE arc
analysis according to equation
A = [a-T, a-T, a + (2 * T)]

Eq.4

where A is the hyperfine tensor, a is the isotropic hyperfine interaction, and T is the anisotropic
contribution of the hyperfine interaction. Simulations were performed at different magnetic fields
spanning the part of the gz peak where water-bridged complexes contribute to the spectrum so
that the values of ɸ and ɵ could be fit.
ENDOR Spectroscopy
Mims ENDOR spectra at various fields spanning gz were processed using custom scripts
in the Python Programming language and Origin (OriginPro, 2018b). The drug-free spectrum at
each magnetic field was subtracted from the drug-bound spectrum at the same field, and the
resulting spectra were normalized to and centered at the nuclear Zeeman frequency for protons at
each magnetic field. Spectra were symmetrized around the nuclear Zeeman frequency by plotting
the data as the difference in absolute ENDOR effect versus the nuclear Zeeman frequency and
the reflection of the difference spectrum about the nuclear Zeeman frequency versus the nuclear
Zeeman frequency.
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5.3 Results
UV/Vis Absorbance Difference Spectra
CYP-drug binding is typically determined in the pharmaceutical industry using optical
difference spectra between the drug-bound and drug-free enzyme [23]. Replacement of the axial
water and direct coordination of the drug increases the fraction of low-spin heme and yields a
type II spectrum with a maximum and minimum near 434 nm and 410 nm, respectively [6, 24].
Drugs that increase the fraction of high spin heme by displacing but not replacing the axial water
yield an optical difference spectrum with a minimum near 340 nm and a maximum near 430 nm.
In addition to type I and type II spectra, there is also a reverse type I spectrum that resembles an
inverted type I spectrum and has a minimum of 390 nm and a maximum of near 430 nm. This
binding mode is thought to represent weak coordination of a drug heteroatom to the iron. It has
also been observed with drugs that form a water-bridge [12, 16, 25, 26].
Figure 5.1 shows optical difference spectra for PPT and 17-click added to CYP51B1.
Both drug-bound complexes exhibit typical type II binding behavior with peaks near 434 nm and
minimums near 410 nm [6, 16, 24]. This binding behavior indicates the direct coordination of
nitrogen and an increase in low-spin heme. Small nitrogen heterocycles like 1,2,3-TRZ are
expected to bind this way, but the fact that both PPT and 17-click also increase the fraction of
low-spin heme suggests that they can displace the axial water upon binding. However, as evident
in previous research with human CYPs, the optical difference spectrum can be misleading;
oftentimes drugs with characteristic type II difference spectra exhibit atypical and mixed binding
where the axial water remains intact. This research uses EPR to get a more detailed picture of
binding because EPR measurements of frozen solutions allow for the observation individual
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binding conformers that are not observable in optical difference spectra where different binding
modes are spectrally unresolved.
CW EPR
CW EPR spectra of the low-spin, ferric heme in CYPs contain three characteristic peaks,
which are denoted gx, gy, and gz and correspond to the physical axes of the heme. The gz peak
represents when the magnetic field is perpendicular to the heme and shifts the most upon drug
binding because it is parallel to the Fe-O coordination bond between the axial water and the
heme in the resting state. Upon drug binding, the gz peak shifts the most, and previous research
outlined in Chapter 3 found that its shift contains information about whether the drug binds
directly to the heme or through a water-bridge [11]. Figure 5.2 shows the CW EPR spectra of
CYP51B1 with no drug and with 1,2,3-TRZ, with 17-click, and PPT added. Table 5.1 shows the
CW simulations for each complex which includes g values, g strains, which are related to the line
widths, and the relative weights of each complex. The CW EPR spectrum of CYP51B1 with no
drug added contains a single complex with g values similar to what is reported for other P450
isoforms [11].
Upon the addition of drug, the spectrum changes significantly. Each of the three drugbound spectra is comprised of three underlying complexes with a unique set of drug-bound
complexes with different active site environments. The spectrum of CYP51B1 with PPT and of
CYP51B1 bound to 17-click are similar. In both cases, the first simulated complex represents
residual resting state enzyme because it has the same g values as the resting state complex. For
PPT, the residual resting state complex contributes 38.0 % to the overall CW EPR signal. The
other two complexes in each sample represent drug-bound states, as there is a significant shift in
g values for each. The second complex has a gz value that decreases, which is indicative of a
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complex where the axial water has not been replaced, resulting in a water-bridged complex. This
complex represents 44.4 % of the overall CW EPR signal. The third simulated complex has a gz
value that increases, which is indicative of the axial water being replaced, resulting in a directlycoordinated complex. This complex represents 17.6 % of the overall CW EPR signal. The
spectrum of 17-click bound to CYP51B1 is similar; it, too, is comprised of residual resting state
enzyme, a complex with decreased gz values, and a complex with increased gz values. The
residual resting state complexes in the 17-click sample makes up 31.4 % of the overall signal, the
complex with increased gz values makes up 19.9 % of the overall spectrum, and the complex
with decreased gz values makes up 48.7 % of the overall spectrum. These two samples highlight
an important binding phenomenon; both have a mixture of bound complexes, and based on shifts
in gz values, there is a mixture of directly-coordinated and water-bridged complexes that coexists
in the same sample.
The spectrum of CYP51B1 with 1,2,3-TRZ is also comprised of three complexes. The
first complex makes up roughly 22.6 % of the spectrum and has g values that are only slightly
decreased from those of the resting state enzyme. To distinguish between resting enzyme and
drug-bound enzyme with unperturbed heme axial water, the hyperfine coupling from the heme to
the water protons in the drug-bound complex can be compared with that of the resting state. The
hyperfine coupling should not change between the drug-free and the drug-bound complex with
similar g values if it is indeed residual resting state enzyme.
The other two complexes have gz values that increase, indicating that both are complexes
where the axial water has been replaced by drug. While a directly-coordinated nitrogen
heterocycle would be considered inhibitory, the presence of two distinct directly-coordinated
complexes is notable. One complex makes up 41.5 % of the spectrum, while the other makes up
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26.0 %. These different complexes could arise from differences in orientation of the drug in the
active site. Although one complex makes up the majority of the spectrum, the second complex
could have a different metabolic activity or inhibition profile. The fact that a small nitrogen
heterocycle can bind in three ways should be considered in the design of inhibitors.
HYSCORE Measurements and Binding Assignments
Chapter 3 established that shifts in gz can reveal whether a drug is directly-coordinated or
water-bridged in CYPs. To corroborate these binding assignments, HYSCORE is used to
determine whether the axial water is replaced upon drug binding. HYSCORE measurements are
ideal because they directly probe the 1H of the axial water. Water peaks are resolved from all
other protons by second-order shifts that stem from the large, anisotropic hyperfine interactions
between the water protons and the heme [2]. These water peaks are an ideal candidate for
monitoring CYP-drug binding; if a drug displaces the water, then the water peaks disappear,
whereas if it binds as a water-bridge, the peaks remain. HYSCORE can also locate water protons
relative to the low-spin ferric heme iron to show differences in orientation upon drug binding
[12, 20, 27].
Figure 5.3 shows the HYSCORE spectrum of the drug-free enzyme at 295.5 mT. The
spectrum contains water proton peaks around 15 MHz and a set of smaller peaks near 13.5 MHz,
which correspond to 𝛽-protons on the proximal cysteine ligand. These cysteine proton peaks act
as an internal intensity standard for the HYSCORE spectra. If the cysteine peaks are resolved,
then the water protons should also be resolved, because they are a similar distance from the
heme. If a drug displaces the water then the water peaks disappear but the cysteine proton peaks
remain, and the drug binding mode is characterized as directly-coordinated. If the drug does not
displace the water then both sets of peaks remain, and the drug binding mode is characterized as
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water-bridged. Figure 5.4 shows an example of how the binding modes of multiple complexes in
the same sample can be determined with CYP51B1 bound to PPT. In brief, the CW spectrum and
simulation are plotted as the absorbance spectrum rather than the first-derivative to best view
complex overlap. This allows for the use of a phenomenon called orientation selection where
paramagnetic centers with different nuclear environments show up at different magnetic fields.
In this case, different drug-bound complexes show up at slightly different magnetic fields, as
evident by their different g values in CW simulations. Therefore, HYSCORE measurements
made at a magnetic field where only one complex contributes to the overall spectrum will only
probe the binding of that complex. For example, for the spectrum of CYP51B1 bound to PPT,
the HYSCORE measurement at 280.5 mT, Figure 5.5, is only going to probe complex 3 in the
simulation. Here, the water peaks have disappeared, but the cysteine peaks remain. This complex
then is directly-coordinated. HYSCORE measurements at higher magnetic fields include
contributions from complexes 1 and 2, and they retain the axial water peaks. Complex 1 in this
case has the same g values as the resting state enzyme, but complex 2 does not, and it still has
intense water proton peaks. This complex is therefore assigned as a water-bridged complex. All
binding modes were assigned in this manner and can be seen in Table 5.1. All spectra used to
assign each binding mode can be found in Appendix A2.
HYSCORE Simulations
Because water-bridged complexes made up a significant portion of the total drug-bound
complexes, they were further characterized with pulsed EPR to see whether the drugs perturb the
position of the axial water with respect to the heme. HYSCORE measurements can also yield
information about the distance and orientation of the water protons. Changes in the distance or
orientation of the water protons upon drug binding would suggest a hydrogen-bonding network,
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whereas no change would indicate that the drug is not interacting with the axial water, but is
perhaps located elsewhere in the active site. HYSCORE measurements were taken at magnetic
fields near the maximum of gz for all samples, because this is where the water proton peaks are
best resolved. Apart from CYP51B1 with no drug, all samples contain at least one directlycoordinated complex where the water proton peaks disappear from the HYSCORE spectra (see
all spectra in Appendix A2). These directly-coordinated complexes appear at a lower magnetic
field in the CW spectrum. For the purposes of determining the position and orientation of the
axial water in water-bridged complexes, orientation selection was used to selectively probe
water-bridged complexes by measuring HYSCORE spectra at magnetic fields where they
contribute significantly to the signal. Figure 5.6 shows the fit (red line) of points chosen across
the HYSCORE arcs in all the HYSCORE spectra, and Table 5.2 shows the isotropic and
anisotropic contributions to the hyperfine interaction and the distance from the water protons to
the heme. Using this information, the spectra were simulated in EasySpin to determine the Euler
angles α and β, which correspond to ɸ and ɵ, or the rotation of the water protons relative to the
heme in the x and y plane and the z axis, respectively. Figure 5.7 defines the angles ɸ and ɵ
relative to the heme. Table 5.2 includes the simulated angles for all samples. Figures 5.8, 5.9,
5.10, and 5.11 show HYSCORE spectra and simulations of CYP51B1 with no drug, 17-click,
PPT, and 1,2,3-TRZ, respectively. Simulations appear as black contours over the peaks in all
spectra.
The anisotropic and isotropic components of the hyperfine coupling and the distances
from the heme to the axial water protons do not change significantly between CYP51B1 with no
drug added and CYP51B1 with either PPT or 17-click. The orientation of the axial water
protons, however, is perturbed slightly. In both the PPT and 17-click-bound complexes, the angle

155

ɵ, which represents the angle between the axial water proton and the gz axis of the heme,
decreases slightly. This decrease is similar to what has been observed with the pyridine-based
drug, LP10, and CYP125A1, another Mtb CYP isoform [2]. The angle ɸ, which indicates how
the water is rotated around the Fe-O coordinated bond relative to the heme, also decreases
slightly upon the binding of PPT and 17-click. The water-bridged complexes of CYP51B1 and
PPT and CYP51B1 with 17-click have significantly different g values than the resting state, but
the orientation of the water is perturbed only slightly. This is similar to what has been observed
with water-bridged complexes in CYP2C9d and CYP125A1. In those complexes he location of
the axial water was only slightly perturbed upon drug binding, but analysis of 15N labeled PPT
binding to CYP2C9d placed the drug in the active site with the nitrogen label only 0.444 nm
from the heme iron [16].
The water-bridged complex of CYP51B1 and 1,2,3-TRZ has g values that are very
similar to the resting state enzyme; however, the hyperfine interaction between the heme and the
axial water protons is significantly different. The isotropic and anisotropic contributions to the
hyperfine interaction deviate from the drug-free enzyme, and the distance from the heme to the
water protons is slightly longer. This complex is distinct from the drug-free enzyme because the
hyperfine coupling is different. The angle ɵ does not change from that of the drug-free enzyme,
but ɸ decreases, indicating a rotation of the water about the Fe-O coordination bond relative to
the heme. While the majority of the complexes formed when 1,2,3-TRZ binds to CYP51B1 are
directly-coordinated complexes where the water has been replaced by the drug, this complex
retains the water and has a hyperfine coupling distinct from that of the drug-free enzyme. This
could be due to a hydrogen-bonding interaction between the water protons and the drug; it could
represent a state where the drug occupies the active site but is not close enough to the heme to
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replace the water but still perturbs it via hydrogen bonds. Either way, this bound state is unusual
and unexpected for a small nitrogen heterocycle and needs to be characterized further.
ENDOR Subtraction Spectra
The differences in the orientation of the axial water in drug-free versus drug-bound
spectra suggest that water-bridged drug complexes do interact with the axial water, which would
be similar to what has been observed in CYP125A1 with the substrate, cYY [9]. This study used
electron-nuclear double resonance (ENDOR) spectroscopy to get more information about the
position and orientation of the drugs themselves. ENDOR is a double resonance technique that
uses microwaves and radio waves to simultaneously excite electronic and nuclear transitions. In
this way, pulsed ENDOR it is essentially echo-detected NMR; the radio frequency is swept to
excite nuclear transitions while the echo intensity is monitored [28]. The resulting spectrum is
the NMR spectrum of nuclei that interact with the unpaired electron. Peaks from nearby nuclei
show up at their ENDOR frequencies shifted by the hyperfine coupling. Subtraction of ENDOR
spectra can give useful information about the position of nuclei surrounding the paramagnetic
center. In this research, the proton ENDOR spectrum of the drug-free complex is subtracted from
the spectrum of the drug-bound complex, which yields both positive and negative proton peaks.
If the peaks are positive, then they correspond to protons gained by added drug, or the protons on
the drug itself. If the peaks are negative, then they represent protons that were lost in the drugbinding process.
Figures 5.12, 5.13, and 5.14 show Mims ENDOR subtraction spectra of drug-bound
spectra minus drug-free spectra at various magnetic fields. Spectra are centered the proton
Zeeman frequency for each field and plotted versus the field and corresponding g value. Spectra
are symmetrized about the proton Zeeman frequency. Subtraction spectra of the 1,2,3-TRZ

157

bound complex reveal several sets of positive peaks that become most intense near gy. These
peaks correspond to protons on the 1,2,3-TRZ ring. At low magnetic fields near gz there are also
negative peaks, which indicate protons that are lost upon drug binding. The peaks near 288.0 mT
have a hyperfine coupling constant of ~ 6 MHz, which coincides with the protons on the axial
water. This is expected since 1,2,3-TRZ displaces the axial water to form two directlycoordinated complexes. At higher magnetic fields, the negative peaks disappear. This is because
at fields above ~290.0 mT the water-bridged complex contributes significantly to the signal (see
Appendix A2 for all CW spectra).
Subtraction spectra of 17-click and PPT bound to CYP51B1 (Figures 5.13 and 5.14) also
contain several sets of positive peaks that represent protons on the drugs. These peaks are less
intense, which could be because these two drugs do not displace the axial water and therefore are
more distant from the heme. Both samples contain directly-coordinated complexes, but these
complexes fall at magnetic fields below ~285.0 mT and do not contribute much to the signal at
the fields measured in ENDOR experiments (see Appendix A2 for CW spectra). At 288.0 mT in
both samples, there is a weak set of negative peaks that correspond to the loss of the axial water,
but they disappear at higher fields where the water-bridged and residual resting state enzyme
dominate the signal.
5.4 Discussion
Mixture of binding modes
The first major conclusion from this work is that each CYP51B1-drug combination
results in a mixture of bound complexes. Most importantly, each mixture has both directlycoordinated and water-bridged complexes despite all three drugs being typical type II ligands, as
classified by optical difference spectra. This emphasizes the complexity of CYP-drug
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interactions and demonstrates that more sensitive techniques are needed to observe mixtures of
bound complexes. The fact that these mixtures coexist in frozen solution also suggests that the
observed binding modes are similar in energy and are likely to be present under physiological
conditions. Consequently, these mixtures have significant implications for drug design,
especially in design of inhibitors for Mtb CYPs. Any mixture of directly-coordinated and waterbridged complexes implies a similar mixture in metabolic activity, and the metabolic activity of
water-bridged drugs is not well understood.
Water-Bridged Complexes in Mtb CYPs
Because water-bridged complexes appear in each CYP51B1-drug combination, it is
possible to hypothesize that the complexes represent a slightly modified resting state heme rather
than a true drug-bound complex. Such would be the case if the drugs occupied an allosteric site
far from the heme rather than the active site. However, the CW EPR parameters and hyperfine
interactions between the axial water protons and the heme change with drug binding, which
demonstrates a difference in both the electronic environment of the heme and in the orientation
of the axial water. There are a few examples of Mtb CYP121 complexes with substrates and
substrate analogs that do not replace the axial water and instead occupy the space above it in the
active site. These complexes all have substrates or analogs that are between ~6–9.5 Å from the
heme iron, which leaves plenty of room for the axial water and for additional solvent water
molecules [10, 13-15]. In contrast, all drug-bound crystal structures of CYP51B1 have the
inhibitor displacing and replacing the axial water to directly coordinate to the heme [29, 30].
These results suggest that drug binding in CYP51B1 is similar to that of CYP121, but that the
crystallographic data does not yet offer a robust characterization of CYP51B1-drug interactions.
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Role of the axial water
While most directly-coordinated nitrogen heterocycles are associated with CYP
inhibition, water-bridged complexes have been observed in both substrates and inhibitors [9, 11,
12, 16]. For example, Chapter 3 highlighted numerous water-bridged complexes that were
identified in a variety of human CYP-drug combinations [11]. In addition, the Bowman group
has found that some water-bridged complexes retain catalytic activity, namely that of CYP3A4
with 17-click [12]. This suggests that the portion of CYP51B1-17 click complexes that are
water-bridged might also be metabolically active, which clouds the metabolic purpose of waterbridged complexes. One study with CYP121 suggests that the axial water serves a structural
purpose and plays a role in positioning substrates for metabolism [9]. Such a role would help
explain why water-bridged structures have been observed with CYP substrates, but it does not
imply a similar conclusion for water-bridged inhibitors. These findings suggest that waterbridged complexes are just as prevalent with inhibitor-like ligands. This research warrants
further study into the prevalence and activity of water-bridged inhibitors. Since Mtb CYPs are
drug targets, the metabolic consequences of water-bridged complexes and mixtures of bound
complexes need to be considered in inhibitor design.
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Figures

Figure 5.1: Optical difference spectra of CYP51B1 with PPT (top) and 17-click (bottom).
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Figure 5.2: CW EPR Spectra of CYP51B1 with no drug added, and with PPT, 17-click, and
1,2,3-TRZ added.

Figure 5.3: HYSCORE spectrum of CYP51B1 with no drug added at 295.5 mT.
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Figure 5.4: CW EPR spectrum and simulation of CYP51B1 bound to PPT. Simulated complexes
are plotted as absorbance rather than first-derivative to best visualize overlap.

Figure 5.5: HYSCORE spectra of CYP51B1 with PPT at 280.5 mT (left) and 297.0 mT
(right).
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Figure 5.6: HYSCORE peak arc fits for each sample. Each plot represents points chosen along a
water proton HYSCORE arc at different magnetic fields. The points are fit to an equation (red
line) that determines the hyperfine coupling parameters and the distance from the water protons
to the heme.
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Figure 5.7: The angles ɸ and ɵ with respect to the active site heme.

Figure 5.8: HYSCORE simulations of CYP51B1 with no ligand at 288.0 mT, 291.0 mT, 295.5
mT, and 300.0 mT. HYSCORE peaks are shown in color and simulations are shown as black
contour lines.
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Figure 5.9: HYSCORE spectra and simulations of CYP51B1 in complex with PPT at 219.0 mT,
294.0 mT, 297.0 mT, and 300.0 mT. HYSCORE peaks are shown in color and simulations are
shown as black contour lines.
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Figure 5.10: HYSCORE spectra and simulations of CYP51B1 in complex with 17-click at 291.0
mT, 296.5 mT, 298.0 mT, and 300.0 mT. HYSCORE peaks are shown in color and simulations
are shown as black contour lines.
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Figure 5.11: HYSCORE simulations of CYP51B1 with 123-TRZ at 290.0 mT, 294.0 mT, 297.0
mT, and 300.0 mT. HYSCORE peaks are shown in color and simulations are shown as black
contour lines.
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Figure 5.12: Mims ENDOR subtraction spectra of CYP51B1 with 1,2,3-TRZ.

Figure 5.13: Mims ENDOR subtraction spectra of CYP51B1 with 17-click.
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Figure 5.14: Mims ENDOR subtraction spectra of CYP51B1 with PPT.
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Sample
No drug

gx
1.913
1.913
PPT
1.924
1.889
1.913
17-click
1.881
1.924
1.911
1,2,3-TRZ 1.887
1.867

gy
2.258
2.258
2.252
2.261
2.258
2.270
2.250
2.256
2.268
2.273

gz
2.435
2.435
2.407
2.493
2.435
2.493
2.407
2.430
2.467
2.509

gx strain
0.023
0.020
0.015
0.046
0.020
0.039
0.015
0.019
0.037
0.051

gy strain
0.021
0.033
0.017
0.014
0.017
0.023
0.018
0.019
0.035
0.021

gz strain
0.053
0.050
0.031
0.088
0.045
0.066
0.030
0.043
0.070
0.103

weight (%)
100
38.0
44.4
17.6
31.4
19.9
48.7
22.6
37.9
39.5

Binding
drug-free
drug-free
WB
DC
drug-free
DC
WB
WB
DC
DC

Table 5.1: CW EPR simulation parameters and binding mode assignments for CYP51B1 with no
drug, PPT, 17-click, and 1,2,3-TRZ added.
Sample
No drug
PPT
17-click
1,2,3-TRZ

aiso (MHz)

T (MHz)

-3.70 ± .09
5.16 ± .03
-1.46 ± .12
-3.31 ± .06
5.22 ± .02
-1.90 ± .08
-3.53 ± .09
5.12 ± .02
-1.60 ± .10
-4.32 ± .14
5.04 ± .04
-0.72 ± .17

r (Å)

ɵ (˚)

ɸ (˚)

2.483 ± .005

24

49

2.482 ± .003

21

42

2.475 ± .003

21

41

2.503 ± .006

24

38

Table 5.2: Hyperfine interaction parameters, distance, and orientation of the axial water protons
in all four samples.
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Chapter 5 Appendix
A1: CW EPR Simulations
CYP51B1 with no drug
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CYP51B1 with PPT

CYP51B1 with 17-click
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CYP51B1 with 1,2,3-TRZ

177

A2: Binding Mode Assignments
CW spectra and simulations (plotted as absorbance) and corresponding HYSCORE spectra.
Assignments are listed and justified, where WB and DC stand for water-bridged and directlycoordinated components, respectively.
CYP51B1 with no drug

CW EPR simulation of drug-free CYP51B1 plotted as the absorbance spectrum.

HYSCORE spectra of CYP51B1 with no drug at 292.5 mT and 295.5 mT.
Complex 1: Drug-free enzyme
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CYP51B1 with 17-click

CW EPR simulation of CYP51B1 bound to 17-click. Simulated complexes are plotted as
absorbance rather than first-derivative to best visualize overlap.
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HYSCORE spectra of CYP51B1 with 17-click at 282.0 mT, 295.0 mT (top left and right,
respectively), 296.5 mT, and 298.0 mT (bottom left and right, respectively).
Complex 1: Residual drug-free enzyme
Complex 2: DC. No water proton peaks at a field where only complex 2 contributes to signal.
Complex 3: WB. The water proton peak intensity increases between 289.0 mT and 295.0 mT.
Complex 3 is the only signal that is dramatically increasing between those two measurements.
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CYP51B1 with PPT

CW EPR simulation of CYP51B1 bound to PPT. Simulated complexes are plotted as absorbance
rather than first-derivative to best visualize overlap.
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HYSCORE spectra of CYP51B1 with PPT at 280.5 mT, 291.0 mT (top left and right,
respectively), 295.5 mT, and 297.0 mT (bottom left and right, respectively).
Complex1: Residual drug-free enzyme
Complex 2: WB. Proton peaks are still very intense at a field that includes both complexes 1 and
2.
Complex 3: DC. No proton peaks at a field where only complex 3 contributes to the signal.
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CYP51B1 with 1,2,3-TRZ

CW EPR simulation of CYP51B1 bound to 1,2,3-TRZ. Simulated complexes are plotted as
absorbance rather than first-derivative to best visualize overlap.
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HYSCORE spectra of CYP51B1 with 1,2,3-TRZ at 280.0 mT, 282.1 mT (top left and right,
respectively), 285.0 mT, and 290.0 mT (bottom left and right, respectively).
Complex 1: WB. Complex has different g values than resting state enzyme.
Complex 2: DC. Proton peaks are extremely weak at a field where component 2 makes up the
majority of the signal. Weak proton peaks are probably due to the fact that there is a small
amount of residual resting state enzyme being picked up at fields above 285.0 mT.
Complex 3: DC. No proton peaks at a field where only complex 3 contributes to the signal.
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CHAPTER 6:
PiEPR: AN EPR PROCESSING AND VISUAIZATION SOFTWARE
6.1 Introduction
In order to extrapolate information from spectra, a variety of processing and data analysis
techniques has to be applied to EPR data. Oftentimes this processing is done one data set at a
time using commercial software that comes with Bruker EPR instruments or in software, such as
MATLAB, that require a license. In many cases, the spectrum needs to be optimized and
normalized for comparison with other spectra. This makes processing each individual spectrum
difficult and time consuming. In order to expedite processing, we have created PiEPR, a
processing software for EPR data that is written in the Python programming language (version
3.7). This software allows users to process raw data directly from Bruker commercial EPR
spectrometers and includes several signal optimization techniques such as apodization, glitch
removal, and data smoothing. The processing routines produce a quality figure of the processed
spectrum as well as a .csv file containing the x, y, and if applicable, z data of the processed
spectrum. This software allows for the rapid processing of HYSCORE and ENDOR data and
includes the code structure necessary to easily add new experiment types and analysis options.
This project uses the Python programming language because it has several advantages
over other programming languages, such as the fact that it is free, that it has simple syntax and
requires less coding, and that it is widely used in a range of environments from academia to large
corporations. In fact, Python has been one of the most popular programming languages in
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Google searches in the United States over the last five years (Figure 6.1). It was also named the
most popular programming language in 2017 and 2018 in Spectrum magazine based on the
Institute of Electrical and Electronics Engineers (IEEE) rankings [1]. Python is an objectoriented language that is known for having simple syntax, robust toolkits, and a large support
community. Scientific programmers routinely use core packages like NumPy for mathematical
arrays, SciPy for linear algebra and signal processing, and Matplotlib for generating graphs and
visualizing data. These packages provide all the functionality of commercial software, and they
allow users to retain full ownership of the code they create. Proprietary companies not only have
partial ownership of the code that users write, but they also have the ability to change the
language without user consent, often rendering user scripts useless unless they update their code
to comply. Commercial licenses like MATLAB and Mathematica are also oftentimes
prohibitively expensive, especially for users who are not covered by a company or university
license. This makes it difficult to distribute code and to collaborate on creating new software.
Using Python for data processing ensures that the software will be free, widely available to the
public, and safe from the risks associated with proprietary companies. In addition, software
written in Python is easy to maintain and update because of the prodigious online support
community and frequent addition of new packages and toolkits for scientific programming and
data analysis.
6.2 Software Structure
PiEPR is written in Python 3.7 using Spyder 3.3.1, a powerful scientific coding
environment for Python. The software is a collection of Python scripts that can be downloaded as
a folder of files from GitHub (GitHub address is at the end of this chapter) and initiated by
running the top-level script, PiEPR.py. This script contains the code necessary to start the
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software. The only dependency is that users must have Python 3 downloaded; this allows them to
run Python scripts either by typing “Python PiEPR.py” in the command line or by using a Python
shell in an integrated development environment (IDE). Spyder is a convenient IDE to use
because its format closely resembles that of MATLAB, where scripts can be run simply by
clicking a play button. PiEPR currently runs on Windows operating systems but will be adapted
in the future for Linux and Mac OS. The software structure takes advantage of object-oriented
programming in several ways. First, each file selected produces a spectrum object, which is
simply a variable created by the software. In this software, the object created is called
THE_SPECTRUM, and it contains all the details about the experimental parameters, the raw
data, and the processed data. These details are called attributes, and they are added throughout
processing and accessed by processing routines as needed. The user does not interact directly
with this object; instead, the necessary attributes, such as the processed data, are extracted and
used to create the final figure and a .csv file with the figure data. The software also uses the
object-oriented concept of encapsulation, which is where blocks of code that perform similar
functions are separated into modules, or classes. In PiEPR, the processing routines are broken up
into class modules that pass information to each other. Using classes is beneficial because it
minimizes the risk of code deletion/modification when modules need to be edited or added.
Classes also allow for abstraction, which is the reduction of code redundancy and complexity by
using methods inside classes that can be called from a different place when needed. Classes can
be characterized as parent classes or child classes, where child classes are simply classes that
depend on and inherit information from another class, or the parent class.
There are four classes included in PiEPR currently; one parent class and three child
classes that inherit information from the parent class. Figure 6.2 shows a representation of how
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the software loads in processing modules. The software first opens a file dialog box where users
can select multiple EPR data files to process. Once files are selected, processing routines are
looped over the number of files selected. The end result is a spectrum object that contains all the
information, including final processed data, for each file that is selected. Figure 6.3 shows how
information about the spectrum flows through the processing routines.
The parent class, Spectrum, contains initialization routines that recognize the data type, create
metadata for each spectrum, and call the appropriate data processing class. The metadata for each
spectrum includes relevant experimental parameters such as the experiment type, the microwave
frequency and power, the magnetic field, the x and y axis units, and the number of points. These
parameters are parsed directly from the Bruker .DSC file. Once the metadata is stored, the
experiment type is determined. The metadata and experiment type can then be passed on as
attributes to the next classes and used for processing. The initialization of the parent class also
calls on child processing classes based on the experiment type. For example, if the experiment
type is determined to be HYSCORE, then the HYSCORE child class is called. If the experiment
is Mims ENDOR, then the Mims ENDOR class is called. There is also space built in to add more
experiment classes in the future; all one would need to do is create a class for the experiment and
add two lines of code in the parent class to load it and use it. Finally, the parent class contains a
method for plotting the final processed data. This plotting method contains a line plot option for
one-dimensional data and a contour plot option for two-dimensional data. For HYSCORE and
ENDOR processing the plotting is automatic and based on the experiment type; the user does not
need to specify anywhere that the plots should be one or two-dimensional. Figures are
automatically saved as a .tiff file with the same name as the original data file but with a .tiff
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extension. The figure resolution is set to 100 dots per inch, which produces a publishable-quality
figure. This value can be changed if the user wants to generate much larger figures.
The spectrum type, the filename, and the metadata are all passed as attributes to a child
class called SpecData before being passed on to processing classes. The SpecData uses the
filename and metadata to read in the raw experimental data, create the axes for it, and phase it.
Phasing is necessary because the raw data is complex and contains a real channel and an
imaginary channel. Ideally, all detected signals would be in the real channel, but it is common
for a portion of the signal to be in the imaginary channel due to incomplete or non-ideal phasecycling during the experiment. To account for this, the phasing routine uses an angle phi to
minimize any signal in the imaginary. The imaginary component of the data is then discarded to
produce a real data matrix that can then be passed as an attribute to the appropriate child class for
processing. The SpecData class also contains methods for returning the x and y axes and units;
these methods are called on later on when plots are generated. Once the data has been phased and
the x and y axes have been determined, it is ready to be passed on to the next class for processing
that is specific to the experiment type.
6.3 MIMS ENDOR Processing
The Mims ENDOR child class inherits all the information from the parent class and from
SpecData, including the phased data and the metadata for each spectrum. The subsequent
processing occurs as the Mims ENDOR class is initialized. The first step is to take the natural log
of the phased data and to baseline correct the result. The baseline correction routine identifies
points that do not contain signal and fits those to a zero-order polynomial. This is achieved by
determining the maximum 10 % of y values and using those as the baseline. These maximum y
values do not contain signal because the raw ENDOR spectrum is measuring a decrease in the
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spin echo. All peaks, which are decreases in the detected echo, fall below the baseline spin echo
intensity, so the maximum 10 % of points fall on the baseline. The polynomial is then subtracted
from the spectrum to center the baseline at zero intensity. The exponential of the data is then
calculated, and the result is flipped by subtracting 1 as a constant and multiplying the result by 1. This produces the absolute ENDOR effect spectrum, which represents the change in spin echo
amplitude versus the applied rf pulse. This method effectively normalizes spectra so they can be
quantitatively compared.
The data is normalized by the absolute ENDOR effect, but it could still contain glitches
and noise that should be removed. ENDOR glitches are single-point glitches that are caused by
differences in the measured echo intensity. These differences arise from changes in the amount
of spin relaxation between acquisitions in stochastic mode. The first acquisition is on a relaxed
spin system whereas all subsequent acquisitions have an additional shot repetition time before
acquisition, which affects the amount by which spins relax back to thermal equilibrium. These
glitches are identified and removed in the Mims ENDOR class via a filter function that calculates
the standard deviation of a moving window that is 1 % of the overall points wide. This standard
deviation is then compared to each point, and if the point’s value is greater than five times the
standard deviation, it is replaced by the average of the values in that window. This is extremely
effective for removing glitches without distorting peaks. Figure 6.4 shows an example of a
dataset before and after deglitching. Once glitches have been removed, the rest of the data is
smoothed to reduce noise. This software uses a Savitzky-Golay smoothing function that fits a
polynomial over a set window of points and replaces the points with the values of the
polynomial. This method is ideal for minimizing distortions in the data while reducing noise
fluctuations and is common in signal processing [2, 3]. Each measurement is different and
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requires a different amount of smoothing, so the user is prompted to input the polynomial order
and the number of points to fit using a dialog window that pops up before the smoothing function
is executed. If the user does not input anything or if the input is not recognized as an integer,
then a default of a 4th order polynomial fit over 15 points is used.
The Mims ENDOR class also contains a method for calculating an additional x axis that
is normalized to the nuclear Zeeman frequency. This method currently supports 1H spectra, but
additional nuclei will be added. The axis is generated using the magnetic field (stored in the file
metadata) and the radio frequency axis. The nuclear Zeeman frequency is calculated and
subtracted from the radio frequency axis to produce an axis that is centered at zero. This is a
common way to display ENDOR data, and it allows for easy determination of ENDOR peak
splitting. The method can be called in the parent class when the processed data is plotted to
generate a plot of the nuclear Zeeman frequency versus the absolute ENDOR effect. Figure 6.5
shows an example of a processed 1H ENDOR spectrum plotted against the nuclear Zeeman
frequency. The processed x and y data are also saved in a column format as a comma separated
value file with the same filename and a .txt extension. These output files appear in the same
directory that the data was selected from.
6.4 HYSCORE Processing
HYSCORE data is passed through the HYSCORE processing child class after being
imported and phased. HYSCORE processing can be divided into four stages. Unlike Mims
ENDOR data, HYSCORE data is two-dimensional; both the x and y axes are varied as the echo
intensity is monitored. The resulting two-dimensional spectrum has the ability to resolve peaks
that otherwise overlap in one-dimensional experiments like Mims ENDOR. The raw data from
the Bruker .DTA file only contains the measured intensity, which the software calls the z data.
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All processing is done as part of the initialization of the HYSCORE processing child class,
which inherits all information from the parent class and from SpecData, including the file name,
metadata, the phased data, and the x and y axes and units for the raw data.
The first stage of processing involves baseline correcting the z matrix and applying an
apodization function to reduce noise. Removal of the baseline in HYSCORE data gets rid of
intense axial peaks in the Fourier transformed data [4]. The baseline correction method fits a
third order polynomial to slices of the data in both the x and y directions and then subtracts it
from each slice. The result contains nuclear modulation that gets weaker with increasing delay
times t1 and t2. At longer times, the spectrum is dominated by noise, and it is common in
HYSCORE processing to apply an apodization function after baseline correction to reduce this
noise and increase resolution of peaks later in the Fourier transform. The multiplication of timedomain data by an apodization function eases the transition between signal and noise by
convoluting the Fourier transform spectrum by a line shape function produced by the Fourier
transform of the window function [4]. There are several standard window functions such as Sinebell, Hamming, and Blackman functions [4]. This software applies a custom-made Butler-Mize
apodization function, which is a modified Blackman window function that prioritizes signal
along the diagonal of the intensity matrix and filters noise off the diagonal. The function also
tapers at longer delay times to reduce noise. Figure 6.6 shows a surface plot of time-domain
HYSCORE data with the Butler-Mize apodization function applied. Peaks along the diagonal at
short times are emphasized whereas signal at long times is reduced and smoothed. The resulting
data has sharper peaks and contains considerably less noise. Figure 6.7 shows a HYSCORE
spectrum with and without apodization for comparison.
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The next stage of processing is a Fourier transform that takes data from the time domain
into the frequency domain. This produces peaks from nuclear modulation that appear at or near
the nuclear Zeeman frequency. Data is first zero-filled in each direction by 512 points; this
provides a smooth interpolation between points and prevents jagged peaks in the frequency
spectrum. A two-dimensional Fourier transform is then applied, and the absolute value of the
result is calculated. The spectrum is then normalized to the maximum value, and the logarithm of
the result is calculated to produce the final processed spectrum.
After the data has been processed, the x and y frequency axes have to be calculated. The
software uses the metadata to determine the minimum, maximum, and width of the frequency
axes. These values are used to calculate the axes and return x and y arrays that can then be used
in the final stages of processing, which is the plotting and exporting of the processed data. The
final result is plotted using a method defined in the parent class. The plot is a filled contour plot
that uses a custom color scheme that maximizes the contrast between peaks. This software also
calculates a noise threshold for each spectrum and set that as the minimum contour in the plot so
that points that fall below the noise show up as white background. The final figure has a set
resolution of 100 dots per inch and is saved as the filename plus a .tiff extension. Processed data
is saved as a comma separated value file that contains x and y arrays and the processed z data
matrix.
6.5 Example of Use
Herein a brief overview of the user interaction and experience with PiEPR is presented.
Two scenarios are described, one in which the user selects a HYSCORE data set and one in
which Mims ENDOR data is selected. These two data types can be selected simultaneously or
independently in the file selection process; the software will process both accordingly if they are
193

selected at the same time. Once users run PiEPR.py, a file dialog window appears (Figure 6.8).
This file dialog window only displays .DTA files so that Bruker data sets are easy to identify and
select. Users can navigate to any folder they have in order to select files for processing. If a
Mims ENDOR data set is selected, then the next window that appears is a Savitzky-Golay
smoothing options window (Figure 6.9). This window allows users to input the polynomial order
and number of points to be used in the Savitzky-Golay filter. The default values are a 4th order
polynomial applied over 15 points, and these values are used if the user does not input valid
integers or hits cancel to close the window. After The Savitzky-Golay filter options window, the
next window that appears is the final processed spectrum plotted as ENDOR frequency versus
the absolute ENDOR effect (Figure 6.10). The figure and a .csv file with the processed data are
saved in the same directory that the original file came from as soon as the figure is generated. If
the user selects a HYSCORE experiment from the file dialog window, then the only other
window that appears is a figure of the final processed spectrum (Figure 6.11). The figure and
processed data are saved automatically. The figure windows contain a toolbar that users can use
to edit figure properties, zoom in/out, and save the figure as a .png file. This is useful if users
want to display a certain region of the plot or if they would like to save the file with a custom file
name.
6.6 Future Directions
PiEPR currently supports HYSCORE and Mims ENDOR data processing, but additional
experiments can easily be implemented. In the future we plan to include continuous wave, two
and three pulse electron spin echo envelope modulation (ESEEM), T1e, and echo-detected field
sweep data processing. These additional experiment types will be able to make use of the
methods that already exist in the HYSCORE and ENDOR processing routines. Methods like data
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import, the creation of metadata, the generation of x and y axes, phasing, and plotting can all be
used for additional data types. A new class module must be created for each experiment, but it
can reuse the structure and method of existing class modules. For example, two and three pulse
ESEEM data will require additional apodization options and a one-dimensional Fourier
transform method to transform the time domain data into the frequency domain. Once a new
class module is constructed, only a few lines of code must be added to the parent class to
implement it. First, the new class module must be imported. Then, it must be called by the parent
class based on the experiment type. Existing plotting options can be used, but additional options,
such as a stacked plot for CW data, should also be added.
In addition to adding new experiment processing, the software should eventually be
implemented as a graphical user interface (GUI) so that users do not have to execute the scripts
from a command line or from a Python environment like Spyder. GUI’s are relatively simple to
make using existing Python GUI frameworks such as PyQt and Tkinter. The software structure
can remain largely unchanged, but class objects and methods have to be assigned to GUI objects
like buttons, check boxes, and drop-down menus. The GUI should also display plots with options
to plot the raw and/or processed data at any stage in processing. Construction of the GUI and all
of its elements can be done in a design software like QtDesign, which uses the PyQt GUI
framework and allows users to create a custom GUI window and drag-and-drop elements into
position. The design can then be converted to Python code, which provides a scaffold of GUI
elements that can then be assigned functionalities. Implementing PiEPR in a GUI will make it
much more user-friendly for users who have no experience with Python scripts.
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6.7 Discussion
PiEPR is a robust EPR data processing package that is written in Python, which allows
for easy distribution and customization. The processing routines can be downloaded on GitHub
and executed either on a command line or in a Python IDE such as Spyder. The software requires
that users have Python version 3.7 or above installed and is designed for Windows operating
systems. Because Python is free, the number of potential users is greatly increased; students can
download PiEPR and use it on their personal computers rather relegating pulsed EPR processing
to EPR instrument computers or university computers with other commercial software installed.
The software processes and displays HYSCORE and Mims ENDOR data, both of which require
several processing steps that are traditionally done one at a time. This streamlines data
processing and allows for multiple data sets to be processed at once and compared.

GitHub Download: https://github.com/UA-EPR-Lab/PiEPR

196

Figures

Figure 6.1: Interest in popular programming languages over the last five years in the United
States. Interest is based on the number of Google searches involving each programming
language. The data has been normalized to the total number of Google searches in the United
States and scaled to a maximum value of 100. Data source: Google Trends
(https://www.google.com/trends).
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Figure 6.2: The structure of the PiEPR software. The executed code appears on the left. It opens
a file dialog window and creates a list of file names for all the files chosen. Processing is looped
over each file name by invoking the parent class, Spectrum. The Spectrum class then calls the
child classes as needed, which are listed in blue text.
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Figure 6.3: Diagram of how information is passed between classes in processing. The parent
class is listed in black text and child classes are listed in blue text. Attributes that are assigned in
each class are listed in normal text under the class name, and methods that fall under than class
are listed in italics.
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Figure 6.4: 1H spectrum of CYP3A4 with midazolam measured at 296.0 mT and processed in
PiEPR. The spectrum on the bottom (gray trace) has three single-point glitches added to model a
spectrum that needs deglitching. The two glitches near 8.8 MHz are placed five points apart to
demonstrate how the deglitching method can identify and fix glitches that are close together in
the spectrum. The spectrum in the middle (red trace) has been deglitched, and the spectrum on
top (blue trace) has been deglitched and smoothed with a Savitzky-Golay filter.
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Figure 6.5: The Butler-Mize window applied to a model 128 x 128 data set of all ones. The
contour plot shows how the window function emphasizes signal along the diagonal and tapers to
reduce noise that occurs at longer delay times. The x and y axes are simply arrays created to
match the size of the data matrix; they do not have units in this case.
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Figure 6.6: Surface plot of the Butler-Mize window applied to time-domain HYSCORE data.
The absolute value of the data after apodization was taken to best visualize peaks. Data in the
bottom right corner is left unaltered while data along the edges of the spectrum is filtered using a
tapered diagonal apodization that emphasizes signal along the diagonal and reduces noise.

Figure 6.7: Left: 1H region of a HYSCORE spectrum of CYP3A4 with acetaminophen bound
measured at 293.0 mT and processed without apodization. Right: 1H region of the same spectrum
processed with the Butler-Mize window function applied.
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Figure 6.8: The file dialog window that appears when users execute PiEPR. The only files
displayed are .DTA and .txt files, which makes it easier to find EPR data. Users can select as
many files as they want.

Figure 6.9: The spectrum filter options window that appears if users select a Mims ENDOR
experiment. Users input the polynomial order and the number of points (which must be odd),
separated by a comma. The default values are 4th order for the polynomial and 15 points. If users
do not input valid values or hit cancel, then the default values are used.

203

Figure 6.10: Processed Mims ENDOR data that appears after users input values for the
Savitzky-Golay filter. Here users have the option to edit figure properties using the matplotlib
toolbar. The figure is saved automatically as a .tif figure with 100 dots per inch resolution. A .csv
file with the x and y values of the processed spectrum is also saved. All output files appear in the
same directory as the initial data file and have the same filename as the original file with added
.tif and .csv extensions.
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Figure 6.11: Processed HYSCORE data that appears after users select a HYSCORE file for
processing using the file dialog window. Here users have the option to edit figure properties
using the matplotlib toolbar. The figure is saved automatically as a .tif figure with 100 dots per
inch resolution. A .csv file with the x, y, and z values of the processed spectrum is also saved.
All output files appear in the same directory that the initial data file was chosen from and have
the same filename as the original file with added .tif and .csv extensions so the original file is not
written over.
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CHAPTER 7:
CONCLUSIONS
7.1 The Water-Bridged Binding Mode
Several important conclusions arise from this work. First, there is a remarkable
abundance of water-bridged CYP-drug complexes across a variety of CYP isoforms in complex
with an assortment of substrates and inhibitors. These results suggest that the water-bridged CYP
binding mode is underrepresented in the crystallographic database and is oftentimes overlooked
by other spectroscopic techniques, such as optical difference spectra. The two human isoforms,
CYP3A4 and CYP2C9, are responsible for a majority of drug metabolism. Both isoforms form
water-bridged and directly-coordinated complexes with drugs ranging from a simple 1,2,3triazole or 1,2,4-triazole ring to common drugs like acetaminophen, caffeine, carbamazepine, and
midazolam. In some cases, the drugs form only directly-coordinated or water-bridged complexes,
e.g., directly coordinated complexes of CYP3A4 with 1,2,3-TRZ, 1,2,4-TRZ, and imidazole, as
expected for nitrogen heterocycles. Likewise, CYP3A4 forms a water-bridged complex with
acetaminophen, which has not been previously reported. Most importantly, many CYP-drug
combinations form a mixture of directly-coordinated and water-bridged complexes that coexist
in frozen solution, which suggests they are similar in energy and are formed in vivo. These
mixtures form in a wide variety of CYP-drug combinations ranging from human CYP2C9d with
1,2,3-TRZ to Mtb CYP51B1 with 1,2,3-TRZ, PPT, and 17-click; all these mixtures form with
nitrogen heterocycles that would traditionally be expected to replace the axial water. Such
mixtures interrogate the metabolic consequence of multiple, isoenergetic binding modes,
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especially given that water-bridged complexes are found in both substrates and inhibitors. In
some cases, retention of the axial water is suggested to generate a hydrogen bonding network
that acts as scaffolding for substrate positioning, but such a network has also been observed in
non-productive substrate binding modes [1, 2]. While some inhibitors, such as LP10 in complex
with CYP125A1, bind via a water-bridge and inhibit enzyme turnover, others, such as 17-click in
complex with CYP3A4, are still metabolized [3, 4]. This obscures the metabolic purpose of the
water-bridged binding mode, and given its apparent abundance, entreats further research into the
metabolic purpose of the axial water in CYPs.
7.2 Drug-drug Interactions
Not only has this work found that water-bridged complexes are common, but the axial
water in water-bridged CYP-drug complexes is also a sensitive indicator of changes caused by
the binding of a second drug in the CYP active site. This research looks at two known CYP3A4drug interactions, APAP/caffeine and midazolam/carbamazepine, where the two drugs are
suggested to simultaneously occupy the active site. None of the CYP-drug combinations result in
the replacement of the axial water, so differences in the orientation of the axial water are used as
indicators of multiple drug binding. By tracking the hyperfine interaction with HYSCORE
spectra across multiple magnetic fields, the orientation of the axial water in the drug-free enzyme
can be compared to that of the enzyme with one and two drugs added. The orientation of the
axial water changes with the addition of one drug, and that it is also perturbed by the presence of
a second drug. While more work is necessary to characterize the position of the drug itself, these
results suggest that additional drugs can enter the active site to perturb CYP3A4-drug complexes,
which is suggested to be the basis for several drug interactions [5-7]. Furthermore, the complex
of CYP3A4 with either APAP/caffeine or midazolam/carbamazepine produces CW spectra that
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are distinct from any CYP-single-drug spectra. This indicates a unique active site environment
upon the binding of two simultaneous drugs and corroborates findings that APAP/caffeine and
midazolam/carbamazepine can simultaneously occupy the CYP3A4 active site.
7.3 EPR as a Tool for Probing CYP-drug Binding
One of the other important conclusions to draw from this work is that EPR is an
invaluable tool for detecting CYP-drug binding and for identifying mixtures of bound
complexes. First, this work demonstrates that CW EPR parameters can reveal CYP binding
modes by analyzing changes in CW EPR parameters, which are reflected in shifts in gz, ligand
field parameters, and principal component analysis. This research also probes CYP-drug binding
with two pulsed EPR methods, HYSCORE, and ENDOR. HYSCORE measurements directly
observe protons on the axial water and therefore reveal whether or not the water is displaced
and/or replaced upon drug binding. ENDOR measurements of protons reveal all protons that are
coupled to the heme. ENDOR difference spectra distinguish protons that are gained or lost upon
drug binding, both from protons on the drugs themselves and from protons on the axial water or
in the protein active site that are replaced by drug binding. Together, these measurements reveal
drug binding modes and offer confirmation that drugs that do not replace the axial water are still
in the active site. In order to gain as much information as possible from HYSCORE and ENDOR
measurements, PiEPR, a custom-built processing software for pulsed EPR data that optimizes
signal and expedites pulsed EPR processing, was written in the Python programming language.
This software is free, easy to distribute, and customizable. The software significantly reduces the
amount of time necessary for pulsed EPR processing and is easily extensible for other pulsed
EPR experiments.
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7.4 Future Directions
This work establishes that CYP-drug interactions are more complex than traditional
spectroscopic methods like UV/Vis would indicate. This work shows that EPR is a unique tool
for determining CYP-drug interactions because it allows multiple, coexisting binding modes to
be identified and independently characterized. In addition, this research finds a remarkable
abundance of the water-bridged binding mode, which is underrepresented in the crystallographic
database and not well understood. In fact, water-bridged complexes are common across a variety
of CYP isoforms with nitrogen heterocycle-based inhibitors like 1,2,3-TRZ and with common
drugs like acetaminophen. These findings overwhelmingly support the idea that water-bridged
CYP-drug complexes are common, and that they should be considered in drug design. Future
work should focus on characterizing the metabolic purpose of water-bridged complexes and
whether the axial water plays a structural role in positioning substrates for metabolism. The
metabolic role of the axial water in drug-drug interactions should also be investigated, since this
work finds evidence of multiple drugs simultaneously occupying the active site but not replacing
the axial water. Overall, this research provides several new details about CYP-drug interactions,
particularly with regards to water-bridged complexes. Figure 7.1 summarizes what EPR reveals
about CYP-drug binding as compared to the traditional binding paradigm. These findings
highlight the importance of characterizing CYP-drug binding using techniques that provide
information on the full range of CYP-drug binding modes.
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Figure

Figure 7.1: Summary of conclusions from this work.
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