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ABSTRACT 

Electron paramagnetic resonance (EPR) methods have been used to study drug and ligand 

interactions with a super family of monooxygenase enzymes known as Cytochrome P450 (CYP). 

We examined the active-site of four different isoforms of CYPs before and after the addition of 

drug using EPR. Two of the CYPs studied, CYP3A4 and CYP2C9, play a major role in drug 

metabolism and the other two, CYP51B1 and CYP125A1, are attractive as therapeutic targets for 

the pathogen Mycobacterium tuberculosis. EPR has shown to be a quick and highly resolved 

method, in comparison to current methods such as crystal structure analysis and UV/Vis optical 

difference spectroscopy, to study CYPs ferric heme active-site before and after drugs bind, 

which could be very valuable in drug design. Chapter 2 examines pulsed EPR methods for 

studying the active-site in CYPs. The explanation of practical aspects of experimentation along 

with data processing provides the EPR background for studying ferric heme-containing enzymes 

enabling a researcher to extract highly resolved active-site information. The experimental EPR 

methods described in Chapter 2 are the methods used in Chapter 3 and 4. Chapter 3 examines the 

resting state active-site of all four isoforms which is structurally described as a single water 

molecule bound to the distal position of the ferric heme. CW EPR spectroscopy of the isoforms 

all gave different g-values and MCD showed that water ligands bind at different strengths 

depending on the CYP isoform which sheds light on substrate specificity in each isoform. An 

attempt was made at predicting nIR MCD transitions with the EPR parameters but results were 

unclear. Chapter 4 studied CYP2C9 and CYP125A1 in complex with drugs that had the same 

binding mode but different optical difference spectra. We showed that the low-spin complex 

between a drug-metabolizing CYP2C9 variant in complex with a drug PPT retains the water 

ligand seen in the resting state. Hydrogens from the axial water ligand are observed by pulsed 
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EPR spectroscopy for both drug-free and drug-bound species showing that the drug does not 

displace the water ligand seen in the resting state. An 
15

N-label incorporated into PPT is .444 nm 

from the heme iron indicating that PPT is in the active-site.  CYP125A1 gave the same EPR 

signatures seen for CYP2C9 and PPT along with an X-ray crystal structure of CYP125A1 in 

complex with LP10 showing a water-bridged complex. The same binding mode was seen in both 

complexes but optical difference spectra of CYP2C9 and PPT resemble ‘classic’ type II behavior 

while those of CYP125A1 and LP10 have reverse type I behavior, again providing direct 

evidence that optical difference spectra are not reliable for characterization of drug binding 

mode. 
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CHAPTER 1: INTRODUCTION 

1.1 Background for CYPs and Drug Interaction Cytochrome P450 (CYP) is an intracellular 

monooxygenase enzyme with over 21,000 known isoforms.
1
 CYPs are found in almost all living 

things including plants, animals, fungi, eukaryotic, and prokaryotic organisms. The superfamily 

of enzymes is found in the endoplasmic reticulum and mitochondria of cells where the enzymes 

aid in many vital reactions such as excretion of unwanted chemicals, biosynthetic reactions 

essential for homeostasis in cells, and drug metabolism in the human body, to name a few.
2,3,4

  

A CYP consists of around 500 amino acids whose nomenclature depends on the 

homology of the family of enzymes. When a gene family has a 40% identity they belong to 

family labeled as a number immediately following “CYP”. Further, when there is 60% identity 

the enzyme is grouped into a sub-family, which is labeled as a letter immediately following the 

family number. Sometimes the sub-family label is followed by a number that indicates a specific 

gene. For example, a commonly studied CYP is CYP3A4, which is a well-known hepatic CYP 

responsible for drug metabolism.
5
 All CYPs contain a heme and one of the axial ligands to the 

heme iron is the sulfur of the amino acid cysteine. Currently, there are forty known CYPs found 

in the human body ranging in function from biosynthesis of steroids to drug metabolism.
6
 

Hepatic CYPs are metabolic CYPs that are responsible for metabolizing most drugs in clinical 

use today.  Some metabolic CYPs have shown to have a wide range of substrate.
3
 Because of this 

role, CYPs are a key concern in drug research and development because CYP-catalyzed 

hydroxylation of an administered drug deactivates therapeutic abilities and makes it soluble for 

urinary excretion, ultimately leaving the body untreated.
7,8

 Alternatively, some drugs are 

activated by CYPs into an active form but this will not be the focus of this study. CYPs are also 
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popular therapeutic targets for situations such as overexpressed CYPs in tumor cells or essential 

CYPs in pathogens such as Mycobacterium tuberculosis.
9,10

  

Drugs are metabolized to reduce their lipophilic properties. Metabolic CYPs are 

responsible for solubilizing the drug enabling for secretion through urine. Metabolic oxidation 

performed by CYPs alters the amount of drug in the body, with too much metabolic oxidation 

leading to therapeutic failure and too little metabolic oxidation leading to toxicity.  Some CYPs 

are more likely to metabolize drugs than others, which provide an opportunity to inhibit or 

induce specific CYPs responsible for metabolizing certain drugs.
8,11

 CYPs have been studied for 

many years in efforts to provide information on how a drug activates or inhibits an enzyme. In 

this study, the binding of drug to CYP3A4, CYP2C9d, CYP51B1, and CYP125A1, shown in 

table 1, are examined. CYPs like CYP3A4 and CYP2C9 are hepatic CYPs responsible for 

metabolizing 70% of clinical drugs today.
5,12

 CYP51B1 and CYP125A1 are possible targets for 

the treatment of Mycobacterium tuberculosis, the organism causing tuberculosis, which has 

reemerged as one of the more infectious diseases in the world.
10,13

 To establish a baseline for 

how drugs interact with different isoforms, CYPs in the resting state, that is, without drug, are 

examined using CW EPR and MCD. After characterizing the resting state, different drugs in 

complex with different CYPs are examined using pulsed EPR methods to further understand 

active-site binding modes because current methods for studying how drugs bind are ambiguous 

or incomplete. EPR methodology was developed in this study aimed to determine how drugs 

bind in CYPs in frozen solution. 

1.2 Mechanism of CYP CYP performs a regioselective oxygen transfer to its substrates. This 

reaction occurs at the cofactor, or active-site, which is a heme. Figure 1.1 shows the heme 

tethered to a thiolate from a cysteine residue, commonly labeled as the proximal ligand. 
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Additionally, the opposite face is where substrates, drugs, and essential ligands for turnover, 

such as oxygen, bind. This opposite face is commonly called the distal side. The consensus 

mechanism for CYPs starts with the binding of substrate, which commonly displaces a water 

from the low-spin Fe(III) and shifts the electronic structure to a high-spin Fe (III); not directly 

coordinating but occupying the active-site.  Inhibitors or drugs are designed to bind and 

ultimately block the active-site and prevent turnover.  

First, the mechanism with natural substrate is described.
1
  After substrate enters the 

active-site, removes the water ligand, and shifts the heme to a high-spin state Fe (III), a single 

electron reduction from NADPH forms a ferrous Fe (II) which allows molecular oxygen to bind 

at the distal site of CYP.  Immediately following is a second single-electron reduction forming a 

Fe(III) hydroperoxy complex. After protonation, the oxygen-oxygen bond undergoes heterolytic 

cleavage to form a water molecule and a Fe(IV)-oxo intermediate. The oxygen from this 

intermediate is then transferred to substrate and forms the product which leaves the active-site, 

completing turnover.  This intricate, multi-step mechanism has received attention for its synthetic 

catalytic chemistry to its biological significance relating to drug design. The heme, which is the 

key component of this study, has been extensively studied with a variation of spectroscopies and 

simulation methods.
14,15,16,17,18,19

 UV/Vis spectra and XRD crystal structure are studied 

concomitantly to explore drug interactions.
20,21

  These methods have been used for years to study 

how substrates and drugs interact with the active-site but there are significant problems with 

both. 

1.3 Current CYP Inhibition Characterization Methods The name cytochrome p450 actually 

originated from a peak at 450 nm in the difference spectrum between the resting state of CYP 

and CYP with distally bound carbon monoxide. Optical difference spectra coupled with binding 
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assays, titrations, and crystal structure comparison are important in characterization of isoform-

dependent substrate interactions for drug development.
22 

Drug binding has traditionally been 

studied using UV/Vis optical difference spectra which is a subtraction of the CYP resting state 

optical spectrum and CYP with drug/substrate spectrum.  The resting state consists of the CYP 

with a water ligand at the distal position.  Adding a drug to the resting state causes one of three 

things to happen which is observed by crystal structure analysis: one, there is a 5-coordinated 

heme with no distal ligand but a drug in close proximity occupying the binding pocket;
19

 two, the 

drug is directly bound to the heme giving a 6-coordinate state;
23

 three, an oxygen, assumed to be 

water, is bound to the heme with a drug in close proximity to the active-site.
24

 There is also 

evidence of multiple drugs in a binding site at once, but that is for a future study.  

Characterization of isoform dependent drug binding has been a common topic of study 

for many years. UV/Vis optical difference spectra in combination with XRD crystal structure are 

used to probe modes of binding. Currently, CYP inhibition is qualitatively characterized by 

optical difference spectra as one of three classes: type I, type II, and reverse type I.
25

 Type I 

difference spectrum is characterized by one maximum located about 385 nm and a minimum 

about 420 nm.  Type II is characterized by a minimum about 390 nm to 410 nm and maximum 

ranging from 425 nm to 430 nm.  Reverse type I is a mirror image of type I: a minimum around 

390 nm and maximum around 420nm.  The peaks are broad leaving room for misinterpretation. 

There are problems in correlating optical difference spectra and crystal structures due to the fact 

that CYP crystals are difficult to grow. If crystals are produced from a complex with drug, there 

is no idea of its concentration dependence. On top of that, type II and reverse type I spectra are 

easily misassigned. An example of this recently occurred in our lab, where an inhibitor known as 

17-click, a derivative of the CYP3A4 substrate 17-α-ethynylestradiol, was initially characterized 
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as a type II “inhibitor”, but further analysis showed it is a reverse type I inhibitor.
26

 This is a 

general problem because optical difference spectra are often misassigned. The literature in the 

past ten years concerning drug binding characterization in CYPs using optical difference spectra 

is littered with high throughput screening of drugs labeled as type II without even considering 

reverse type I binding.
20,22

 Other spectroscopies like CW EPR have also been misinterpreted 

because of misassignment.
27

 Reverse type I spectra are underrepresented in the literature due to a 

lack of knowledge about what they imply about binding. To gain more perspective on CYP drug 

binding, CW and pulsed EPR methods are used to probe the active-site and to find correlations 

between crystal structures, UV/Vis, spectral shifts in CW EPR, and a pulsed EPR method called 

HYSCORE. The overall goal is to have a better understanding of drug binding that provides a 

more reliable, cost effective and safer screening process for CYP inhibition.  

1.4 EPR of Low-spin Heme Interactions The electronic structure of a low-spin heme is the 

basis using EPR. Fe (III) in a low-spin state has five valence electrons that all reside in lower 

energy d-orbitals. The dxy and dxz orbitals have paired electrons and the unpaired electron most 

likely occupies the dyz orbital. The unpaired electron has a magnetic moment and just like the 

attraction of two opposing ends of a bar magnet, unpaired electrons interact with an applied 

magnetic field. This separation between spin states corresponds to an energy difference in the 

microwave (MW) range. The application of MW energy equal to that energy difference causes 

transitions between spin states. This is the basis for EPR spectroscopy. 

EPR spectroscopy is similar to the more common method known as NMR but instead of 

radio frequency (RF) radiation causing nuclear transitions in a strong magnetic field, it uses MW 

radiation to cause electron spin transitions in a magnetic field.  Hyperfine interactions involving 

the unpaired electron(s) and immediate surrounding nuclei are probed using CW EPR and pulsed 
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EPR. Like NMR in the first years of existence, the most common method in EPR is CW EPR 

which gives simple indication of the electronic structure. To help understand spectroscopic 

signatures that will be seen throughout this study, let us consider two types of spectra for CW 

EPR. Samples of free radicals in solution give CW spectra that are symmetric and have visible 

hyperfine couplings. These couplings directly describe the magnetic interaction between the 

unpaired electron and nearby nuclei, which are similar to j-couplings among nuclei in NMR.  

The hyperfine parameters and g values are easily estimated from such spectra and the structure 

of the free radical in solution is quickly found. But in frozen samples of inorganic metal ions, the 

resulting CW spectrum is asymmetric with broadened lines having limited information about the 

electronic state and having minimal hyperfine information. This is the case while studying CYP 

ligand interactions. The different frozen CYP complexes with and without drug have CW spectra 

with limited information about the distal ligand. But, the CW spectrum is the first step because it 

gives the g-values and reveals if there are different populations of CYP having slightly different 

spectra that can be fitted and deconvoluted using a simulation program in Matlab known as 

Easyspin.
28

   

CW EPR of CYP The g values of a CW spectrum are a spectroscopic representation of the 

magnetic moment of an unpaired electron, and define the molecular orientation of the electronic 

system.
29,30

 The relationship between three g values and the molecular orientation of the low-spin 

heme must be understood to grasp the concept of studying CYP binding modes.  First, in EPR 

the g-value is defined as: 

𝑔𝑥,𝑦,𝑧 =
714.48 ∗ 𝑀𝑊 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝐹𝑖𝑒𝑙𝑑
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The constant, 714.48, is a product of the Bohr magneton for an electron and Plank’s constant. It 

is multiplied by the microwave frequency, usually in the range of 9.5 GHz, and then divided by 

the magnetic field. For relevance 9.5 GHz microwave frequency, the low-spin heme spectrum 

lies in the magnetic field range of 260 to 360 mT. There can be up to three g values in an 

inorganic system, each correspond to the applied magnetic field being parallel to a specific 

direction on the paramagnetic heme. They are labeled as gx, gy, and gz. If all of the g values are 

equal the system is isotropic giving a single peak at that g value. This means magnetic 

interaction of the paramagnetic center and immediate ligands is equal in all directions, a 

geometric shape like a basketball. If two g values are equal the system is axial, yielding two 

peaks on the EPR spectrum. If gz is larger than gx and gy it gives a shape like an American 

football, or if gz is less than the other two g-values it takes on the shape of a frisbee. If none of 

the g values are equal it is called rhombic yielding three peaks, which is the case for a low-spin 

heme giving a shape like a flattened football. Directional designations of the g-values are 

subjective and we use the convention that the gz direction is perpendicular to the porphyrin 

plane.  The directions for gx and gy are in the porphyrin plane.  In the case of the low-spin heme, 

when gz  > gy  > gx, the axial gz peak is at the lowest field, gy in the middle, and gx at a higher field 

in the CW spectrum. As stated earlier, CW EPR does run into problems with low resolution 

dealing with anisotropic systems or peak broadening from frozen samples. For CYP drug 

binding, broadening is also caused by a variation of bond angles and lengths affiliated with 

binding. An example of this would be a type II inhibitor with a triazole head group that binds at 

any of the three nitrogen positions, creating small shifts in gz but not big enough to be resolved.  

Broadening of this nature is known as g-strain.  Parameters compiled from simulated CW spectra 
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are g-values, g-strain, and percentages of superimposed species. These were found using 

Easyspin.
28

  

All of the isoforms studied underwent noticeable CW EPR spectral shifts at the gz peak 

when drug was added. This gives an initial indication that drug binding at the active site occurs. 

The gz peak has hyperfine splittings from nuclei of the distal and proximal ligands that are key to 

understanding the nature of drug binding but hidden due to the broadening described previously. 

The idea is to identify EPR spectral shifts with specific binding modes giving a better way to 

distinguish between different binding modes of drugs. To measure these splittings involved in 

the spectral shifts and reveal drug binding modes, a method in pulsed EPR called HYSCORE is 

used.   

Pulsed EPR Method HYSCORE HYSCORE is a four pulse method with nanosecond time 

intervals between each MW pulse measured at a stationary magnetic field.
31

 This method is 

similar to a 2D NMR method called COSY which correlates frequencies of interacting nuclei 

with each other.  Each pulse is characterized by a turning angle of the unpaired electron. The first 

two pulses are 90° and the third pulse is 180°, which is also known as the mixing pulse. The 

mixing pulse is then followed by a fourth 90° pulse to produce the signal. The position of the 

mixing pulse is incremented in time using EPR to detect NMR transitions. ENDOR will be 

further discussed in Chapter 2. A 2D Fourier transform of the two time domain signals, t1 and t2, 

give a high resolution 2D spectrum of ENDOR frequencies. The simplest HYSCORE spectrum 

is from an unpaired electron S=1/2 interacting with a nucleus of spin I=1/2.
31

 In this case, the 

result is two peaks, symmetric across the diagonal.
32

 Luckily in our case, the water proton has a 

nuclear spin of I=1/2 and serves as a major landmark for the 3D modeling of the active site. 

Ligand protons in a HYSCORE spectrum are in the region of the Larmor frequency of a proton.  
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The hyperfine interaction is very weak for peaks at the diagonal. Weak interactions occur for 

solvent protons or protons not in close proximity to the unpaired electron.  But the peaks shift 

outwards from the diagonal when the hyperfine interaction with the unpaired electron is 

stronger.
32

 In this study there are two sets of distinguishable peaks with noticeable splittings seen 

in figure 1.2.  One set is from water protons represented in figure 1.2a, seen mostly in the resting 

state of all isoforms studied. There are also special cases where water proton peaks are present 

while in complex with drug. The other set of proton peaks are from the β-carbon on the proximal 

cysteine ligand shown in figure 1.2b. The splitting is smaller in comparison to the water peaks 

because they have a weaker interaction. A nuclear spin greater than ½ has a quadrupole moment 

that causes line shifts that are much more difficult to interpret. 

EPR of Reverse Type I Drug Binding HYSCORE on CYPs reveals hyperfine information on the 

surrounding nitrogens in the porphyrin and protons from the proximal and distal ligands up to .5 

nm away.
26

 By simulating proton hyperfine splittings from the proximal and distal ligands using 

the point-dipole approximation, a highly resolved model of drug binding is developed.  Isotopes 

have different nuclear spin and can be used to confirm assignment of peaks. D2O solvent was 

used to assign water in the resting state, and 
15

N replacement was used on a triazole substituent 

on a reverse type I inhibitor to confirm its presence in the active-site.  

1. 5 Overview Chapter 2 explains in greater detail the multiple EPR methods used in this study 

and reviews methods for attacking heme-thiolate proteins such as nNOS and CYPs. Chapter 2 

also outlines the experimental methodology and simulation methods for Chapter 3 and Chapter 4.  

Chapter 3 uses CW EPR and MCD to determine CYP isoform dependence of the resting 

state in CYP3A4, CYP2C9, CYP125A1, and CYP51B1.
33

 The resting state of CYPs are 

understudied and this study aimed to determine any differences in the resting states from the four 
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isoforms studied by using EPR parameters to justify MCD energy transitions. Utilizing MCD 

and EPR to understand the resting state could give insight on CYP substrate specificity and sets 

the groundwork for isoform dependent drug interaction studies seen in Chapter 4. 

Chapter 4 is a study on reverse type I binding modes in CYP2C9 and CYP125A1 using 

the EPR methods described in Chapter 2 in combination with MCD, UV/Vis, and crystal 

structures.
34

 A variant of CYP2C9 in complex with 4-(3-phenylpropyl)-1H-1,2,3-triazole (PPT) 

retains the water ligand even though optical difference showed characteristics of type II. Using 

HYSCORE, 
15

N labeling of PPT showed it was .44 nm from the heme, giving strong evidence 

that binding occurs through a bridged water ligand. A known reverse type I inhibitor LP10 for 

CYP 125A1 was also shown to retain the water ligand using EPR and MCD. Additionally, 

crystal structures of CYP125A1 show a water bridging complex. The different CYP2C9d drug 

complexes are a clear demonstration that optical difference spectra do not provide an accurate 

indication of how drugs interact with the heme in the active site of CYPs. Additionally, EPR and 

HYSCORE give a consistent picture of binding that is in agreement with XRD structure where it 

exists. Extremely similar optical difference spectra of 1,2,3 TRZ and PPT show a distinct 

minimum around 410 nm but little to no maximum at 433 nm. For CYP2C9d in complex with 

PPT, HYSCORE shows that the water is still present when drug is interacting and is confirmed 

by the crystal structure. But when CYP2C9d is in complex with 1,2,3 TRZ, HYSCORE shows 

that the water disappears. This is a striking example of two different complexes having two 

completely different binding modes, yet having the same optical difference spectrum.   

CYP drug metabolism plays a huge role in nominating drug candidates, so by utilizing 

EPR to elucidate some of the clinical mysteries on how drugs bind and interact with CYPs there 

is promise in a more precise drug design that could save time and money.  
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Table 1.1. CYPs of this study 
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Figure 1.1. CYP51 in complex with inhibitor fluconazole. (Green) Fluconazole bound on the 

distal side of the active-site. (Blue and Orange) Protoporphyrin and Fe of the heme. (Yellow) 

Cysteine residue tethered to the heme on the proximal side. (PDB 3KHM) 
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Figure 1.2. HYSCORE spectrum of proton region of CYP3A4 in complex with 17-click. a) 

Water proton peaks on the distal side of the heme. b) Cysteine proton peaks on the proximal side 

of the heme. 
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CHAPTER 2: PULSED EPR OF DRUG BINDING 

2.1 Introduction Heme-thiolate enzymes  are widely found in living organisms.
1,2

  They include 

the cytochrome P450 (CYP) superfamily of heme monooxygenases with diverse functions 

ranging from biosynthesis of sterols to detoxification of foreign chemicals and drugs.
3
 The nitric 

oxide synthase (NOS) family is a much smaller, but equally important, group of enzymes, that 

produce nitric oxide from arginine, for signaling, regulation and defense against infection.
4
 

These and other enzymes, such as chloroperoxidase, have received significant attention for 

several reasons. They carry out very difficult chemical reactions at ambient temperatures and 

pressures in the presence of water. They synthesize critical molecules required by cells and are 

an attractive target for pharmaceutical drug discovery. They oxygenate compounds for 

elimination from the body and are an important route for the disappearance of many 

pharmaceuticals. They also transform some xenobiotic chemicals into much more toxic or 

carcinogenic compounds. Molecules that bind to these enzymes can be classed variously as 

substrates or drugs or ligands, but for simplicity, we will refer to them generically as drugs.  

Some CYPs are extremely selective, modifying only one position of a single conformer 

of the sole substrate, while others modify a large range of substrates at several positions. The 

basic chemical reactions in these enzymes are very similar.
3,5

 A key to understanding the stereo 

and regiospecificity, and even the activity of heme-thioloate enzymes, lies in how the drugs are 

oriented in the active site and interact with the heme. The ferric, Fe(III), heme cofactor of the 

resting CYP is generally thought to be in equilibrium between a six-coordinate water-ligated, 

low-spin state and a 5-coordinate, high-spin state. The equilibrium is isoform dependent. 
6
 In the 

classic model of CYP chemistry, the resting state of the enzyme has a water as an axial ligand on 

the side of the heme opposite the thiolate. The heme, in the oxidized, low-spin state, cannot be 
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reduced by CYP reductase. Substrate binding displaces the water ligand, driving the equilibrium 

toward the reducible, high-spin form and allowing the catalytic cycle to start with reduction by 

CYP reductase. On the other hand, a drug can bind, displace the water and coordinate to the 

heme through a sp
2
-hybridized N, as a replacement axial ligand. The heme is low-spin, 

unreduced and inactive, with the bound drug acting as an inhibitor. 

  EPR spectroscopy has been applied extensively both to CYP and NOS, particularly for 

study of reaction mechanisms and intermediate species and the interested reader is encouraged to 

examine this fascinating literature.
7,8,9,10,11,12,13,14,15,16,17

 In this work, we focus on the EPR 

determination of the position of molecules in the active site of the ferric state of CYP and NOS 

isoforms. The emphasis is on pulsed EPR methods to study molecules interacting with the heme, 

which help us understand the structural basis for the optical difference spectra and the changes in 

activity. 

The two binding modes - removal of the axial water ligand versus its replacement by a 

stronger ligand - produce significant and opposite changes in the ligand-field of the heme with 

subsequent changes in the heme optical spectrum. In fact, difference spectra between drug-bound 

and drug-free forms have long been used for CYPs both to measure binding affinity and to 

characterize the mode of binding.
18,19,20

 Optical difference spectra known as ‘type I spectra’, with 

a peak near 390 nm and a minimum near 430 nm, are produced by molecules that increase the 

amount of high-spin heme. They are thought to displace the axial water without binding to the 

iron, but still block the active site and inhibit the enzyme. The ‘type II spectra’ have a peak near 

434 nm and a minimum near 410 nm, that indicate an increased fraction of low-spin heme. In 

most cases, crystallographic data show direct nitrogen-iron ligation with such drugs, consistent 

with a low-spin complex.
21,22
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Yet, several examples do not fit into this spectral classification. The ‘reverse type I’ 

spectrum resembles type II spectra, but is more nearly an inverted type I spectrum.
19,23

 Other 

CYP drug complexes, including some with human CYP2C9, have very asymmetric difference 

spectra with minimal or absent peaks.
24

 In addition, some crystal structures show the drug bound 

to heme through a chain of one or more water molecules different from the models used to 

explain type I or II spectra.
22,25

 It is not clear how these crystal structures relate to the enzyme in 

solution or in vivo because different sites within the same crystal can show different binding 

modes. Nuclear magnetic resonance (NMR) spectroscopy provides some information about drug 

binding in these paramagnetic proteins through paramagnetic relaxation enhancement, but only 

provides an average structure in which the closest approach to the heme iron is heavily 

weighted.
26

 

EPR spectroscopy provides an opportunity to probe drug binding using the active-site 

heme as the intrinsic spin probe. The heme g-tensors and spin state provide information on the 

absence or identity of the axial ligand, while dipolar couplings to nuclei near the heme iron 

locate the position of water and drugs in the active site. EPR measurements must be made at 

cryogenic temperatures to slow spin relaxation of the heme. However, there is great flexibility in 

the physical environment of the enzyme: It can be solubilized, or incorporated in membranes or 

in nanodiscs, to provide a more relevant environment than a single crystal provides. Distinct 

conformations of the protein and the active site seem to be preserved during freezing, giving 

spectra with different g-factors and linewidths, so that the individual conformers can be studied. 

The electron nuclear double resonance (ENDOR), electron spin echo envelope 

modulation (ESEEM), and hyperfine sublevel correlation (HYSCORE) spectroscopy methods 

that we discuss are variations of standard pulsed EPR techniques in wide usage and we therefore 
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assume that the reader has some familiarity with ENDOR, ESEEM and 

HYSCORE.
27,28,29,30,31,32,33 

Although we discuss methods in the context of heme-thiolate 

enzymes, they are useful in other applications.  

2.2 Background EPR Spectroscopy of Heme(III)-Thiolate Complexes Heme(III)-thiolate 

complexes lacking a sixth, axial ligand generally are high-spin complexes with five unpaired 

electrons and an EPR spectrum only observable well below 77 K. The CW EPR spectrum, in our 

experience, usually has good intensity below 20 K, while detection of pulsed EPR signals can 

require temperatures below 4 K because of rapid spin-lattice relaxation and/or spin echo decay.  

Complexes with oxygen or nitrogen heteroatoms serving as the sixth, axial ligand are generally 

low-spin complexes with a single unpaired electron and an EPR spectrum detectable at 77 K. 

Most samples have some equilibrium mixture of these two states.
34

 The EPR spectra have three 

features which are characterized by g-factors that relate the frequency, ν, and magnetic field, B0, 

at which the spectral feature appears as 

𝑔 =
ℎ 𝜐

𝛽 𝑩𝟎
 

where h is Planck’s constant and β is the Bohr magneton. There are several conventions for 

naming the g-factors. We use the convention that g-factors are arranged in numerical order. For 

the high-spin state, the apparent (gx, gy, gz) are roughly (1.8, 4.3, 7), and in the low-spin state, 

roughly (1.92, 2.25, 2.42), as shown in Figure 2.1. The three g-factors correspond to three 

mutually perpendicular directions in the complex. The gz axis for high-spin and low-spin states 

lies nearly perpendicular to the plane of the heme. When measurements are made with frequency 

and field corresponding, for example, to gz, the complexes oriented with their gz axis along the 
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magnetic field are observed. This effect is known as orientation selection and allows 

determination of the location of active site nuclei in three dimensions.  

The magnetic moments of nearby nuclei interact with the heme, perturbing the EPR 

signals of the heme and providing a basis for determining the location of nuclei relative to the 

heme. This interaction has two components, one is the Fermi contact interaction from unpaired 

electron spin density delocalized from the heme onto the drug and actually present at the nucleus. 

This is generally known as the isotropic hyperfine interaction. There is also a through-space 

interaction between the magnetic moments of the electron spin and a nucleus. It has the form of a 

dipolar interaction and is often called the anisotropic hyperfine interaction, because it varies with 

the orientation of the interacting spins relative to the direction of B0. Most of the unpaired 

electron spin is localized on the heme and has reasonable spherical symmetry around the Fe(III) 

of the heme. This allows the interaction of drug nuclei other than the nucleus directly ligated to 

the heme to be treated as the interaction of point dipoles with an r
-3

 distance dependence, where r 

is the electron-nuclear distance. Actually, the interaction of the magnetic moment of the electron 

with the nucleus is measured, that is, g.A/ge, rather than a pure point dipole interaction A. 

Fortunately, the g-factor anisotropy of the low-spin complex is comparatively small (g/ge differs 

from unity by ~20%) so only minor scaling is needed, although high-spin complexes do require a 

more complicated treatment. 
16,35,36,37

 

We focus here on nuclei having spin, I= ½, such as 
1
H, 

15
N and 

13
C. For most of these 

nuclei near the heme, the dominant magnetic interaction is with the B0 of the EPR spectrometer 

which splits the spin levels of nuclei by the nuclear Zeeman frequency, and gives an NMR line at 

νI = gn βn B0/h. The hyperfine interaction, A, adds to or subtracts from B0 depending on the spin 

state of the electron, splitting the NMR spectrum into two lines at νI ± A/2. We will refer to a 
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nucleus with A<2νI as weakly coupled. Such a spectrum is usually called the ENDOR spectrum. 

The methods to measure ENDOR spectra are closely related to an NMR approach known as 

indirect detection, where the spectrum of a ‘low-γN’ spin (where γN is the nuclear magnetogyric 

ratio), such as 
1
H or 

15
N, is measured indirectly through a ‘high-γN’ spin, which is the electron, in 

the case of ENDOR spectroscopy. Indirect detection has two benefits: Sensitivity is greatly 

increased by using a strong signal (large Boltzmann population difference between spin states 

and the larger magnetic moment induces a larger voltage in the resonator) to measure the 

spectrum, and only spins interacting with the unpaired electron are measured, resulting in 

enormous selectivity and specificity for precisely those nuclei that we are most interested in. 

Measurement of Hyperfine Interactions There are two general approaches for measuring the 

ENDOR spectrum by using pulsed EPR. One uses a radio-frequency, RF, pulse to cause 

transitions of the nuclear spins and is known as ENDOR. The other approach, using microwave 

pulses at the EPR frequency to pump weakly-allowed transitions involving simultaneous flips of 

electron and nuclear spins, is known as ESEEM. Both have advantages and disadvantages, and 

both are used extensively. The ESEEM approach has been extended into the popular two-

dimensional form known as HYSCORE, that is analogous to two-dimensional NMR methods.  

The HYSCORE spectrum correlates the two ENDOR frequencies of a nuclear spin, 

producing a peak whose coordinates are its two ENDOR frequencies. This is useful because it 

separates spectra from different kinds of nuclei, for example, 
1
H from 

13
C, because the two 

ENDOR frequencies sum to ~2νI for that nucleus and its peaks fall near a straight line 

characteristic of that nucleus. ESEEM requires an anisotropic hyperfine interaction to produce 

the weakly-allowed transitions. That anisotropic hyperfine interaction produces second-order 

shifts in the ENDOR frequencies, so that both frequencies are larger than given by the simple νI 
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± A/2 formula. For hyperfine anisotropy on the order of ΔA, the ENDOR frequencies of a 

weakly-coupled 
1
H are shifted by as much as (ΔA)

2
/(8νI) from their values of νI ± A/2 for 

isotropic hyperfine interactions. The result is that the sum of the two ENDOR frequencies is 

greater than 2νI, or on the order of 2νI+(ΔA)
2
/(4νI) ENDOR lines that would otherwise overlap 

are resolved in HYSCORE if they have different anisotropic hyperfine interactions. In addition, 

the anisotropic hyperfine contribution, which carries information about the distance between the 

nucleus and the unpaired electron, can be cleanly separated from the isotropic hyperfine 

contribution.  

Effect of Drug Binding on EPR Spectra Drugs that bind to CYPs or NOS can displace the axial 

water ligand of the resting state and convert the heme to a high-spin state. The drug can also 

replace or perturb the axial water ligand, which alters the ligand field of the heme, producing 

changes in the g-factors of the low-spin form, as shown in Figure 2.2. Generally, the gz 

component is most sensitive to ligand field changes, and gy is least sensitive. The widths of the 

features in the EPR spectra are rather variable and much larger than can be explained by 

hyperfine couplings from the drug. Such broadening is known as g-strain and is produced by a 

distribution of g-factors for the same ligated species.  The g-strain results from a distribution of 

conformations, or a distribution of charges and/or hydrogen bonds in the complex. EPR 

simulations often reveal a mixture of multiple species. The orientation selection phenomenon 

makes it possible to measure ENDOR or ESEEM spectra of a single species in such mixtures at 

the extremes of the EPR spectra, or to manipulate the contribution from one species while 

keeping that of another relatively constant.  

During pulsed EPR measurements, the EPR spectrum can be approximated by observing 

the electron spin echo as B0 is swept in echo-detected-EPR (ED-EPR).
38

 However, the exact 
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spectral shape for hemes depends on the experimental parameters and is often heavily distorted 

by ESEEM from the heme nitrogens, and possible axial nitrogen ligand. It is often best to 

measure and fit the first-derivative CW EPR spectrum of a sample. Then, the simulated 

absorption spectrum of each component seen in the CW EPR measurement is used with the ED-

EPR spectra to guide pulsed EPR measurements, as shown in Figure 2.3. Note the major 

variations in shape of the ED-EPR spectra at different ν caused by 
14

N ESEEM. 

2.3 Spectroscopy Axial Water Ligand A natural starting point for investigating drug binding to 

CYP or NOS is the oxidized resting state with no substrate or drug bound, and with water as the 

axial ligand. The ENDOR and ESEEM spectra of CYP101 (also known as P450cam) have peaks 

from 
1
H of the water with a hyperfine coupling as large as 10 MHz.

39,40,41
 Spectral  simulations 

led to a structural model with the Fe-water coordination bond bisecting the H-O-H bond angle. 

Relatively little unpaired spin density is delocalized from the heme to the water, so that the 
1
H 

isotropic hyperfine coupling is small, ~ 2 MHz. Most of the 
1
H hyperfine coupling arises from 

the dipolar interaction between the electron and the nucleus and provides a sensitive measure of 

the distance and direction from the heme iron to the 
1
H. 

ENDOR spectra measured near gz show weak, broad peaks from the axial water ligand 

flanking the major 
1
H ENDOR line at the 

1
H Zeeman frequency.

39
 We generally prefer the Mims 

ENDOR sequence to the Davies ENDOR sequence, because Mims ENDOR spectra, unlike those 

of Davies ENDOR, can be quantitatively simulated by widely available software such as 

EasySpin.
12,27,42,43,44

 Mims ENDOR spectra do have ‘blind spots’ for certain pulse delays, where 

the signal disappears, but this is largely a cosmetic effect. Blind spots are included in quantitative 

simulations, or can be eliminated at the cost of some sensitivity by using the refocused Mims 

ENDOR sequence.
45,46

 The refocused-Mims ENDOR spectrum of drug-free CYP51B1 at gz, 
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Figure 2.4, shows the broad peaks from the axial water at 9.5 and 16.5 MHz and a more intense 

peak at νI, known as the matrix ENDOR line, from the many 
1
H that are distant from the heme. 

The region between these features is occupied by weak, unresolved peaks from the nearest β-
1
H 

of cysteine. The maximum ENDOR effect here corresponds to a ~14% change in the spin echo 

amplitude. 

Simple two-pulse and three-pulse ESEEM spectra are comparable to the ENDOR spectra 

of the axial water.
39

 The ENDOR lines are broad and lack distinct features, and, at X-band, 

overlap with 
14

N peaks from the heme and with a β-
1
H of cysteine. The two-dimensional 

HYSCORE spectrum of drug-free CYP51B1, Figure 2.5, is much better resolved and easier to 

interpret. ENDOR frequencies of each nucleus are correlated with each other, cleanly separating 

the 
1
H spectrum in the upper right-hand side of the plot from the 

14
N spectrum in the lower 

center. A skyline projection of the HYSCORE spectrum is plotted across the top and gives an 

ENDOR-like spectrum. The HYSCORE selection rules resolve positive frequencies for weakly-

coupled (here, mainly 
1
H) from negative frequencies for strongly-coupled (

14
N) nuclei. The 

HYSCORE peaks appear as ovals or ridges that reveal the hyperfine anisotropy. In the 
1
H region 

(between +8 and +17 MHz) of Figure 5 are five ridges. The central oval with coordinates of (+νI 

=12.1 MHz, +νI) is the matrix 
1
H ENDOR line from 

1
H nuclei of the protein and included 

waters. This oval region is flanked by ridges, centered at ~+11 and +13 MHz, from the closest β-

1
H of the cysteine ligand. The two outer ridges, which have maxima near +10 and +15 MHz, are 

from the axial water ligand. Samples prepared in deuterated buffer lack the 
1
H peaks of the axial 

water, but retain those of the cysteine. The peaks lie near a line where the two frequencies sum to 

2νI. Second-order shifts, caused by large, anisotropic hyperfine interactions, shift peaks from that 

line and resolve the 
1
H features from axial water from those of cysteine, as well as from all other 
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protein peaks.
47,48

 Note that the second-order shifts destroy the symmetry around νI in the one-

dimensional projection and in the ENDOR spectrum.   

The HYSCORE spectrum of CYP51B1, Figure 2.5, is measured at gz. Orientation 

selection ensures that the signal arises from proteins with the heme plane perpendicular to the 

direction of B0. Consequently, in the proteins that produce the measured signal, the vector from 

the heme iron to the 
1
H of the axial water also has a well-defined set of orientations and a well-

defined set of ENDOR frequencies. HYSCORE simulations at gz for different locations of the 
1
H 

axial water, as defined in Figure 6, show that the 
1
H to heme vector makes an angle of 27°±5° 

with the gz axis.
34

 HYSCORE measurements at other locations in the EPR spectrum make it 

possible to determine the orientation of the axial water with respect to rotation around the gz axis. 

Similar relationships apply to the 
1
H peaks of the cysteine. Therefore, the g-axes and the 

positions of the 
1
H determined by HYSCORE can be connected to published crystal structures.  

Displacement of the Axial Water A wide range of drugs that produce type II optical difference 

spectra are known from crystal structures of the bound complex to replace the axial water 

ligation by a nitrogen in the drug. The HYSCORE spectra of these complexes lose the peaks 

assigned to the axial water and show some perturbation of the 
14

N peaks. In the complex of 

CYP2C9 with 1,2,4-triazole, Figure 2.7, the intense peaks on the left-hand side of the spectrum 

from 
14

N of the heme are present along with the two weak peaks assigned to the β-
1
H of cysteine. 

The water 
1
H peaks have completely vanished and are replaced by a cluster of new 

14
N peaks in 

the lower center because of the displacement of the axial water by triazole. The matrix 
1
H peak 

(at νI), Figure 2.5, was suppressed here during removal of the three-pulse ESEEM contaminant, 

as discussed later. 
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In CYP2C9, difference HYSCORE spectra between samples with water or imidazole as 

the axial ligand reveal the following changes: (i) loss of features from the water 
1
H that are at a 

distance of 0.304 nm from the heme iron, (ii) loss of other peaks from more distant 
1
H, 

presumably displaced by the drug, and (iii) appearance of new 
1
H peaks, that correspond to a 

distance of 0.327 nm from the iron of the heme.
49,50 

These changes are consistent with the 

binding geometry of imidazole. The difference HYSCORE spectra were produced by first 

normalizing a pair of high-resolution HYSCORE spectra to an intense peak from the heme 
14

N. 

The normalized spectra were subtracted and the difference revealed the appearance and 

disappearance of 
1
H features, as a result of imidazole binding: one intense nitrogen peak and two 

pair of intense ridges at frequencies between ±5 MHz (presumably from the imidazole) that 

appeared; and a pair of heme nitrogen peaks that shifted slightly or intensified.
49

 Similar 

evidence of direct nitrogen coordination is seen in other CYPs.
51,52

 

In addition to loss of the water 
1
H peaks in the HYSCORE spectrum and a type II optical 

difference spectrum, replacement of water by a nitrogenous drug produces shifts in the CW EPR 

spectrum, with gz increasing by ~0.04 and gx decreasing by a similar amount, consistent with the 

stronger coordination bond to the nitrogen replacing the water.
53,54,55

 

Other Binding Modes Most substrates and some drugs simply displace the axial water when they 

bind, leaving a five-coordinate, high-spin heme with a type I optical difference spectrum. These 

states have been well-studied by EPR, but are outside the scope of this article.
7,12,16,33,36

 

Not all drugs fit into the simple classification scheme. Early optical studies found 

difference spectra variously called modified type II or reverse type I that are neither type I nor 

type II.
19,20

  Because no distinct structural model emerged to explain reverse type I spectra, they 
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are often included by default as members of the type II class with the implication that they also 

displace the axial water ligand. In the EPR spectrum, some drugs produce a decrease in gz, 

suggesting a weakened coordination of the heme iron. This effect is sometimes rationalized as an 

“abnormal” nitrogen donor, or as the result of coordination by an sp
3
-hybridized nitrogen or 

oxygen rather than the typical sp
2
-nitrogen.

54
 A handful of CYP crystal structures show drugs 

bound with water bridging between the nitrogen of the drug and the heme iron. These include 

one of Dawson et al.’s “abnormal” nitrogen donors, 2-phenylimidazole
22

, CYP121 with 

fluconazole
56

, CYP121 with a cyclo-dityrosyl substrate 
57

, and CYP125A1 with the drug LP10 
25

.  

CYP125A1 The presence of water as the axial ligand in these complexes is relatively 

straightforward to detect in HYSCORE spectra. The complex of CYP125A1 from 

Mycobacterium tuberculosis with the pyridine-based drug, LP10, is an excellent example. The 

crystal structure shows a well-developed hydrogen bonding network in the active site, with two 

waters forming a bridge between the LP10 pyridyl nitrogen and the heme iron.
25

 The complex 

has a clear reverse type I difference spectrum with a single species in the CW EPR spectrum that 

shows a slight decrease in gz by -0.006 from the resting state. The HYSCORE spectra of the 

complex are extremely similar to those of the resting state, with both forms showing clear peaks 

from an axial water ligand, Figure 2.8.
34

 Slight differences in the position of the water 
1
H peaks 

indicate slightly different water orientations. The differences are quantified by numerical fitting 

of HYSCORE spectra. The angle, ϴ, between the gz axis and the vector from the heme iron to 

the 
1
H of the water decreases from 26±5° in the resting enzyme to 18±5° in the complex with 

LP10.
34

 The spectrum lacks the cluster of 
14

N peaks seen in Figure 2.7. The three-pulse ESEEM 

peaks along the diagonal at the heme 
14

N frequencies were not removed, as shown in Figure 2.7. 

The 
1
H matrix ENDOR peak is nearly lost to the τ-suppression effect, discussed later. 
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CYP3A4 Complexes of CYP3A4 with 1,2,3-triazole and a 1,2,3-triazole derivative of estradiol 

(17-click) have optical difference spectra reminiscent of reverse type I spectra, with troughs near 

392 nm and peaks near 428 nm. The CW EPR spectrum of the 1,2,3-triazole complex has two 

overlapping contributions, possibly from two drug conformations. The gz value increases by 

0.04-0.08 with 1,2,3-triazole relative to the resting enzyme, while the 17-click complex shows a 

slight decrease of 0.006.
51

 The 
1
H peaks from the water ligand disappeared from the HYSCORE 

spectra in the complex with 1,2,3-triazole, but were prominent in the 17-click complex. The 

CYP3A5-mediated 6β-hydroxylation of testosterone, which is the usual assay of activity, was 

inhibited by17-click with an IC50 of 17 μM. However, there was still enzymatic activity, and the 

17-click was modified, with Km and kcat of 2.5 μM and 2.1 min
-1

 respectively, to produce several 

products.
51

 Despite similarities in optical difference spectra, the HYSCORE spectrum and the 

shift of gz indicate that 17-click forms a water-bridged complex, but1,2,3-triazole directly binds 

the heme.  

The Water-Bridged Complex We obtained similar results in other CYPs with a range of 

compounds. Optical difference spectra do not provide a reliable indication of whether a 

particular drug binds through one or more bridging oxygens. However, in our limited data, a shift 

of gz to a lesser value is a good indication that HYSCORE would show water bound to the heme 

iron. We will refer to such complexes as water-bridged, although that bridge may contain two or 

more water molecules
25

 or there may be such a complicated network of water and atoms missing 

from the crystal structure that it is difficult to pick out such a bridge 
22

.  

Orientation of the Water Simulations of HYSCORE spectra of the 
1
H of the axial water give 

distances from the heme iron and polar angles in the complex. Those angles are actually relative 

to the g-factor axes of the complex. Again, the gz axis is the direction from the heme iron to the 
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axial water (perpendicular to the heme plane) and the angle between gz and the 
1
H-heme iron 

vector is ϴ. The distance, r, from the heme iron and ϴ established that the 
1
H belong to the axial 

water ligand.
39

 The remaining angle, ϕ, indicates how the water is rotated around the oxygen-

heme iron coordination bond relative to gx (and the heme), Figure 2.6 inset. But making that final 

connection to heme orientation requires knowledge of the orientation of gx and gy relative to the 

heme. 

Location of the Drug Direct evidence that the drug forms a water-bridged complex for our 

samples exists only for the complex of CYP125A1 with LP10.
25

 For the other water-bridging 

complexes, optical difference spectra show a change in the ligand field of the heme, and there are 

small shifts in the EPR and HYSCORE spectra, but those observations are also consistent with 

other consequences of adding a drug. For example, drug binding at an allosteric site could alter 

the protein conformation and produce the observed effects. We examined this question in 

CYP2C9.
34

 1,2,3-Triazole binds directly to the heme, displacing the axial water ligand. The axial 

water peaks disappear from the HYSCORE spectrum, leaving little doubt about its binding. 

Phenyl-propyl-1,2,3-triazole, PPT, is only slightly larger and should also fit into the large 

CYP2C9 active site. Yet PPT seems to be a water-bridging drug, which retains water peaks in 

the HYSCORE spectrum, and is a stronger inhibitor than 1,2,3-triazole with KD of 0.026 mM 

versus 10 mM. 

PPT can only form a water bridge through its triazole ring, so if it forms a single water 

bridge, one of the triazole nitrogens would be within 0.5 nm of the heme and detectable by 

pulsed EPR. We labeled the 1- and 3- positions of the triazole moiety of PPT with 
15

N and 

measured the HYSCORE spectrum of its complex with CYP2C9. There were intensity changes 

in the 
15

N spectral region and those are highlighted in the 
15

N/
14

N HYSCORE difference 
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spectrum.
34

 Simulation of the difference HYSCORE spectrum indicates that one 
15

N of the PPT 

is 0.44 nm from the heme iron, firmly placing the PPT adjacent to and interacting with the axial 

water ligand. 

2.4 Experimental Considerations Data Acquisition Data collection requires choice of several 

experimental parameters that affect both the spectral content and the amplitude (and signal to 

noise ratio) of the spectrum. These can generally be divided into pulse timing, pulse width and 

signal detection considerations. There is a considerable element of personal taste involved in 

selecting experimental parameters, so we will primarily discuss the trade–offs involved.  

Pulse Timing In ENDOR and ESEEM, some delays in the pulse sequence are kept constant while 

others may be varied. The separation, τ, between the first two pulses is constant during a classic 

Mims ENDOR or HYSCORE measurement, but affects the final spectrum in important ways. 

The most obvious is in the information content of the spectrum. 

In Mims ENDOR, the spectrum is amplitude modulated by sin
2
(Aτ/2) where A is the 

hyperfine coupling, if the microwave magnetic field B1>>A. This produces a series of so-called 

“blind spots” in the ENDOR spectrum.
27

 For a weakly-coupled 
1
H, the blind spots occur at the 

nuclear Zeeman frequency, affecting ENDOR lines with very small A, and at integer multiples of 

2π on either side of νI (second-order shifts of the ENDOR frequencies discussed earlier will shift 

the blind spots on the order of ~(2τA)
2
/(8νI)). Even though the blind-spot effect is most dramatic 

where it forces the signal to zero, the entire spectrum is affected. In particular, it is easy to 

misjudge the edge of ENDOR spectrum if it lies too close to one of the blind spots. Thus, it is 

generally good practice to measure Mims ENDOR spectra at several values of τ to ensure an 

accurate analysis of the spectrum. Although the blind spots are completely understood and 
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incorporated into simulation and fitting software, such as Easyspin, they do have an aesthetic 

impact on spectra which can be mitigated to some extent.
45

 The blending of several Mims 

ENDOR spectra with different values of τ, normalized to the echo amplitude and either summed 

together or in an overlapped plot, can give a pleasing spectrum at the expense of additional 

acquisitions and processing. It is also possible to use a value of τ that places the blind spots 

(except at νI) where there is no ENDOR signal. This often mandates a τ smaller than the 

spectrometer deadtime, requiring additional pulses.
46

 This generally comes at the cost of 

considerable sensitivity resulting from a weaker ENDOR effect (fractional change in EPR signal 

caused by ENDOR) at the small τ and a significant reduction in spin echo signal from the 

additional pulses in the sequence. Another approach is to use a large τ so that many blind spots 

appear in the spectrum, but allow broad ENDOR spectra to be recognized from a smooth 

envelope connecting signals between blind spots.
30

 Unfortunately, spin relaxation or spectral 

diffusion can make signals very weak at large τ. 

  In HYSCORE, blind spots are known as the τ-suppression effect. The HYSCORE 

intensity for weakly-coupled 
1
H, or other spin ½ nuclei, is scaled by |sin[π (νI+A/2)τ] sin[π (νI-

A/2)τ]|. This forms a rectangular grid for spin ½ nuclei that can be positioned at will on the 

HYSCORE spectrum.
48

 Care must be taken to avoid cutting off the edge of a HYSCORE peak, 

or causing a peak to vanish entirely, with this grid. Some spectroscopists prefer to position the 

grid so that it suppresses the strong matrix peak at νI, but this also suppresses nearby peaks. 

Spin relaxation and ESEEM, particularly from 
14

N, produce an additional dependence of 

ENDOR and HYSCORE spectrum on τ or other delays
39,43

 that can distort spectra, produce 

asymmetric patterns or even make part of the spectrum disappear. However, such effects can be 
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exploited to simplify spectra and to determine the absolute or relative signs of hyperfine 

couplings. 

Pulse Width and Intensity An important decision in pulsed EPR is the combination of pulse 

width and pulse amplitude used in measurements. Intense, narrow pulses excite the spectrum 

uniformly and the evolution of the spins is easier to envision. Yet, there are reasons for not using 

the narrowest possible pulses. 

Although spin dynamics follow Bloch-like equations, a useful approximation is that a 

pulse excites a frequency range comparable to the inverse of its width.
58,59

 Orientation selection 

from selective excitation or detection provides spatial information, so uniform excitation is not 

always desirable. In addition, large excitation bandwidths require large resonator bandwidths to 

avoid excessive ringing or distortion of the pulse shape. Large resonator bandwidths greatly 

increase the required pulse power, reduce the signal amplitudes and reduce sensitivity.  

A major limit on resolution of small couplings in ENDOR is the selectivity of the RF 

pulse (and the microwave pulses in Davies ENDOR). Adjustment of the microwave pulse width 

can simplify spectra, for example, by removing high frequency ESEEM peaks from 
1
H while 

retaining those from 
2
H or by removing ENDOR peaks from weakly-coupled nuclei.

43,60
 

The width of the π or inverting pulse impacts the HYSCORE spectrum. The HYSCORE 

signal is contaminated by the stimulated echo, producing three-pulse ESEEM that appears as 

sharp peaks along the diagonal of the spectrum. This contamination arises from spins unaffected 

by the inverting pulse and reduces the HYSCORE intensity, but it can be significantly decreased 

by using small samples in the homogeneous part of the microwave field of the resonator and 
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using the same pulse width (but different intensity) for all pulses in the HYSCORE 

measurement.
50

  

Signal Capture The final experimental parameter we will mention is measurement of the signal. 

The usual practice is to measure the peak of the echo using single point detection or to integrate 

the echo signal over some window. Ultimately, it might be desirable to digitize the entire echo 

shape, but analysis of such data is not well understood. Phase cycling should always be used to 

eliminate any offset in the signal channels or the digitizers and as much unwanted signal and 

coherent artifact as practical. Even though the microwave phase is usually adjusted to put the 

echo signal in the real signal channel, both quadrature channels should be recorded and saved for 

more accurate phasing later. 

The signal at the peak of the echo is equivalent to the integrated response from all spins 

excited in the sample and therefore results in the least orientation selection. On the other hand, 

integration of the entire echo (broad window) corresponds to signal from spins exactly at the 

spectrometer frequency and gives the greatest orientation selection. Signal acquisition always 

involves a choice of detection bandwidth. Incoherent, broadband noise from the signal channel is 

also affected by the detection bandwidth. The root-mean-square (RMS) noise voltage increases 

as the square root of the integration window, so that optimal signal to noise ratio for an echo is 

achieved by integrating over roughly its full width at half height. This setting seems to work well 

for Mims ENDOR. However, narrow detection bandwidth is needed for high resolution in ED-

EPR
38

, and for weak couplings in Davies ENDOR
43

, but can suppress high-frequency peaks in 

ESEEM
61,62

 and HYSCORE. 
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Signal Processing Data processing after acquisition has a considerable impact on the final 

spectrum and it is good practice to examine spectra processed in several different ways. This is 

particularly true with frozen solutions where the signal arises from many different orientations of 

the paramagnetic center, each having a different spectrum.  

The first step in processing is phase correction of the data (if phase cycling removed 

signal channel offsets). It is exactly equivalent to phase adjustment of the spectrometer before 

measurement (and corrects for mis-adjustment plus subsequent phase drift). The imaginary 

channel contains noise but no signal (a mean of zero) and is usually best discarded after using it 

to calculate RMS noise.  

Normalization and Baseline Removal The baseline, or “DC,” component of the signal has little 

information and is usually removed before further processing. In ENDOR, heating by the RF 

pulse can produce an additional offset or sloping baseline (minimized in stochastic ENDOR). 

The baseline is usually determined by fitting a constant, smooth spline, or polynomial to regions 

of the spectrum with no ENDOR response. Subtraction of that fitted baseline is appropriate for 

Davies ENDOR. The spectrum at this point may need to be inverted depending on whether one 

considers the recorded signal to be the spin echo signal or the inverted spin echo signal. 

However, Mims ENDOR can be normalized by further division by the baseline, which produces 

the absolute ENDOR effect and allows quantitative comparison and subtraction of spectra.
42

 We 

find that taking the logarithm of the data, subtracting its baseline, followed by taking the antilog, 

subtracting 1 and multiplying by -1, is an equivalent and convenient way to process Mims 

ENDOR data. 
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Removal of the baseline from ESEEM data eliminates intense axial peaks, with their 

tails, from Fourier transform spectra. This is usually accomplished by fitting a smooth baseline 

through the modulation and subtracting it. Normalizing the modulation by the baseline makes it 

easy to compare peak intensities in Fourier transform spectra. In HYSCORE spectra, baseline 

removal is required in both dimensions and can be performed before any Fourier transformation. 

The HYSCORE signal is much more difficult to properly normalize because it is contaminated 

by the stimulated echo signal.
50

 

When the ESEEM signal arises from more than one nucleus, the Mims product rule states 

that the ESEEM from all the nuclei is just the product of the ESEEM from each nuclei.
28

 A 

consequence of that multiplication is a set of weak ‘artifacts’ in the Fourier transform spectrum 

corresponding to sums and differences of ENDOR frequencies.
28

 An alternate procedure for 

ESEEM data processing starts by taking the logarithm of the phased data. This simplifies fitting 

of the baseline by making it more like a simple polynomial, but some care must be taken that 

noise at the end of the echo decay does not distort the baseline function. Subtraction of the 

baseline results in normalized ESEEM data with spin relaxation removed. The SNR decreases 

with time, and must be limited by an appropriate windowing function before Fourier 

transformation. The Fourier transform of this ESEEM data is free of the multiplication artifacts 

noted above, but has its own artifacts caused by taking the logarithm of a sum of ESEEM from 

different orientations. Thus, it can be informative to view spectra from both types of processing.  

Into the Frequency Domain Conventional ENDOR data is already in the frequency domain and 

ENDOR frequencies can be read directly from the spectrum. Typically, ESEEM data is Fourier 

transformed into a frequency-domain spectrum, although other methods have been used.
63,64

 The 

ESEEM data to be transformed always has a finite number of points, so there is an inherent 
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windowing, also known as apodization, of the data. The windowing and apodization terms arose 

in the Fourier transform and digital signal processing literature. They refer to multiplying the 

time-domain data by functions that ease the transitions between times where there is data and 

times beyond the data. It is mathematically equivalent to convoluting the frequency-domain 

spectrum by some lineshape function given by the Fourier transform of the window function. 

There are many standard window functions, for example, exponential, sine-bell, Hamming, and a 

window function should be chosen to optimize resolution and noise level in the final spectrum. 

The default window functions used for automated processing of ESEEM and HYSCORE data 

are generally robust but not optimal. Sensitivity or resolution or peak overlap can be significantly 

improved by an appropriate windowing function. However, detailed comparison should be made 

between spectra that have received identical processing.  

ESEEM and HYSCORE data is usually missing points at short delays because of 

spectrometer deadtime. Several deadtime reconstruction methods have been developed, but are 

not routinely used.
65

 At long delay times, data should be extended with zeroes (zero-filling) for a 

number of reasons. Some Fourier transform routines require the number of datapoints to be an 

integral power of 2. Information is lost in the spectrum if the time-domain data is complex and 

the number of points is not doubled before Fourier transformation. But, in practice the most 

important reason to do extensive zero-filling is that it provides a smooth interpolation between 

points in the spectrum and prevents truncated or jagged peaks in the frequency-domain spectrum. 

Fourier transform ESEEM spectra can be presented as the magnitude of the complex spectrum, 

or they can be phased. The phased spectra have narrower peaks but each peak extends out along 

the direction of the Fourier transformation, sometimes these are known as the tails of the peaks 

and may oscillate depending on the phase correction applied or the overlapping tails of different 
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peaks may beat against each other. The tails resemble  a ‘+’ or ‘x’ centered at each strong peak 

and are sometimes referred to as a “star artifact”. Magnitude spectra are broader and noisier with 

smoother tails when window functions appropriate for magnitude spectra have been used. 

ESEEM processing methods are closely related to those used in NMR, but receive considerably 

less effort and attention because the number of NMR spectroscopists and NMR instrument 

companies is considerably larger than the corresponding numbers for ESEEM. 

Because HYSCORE data has two time dimensions, it requires windowing in each 

dimension and two-dimensional Fourier transformation. HYSCORE data is expected to be 

symmetric in its two time dimensions and so should receive comparable baseline correction and 

windowing and zero-filling in both dimensions. Spectral manipulation can force the expected 

symmetry. However, symmetry can be lacking because of spectral selectivity in either excitation 

or detection. The general considerations for processing ESEEM data mentioned previously in 

this section apply, but there are some additional points to consider. Experimental HYSCORE 

spectra nearly always have some contribution from three-pulse ESEEM along the diagonal in the 

right-hand quadrant, that is, the quadrant in which both frequency coordinates are positive, of the 

spectrum. It arises from a fraction of the spins that escaped inversion by the third microwave 

pulse.
50

 This signal, and any narrow peaks along the diagonal, are efficiently removed by 

baseline correction perpendicular to the diagonal of the time-domain data.
66

 Removal of the 

diagonal can reveal peaks with very small couplings that are otherwise obscured by the tails or 

star artifacts from strong diagonal peaks. Although HYSCORE spectra are almost always 

presented as the magnitude of the Fourier transform, it is possible to phase spectra from I=½ 

nuclei and achieve much higher resolution, because the phase of each peak depends linearly on 

its coordinates in the spectrum.
49

 Such is not the case for I>½ nuclei, such as 
14

N.  
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ENDOR versus HYSCORE With two different approaches to determine ENDOR frequencies, an 

obvious question concerns their relative merits for studying drug binding in heme-thiolate 

enzymes, or any system. The practical answer is that in our hands, HYSCORE produces better 

data in two respects. HYSCORE spectra, at least in X-band EPR, have better signal to noise for 

the water 
1
H peaks, which are quite weak in Mims and Davies ENDOR spectra. The second-

order shifts in HYSCORE spectra in most measurements resolve the water 
1
H peaks from those 

of the cysteine β-
1
H (in contrast, these 

1
H features overlap in ENDOR spectra), and the entire 

1
H 

spectrum is well-separated from 
14

N peaks.  

Our HYSCORE spectra are measured with shorter delays in the pulse sequence than for 

ENDOR spectra so part of the sensitivity difference could be caused by spin relaxation and 

spectral diffusion during the longer ENDOR pulse sequence. Relaxation can be manipulated by 

changing measurement temperature, sample composition (concentration, detergent and glassing 

agents) and isotopic replacement by 
2
H in the protein and 

15
N in the heme.  

Two additional factors that affect the relative performance of HYSCORE and ENDOR 

are the EPR frequency used and the nucleus (with I=½) used in the measurement. Pulsed EPR 

spectrometers are now available in a wide range of frequencies, with commercial instruments 

available from 1 to at least 95 GHz. The EPR frequency mandates the B0 for measurement at a 

particular g-value. The νI is proportional to B0 but the hyperfine coupling A and its anisotropy, 

ΔA, are not. Thus the ENDOR frequencies in the weak-coupling limit shift, but the width of 

spectrum for water 
1
H, for example, does not. The ENDOR effect in terms of the electron spin 

echo amplitude in both Mims and Davies ENDOR is relatively independent of B0 and scales 

inversely with ΔA. Thus, as a first-approximation, the sensitivity of ENDOR measurements 

should track with the sensitivity of the spin echo. On the other hand, the ESEEM or HYSCORE 
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effect relative to the echo amplitude scales with the factor k or ~(ΔA/νI)
2
 for weakly-coupled I=½ 

nuclei.
28

 The second-order shift that resolves overlapping peaks in HYSCORE scales as ΔA
2
/νI. 

Going from X-band to higher-field EPR or even to Q-band destroys HYSCORE’s sensitivity 

(relative ESEEM or HYSCORE intensity drops by a factor of ~1/16 at Q-band or ~1/100 at W-

band (scaling as B0
-2

) for weakly-coupled I=1/2 nuclei) and resolving power (because the same 

number of peaks lie in a smaller frequency range for the second-order shifts, ~1/4 at Q-band or 

~1/10 at W-band (scaling as B0
-1

) while lower-field EPR generally requires much larger numbers 

of spins, with sensitivity falling with EPR frequency faster than linear. 

Measurements using nuclei with I>½ are complicated by nuclear quadrupole couplings. 

However, both 
13

C and 
15

N have I=½ and their use as a probe nucleus provide attractive 

alternatives to the use of 
1
H in drugs. 

13
C and 

15
N both have low natural abundance and can be 

substituted as a label for 
12

C and 
14

N almost anywhere in the drug. Both isotopes have much 

smaller magnetic moments than 
1
H. For hyperfine anisotropy arising from a dipolar interaction 

with the electron spin on the heme iron, both ΔA and νI are proportional to the magnetic moment 

of the nucleus if the distance from the electron spin is the same. The ENDOR effect is roughly 

the same for different nuclei, independent of the anisotropy in the hyperfine interaction, so the 

amplitude of an ENDOR peak will actually be larger for 
13

C and 
15

N, relative to that of a 
1
H. For 

HYSCORE, the intensity given by the modulation depth parameter, k, is independent of nuclear 

moment, but that intensity is spread over a smaller anisotropy as in ENDOR, so the amplitudes 

of the HYSCORE peaks also scale with the inverse of the nuclear moment. The second-order 

shifts that allow resolution of overlapping peaks decrease for smaller nuclear moments, but that 

is less of an issue than for 
1
H because there are essentially no overlapping 

13
C or 

15
N background 

peaks. Although nuclei with smaller magnetic moments provide greater sensitivity, converting 
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their peaks into nuclear positions requires greater precision in determining their frequencies, 

which, in turn, requires increased SNR. Nevertheless, a number of 
2
H, 

15
N and 

19
F ENDOR 

studies on heme-thiolate enzymes and 
15

N HYSCORE in NOS prove the utility of studies using 

low-abundance isotopic labels.
7,14,16,36
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Figure 2.1. CW EPR spectrum of oxidized nNOS with its tetrahydrobiopterin cofactor at 10 K. 

a) (black) experimental spectrum measured at 9.46 GHz at a microwave power of 0.21 mW and 

modulation amplitude of 2.0 mT at 100 kHz. (red) Spectral fit using Easyspin and a mixture of 

high-spin and low-spin contributions; b) (red) low-spin heme simulation composed of three 

species 33% with g-values of (1.881, 2.290, 2.434), 32% (1.892, 2.275, 2.468) and 12% (1.912, 

2.286, 2.41). (blue) Two high-spin heme species with g=2.03, D=8.2 cm
-1

, 20% with E/D=0.081 

and 4% with E/D=0.071. Multiple high-spin and low-spin species are required to obtain a good 

fit to the experimental data. These same five species were also required (but in different ratios) in 

fitting other samples of nNOS with or without tetrahydrobiopterin and/or L-arginine. These 

species represent real states of the enzyme. 
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Figure 2.2. CW EPR spectrum of oxidized CYP2C9d with 1,2,3-triazole at 77 K. a) black: 

experimental spectrum measured at 9.467 GHz at a microwave power of 0.42 mW and 

modulation amplitude of 1.0 mT at 100 kHz; a) and b) red: spectral fit using Easyspin and a 

mixture of four low-spin species; b) blue: the simulated spectra of each of the species marked by 

a numbered arrow at their individual gz. The relative amounts of each species, its g-values and 

the g-strain or linewidth are: 1) 40%, (1.875, 2.273, 2.51), {0.0306, 0.0129, 0.0709}; 2) 45%, 

(1.892, 2.268, 2.471), {0.0204, 0.0157, 0.0468}; 3) 8%, (1.914, 2.252, 2.419), {0.0214, 0.0249, 

0.0455}; 4) 7%, (1.924, 2.251, 2.394), {0.0137, 0.0131, 0.0296}. 
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Figure 2.3. Spectra of CYP51B1 with no drug bound at 15 K for an EPR frequency of 9.766 

GHz. a) Simulated EPR adsorption spectrum using parameters from a fit of the experimental CW 

spectrum at 77K; a single species with g-values of (1.913, 2.260, 2.436) and g-strain of { 0.0211, 

0.0179, 0.0457 }. b) The experimental ED-EPR spectrum with τ=232 ns. c) The experimental 

ED-EPR spectrum with τ=160 ns. Spectra were measured with a two-pulse spin echo sequence 

with pulse widths of 16 and 32 ns, a repetition time of 0.408 ms, with 1024 shots per point and 

an integration window of 44 ns centered on the electron spin echo signal. 
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Figure 2.4. Refocused-Mims ENDOR spectrum of oxidized CYP51B1 with no drug bound at 15 

K measured near gz at 9.765 GHz and 586.5 mT with τ=60 ns and an integration window of 68 

ns centered on the electron spin echo signal. The shot repetition time was 0.408 ms with 4000 

shots per point with 40 kHz steps in stochastic mode with a 9 μs RF inversion pulse and 

microwave pulses of 16 and 32 ns. 
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Figure 2.5. HYSCORE spectrum of oxidized CYP51B1 with no drug bound at 15 K measured 

near gz at 9.575 GHz and 286 mT with τ= 246 ns, microwave pulses of 16 and 32 ns, a repetition 

time of 0.510 ms, with 64 shots per point and an integration window of 48 ns centered on the 

electron spin echo signal. The spectrum was symmetrized and the skyline projection plotted 

across the top. 
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Figure 2.6. Contour plots of simulated HYSCORE spectra for drug-free CYP2C9d near gz at 

9.760 GHz and 287.0 mT with τ= 240 ns for 
1
H at a distance of 0.270 nm from the heme iron 

with ϕ=0° for θ of 17°, 29°, and 40°. The polar angles are defined in the insets. 

 

 

 

 

 



48 

 

 

Figure 2.7. HYSCORE spectrum of 50 μl of oxidized, 0.2 mM CYP2C9d with 1,2,4-triazole 

bound at 15 K measured near gz at 9.768 GHz and 283.5 mT with τ= 240 ns, microwave pulses 

of 16 and 32 ns, a repetition time of 0.51 ms, with 64 shots per point and an integration window 

of 40 ns centered on the electron spin echo signal. Baseline correction to remove the three-pulse 

ESEEM contaminant was applied, which largely eliminated the matrix 
1
H peak. The spectrum 

was symmetrized and the skyline projection plotted across the top.  
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Figure 2.8. HYSCORE spectrum of oxidized CYP125A1 with LP10 bound at 15 K measured 

near gz at 9.788 GHz and 294.5 mT with τ= 240 ns, microwave pulses of 16 and 32 ns, a 

repetition time of 0.51 ms, with 2048 shots per point and an integration window of 28 ns 

centered on the electron spin echo signal. The spectrum was symmetrized and the skyline 

projection plotted across the top. 
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CHAPTER 3: STRENGTH OF AXIAL WATER LIGATION IN SUBSTRATE-FREE 

CYTOCHROME P450S IS ISOFORM DEPENDENT 

3.1 Introduction The Cytochrome P450s (CYPs) are thiolate-ligated heme-containing 

monooxygenases that oxidize many different functional groups or hydrocarbons and they play 

critical roles in biosynthetic pathways, or detoxication, in virtually every organism.
1,2

 CYPs are 

both drug targets and major components of drug metabolism. In the ferric, resting enzyme, the 

heme cofactor of different CYPs equilibrates between the 5-coordinate high spin state and the 6-

coordinate low spin state, defined by the constant Kspin = [high spin]/[low spin].
3,4,5

 A water 

molecule, or molecules, in the active site provide(s) the 6
th

 ligand to the low spin heme iron.
6,7

 

The Kspin in the resting state is CYP isoform dependent, although the molecular basis for the 

differences is unknown. In many cases, binding of substrates results in displacement of the water 

and conversion to higher fraction of five-coordinate high spin heme with a higher redox 

potential, and this allows for one electron reduction by NADPH-dependent protein redox 

partners to begin the catalytic cycle, as elegantly described originally by Sligar et al.
3,8 

Whereas 

biosynthetic CYPs typically exhibit tight coupling of substrate binding and spin state conversion, 

hepatic isoforms that dominate drug metabolism exhibit poor coupling; different drugs or 

substrates yield different fractions of high spin heme with variable spin state equilibria.
8,9

 

Although the substrate-dependent spin state regulation for some CYPs is well documented, the 

molecular basis for the variability in the substrate-free ferric spin equilibrium has not been 

determined. For example, substrate-free CYP3A4 is only ~19% high spin but exhibits an 

unexpectedly high rate of heme reduction in the absence of any bound substrate.
10

  In contrast, 

CYP2E1 and CYP125A1 are significantly high spin even in the absence of substrates.
11,12

 These 

examples amplify our incomplete understanding of the role of spin state in CYP catalysis, and 
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they suggest that the local ligand field of the substrate-free low spin state is a source of 

variability in CYP isoform-dependent spin state control. 

The ligand field of the substrate-free states is also important in drug design aimed to 

inhibit CYPs. Differences in axial ligand field of the substrate-free CYPs necessarily contribute 

to differential binding affinities of drugs that target the heme, such as antifungal azoles or 

anticancer drugs such as anastrozole or abiraterone.
13,14

 To the extent that axial water ‘competes’ 

for heme ligation with these drugs, the energy of the water-iron bond contributes to the apparent 

binding affinity of the drug. This aspect of CYP inhibitor design has not been acknowledged. 

Here we demonstrate, for substrate-free states, significant differences in the energies of 

porphyrin-to-metal near infrared (nIR) charge transfer (CT) bands among CYP51B1 and 

CYP125A1 from Mycobacterium tuberculosis, and partially solubilized forms of human hepatic 

CYP3A4, CYP2E1 and CYP2C9. 

3.2 Materials and Methods Protein sample preparation Buffer salts were purchased from 

Sigma (St. Louis, MO, USA). Dueterium oxide (99% D2O) and glycerol (98%, d8), were 

purchased from Cambridge Isotopes (Andover, MA). CYP3A4 was expressed and purified as 

previously described.
15

 CYP2C9 (hepta mutant) was constructed as previously described
16

 with 

the exception of a hexa His rather than a tetra His C-terminal sequence to facilitate purification. 

The enzyme was expressed in DL39 E. coli and purified as described for CYP3A4. CYP2E1 was 

received as a generous gift from the lab of Dr. Emily Scott (University of Kansas). CYP51B1 

from Mycobacterium tuberculosis (Mtb) was purified as previously described.
17

 CYP125A1, also 

from Mtb, was prepared as previously described.
18
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For measurement of conventional absorbance spectra, protein samples were diluted 

directly from their respective storage buffer into 100 mM potassium phosphate (pH = 7.4) 

containing 10 – 20 % glycerol. The final protein concentration ranged from 1 – 6 µM based on 

CYP450 content, as determined using the methods of Omura and Sato
19

 (note: to normalize the 

CYP51B1 spectrum, the published molar extinction coefficient at 419 nm of 134 mM
-1

cm
-1 

was 

used
17

). For EPR spectral acquisitions, the proteins were concentrated to >100 µM CYP450 in 

the same buffer. For MCD samples, the protein sample buffer was sufficiently exchanged for 

deuterated phosphate to avoid contamination of unwanted C-H, N-H, and O-H vibrational 

overtones in the near infrared spectral region. Deuterated buffers were prepared using 1M 

potassium phosphate (pD = 7.4 - 7.5) stock solution that was dissolved and lyophilized three 

times in D2O. The proteins were concentrated (> 250 µM) several times in deuterated buffer 

containing 20% d8-glycerol, using Centriprep (Millipore) 30 MWCO centrifugal filters before 

adding an additional 35% d8-glycerol as glassing agent to yield a final buffer concentration 

ranging from 100 – 200 mM phosphate depending on the solubility of the isoform, + 55% d8-

glycerol. CYP450 content was measured for each sample solution immediately prior to 

acquisition of MCD spectra. The final protein concentrations utilized for MCD were: 400 μM 

CYP3A4, 262 μM CYP2E1, 475 μM CYP2C9, 700 μM CYP125A1, or 770 μM CYP51B1. 

Magnetic circular dichroism MCD spectra were collected using an Aviv 40DS 

spectropolarimeter and a high-field superconducting magneto-optical cryostat (Cryo-Industries 

SMC-1659 OVT) equipped with a variable temperature sample compartment. MCD intensities 

are measured as differential absorbance of left (σ
-
) and right (σ

+
) circularly polarized light (ΔA = 

AL – AR), following the sign convention of Piepho and Schatz.
20

 MCD spectra are measured in 

units of θ (mDeg) with the relationship, θ (mDeg) = 32,982*ΔA. All spectra were baseline 
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corrected via measurement and subtraction of a spectrum collected at zero field. For cryogenic 

temperature measurements (4.2 - 4.7 Kelvin), depolarization of the sample was verified to be less 

than 10% prior to sample data collection via CD measurement of a solution standard of nickel 

(II) tartrate. Near infrared absorption was detected with a nitrogen-cooled 1 x 1 mm InGaAs 

detector (Sciencetech Inc., USA). Visible spectra were collected from 500 – 850 nm in 2 nm 

steps using an integration time of 2 seconds and bandwidth of 4 nm; nIR spectra were collected 

from 900 – 1500 nm in 5 nm steps, 2 second integration time, and a bandwidth of 10 nm. 

Measurements at room temperature are expressed as Δε (M
-1 

cm
-1 

T
-1

) to account for the field 

dependence, while measurements at cryogenic temperature are expressed as Δε (M
-1 

cm
-1

).
 

Preparation of a sample for MCD was performed by depositing 90 μL of protein solution upon a 

1.5 cm dia. circular quartz plate placed on an in-house fabricated aluminum sample mount fitted 

with a 0.1 cm thick Teflon spacer. The solution was sealed between a second quartz plate and 

sandwiched between an aluminum housing with hand-tightened screws. The sample mount was 

secured to a rod containing a temperature sensor fit for the appropriate optical cryostat before 

being introduced in between the poles of the superconducting magnet. 

EPR Spectroscopy and calculation of axial (Δ/λ) and rhombic (V/λ) crystal field terms 

Conventional continuous-wave (CW) EPR spectra were measured on a Bruker ELEXSYS E540 

X-band spectrometer with ER 4102 ST resonator and either a liquid nitrogen quartz insertion 

dewar or a Bruker ER 4112 HV helium flow cryostat. The samples were placed in 3mm OD 

(outer diameter) EPR tubes, and frozen liquid nitrogen prior to acquisition at temperatures 

between 15 – 77 Kelvin. Accurate spectral g-values were obtained by fitting the CW-EPR 

spectra using EasySpin software, a toolbox contained within the MATLAB environment.
21
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Calculation of the axial (Δ/λ) and rhombic (V/λ) crystal field terms expressed in units of the 

spin-orbit coupling constant (λ) for ferric ion was performed via the methods of Taylor.
22

 

Briefly, the fitted g-values obtained via least-squares regression analysis in EasySpin were 

applied to the following formalism: 

A = gx/(gz + gy) + gy/(gz – gx) 

B = gx/(gz + gy) + gz/(gy – gx) 

Δ/λ = B – (A/2) 

V/λ = A 

UV/vis absorbance analysis and determination of Kspin Absorbance measurements were 

conducted at 25 °C on an Olis Modernized Aminco DW-2 (Olis, Inc., Bogart, GA) dual beam 

spectrophotometer equipped with a Julabo F30-C compact refrigerated circulator (Julabo USA, 

inc., Allentown, PA). Each binding experiment required 500 µL initial sample volume using a 

0.1 x 1 cm path length quartz cuvette. The spectra were subjected to a least squares fitting 

algorithm written in the Python programming language and adapted for use in IGOR Pro 6.1 

(Wavemetrics, Lake Oswego, OR.). 

3.3 Results UV-vis Spectra of substrate-free CYPs. Standard UV-vis spectra of several CYP 

isoforms, in the wavelength range typically used to monitor ligand binding, are shown in Figure 

3.1. To calculate the fraction of enzyme in the high spin state and the value of Kspin for each 

ligand-free CYP, the absorbance spectra were fit to experimentally-derived basis spectra for the 

pure high spin, low spin, and P420 species as determined by principle component analysis and 

described previously.
23,24

 Kspin was then calculated by the relation:  

Kspin = [% High spin]/[% Low spin]. 
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The Kspin values are summarized in Table 3.1, along with MCD parameters determined in 

experiments described below. The UV-vis spectrum of each of these CYPs is essentially 

identical to previous results in the literature. The unusually high fraction of high spin heme with 

ligand-free CYP125A1 and CYP2E1 has been well established,
11,18

 as is the preponderance of 

low spin heme for the other CYPs. We report the results here for all of the proteins as the basis 

for direct comparison within a single data set.  

Magnetic Circular Dichroism Magnetic circular dichroism was used to compare the low spin 

states of these CYPs in greater detail. Although MCD has been used to characterize some soluble 

CYPs, microsomal CYPs have not been characterized, presumably due to difficulty in obtaining 

purified protein at the high concentrations required for investigation of the near infrared (nIR) 

charge transfer (CT) transitions (~ 400 μM). The temperature-dependent (C-term) nIR CT bands 

observed by magnetic circular dichroism (MCD) uniquely report on the axial and rhombic 

distortion of the heme iron ligand field in the low spin state, without overlapping bands from 

high spin electronic transitions.
25,26,27,28

 Unlike visible absorption bands, this spectroscopic 

feature reports exclusively on the low spin structure, and it is much more sensitive to rhombic 

strain.
29

 This MCD marker is distinct from, although similar to, the EPR gz values and derived 

axial (Δ/λ) and rhombic (V/λ) crystal field terms that describe the ferric low spin heme ligand 

field.
22,30,31

 The MCD spectra of substrate-free, partially solubilized, engineered variants of 

human CYPs and bacterial isoforms acquired between 4.2 – 4.7 K at 6 Tesla field are shown in 

Figure 3.2. A striking difference in the wavelength maxima and overall spectral shape is 

apparent. The corresponding spectra at 298 K are also shown in Figure 3.2 and the data are 

summarized along with the absorbance data in Table 3.1. There is a remarkable absence of low 

spin signal for CYP125A1 at the higher temperature consistent with its large fraction of high 
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spin heme, even with no ligand present.  At the lower temperature, which is known to favor the 

low spin heme,
32

 we were able to detect the low spin nIR transition of CYP125A1. We were 

unable to obtain spectra at the high temperature for CYP2C9 for unknown reasons. Regardless, 

the increase in low spin heme observed at low temperatures by other methods is also observed in 

these MDC spectra, for several isoforms.Thus, at room temperature the differences in ligand 

field are less pronounced than at low temperatures. 

The difference in energy of the CT transitions is substantial (range ΔΔG = 1.9 kcal/mol at 

~4.2 K; ΔΔG = 1.2 kcal/mol at 298 K) and is likely due to differences in energy of the low lying 

iron t2g (dyz) orbitals into which the pyrrole nitrogen pi electrons are promoted from both a1u & 

a2u HOMOs
25

 (Figure 3.6). It is unlikely that the differences result from changes in porphyrin 

molecular orbitals. The different energies of the MCD transition indicate that the 6
th

 axial water 

ligand provides increasing ligand field strength
33

 in the order CYP2E1 > CYP51 > CYP2C9 > 

CYP3A4 ≈ CYP125A1 (Table 3.1). This is the first documentation of nIR MCD for any human 

CYPs and the rather remarkable differences in ligand field among substrate-free CYPs despite 

the common axial ligand, H2O. It is widely presumed that the thiolate axial ligand is sufficiently 

‘dominant’ to render the axial water ineffective in controlling the axial field strength.  Mutations 

can modestly shift the nIR transitions of ligand-free CYPs, but shifts of 50-80 nm typically 

require ligand substitution.
34,35

  

In addition to the nIR MCD data, we collected spectra in the region of the α,β bands near 

650 nm at 298 K. In this region, a negative intensity MCD band at ~650 nm is assigned as a 

LMCT (S(π)Fe
3+

) transition
36

 that is uniquely diagnostic for the presence of high spin heme. In 

addition to this MCD feature, the spectra shown in Figure 3.3 include several additional Cys 

thiolate (S
-
)  Fe

3+ 
charge transfer bands originating from the high spin species that distinguish 
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the two spin states in the CYP MCD spectrum.
37

 Clearly, the CYP2E1 and CYP125A1 yield the 

largest high spin intensity, as expected. Interestingly, the spectral minima for these isoforms are 

significantly different with CYP125A1 and CYP2E1 having minima at 652 nm and 658 nm, 

respectively. The weak signals from CYP3A4 and CYP51B1 yield minima at ~ 650 nm and 652 

nm, respectively. Thus, the apparent strength of the thiolate ligand in the high spin species 

increases in the order CYP2E1 > CYP51B1 > CYP3A4 ≈ CYP125A1.  Due to the weak high 

spin signals for some of these isoforms we note that this ranking is approximate. However it is 

clear that the ligand field of these isoforms is also modestly different in the high spin state. The 

range of energies for these isoforms at 298 K is ΔΔG = 0.5 kcal/mol, which is much less than the 

range observed for the low spin axial field strength. 

EPR spectra and comparison to MCD The CW EPR spectra of the substrate free CYPs 3A4, 

51B1, 125A1, and 2C9 were measured. The normalized spectra are shown in Figure 3.4.  We 

observed results directly analogous to those previously reported for many CYPs, and the data  

are summarized in Table 3.2.  The EPR spectra clearly indicate low spin, H2O-ligated, heme in 

each case. The crystal field parameters for rhombic (Δ/λ) and axial (V/λ) distortion are included.  

In addition, the EPR parameters were used to calculate the expected energies for the nIR 

MCD transitions, according to the method of Gadsby and Thomson.
33

 The predicted and 

experimentally measured energies are compared in Figure 3.5. The results emphasize the 

discrepancy between the predicted MCD transitions based on EPR parameters and these 

experimental results, for these thiolate-heme proteins. The experimental EPR parameters poorly 

predict the MCD transitions for all the isoforms except CYP3A4.  
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3.4 Discussion This work extends a vast array of previous spectroscopic work by many labs to 

characterize the ferric spin states of CYPs.  The major new information here includes a direct 

comparison by MCD and EPR of several CYP isoforms including human CYPs that historically 

have been inaccessible to study by MCD spectroscopy. Although low spin complexes of CYPs 

with heteroatomic ligands such as azoles, thiols or alcohols in the 6
th

 axial position have been 

characterized by MCD and EPR, the H2O-bound structures have not received detailed scrutiny. 

In fact these MCD spectra are the first of any human CYP and provide the first clear evidence 

that their ligand fields in the resting states differ from each other and from some bacterial CYPs, 

corresponding to differences in the strength of the axial Fe
3+

- H2O bond. The temperature 

dependence of the CT transition further amplifies the differences in resting states of these 

isoforms. Whereas CYP3A4, and CYP51B1 exhibit either a spectral blue shift or no shift upon 

increasing the temperature from 4.2 K to 298 K, CYP2E1 yields an unusual red shift. Further 

studies are needed to explain the differential temperature dependence, but the temperature effects 

highlight the fundamental difference of water-ligated states. 

These differences have functional implications for the energetics of substrate-dependent 

or inhibitor-dependent shifts in the ferric spin equilibrium.  A common strategy for the design of 

CYP inhibitors is to incorporate azole or pyridine fragments aimed to displace the axial H2O and 

form iron-nitrogen coordinate bonds. The net gain in free energy of inhibitor binding depends, 

not only on the strength of the resulting iron-nitrogen bond, but also on the energy that is 

forfeited in the Fe
3+

- H2O that must be displaced. The results here indicate that identical 

fragments could have modestly different intrinsic binding affinities for different CYP isoforms 

simply because the resting states of these enzymes vary in the strength of the starting Fe
3+

- H2O 
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bond. It will be important to understand further the mechanism for these significant differences 

in ligand field and how the protein architecture and solvation contribute. 

Differences in the ligand field in the high spin state of the substrate-free enzymes are also 

evident, albeit with a much narrower range of energies in the proximal Cys (S
-
)  Fe(III)  bond. 

This is evident in Figure 3.3. The range in energies for these high spin transitions is only ~ 0.4 

kcal/mol, and presumably reflects subtle differences in second sphere hydrogen bonding to the 

proximal cys thiolate as well as other subtle environmental factors.  Due to the low intensity of 

the MCD bands in the α,β region, and the contribution of multiple electronic transitions to these 

spectral features, we are cautious to not assign relative energies of the axial thiolate ligand on 

their basis.  However, the very modest differences in ligand field we observe for these high spin 

transitions are unlikely to drive the larger differences in ferric spin equilibrium between these 

CYP isoforms.  

It is, however, striking that the overall Kspin values do not correlate with the strength of 

the axial Fe
3+

 -H2O bonds of the low spin states (Table 3.1); there is no linear free energy 

relationship (LFER) between Kspin and the low spin axial ligand field energy. For example, 

CYP2E1 has an unusually high fraction of high spin ferric heme in the absence of substrate, and 

the lowest energy CT transition, but CYP125A1 is also largely high spin with the highest energy 

CT band. Together, these observations emphasize that the ferric spin equilibrium is not 

controlled solely by the strength of the axial water interaction in the low spin state. Apparently, 

modest compensatory differences in other features of the low spin or high spin states contribute 

to the macroscopic Kspin. Possibly, differences in Kspin reflect differences in solvent accessibility 

to the heme. For example, facile water access to the heme in CYPs with low Kspin values may 

push the ferric spin equilibrium to the low spin state even though the resulting Fe
3+

-H2O bond 
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may be less stable.  Alternatively, isoforms with restricted access to very hydrophobic active 

sites may favor a high Kspin value even though the resulting Fe
3+

- H2O bond is very strong.  

Speculatively, although, the microenvironment differentially tunes the water-dependent ligand 

field when water is present, differences in protein architecture and solvation control access of 

water to the heme and hence the ferric spin equilibrium. 

It is important to mention a potential caveat of this work. Whereas the CYP125A1 was 

purified by methods previously shown to yield ligand free enzyme by crystallography, the 

CYP2E1 preparation conceivably includes a ligand carried through the purification procedure, 

since we do not have a crystal structure from that preparation. However, because several other 

labs have documented a large fraction of high spin enzyme from CYP2E1 purified by different 

methods, we suggest that our preparation is ligand free and that it has an inherently high fraction 

of high spin heme, as observed by others. We acknowledge the possibility that our preparation 

includes some ligand that induces a high spin component, although we observe no other 

indication of an active site bound ligand. Regardless, even if some ligand was bound to CYP2E1, 

it would not alter the conclusion that ferric spin equilibrium is not correlated with strength of 

water ligation. Similarly, regarding the results with the CYP2C9D mutant, we emphasize that 

this mutation is modestly structurally different than the wild type CYP2C9 in crystal structures, 

although the mutant binds and metabolizes ligands with similar catalytic properties. Thus, the 

details of the ligand field of the mutant may not be identical to the wild type. However, the 

mutant provides a valuable additional variant with a ferric spin equilibrium distinct form other 

isoforms used here and it is expressed and soluble at sufficient levels to obtain the high 

concentrations of protein required for MCD. 
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Table 3.1. Spin state, absorbance, and MCD parameters 

 

 
a
R

2
-correlation coefficient for spectral fits ≥ 0.998;

 b
CT = charge transfer, nIR = near infrared. 

c
No 298 K data available for CYP2C9. 

d
CYP3A4, CYP2C9, CYP51 at 4.2K; CYP2E1 & 

CYP125A1 at 4.7K.  

  

Isoform 
% HS

a 

298 K 

Kspin 

298 

K 

max 

nIR 

CT, 

298 K 

(nm)
b
 

nIR CT 

kcal/mol 

298 K 

max nIR 

CT, 

4.2 -4.7 K 

(nm)
d 

nIR 

energy 

kcal/mol 

CT 

αβ, 

298 

K 

(nm) 

Vis 

energy 

kcal/mol 

CYP3A4 19 0.23 1065 26.9 1050 27.2 650 44.0 

CYP2C9
c
 6 0.063 - - 1085 26.4 - - 

CYP125A

1 
89 11 n/a n/a 1050 27.2 650 44.0 

CYP51B1 9 0.10 1095 26.1 1095 26.1 652 43.9 

CYP2E1 58 1.6 1115 25.6 1130 25.3 658 43.4 
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Table 3.2. EPR parameters. 

CYP 

isoform 
gz gy gx Δ/λ V/λ V/Δ Eyz/l 

ECT 

(calc) 

cm
-1

 

4.2 K 

predicted 

nIR CT 

kcal/mol 

4.2 K 

predicted 

nIR CT 

nm 

 

3A4 

 

 

2.421 

 

2.249 

 

1.921 

 

5.338 

 

4.909 

 

0.920 

 

4.234 

 

9538 

 

27.3 

 

1048 

 

2C9 

 

 

2.429 

 

2.252 

 

1.917 

 

5.256 

 

4.808 

 

0.915 

 

4.156 

 

9432 

 

27.0 

 

1060 

 

125A1 

 

2.400 

 

2.243 

 

1.926 

 

5.412 

 

 

5.147 

 

0.951 

 

4.378 

 

9735 

 

27.8 

 

1027 

 

51B1 

 

 

2.436 

 

2.260 

 

1.913 

 

5.063 

 

4.729 

 

0.934 

 

4.052 

 

9289 

 

26.6 

 

1077 

EPR data for CYP2E1 not available 
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Figure 3.1. UV/vis absorbance of ligand-free CYPs at 298 K. The Soret and α,β bands at 520 - 

680 nm are shown for CYP3A4, CYP2C9, CYP2E1, CYP51B1 and CYP125A1. The Soret of 

pure high spin heme is located at ~390 nm, and ~417 for pure low spin. All spectra have been 

normalized to 1 μM CYP450. 
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Figure 3.2. Top: Near IR MCD spectra of CYP3A4, CYP125A1, CYP2C9, CYP51B1, and 

CYP2E1 at 4.2 - 4.7 K and 6 Tesla. Bottom: 6 Tesla near nIR MCD spectra of CYP3A4, 

CYP125A1, CYP51B1, and CYP2E1 at 298 K. Note that the predominantly high spin nature of 

CYP125A1 at 298 K (red) precludes measurement of the low spin transition. All samples were 

prepared in 100-200 mM KPi (pH = 7.4) + 55% d8 glycerol. 
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Figure 3.3. 6 Tesla MCD spectra of the α,β region acquired at 298 K for CYP3A4, CYP2E1, 

CYP51B1 and CYP125A1 reveals large differences in high spin content. The negative MCD 

feature centered ~650 (inset) is only present in high spin CYPs and represents thiolateFe(III) 

LMCT for the high spin enzyme. 
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Figure 3.4. CW EPR spectra of ligand-free CYPs 3A4, 2C9, 125A1, and 51B1. The EPR 

spectral g-values were fit using EasySpin as described in the text to extract accurate values that 

were used in the calculation of crystal field terms 
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Figure 3.5. Measured MCD nIR CT energies for the CYPs studied here versus those predicted 

based on the EPR-derived axial (Δ/λ) and rhombic (V/λ) crystal field terms as described by 

Gadsby and Thomson.
33

 Note: no EPR data are available for CYP2E1. The results emphasize the 

inaccuracy of low spin ligand field energy calculations based on EPR-correlations for these 

CYPs, and the necessity for direct measurement of the nIR CT transition by MCD 
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Figure 3.6. Schematic free energy profile of the macroscopic Kspin and the differences in the low 

spin states revealed by MCD.  The right side includes the porphyrin HOMOs and the iron d-

orbitals with ligand field parameters V and Δ indicated. The nIR charge transfer band energies 

for different CYPs correspond to different axial ligand field strengths in the relative order shown, 

with CYP2E1 and CYP125A1 having the strongest and weakest axial ligands, respectively. The 

lack of LFER between Kspin and these ligand field energies suggests a contribution of the high 

spin states to isoform-dependent differences in Kspin. 
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CHAPTER 4: DRUG MODULATION OF WATER-HEME INTERACTIONS IN LOW-

SPIN P450 COMPLEXES OF CYP2C9D AND CYP125A1  

4.1 Introduction The cytochrome P450s (CYPs) comprise a large family of heme 

monooxygenases with diverse functions ranging from biosynthesis of sterols to detoxication of 

foreign chemicals and drugs. CYPs are important considerations in design and discovery of new 

drugs. Human hepatic CYPs play a critical role in drug metabolism and, in addition, CYPs 

harbored by infectious agents are therapeutic targets. The ferric (Fe
3+

) heme cofactor of the 

resting CYP is generally thought to be in equilibrium between a 6-coordinate water-ligated low-

spin state and a 5-coordinate high-spin state. The equilibrium is isoform dependent.
1
 In the 

traditional paradigm, the low-spin state cannot be reduced by its physiological partner CYP 

reductase. Substrate binding displaces the water ligand, driving the equilibrium toward the 

reducible, high-spin form and allowing the catalytic cycle to start with reduction by CYP 

reductase. Following this paradigm, many drug design strategies incorporate imidazole, pyridine, 

or 1,2,4-triazole (TRZ) fragments to ligate the heme iron, trapping the low-spin CYP and 

preventing heme reduction. Such drugs yield optical difference spectra between drug-bound and 

drug-free forms, known as ‘Type II spectra,’ with a peak near 434 nm and a minimum near 410 

nm, that indicate an increased fraction of low-spin heme. In most cases, crystallographic data 

show direct nitrogen-iron ligation with such drugs, consistent with a low-spin complex.
2,3

 Drugs 

or inhibitors that increase the fraction of high-spin heme by displacing water without binding to 

the iron, but still blocking the active site, produce Type I spectra which have a peak near 390 nm 

and a minimum near 430 nm. The terms ‘drug’ and ‘inhibitor’ are used interchangeably in this 

work and are distinguished from ‘ligand’, which refers to the species directly ligated to the heme 

iron. 
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These optical difference spectra are widely used to assay binding of drug candidates that 

target CYPs and to determine the mode of inhibition.
4
 Yet there are several examples that do not 

fit well into this spectral classification. One example is the ‘Reverse Type I’ spectrum
5,6

 in which 

the fraction of low-spin heme increases and the difference spectrum resembles Type II spectra 

but with the minimum at 390 nm (like the peak for Type I) rather than near 410 nm. The optical 

difference spectrum is inverted from that for Type I. Weak coordination of the heme iron by the 

ligand heteroatom has been used to explain Reverse Type I spectra which are often elicited by 

inhibitors with heteroatoms other than sp
2 

hybridized nitrogen.
6,7

 However, the details of reverse 

type I spectra have never been fully explained. To further confuse matters, some CYP drug 

complexes, including some with human CYP2C9
8
, have very asymmetric difference spectra with 

clear troughs but minimal or absent peaks. Such spectra have never been adequately explained 

although they are typically called ‘low-spin’ complexes.  

We have studied the binding of a 1,2,3-triazole (1,2,3-TRZ) derivative of estradiol, 

known as 17-click, with CYP3A4.
9
 The 17-click inhibited hydroxylation of testosterone by 

CYP3A4 and produced a reverse Type I spectrum with a 390 nm minimum and 426 nm 

maximum in the difference spectrum, although it was classified as Type II in that paper. 

However, pulsed EPR measurements showed that water was the axial ligand when 17-click was 

bound, and the ‘inhibited’ CYP3A4 metabolized the 17-click and consumed NADPH. Thus, 17-

click appears to form a hydrogen bond with the axial water ligand, while allowing enzymatic 

turnover in competition with other substrates. Such a binding mode, with an intact axial water 

ligand, is corroborated by a few CYP crystal structures.
3,10,11,12

 It is important to determine 

whether similar binding modes commonly occur for other CYP isoforms and other inhibitors and 

to understand the functional consequences of such binding.  
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X-ray crystal structures can clearly reveal the presence or absence of an axial water 

ligand in the crystal, but not every CYP complex can be crystallized and the results are not 

always clear. The CYP121-fluconazole complex has six CYP121 molecules per asymmetric unit 

in the crystal.
12

 Each CYP in the asymmetric unit was occupied by fluconazole to a different 

extent, with occupancy ranging from 0-100%, clouding physiological relevance. Other methods, 

such as MCD and magnetic resonance, are sensitive to the axial ligand, provide moderate 

throughput for measurements and can be used in conditions having more physiological 

relevance. Application of structural NMR methods to the axial ligands of oxidized CYP are 

limited because the paramagnetic heme broadens and shifts the NMR lines.
13

 The NMR 

relaxation of inhibitors and substrates can reveal how molecules bind to the active site,
14,15,16 

but 

it provides a structural average of all conformations and binding modes present in the sample. 

The pulsed and double resonance forms of EPR directly observe 
1
H peaks of the axial water 

ligand
17,18

 which are shifted from peaks of most other 
1
H by the significant hyperfine coupling to 

the unpaired electron of the heme. Partial overlap with the β-
1
H peaks of the cysteine axial ligand 

is revealed in 1D spectra by deuteration of the solvent
17,18,19

 but the axial water peaks are 

completely resolved by pulsed EPR in 2D hyperfine sublevel correlation spectroscopy 

(HYSCORE) spectra.
1,9,19

 The 
1
H of axial water or other bound molecules was successfully used 

to study active site structure of CYPs 
1,9,19,20

 and, using 
15

N, the closely-related, heme-thiolate 

enzyme neuronal-NOS.
21,22

 

In this paper we examine complexes of a mammalian CYP2C9 variant (deletion and 

hepta mutant, henceforth referred to as CYP2C9d) and a prokaryotic CYP125A1 that behave 

somewhat differently from typical Type II complexes. We probe the conformation and structure 

of the complexes using 2D HYSCORE and MCD spectroscopies. The data suggest that it may 
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not be rare for CYP-(drug) complexes to retain water as the heme axial ligand in a hydrogen-

bonded bridge to the drug, rather than displacing the water as expected of a classic Type I or 

Type II inhibitor. Our results suggest that water-bridged heme complexes can occur throughout 

the CYP superfamily with a range of drugs.  

4.2 Materials and Methods Protein preparation CYP2C9d was constructed as previously 

described
23

 with the substitution of a His6 for the His4 C-terminal tag to facilitate purification. 

Amino acid changes from the wild-type were made to increase the water solubility of the 

enzyme. The enzyme was expressed in DL39 E. coli and purified as described for CYP3A4
24

. 

CYP125A1 from M. tuberculosis was prepared as previously described.
25

  

Synthesis of 4-(3-phenylpropyl)-
1
H-1,2,3- Triazole (PPT) To a 15 mL round bottom flask 

containing 2 mL DMF:H2O (4:1) were added 144 µL of 5-phenyl-1-pentyne (0.95 mmol), 252 

µL azidotrimethylsilane (1.89 mmol), and 95 mg sodium L-ascorbate (478 µmol). The reaction 

flask was sealed and placed under argon while stirring vigorously prior to the addition via 

syringe of 31 mg cuprous sulfate (58 µmol) dissolved in reaction solvent. The mixture was 

allowed to react overnight at 70 °C. For initial workup of the reaction crude, ~ 1 g of florisil was 

added to the mixture to bind the majority of the copper ion, prior to vacuum filtration. The resin 

was rinsed with ~2 volumes of ethyl acetate; the organic layer was isolated; and 10 volumes of 

water were added to remove the DMF by liquid-liquid extraction. The organic layer was treated 

with saturated sodium chloride to remove excess water prior to the addition of MgSO4(s). The 

organic solvent was evaporated to dryness and the PPT-containing residue purified by silica gel 

(0.035-0.07 mm) chromatography with 5% CH3OH in CH2Cl2 isocratic mobile phase to afford 

pure PPT in 50% yield. For synthesis of isotopically-labeled 
15

N-PPT containing nitrogen 

enrichment at either N1 or N3 in a 50:50 ratio, TMS-
15

N=N=N/TMS-N=N=
15

N was substituted 
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for natural abundance azidotrimethylsilane. 
1
H NMR (δ ppm, CDCl3): 2.03 (2H, m), 2.69 (2H, d, 

J = 7.7 Hz), 2.78 (2H, d, J = 7.8 Hz), 7.16-7.22 (3H, m), 7.25-7.32 (2H, m), 7.51 (1H). MS: 

[M+H] = 188.2. 
15

N-PPT: NMR (CDCl3), 7.51 (1H, d, J2HN = 6.5 Hz), 7.52 (1H, d, J3HN = 4.9 

Hz). 
13

C NMR: 24.68, 30.85, 35.39, 126.09, 128.55, 128.61, 131.65, 141.74, 147.01. MS: [M+H] 

= 189.2.  

Synthesis of 
15

N-labeled trimethylsilyl-azide (TMS-
15

N=N=N, TMS-N=N=
15

N) A three-neck 50 

mL round-bottom flask was connected to a reflux condenser and fitted with an inline desiccant-

filled drying tube attached to an oil bubbler to allow positive pressures to escape the reaction. 

The reaction vessel was purged with argon prior to charging with 1 g of NaN3 (
15

N(1)) (14.8 

mmol), and 10 mL of diglyme with vigorous stirring. The vessel was then sealed, set in an ice 

bath, and placed under positive pressure of argon prior to addition of 1.8 mL (14.2 mmol) 

trimethylsilyl chloride drop-wise via syringe. The sealed reaction mixture was heated in an oil 

bath to 70 °C and allowed to react for 60 hours. The pure product was isolated from the resultant 

slurry in 90% yield by vacuum distillation (8 mmHg) without heating. 
1
H NMR: (δ ppm; 

CDCl3); 0.28 (9H, s). 
15

N NMR (δ rel. liquid NH3): 169.2 (s), 206.7 (s). 

UV/vis absorbance analysis of inhibitor binding Absorbance measurements were conducted on 

an Olis Modernized Aminco DW-2 (Olis, Inc., Bogart, GA) dual beam spectrophotometer 

equipped with a Julabo F30-C compact refrigerated circulator (Julabo USA, Inc., Allentown, 

PA). Each binding experiment required 500 µL initial sample volume using a 0.1 x 1 cm path 

length quartz cuvette, and the typical sample consisted of 1-2 µM purified CYP in 100 mM KPi 

buffer + 20% glycerol. Spectra were recorded in the absolute mode (270 – 650 nm) between 

addition of 1 µL aliquots of inhibitor stock solution not to exceed 2%/vol organic co-solvent. 

Due to excessive absorbance of LP10 during titration of CYP125A1, difference spectra were 
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collected directly using a split cuvette format (data not shown). Affinity, Ks, and Bmax parameters 

were estimated from non-linear regression analysis in IGOR pro 6.1 (Wavemetrics, Lake 

Oswego, OR, USA) using ΔAbs.= [E·L] = Bmax·[L]/(Ks + [L]). 

EPR Spectroscopy Continuous wave (CW) EPR spectra were measured on a Bruker ELEXSYS 

E540 X-band spectrometer with an ER 4102 ST resonator. Unless otherwise noted, CW spectra 

were measured at a nominal microwave frequency of 9.45 GHz with 0.42 mW of power using 

100 kHz magnetic field modulation with an amplitude of 1.00 mT. Spectra were taken at 77 K 

using a liquid nitrogen quartz insertion Dewar or at lower temperatures with a Bruker ER 4112 

HV helium flow cryostat. EPR samples were prepared from 50 μL of 150 μM protein solution 

(100 mM potassium phosphate, pH = 7.4, + 20% glycerol) by the addition of 1 μL inhibitor-

containing stock solution or the appropriate vehicle (methanol for PPT; dimethylsulfoxide for 

LP10). The final inhibitor concentration was ≥350 µM for PPT or LP10, and ≥50mM for 1,2,3-

TRZ. Sample solution was placed in 3 mm OD quartz EPR tubes, quickly frozen in liquid 

nitrogen and stored in liquid nitrogen.  

CW spectra were analyzed using EasySpin
26

 to obtain g-values, g-strain, and the fraction 

of each distinct species in the sample. EPR spectra shift position if the measuring microwave 

frequency is changed which can present problems in comparing pulsed and CW EPR 

measurements made with different spectrometers. However, for systems such as low-spin CYPs, 

the ratio of microwave frequency to magnetic field is a constant property of the EPR spectrum 

characterized by the g-factor and is used to identify features in the spectrum. The spectral feature 

of low-spin CYP at lowest magnetic field has the largest g factor and is called gz while the 
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highest field feature is labeled gx, and gy is intermediate. The g factors provide a unique 

description of pulsed EPR measurement conditions. 

Pulsed EPR measurements were made at 15 K with a nominal microwave frequency of 

9.76 GHz at different g-values across the low-spin CYP spectrum with an ELEXSYS E680 EPR 

spectrometer (Bruker-Biospin, Billerica, MA) equipped with a Flexline ER 4118 CF cryostat and 

ER 4118X-MD4 ENDOR resonator. The pulsed EPR technique known as HYSCORE was used 

to measure  ENDOR frequencies (NMR frequencies shifted by hyperfine interactions with the 

low-spin heme) of 
1
H or 

15
N near the heme in a 2D spectrum similar to COSY in NMR. 

HYSCORE uses a 4-pulse microwave sequence, π/2-τ-π/2-t1-π-t2-π/2-τ-echo, where π/2 and π 

indicate pulses nominally 16 or 32 ns long that rotate the electron spin through angles of π/2 and 

π, respectively, while τ, t1, and t2 indicate delays between pulses. The echo indicates the 

measured signal. This sequence was repeated at a rate of 2 kHz as t1 and t2 were independently 

incremented.
27,28

 The signals from 
1
H of the axially bound water or from 

15
N of PPT were 

optimized by adjustment of τ.
9
 Unless otherwise noted, a value of 240 ns was used for τ. 

HYSCORE cross peaks appear in pairs at coordinates whose frequencies correlate ENDOR 

transitions of a single nucleus for different values of the heme unpaired electron spin.
29

 

Difference HYSCORE spectra were obtained by subtracting spectra after normalization to the 

most intense peak in the spectrum (a heme pyrrole nitrogen).
19

 HYSCORE spectra are simulated 

with a program developed in the MATLAB environment (MathWorks, R2013b) that takes into 

account: (1) anisotropic g factor, (2) anisotropic hyperfine interaction, and (3) Euler rotations 

relating the hyperfine interaction to the g-factor and the molecular frame.
17,30

 Each HYSCORE 

spectrum measures only a limited range of orientations of the CYP relative to the magnetic field, 

an effect commonly known as orientation selection.
31

 The distance and orientation of the water 
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hydrogens relative to the heme were determined by global simulations of multiple HYSCORE 

spectra across the entire CYP EPR spectrum. The hydrogen nuclei lie in the direction of the 

anisotropic hyperfine interaction, Az in megaHertz, at a distance, R=(14.154*gn*ge/Az)
1/3

 in nm, 

from the heme iron. 

Magnetic Circular Dichroism MCD spectra were collected in the 6 Tesla field of an Aviv 40DS 

spectropolarimeter with a high-field superconducting magneto-optical cryostat (Cryo-Industries 

SMC-1659 OVT) equipped with a variable temperature sample compartment. MCD intensities 

are the differential absorbance of left (σ
-
) and right (σ

+
) circularly polarized light (ΔA = AL – 

AR), following the sign convention of Piepho and Schatz(32), in units of θ (mDeg) = 32,982*ΔA. 

Data collection and sample preparation were as previously described
1
 except that 1 µL (1.1%) of 

a DMSO stock solution of LP10 (100 mM) was added for a final inhibitor concentration of 1.1 

mM (KD = 1.7 µM(11)) to generate the reverse type I complex. 

4.3 Results Identification and characterization of TRZ complex in CYP2C9d PPT produces a 

highly asymmetric difference spectrum in CYP2C9d with a minimum at 413 nm and no clear 

peak at 420-435 nm (Figure 4.1, top). This spectrum is distinct from the classic Type II 

difference spectra associated with nitrogen ligation to the heme iron, as well as reverse Type I 

spectra, yet many groups refer to them as Type II or reverse Type I spectra. Similar spectra are 

common
8
 for CYP2C9 and CYP3A4 with nitrogenous ligands and do indicate some sort of 

perturbation of the ligand field.  

The difference spectrum for CYP2C9d with 1,2,3-TRZ (Figure 4.1, bottom) is a typical 

Type II spectrum with a clear peak at 433 nm. The molar extinction coefficient of the Soret band 

appears weaker for PPT than for 1,2,3-TRZ complex as shown by the lack of a peak in the 
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difference spectrum for PPT (Figure 4.1, bottom). On the other hand, the 1,2,3-TRZ fragment 

and PPT both induce similar minor redshifts of the heme Soret (3 nm(9) vs. 4 nm, respectively) 

band (data not shown), and their difference spectra have similar minima. These similarities and 

differences make it difficult to assess the similarity of their complexes with CYP2C9d from the 

difference spectra. 

 CW EPR spectra of drug-free CYP2C9d and complexes of CYP2C9d with 1,2,3-TRZ or 

PPT, Figure 4.2, show contributions from minor low-spin CYP species at 15 K. The spectrum 

from each sample was deconvoluted into individual species. The same species, as judged by their 

g-values, can appear in more than one sample. Despite the similarities in their optical difference 

spectra, the two inhibitors affect the EPR g-values in opposite ways, Table 4.1. The predominant 

1,2,3-TRZ complex has a wider spectrum (and a larger spread in g-values) than the major drug-

free species, which is consistent with direct nitrogen ligation
33

 to the ferric heme iron. 1,2,3-TRZ 

binding shifts gz approximately +0.06 and gx by -0.03 while PPT binding produces shifts in the 

opposite direction: gz shifts -0.04 and gx shifts +0.02, typical of ligation by an oxygen.
33

 

 In drug-free CYP2C9d, only two species are seen, labelled 1a and 1b in Table 4.1. 

Because no drug has been added, they are assigned to heme with an axial water ligand, perhaps 

with different arrangements of water in the active site or slightly different conformations around 

the active site. Addition of PPT decreases the amount of 1a and 1b and a new species 2 appears. 

Its narrower spectrum and slightly smaller gz is consistent with an axial oxygen ligand on the 

low-spin heme. However, in the sample with 1,2,3-TRZ, a species 3a becomes the major species 

with the g-values expected for a Type II complex with 1,2,3-TRZ.  
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CYP125A1 complex with reverse Type I inhibitor LP10 CYP125A1 from M. tuberculosis forms a 

reverse Type I complex with the pyridine-based inhibitor LP10 with a 390 nm minimum and 422 

nm maximum in the difference spectrum.
11

 Interestingly, the crystal structure of the CYP125A1-

(LP10) complex (PDB ID: 2XC3) includes a network of hydrogen-bonded water molecules 

between LP10 and the heme:
11

 the pyridyl nitrogen of LP10 is hydrogen bonded to a water 

molecule that is hydrogen bonded to the axial water ligand of the heme. It was suggested that 

LP10, instead of displacing the axial water ligand, actually stabilizes the water network in the 

very hydrophobic active site, increasing the low-spin fraction from 20-30% to nearly 100%.
11

 

CW EPR spectra of CYP125A1, drug-free and complexed with LP10, are very similar, 

Figure 4.3, although we found their optical spectra to be clearly different.
11

 The drug-free 

enzyme has gz, gy and gx of 2.401, 2.243 and 1.926 which shift very slightly to 2.395, 2.242, and 

1.927 for the LP10 complex; quite different from the g-values reported for imidazole bound in a 

Type II complex to CYP125A1: 2.53, 2.26, and 1.89.
34

 The direction of the shifts and a 

sharpening of the gz peak is analogous to that observed for the CYP2C9d-(PPT) and CYP3A4-

(17-click)
9
 complexes and suggests a water-ligated heme similar to, but distinct from, that in the 

resting enzyme.   

HYSCORE of 
1
H on the axial water ligand The hydrogens of the axial water ligand were first 

observed in low-spin CYP in ENDOR and ESEEM spectra
17 

but are difficult to resolve clearly 

from other hydrogens near the heme, particularly β-hydrogens of the other axial cysteine ligand. 

The 2-D pulsed EPR HYSCORE measurement can resolve the signals from hydrogens of the 

axial water ligand and can locate the hydrogens relative to the low-spin ferric heme iron.
1,9,19

 The 

HYSCORE spectral region from hydrogens has a set of arcs from the axial water ligand (with 
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simulated lineshape in green) in drug-free CYP2C9d, Figure 4.4, and an additional pair of arcs 

from the β-hydrogens of cysteine. The water arcs disappear in D2O, but not those from the β-

hydrogens (data not shown). After binding of 1,2,3-TRZ in a classic Type II complex, the water 

arcs disappear, showing replacement of the axial water.
1,9,19

 However, the water arcs do not 

disappear in the complexes of CYP2C9-(PPT) or CYP125A1-(LP10), Figure 4.4. 

HYSCORE spectra measured at different g-values differ because the magnetic field 

changes at each g-value and because the spectra arise from hemes with different orientations 

relative to the magnetic field, a phenomenon known as the orientation selection. The entire set of 

spectra was simulated for each sample, varying hyperfine couplings and orientation of water 

hydrogens relative to the heme. Simulated and experimental spectra are compared at three 

different g-values for each sample in Figure 4.4. The axial water ligand not only remains in the 

reverse Type I complexes, but the location of the water hydrogens is only slightly perturbed, 

Table 4.2. The polar angles, defined in Figure 4.5, for the hydrogens of the water show only a 

modest rotation of the water around the Fe-O coordination bond.   

The small changes in the position of the axial water could arise from binding of the 

inhibitor away from the active site, e.g., at an allosteric site. To verify the location of the 

inhibitor, PPT was isotopically-labeled with 
15

N in a 50:50 mixture at the triazole 1 and 3 

positions. Two new peaks with moderate 
15

N hyperfine couplings appear in the HYSCORE 

spectrum and are quite prominent in the difference HYSCORE spectra, Figure 4.6, with loss of 

intensity from some 
14

N peaks because of replacement of 
14

N by the 
15

N label. Simulated 
15

N 

spectra (contours) with the nitrogen label 0.444 nm from the heme iron show that both the 

nitrogen from PPT and the axial water hydrogens are present in CYP2C9d-(PPT). For 

comparison, the distance between Fe and the 1,2,4-triazole nitrogen that is hydrogen bonded to 
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the axial water ligand in the CYP121-(fluconazole) crystal structure (PDB:2IJ7) is 0.435 nm.
12

 

While this distance suggests a hydrogen bond with the N1 or N3 of PPT, a bond with N2 might 

be possible for a different inhibitor conformation. 

MCD of CYP125A1-(LP10) In a comparison of drug-free CYP and its water-bridged complexes, 

the CW EPR and HYSCORE indicate very similar coordination of the heme iron while optical 

difference spectra have changes comparable to those caused by replacement of water in Type II 

complexes. To understand these conflicting results, MCD spectroscopy was applied to the 

CYP125A1-(LP10) complex which can be easily saturated to give a single, low-spin species as 

shown by EPR in both the drug free and LP10-saturated states, Figure 4.3. The CYP125A1-

(LP10) complex has two water molecules forming a hydrogen bonded network between the 

heme and the pyridine group of LP10 (PDB ID: 2XC3)
11

 in contrast to the single bridging water 

reported in CYP121A1-(fluconazole)
34

 and found here in CYP2C9-(PPT), or, alternatively, with 

no obvious connection in the CYP101A1-(2-PI)(3) complex (PDB ID: 1PHE). 

The visible (500-750nm) and near infrared (900-1350 nm) MCD spectra for both drug-

free
1
 and LP10-saturated CYP125A1 at 298 K and 4.2 K, Figure 4.7, and Table 4.3, are 

remarkably different. The visible α and β heme bands (500-750 nm) at 298 K show that 

saturation of the predominantly high-spin isoform with LP10 converts it to a predominantly low-

spin state. The main low-spin features at 518/558/574 nm have wavelength and molar 

absorptivity values, Table 4.3, extremely close to those of drug-free bacterial CYP101A1 

(518/558/575 nm)
33

 in its H2O-ligated, low-spin resting state.
17,18,35,36

 This result corroborates 

that the axial water ligation of the CYP125A1-(LP10) complex persists outside the crystal, 

because nitrogen donors that ligate the CYP iron directly cause significant MCD spectral shifts. 
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For example, pyridine shifts these features to 525/560/580 nm concomitant with large decreases 

in MCD intensity.  

The ligand-to-metal charge transfer (LMCT) bands in the near infrared MCD spectrum 

can help assign axial ligands, because their energy uniquely reports axial and rhombic distortions 

of the ligand field by the distal sixth ligand.
37,38

 Nitrogenous drugs that ligate heme iron shift this 

band to much lower energy. In Type II complexes of CYP3A4 with imidazole and 1,2,3-triazole-

based inhibitors, we observe (data not shown) a 50-100 nm redshift of the LMCT band from its 

drug-free value of 1050 nm. The low-spin LMCT band of drug-free and LP10-saturated 

CYP125A1 cannot be compared at room temperature because the drug-free form is 

predominantly high spin and its LMCT band is not reliably seen. However, the LMCT band of 

the CYP125A1-(LP10) complex is close to that of drug-free CYP3A4, suggesting they have 

similar heme ligands and that the CYP125A1-(LP10) complex in room temperature solution 

maintains the water-bridged structure seen in the crystal. 

The MCD measurements at 4.2 K are more revealing because the low-spin signal at 

cryogenic temperatures is amplified relative to that in the high-spin enzyme. This allows 

comparison of MCD features of the drug-free and LP10-saturated enzyme in both the visible and 

near infrared regions. The visible MCD spectra (Figure 4.7, top right) are similar but the small 

differences for all the major peaks show that LP10 is bound. Formation of the complex with 

LP10 is perhaps most evident by comparison of the negative band fine structure between 640-

720 nm (Figure 4.7, left inset) known to contain features from the high-spin enzyme diagnostic 

of the high-spin ligand field. Type II compounds typically shift the near infrared peak at 1040 

nm by 50-80 nm, while the LP10 binding produces virtually no shift, consistent with the ~5 nm 
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blueshift predicted
39

 from the measured EPR g-values. In addition the band intensity is 

dramatically diminished by binding of LP10 which also occurred in the room temperature MCD 

spectrum of CYP121-(fluconazole).
12

 Is is worth noting that the empirical correlation between 

the near infrared LMCT band intensity and heme ligand field rhombicity is supported by a 

theoretical treatment.
39

 

4.4 Discussion A remarkably consistent picture emerges for the complexes CYP2C9d-(PPT), 

CYP125A1-(LP10), and the previously studied CYP3A4-(17-click)
9
 from MCD, EPR, 

HYSCORE and crystallography studies. When the inhibitor binds, the axial water ligand of the 

inhibitor-free enzyme, in each case, remains in place and participates in a hydrogen-bonded 

water bridge between the heme iron and the inhibitor. The MCD and CW EPR spectra show that 

binding produces little change in the ligand field of the heme – far less than would replacement 

of the water by a nitrogen from the ligand. The HYSCORE spectra clearly show that the water 

hydrogens are intact and are not displaced from the active site. At the same time, the 

perturbations of the EPR spectra indicate that the inhibitor does have some effect on the active 

site. The crystal structure of CYP125A1-(LP10)
11

 and the detection of 
15

N HYSCORE peaks in 

CYP2C9d-(
15

N-PPT) conclusively place the inhibitor in the active site rather than at some 

hypothetical allosteric site in the protein. 

Unfortunately things are not so clear-cut in the optical difference spectra used for high-

throughput screening in drug development.
4
 The difference spectra of these water-bridged 

complexes resemble the classic Type II difference spectra closely enough that they are often 

classified as Type II. Such was the case in our initial study of the CYP3A4-(17-click) complex 

which we originally called a Type II complex
9
 but which is more accurately classified as a 
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reverse Type I complex. Incorrect classification of a complex as Type II can cause 

misconceptions about the mode of interaction because of the widespread assumption that all 

Type II complexes involve displacement of the axial water ligand by a stronger ligand, with 

nitrogen directly coordinated to the heme. This new binding mode adds a layer of structural 

complexity to the discussion of drug-induced heme spin-state perturbations, and of the catalytic 

competency of low-spin CYP complexes. There are limitations to a rigid CYP-drug classification 

paradigm in which all nitrogen heterocycle-containing drugs are assumed to behave identically 

with respect to the heme. 

These limitations are readily seen in the deconvolution of the CW EPR spectra of 

CYP2C9d, Table 4.1. The CYP2C9d-(PPT) sample contains 1a and 1b species seen in the drug-

free sample with a new species 2. The narrow spectrum and slightly smaller gz of species 2 is 

consistent with an axial oxygen ligand on the low-spin heme. There is, in addition, ~15% of a 

species, 3a, with a substantially wider EPR spectrum and larger gz, which appears to be 

consistent with a minor amount of low-spin heme with an axial nitrogen ligand (as would be 

expected of a true Type II complex). Thus, the CYP2C9d-(PPT) sample seems to contain the 

major water-bridged complex along with minor amounts of water- and nitrogen-ligated 

structures. Furthermore, in the CYP2C9d-(1,2,3-TRZ) sample, species 3a becomes the major 

species with minor amounts of 3b, which also has the g-values expected of a Type II complex, 

along with some residual 1b where 1,2,3-TRZ does not seem to be bound at all. It appears that 

CYP2C9d is able to accommodate PPT and 1,2,3-TRZ in several different conformations, in 

equilibrium with each other. 
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The optical binding isotherms that clearly show binding of PPT to CYP2C9d are readily 

interpreted as indicating Type II binding, which could have important consequences. Several 

triazole derivatives bind and inhibit CYP2C9 in human studies as well as in vitro. Our CW EPR 

studies show that inhibitor interactions with CYP2C9 may not be simple, making it important to 

understand those interactions relative to CYP2C9 activity, especially for triazole-based 

drugs.
40,41

  

The results for CYP2C9d emphasize the problem with optical difference spectra. The 

complexes of CYP2C9d with 1,2,3-TRZ and PPT have very similar optical difference spectra – 

highly asymmetric with a distinct minimum at 410-413 nm but with little or no maximum near 

433 nm – which are distinct from either Type II or reverse Type I spectra. Yet EPR and 

HYSCORE measurements indicate that 1,2,3-TRZ has a nitrogen directly bound to the heme as 

expected for a Type II complex while PPT exhibits water-bridged heme binding. A major reason 

for such varied results is that at least three effects interact to produce the optical difference 

spectrum: 1) A shift in the equilibrium between high- and low-spin heme, resulting in changes in 

the intensity of each of their Soret bands. 2) A redshift in the Soret band of the low-spin heme 

caused by changes in the heme ligand field. 3) Changes in the extinction coefficient of the low-

spin heme Soret band. It is possible to find indications of all three effects operating in the 

systems studied here. 

Our present results with CYP2C9d and CYP125A1 extend previous observations of 

CYP3A4-(17-click). It now becomes clear that water-bridged structures are not limited to a 

unique drug or a single CYP, and in fact may be common. We find obvious similarities between 

our data and the EPR signatures reported by Dawson
33

 for a series of sterically-hindered nitrogen 
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heterocycles (indole, benzimidazole, 2-phenylimidazole (2-PI)) in complex with P450cam, 

which were simply categorized as “abnormal” N-donors.
33

 Poulos et al.
3
 later reported that the 

crystal structure of P450cam-(2-PI) (PDBID: 1PHE) does contain an axial water ligand but 

without any obvious hydrogen bonding route to the 2-PI nitrogen. An additional crystallographic 

example is CYP121 in complex with a cyclo-di-tyrosyl substrate (PDB ID: 3G5H 
10

) which has a 

complex heme-H2O-inhibitor structure involving as many as three structural waters in H-bonding 

contact with the inhibitor, including the axial-H2O ligand of the heme.  

It could be argued that the CYP125A1-(LP10) structure might be driven by a steric clash 

within the tight active site which controls access to the heme iron
11

, but the structural simplicity 

of PPT makes a similar explanation seem unlikely for CYP2C9d-(PPT). The CW EPR spectra 

show that a variety of binding motifs coexist, including a water-bridged structure with a 

nitrogen-containing drug. Although CW EPR and MCD spectra can detect the presence of an 

axial water ligand based on the size and shape of spectral shifts, they do not seem able to identify 

the exact binding motif. 

The water-bridged CYP3A4-(17-click) is catalytically competent to modify the 17-click 

inhibitor
9
 although its normal activity was inhibited; while the low-spin CYP2C9d-(PPT) and 

CYP125A1-(LP10) complexes studied here are metabolically stable (data not shown). CYP3A4-

(17-click) produced a small ‘library’ of modified inhibitors with potential to cause a wide range 

of side effects. Finding that CYP2C9d-(PPT) has a similar water-bridged structure carries 

important implications for CYP2C9 and other CYPs involved in drug metabolism. Water-

bridged drug-CYP complexes that retain catalytic activity, as does CYP3A4 with 17-click, could 

lead to unanticipated metabolism. The H-bond donation from the axial-H2O in CYP to an azole 
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drug may impart more hydroxide-like (high-spin) character to the heme iron that encourages 

more facile reduction of the cofactor. Such a mechanism has been suggested by Jones et al.
42

 to 

explain facile turnover of several Type II binding pyridines, but without consideration of the 

water-bridged structures revealed by this study. 
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Table 4.1. The g-values and relative amounts of species from fits of the CW EPR spectra of 

CYP2C9d. 

 

Species gz gy gx Weight (%) 

CYP2C9d  1a 2.429 2.248 1.917 73 

No drug 1b 2.396 2.252 1.929 27 

CYP2C9d  1a 2.429 2.248 1.917 20 

+ PPT  1b 2.396 2.252 1.929 14 

 

2 2.388 2.248 1.930 51 

3a 2.473 2.268 1.895 15 

CYP2C9d  1b 2.399 2.252 1.923 12 

+ 1,2,3-TRZ 3a 2.474 2.269 1.899 66 

  3b 2.525 2.272 1.881 22 
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Table 4.2. Hyperfine coupling parameters obtained from HYSCORE simulations. 

 

Aiso 

(MHz) 

Aperp 

(MHz) 

Apar 

(MHz) θ (±5°) ϕ (±5°) R (nm) 

CYP2C9d no drug  

H2O -0.67 -4.90 7.80 29° 0° 0.265 

CYP2C9d + PPT 

H2O -0.67 -4.62 7.25 21° 29° 0.271 

15
N-PPT 0.80 -0.47 -.98 - - 0.444 

CYP125A1 no drug 

H2O -0.33 -4.35 7.70 26° 23° 0.270 

CYP125A1-(LP10) 

H2O -0.33 -4.35 7.70 18° 23° 0.270 
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Table 4.3. MCD spectral parameters of CYP125A1 complexes at 6 Tesla 

No drug, 298 K LP10, 298 K No drug, 4.2 K LP10, 4.2 K 

λ(nm) Δε
1
 Type

2
 λ(nm) Δε

1
 Type

2
 λ(nm) Δε

1
 Type

2
 λ(nm) Δε

1
 Type

2
 

514 0.53 T 518 6.63 P 510 165.70 P 510 148.20 P 

524 1.05 P 558 9.76 P 524  C 524  C 

532  C 565  C 528 -40.10 T 530 -58.36 T 

548 -5.07 T 574 -15.20 T 535  C 537  C 

562 -3.05 P 650 -0.80 M 551 148.44 P 556 137.52 P 

610  C 1060 0.32 L 560  C 561  C 

626 1.80 P    568 -273.20 T 570 -211.55 T 

650 -4.27 M    589  C 592  C 

      620 75.16 P 624 76.84 P 

      638  C 634  C 

      662 -19.13 M 666 -32.16 M 

      1050 144.46 L 1045 76.44 L 

1
in units of (M cm T)

-1 

2
T-Trough; P-Peak; C-Crossover; M-Minimum; L-near IR Ligand Metal Charge Transfer 
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Figure 4.1. Absorbance difference spectra (left) and binding isotherm (right) for CYP2C9d with 

PPT (top) and 1,2,3-TRZ (bottom). Note the lack (top left) of the positive peak observed 

previously in the Soret region (350 – 470 nm) with other nitrogenous ligands for CYP2C9
8
. The 

α/β bands in the absolute absorbance spectra in the inset are similar to those found for classic 

Type II spectra. 
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Figure 4.2. EPR spectral shifts for CYP2C9d with addition of inhibitor. Red: CYP2C9d 

spectrum with no added drug. Green: Addition of 1,2,3-TRZ addition shifts the gz peak to higher 

g-values (lower field), indicative of water displacement and type II binding. Blue: PPT addition 

shifts the gz peak to lower g-value (higher field). 
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Figure 4.3. CW EPR spectrum of CYP125A1 (blue) and in complex with pyridine inhibitor 

LP10 (red). The inset shows a noticeable sharpening and shift of the gz feature. 
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Figure 4.4. HYSCORE spectra (multi-color surface) and simulations of the water peaks (green 

contours) show consistent fits with and without drug for CYP2C9d and CYP125A1. The 

parameters used to simulate the HYSCORE spectra are in Table 4.2. 
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Figure 4.5. Definition of the polar angles, ϴ and ϕ for the hydrogens of the water relative to the 

g-axis system of the heme. The length of the red vector connecting the heme iron and water 

hydrogen is R. 
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Figure 4.6. HYSCORE (left and center) and Difference HYSCORE (right) spectra of CYP2C9-

(PPT) with [
15

N] or [
14

N]PPT at g=2.396 (top row) and g=2.376 (bottom row). The black contour 

lines are simulations using parameters in Table 4.2. In the difference spectra (right) Blue 

indicates negative intensity (decrease of some 
14

N peaks) and Red indicates positive (appearance 

of 
15

N peaks). 
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Figure 4.7. 6 Tesla MCD spectra of CYP125A1 (red) and CYP125A1-(LP10) (yellow). The 

visible MCD spectra are shown at 298 K (top left) and 4.2 K (top right). The corresponding near 

infrared spectra at the same temperature are shown in the bottom panels.  
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CHAPTER 5: CONCLUSIONS 

The methods of EPR used in this study to explore drug binding in CYPs have a resolution 

scale that surpasses all other spectroscopies for identifying protons near a paramagnetic metal 

center because X-ray diffraction normally cannot detect protons in a protein and NMR can not 

determine position of protons around a paramagnetic metal center.  The various chapters describe 

our efforts to understand different modes of drug binding along with MCD studies for isoform 

dependence of the resting state of CYPs. These results set the groundwork for many more future 

studies for CYP drug binding. 

Chapter 2 examines pulsed EPR methods for studying the active-site in CYPs. Practical 

aspects of measurement and data processing are discussed to establish a basis for discussing 

experiments on heme-containing enzymes. This information provides the EPR background for 

studying ferric heme-containing enzymes enabling a researcher to extract high-resolution, active-

site information. The methods are not limited to CYPs but apply to NOS and many other 

metalloenzymes. EPR spectroscopy has been a tool for studying ferric heme interactions for 

many years. Graham Palmer elegantly described the low-spin heme EPR spectrum and the 

relationship between the ligand field interactions with the ferric heme.
1
 Goldfarb used the pulsed 

method ENDOR to discoverer the water ligand structure and orientation with respect to the heme 

in a CYP.
2
 Additionally, Astashkin and Hoffman also used ENDOR and isotopic replacement to 

determine the structure and orientation of substrate in NOS.
3,4,5,6

 These are just a few EPR 

studies that have strongly shaped our approach for investigating drug binding in CYPs and guide 

the approach for this study. 
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A 2D ESEEM method known as HYSCORE gives additional resolution of ENDOR 

peaks by spreading those epaks over a second spectral dimension, which allows one to 

distinguish between multiple sites, nuclei or orientations. For example, there are usually three 

sets of peaks in the proton region of an ENDOR spectrum for CYPs in the resting state.  These 

three peaks overlap in the classic ENDOR spectrum. We showed that HYSCORE is able to 

resolve the three peaks.
7,8

 One peak is assigned to distant solvent and protein protons with the 

weakest interaction. This peak is located on, or close to the diagonal of the HYSCORE spectrum. 

The second set of peaks are from cysteine protons which are located .30 to .36 nm away from the 

Fe of the heme at the β-carbon position of the proximal ligand cysteine and appear just off of the 

diagonal.  The last pair of peaks have an even larger splitting from the diagonal than the cysteine 

proton peaks; these peaks are assigned to the protons of the water ligand.25 to .28 nm away from 

the Fe.  HYSCORE provides high resolution and allows excellent determination of hyperfine 

couplings and physical locations at the active-site in anisotropic systems like frozen CYP 

samples.  Our group has optimized HYSCORE measurements so they not only detect ligands in 

the active-site but allow us to determine the orientation and structure of molecules at the active-

site from hyperfine interactions of ligand protons and low-abundance isotopes like 
15

N.  The 

water ligand is confirmed to be the 6
th

, axial ligand in the resting state and with drug bound by 

using deuterated buffer; the resulting H/D exchange causes the water peaks in the HYSCORE 

spectrum to disappear but the proton from the tethered cysteine ligand remains. Three different 

drug binding modes are illustrated in chapter 2 through HYSCORE analysis. One of the modes is 

displacement of the water and direct coordination by a nitrogen on the drug.  This binding mode 

is commonly associated with a type II optical difference spectrum.  This binding mode is 

confirmed: the water peaks in the HYSCORE spectrum disappear and additional new 
14

N peaks 
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appear.
8
 Another binding mode that is the focus of this study is a water-bridged complex, which 

is further analyzed in Chapter 4. 

Chapter 3 examines isoform dependence of CYP ligation in the resting state.  The resting 

state consists of a low-spin heme with a water ligand assumed to be bound at the distal position.  

CYPs exhibit isoform dependent spin equilibria before and after undergoing interaction with a 

drug or substrate and the initial idea was that it is driven by the bond strength of the water ligand 

bound to the ferric iron, meaning that isoforms equilibrate between high-spin and low-spin states 

differently while in the resting state.
9,10 

The spin state can be determined using MCD but MCD is 

unable to determine ligand field interaction. EPR parameters were used describe ligand field 

interactions. By correlating the spin state using MCD and ligand field interactions with EPR, an 

attempt was made to better understand the isoforms’ resting state and its dependence on binding 

affinities. The correlation between spin equilibria and drug interaction using MCD and EPR was 

not successful but through EPR isoform dependence of the resting state is observed. 

The resting state of CYPs is not as extensively studied as states with substrate or inhibitor 

bound or of catalytic intermediates and the aim of chapter 3 was to examine ferric spin states 

using MCD and EPR. The CYPs that were studied consisted of CYP3A4, CYP2C9, CYP125A1, 

and CYP51B1. These CYPs include both metabolic and biosynthetic CYPs, which have shown 

to have opposite drug binding characteristics.
11,12

 Metabolic CYPs -CYP3A4 and CYP2C9 - 

have a weak interaction between drug and heme because of their role in detoxification.
13

 A weak 

interaction allows more flexible interactions with a variety of molecules such as drugs, 

exogenous species, and endogenous species.
14,15

 Biosynthetic CYPS , CYP125A1 and 

CYP51B1, have high substrate selectivity and need a tighter binding, so that they are less likely 

to bind and react with molecules other than substrate.
16
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The EPR spectra of the low-spin CYPs in the resting state showed small but clear 

difference between different isoforms in gz, gy, and gx positions. MCD data showed different 

peaks that correspond to a range of water binding energy strengths.  The goal was to use EPR 

parameters in a method developed by Taylor
17

 to calculate axial and rhombic terms of the ligand 

field from heme to metal nIR MCD transitions.  The predicted ligand field terms were wrong for 

all of the CYPs with only CYP3A4 giving reasonable results remotely close; however, the EPR 

spectra showed that variation in low-spin electronic structure is isoform dependent and MCD 

showed that the strength of the axial water ligand bond is isoform dependent but is not correlated 

to spin equilibria in CYPs.    

The resting state of different CYPs showed clear differences in the EPR spectra. This sets 

the stage for more studies on isoform dependent drug interactions with questions such as: Does 

the water ligand facilitate drug interaction?  Does a specific drug bind differently in different 

isoforms due to the isoform dependence of the strength of the water ligand?  Further studies of 

the relationship between drug bound to the active-site and axial water strength could provide a 

new direction in drug development.  But to determine the relationship, if any, between a drug 

bound to the active-site of CYPs and the resting state of CYPs, a more thorough look into the 

nature of different binding modes of CYPs must take place.  Chapter 4 sheds light on this matter. 

Chapter 4 is a focused study on two CYPs; one is metabolic CYP2C9d and the other is 

biosynthetic CYP125A1.  They were chosen for their different, but important, functions, one is 

responsible for metabolizing a high percentage of drugs in clinical use today and the other is a 

potential therapeutic target for the bacterium that causes tuberculosis.  The objective of this study 

was to understand the binding mode that corresponds to a reverse type I optical difference 

spectrum.  Currently, the two widely-used methods to characterize drug or inhibitor binding are 
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crystal structure and optical difference spectroscopy.
18,19,20,21,22,23,24

 Crystal structure analysis 

exhibits three common binding modes seen in a limited amount of CYP crystal structures and the 

least common binding mode was the focus of this study. Crystal structure analysis is a limited 

tool for characterization for a few reasons: one, it can be a daunting task to successfully grow a 

CYP crystal; two, there is no clear relation to the binding modes operating in solution; three, a 

lack of binding affinity information. The most common form of characterization is by optical 

difference spectra using UV/Vis spectroscopy.  There are problems using this method because of 

the similarities between a reverse type I spectrum and type II spectrum, with assignment made on 

peak positions only differing by 10-20 nm.
25

  In this EPR study, distances and orientations of the 

drug and a water ligand are examined, providing information on a poorly studied binding mode. 

This binding mode occurs in all CYPs but the focus of chapter 4 was CYP2C9 and CYP125A1. 

We show that the low-spin complex of a drug-metabolizing CYP2C9 variant with 4-(3-

phenylpropyl)-1H-1,2,3-triazole (PPT) retains an axial water ligand despite exhibiting elements 

of ‘classic’ Type II optical behavior. CYP125A1 also retains an axial water ligand when 

interacting with a known reverse type I ligand, LP10, according to crystal structure.
18

 The EPR 

spectra of the two CYPs exhibit the same behavior when drug is added despite quite different 

optical difference spectra.  The gz peak shifts to a higher field which corresponds to a weaker 

ligand interaction with the heme, showing that the drug causes some perturbations at the active-

site. HYSCORE simulation was used to determine a distance and orientation of the water proton 

in both the resting state and in complex with drug. For CYP2C9d in the resting state, the water 

proton is .265 nm from the Fe at an angle of 29°, labeled as ϴ in chapter 4, from gz.  When 

CYP2C9d is in complex with PPT, the water proton distance lengthens to .271 nm and the 

hyperfine tensor is only 19° from gz giving clear evidence of response at the active site to drug 
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binding.  The same procedure was repeated with CYP125A1 and LP10.  The resting state water 

proton is .270 nm from the Fe and 26° from gz. When CYP125A1 is in complex with LP10 the 

water proton distance stayed the same but the angle shifted to 18°.  These findings indicate some 

sort of response to drug binding, but questions remain about the position of the drugs bound to 

the enzyme.  

To determine the location of the drug in the enzyme, a 
15

N-label was incorporated into 

PPT.  The incorporation did not cause any changes in the CW EPR spectrum from the original 

CYP and PPT complex, which is expected.  HYSCORE spectra of the CYP 
15

N-PPT complex 

were measured at the same magnetic fields on the gz peak of the EPR spectrum as for the original 

CYP and PPT complex. HYSCORE difference spectra showed the water and cysteine protons 

were unchanged and cleanly subtracted out in difference spectra but two new peaks appear 

around 2 MHz, which is the region expected for 
15

N.  Simulation of these peaks at multiple 

magnetic fields gave a distance of 0.444 nm from the heme iron, showing that PPT is also in the 

active site at about the distance to form a hydrogen bond to the water ligand.  Examination of the 

crystal structure of CYP125A1 and LP10 shows LP10 in close proximity to the water ligand.  

These findings provide a clear picture of a binding mode in CYP that has been previously 

neglected with water forming a bridge between drug and heme. 

Our studies expose problems with optical difference spectra characterization.  CYP2C9d 

with 1,2,3-TRZ and PPT give very similar optical difference spectra with a large, distinct 

minimum peak around 410 nm and a low amplitude maximum near 433 nm.  These optical 

difference spectra are distinct from type II and reverse type I and have been labeled as 

“incomplete” heme coordination in a recent study.
19

  At the same time, CW EPR spectra of 

CYP2C9d show gz shifts in opposite directions from the resting state for PPT versus 1,2,3-TRZ 
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and HYSCORE spectra indicate directly bound 1,2,3-TRZ but bridging water with PPT. 

Traditionally, type II spectra are considered to indicate ligands that displace the water and 

directly coordinate to the iron.  In more cases than not, reverse type I is not distinguished from 

type II. Our studies expose another layer of drug interactions in CYPs. 

The crystal structure of CYP125A1-LP10 corroborated the EPR and MCD studies. But 

because of the limited number of crystal structures, it is rather uncommon to have a crystal with 

the drug and CYP you are studying. The role of the water ligand when a drug is bound in crystal 

structures has been speculated on.
26,27

 Only four crystal structures have the same binding mode 

as in our study. We find that this binding mode occurs in multiple isoforms and with several 

drugs and in one case even retains activity. CYP3A4 forms a water-bridged complex with 17-

click based on CW spectral shifts and HYSCORE. But activity studies of the CYP3A4-17-click 

complex showed that enzymatic turnover still occurs even after the drug was bound, but with 

turnover modifying the drug and producing a library of modified drugs. On the other hand, 

CYP125A1-LP10 and CYP2C9d-PPT showed no activity or turnover.  More studies are needed 

to examine activity in other water-bridged complexes. 

EPR has proven to be a valuable tool for studying drug binding at the CYP active-site.  

Before, active-site information was limited to a few crystal structures and unreliable optical 

difference spectroscopy.  Using the methods developed in the previous chapters, EPR is able to 

identify binding modes from a ten minute CW EPR spectrum measured at liquid nitrogen 

temperatures.   When the gz  peak in the EPR spectrum shifts to a higher field or a lower g-value 

we have shown that the water ligand stays bound to the heme but it is slightly perturbed from its 

position in the active-site. Correlations between gz shifts, HYSCORE, and crystal structures 

seems to be consistent with the limited available data. Reverse type I spectra and abnormal 
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difference spectra tend to occur for water-bridging complexes but with exceptions. Strictly-

assigned type II spectra may indicate direct coordination but misassignment of spectra is not 

uncommon and there are few HYSCORE studies of complexes with strict type II difference 

spectra. 

EPR spectral shifts and HYSCORE peaks are a much more accurate method to determine 

drug binding mode than optical difference spectra. Additionally, there are more concerns about 

drug interactions to be studied because EPR exploited the ability to differentiate binding modes 

in solution that opens the door for many more studies towards metabolic CYP in complex with 

drugs.  

  Not only does this methodology using CW EPR clearly resolve between left and right 

shifts from the resting state, but it gives better information of binding in solution which is absent 

in crystal structure analysis and ambiguous in optical difference spectroscopy. Figure 2.2 is an 

EPR spectrum of CYP2C9d in complex with 1,2,3-TRZ along with a simulation of the spectrum. 

This figure showed four different binding modes that make up the CW spectrum. The drug 1,2,3-

TRZ is a type II inhibitor which means it is thought to displace the water from the resting state 

and bind directly to the active-site. But there are four different binding modes in frozen solution, 

two of them with gz shifted to higher magnetic fields from the resting state (labeled 3 and 4). The 

other peaks (labeled 1 and 2) are shifted in the direction that indicates direct coordination. 

Species 1 indicates a stronger interaction between a 1,2,3-TRZ nitrogen and the heme, and 

species 2 has a slightly weaker interaction. There is a concentration dependence for species 

present in the CW EPR spectrum which is currently being studied but. These multiple bound 

forms show that the active-site is flexible allowing different orientations of interacting drug, or 

even multiple drugs in the active-site at one time.  For about 90% of the CYP/drug complexes 
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studied, CW EPR spectra show multiple binding modes, mostly direct-binding drugs but, none 

the less, multiple binding modes co-existing in the active-site.  Another interesting point to make 

is the binding characteristics of PPT.  In both CYP51B1 and CYP2C9d in complex with PPT, 

multiple species are in the CW spectrum, but what makes this complex different from the rest of 

the complexes studied is that it has a small percentage of CYPs indicating direct coordination 

(shift to higher gz) and a larger percentage of CYPs indicating a water-bridging complex (shift to 

lower gz). For optical difference spectrum characterization would not detect this multi-mode 

binding.   

The last major point to make is that we studied a range of CYPs.  They not only include 

major players in pharmaceutical drug metabolism but also bacterial CYPs which have totally 

opposite roles in the organism; they come from eukaryotic and prokaryotic organisms. The 

resting state of each isoform was distinct as determined in chapter 3, yet, they share the same 

common CW EPR spectral shifts and binding modes. Despite their individual properties 

resulting from their distinct biological roles, their interaction with drugs shows a common theme 

at the active-site that has never been examined at such a high resolution. Hopefully, this could 

lead to greater insights into the isoform dependent properties of CYPs.  

Our studies utilizing EPR has shown to open up a new exciting way to examine 

interactions between CYPs and drugs. CYPs are responsible for metabolizing over 70% of drugs 

in clinical use today ranging from acetaminophen for headaches to the blood thinning medication 

known as Coumadin. Major antibiotics like azithromycin  is affected by the metabolic CYPs.
28

 

CYPs in the brain are emerging as markers for modulation of brain activity and also thought to 

play a major role in treatment of central nervous system diseases.
29

 Drug development is one of 

the biggest industries in the United States with the cost to develop and market a drug candidate 
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in the billions of US dollars.
30

  The overall success rate for investigational drug studies from 

1983 to 1994 was 21.5% which is staggering considering both the extensive high-throughput 

screenings of millions of drug candidates, along with the cost of clinical trials. J. Fred Pritchard 

et. al. has proclaimed that in order to develop better drug candidates it is necessary to start by 

asking simple pre-clinical trial questions and one of the first questions is “Does the drug 

candidate have reasonable metabolic stability?”.
31

 We have shown that current characterization 

studies on metabolic CYP interactions are not providing the whole picture with respect to to drug 

binding. In our recent study with CYP3A4 in complex with 17-click, optical difference methods 

showed reasonable binding and good inhibition in usual activity assays, but turnover studies 

showed the enzyme still was active with the drug as substrate, essentially producing a library of 

modified inhibitors.  This showed limitations of the commonly used methods. With EPR we 

obtained a much clearer and accurate picture of binding and the active site although it is unclear 

at present whether the water-bridging mode of binding should be used to eliminate a drug 

candidate from further development. The EPR methodology used in this study could provide a 

gateway of not only a better way of screening future drug candidates but isoform dependence in 

metabolic and biosynthetic CYPs. 
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