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Abstract

Cytochromes P450 (CYPs) represent a diverse group of heme-thiolate proteins found in almost all
organisms. CYPs share a common protein fold but differ in substrate selectivity and catalyze a
wide variety of monooxygenation reactions v/a activation of molecular oxygen. Among 57 human
P450s, the 3A4 isoform (CYP3A4) is the most abundant and the most important because it
metabolizes the majority of the administered drugs. A remarkable feature of CYP3A4 is its
extreme promiscuity in substrate specificity and cooperative substrate binding, which often leads
to undesirable drug-drug interactions and toxic side effects. Owing to its importance in drug
development and therapy, CYP3A4 has been the most extensively studied mammalian P450. In
this review we provide an overview on recent progress and remaining problems in the CYP3A4
research.

1. Introduction

Cytochromes P450 (CYPs) are a superfamily of heme enzymes found across all kingdoms of
life.1 Based on amino acid sequence similarity, CYPs are arranged into families (>40%
identity) and subfamilies (>55% identity). Presently, there are over 270 different CYP
families with more than 12,000 individual genes.2 CYPs participate in vital life processes by
oxidizing endogenous or exogenous compounds (e.g., drugs, chemicals, pollutants, steroids,
bile and fatty acids, vitamin D and other natural products and xenobiotics). Prokaryotic
CYPs are soluble proteins, whereas eukaryotic counterparts are attached to the endoplasmic
reticulum or inner mitochondrial membrane. Most CYPs require two electrons, delivered by
a flavin- or [2Fe-2S]-cluster-containing redox partner, and molecular oxygen per catalytic
cycle. The general P450 monooxygenation cycle is complex and schematically shown in
Figure 1. Briefly, binding of a substrate to the low-spin ferric enzyme leads to displacement
of water as the sixth ligand to the heme iron and a high spin shift. The substrate-bound
complex has a greater reduction potential and more easily accepts an electron from the redox
partner. After the first reduction, the heme iron binds oxygen, forming an oxy-heme
complex. This complex receives the second electron from the redox partner and, after two
subsequent protonations and heterolysis of the O-O bond, an oxygenated product is formed
and the heme returns to the resting low-spin state.

Humans have 57 CYP genes and 33 pseudogenes arranged into 18 families and 42
subfamilies.® The 3A4 isoform (CYP3A4) is the most abundant and is mainly expressed in
the liver and gastrointestinal tract. CYP3A4 is highly promiscuous in substrate specificity
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and can accommodate and metabolize compounds diverse in size and chemical structure.
This allows CYP3A4 to oxidize over half of all administered drugs.* Through fast
degradation, CYP3A4 can lower bioavailability and therapeutic efficiency of
pharmaceuticals and vice versa, drug plasma levels can be increased if CYP3A4 is inhibited.
In addition to detoxification and clearance of xenobiotics, CYP3A4 exerts genotoxic effects
via activation of procarcinogens,® and contributes to adverse drug-drug interactions because
of the ability to accommodate in the active site two or more molecules of the same or
different type. Owing to these important properties, CYP3A4 is of practical interest to the
pharmaceutical industry and has been studied more extensively than any other human P450
isoform. There is a number of excellent reviews on general properties and substrate
cooperativity in CYP3A4.6-12 Here we will discuss only recently published data with an
emphasis on the structural aspects that extend our views on this remarkable enzyme.

2. Substrate binding and cooperativity in CYP3A4

One of the earliest observations on CYP3A4 was atypical (non-Michaelis-Menten) steady
state kinetics with testosterone, progesterone, a-naphthoflavone and a few other substrates,
manifested as a sigmoidal or biphasic plot of reaction velocity vs. substrate concentration.*
It is widely accepted now that such allosteric behavior is due to simultaneous binding of
more than one substrate molecule within/near the active site of CYP3A4 that can either
stimulate or inhibit turnover. The key residues that influence substrate binding, cooperativity
and regioselectivity of metabolism were first identified v/a site-directed mutagenesis based
on a three-dimensional homology model of CYP3A4 and include Phe108, Ser119, 11e120,
Leu211, Asp214, 11e301, Phe304, Ala305, Thr309, Ala370 and Leu373.6:13-15 These studies
suggested that the substrate and effector binding sites are adjacent and lay within a large
cavity. Determination of the first x- ray structures of CYP3A416:17 showed that most of the
predicted residues indeed do comprise the active site or the substrate access channel (Fig. 2).

Substrate binding to CYP3A4 has been extensively studied by a variety of techniques, 8
leading to the following conclusions: (i) substrates are not locked in the CYP3A4 active site
and may dissociate and rebind during different stages of the catalytic cycle; (ii) owing to a
loose fit, the binding affinity and turnover of one substrate can be modulated by another
molecule present in the active site; (iii) substrate association may involve a step that does
not induce changes in the heme Soret spectrum and thus cannot be detected by absorbance
spectroscopy (‘absorbance-silent’); and (iv) before moving into the active site cavity,
CYP3A4 ligands may interact with a peripheral binding site. Still under debate is whether or
not the main reason for atypical kinetics is multiple substrate binding1%:20 or the pre-
existence of kinetically different conformers?1-23 (*induced fit’ vs. ‘conformational
selection’ mechanism).

The number of molecules simultaneously bound to an enzyme and exhibiting negative or
positive cooperativity is traditionally estimated based on the Hill coefficient (ny) derived
from steady-state kinetics or equilibrium substrate binding titrations. The ny values reported
for various CYP3A4 substrates never exceed 2.0, including those for testosterone. 424
However, there is experimental data suggesting that three testosterone molecules can
simultaneously bind to CYP3A4.20:25 More recently, this was confirmed by global analysis
of equilibrium substrate binding and steady-state kinetics of NADPH consumption during
CYP3A4-dependent testosterone hydroxylation.2® This study found that only binding of the
second testosterone molecule leads to significant product formation, whereas the third
binding event improves the coupling efficiency between electron consumption and
metabolite formation. In contrast, electron paramagnetic resonance analysis of the ligand-
dependent ferric spin state equilibrium in CYP3A427 limited the testosterone stoichiometry
to 2:1 and indicated that the first testosterone molecule binds with a higher affinity but has a
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negligible effect on the spin equilibrium (a non-productive mode) and makes binding of the
second testosterone less energetically favorable. The second binding event, however,
increases the probability of generating the high spin form (positive cooperativity) although
the high spin shift is not complete. Interestingly, the coupling free energies estimated in the
latter study strongly disfavored not only the second testosterone binding but also ligation of
the water molecule to the heme.

Another approach, a ‘ligand exclusion’ method, was used to accurately estimate the
stoichiometry of 7-benzyloxyquinoline (7BQ) binding.28 Investigation of the effects of
several large inhibitors on the Hill coefficient for 7BQ debenzylation has shown that at least
four 7BQ molecules can simultaneously bind to CYP3A4 (ny = 3.7 in the presence of
bromoergocryptine). According to computer modeling, no structural rearrangement is
required to place three molecules of 7BQ in the core of the active site and two molecules in
the substrate access channel of the 1WOE ligand-free structure.28

Longitudinal 71 nuclear magnetic resonance relaxation and molecular docking were utilized
to probe the structural basis for heterotropic cooperativity between midazolam and
carbamazepine.2® The results indicated that two midazolam molecules or one midazolam
and one carbamazepine molecule can adopt a stacked configuration within the CYP3A4
active site. Cooperativity of ligand binding through direct interaction between the stacked
molecules was proposed to be a common motif for homotropic and heterotropic
cooperativity in P450s. The same laboratory investigated allosteric effects on branch points
within the CYP3A4 catalyzed sequential metabolism of a tertiary amine by isotope dilution
analysis.3% Nile Red was used as a fluorescent ligand and substrate, and a-naphthoflavone as
a heterotropic activator. It was found that a-naphthoflavone not only accelerates the
sequential metabolism of Nile Red and increases the rates of its two metabolites formation,
but also perturbs the metabolite ratio by affecting the substrate off rate and coupling
efficiency. These observations indicate that a-naphthoflavone and possibly other
heterotropic activators can exert allosteric effects by modulating specific branch points in
the P450 cycle.

There is more experimental evidence for the existence of a peripheral ligand binding site as
well. Our group investigated the Kinetics of CYP3A4 association with bromoergocryptine
(BEC), a large substrate that does not display binding cooperativity, by monitoring a low-to-
high spin conversion in the heme iron.3! The reaction was biphasic, with a non-hyperbolic
dependence of Agas vS. [BEC], where the Agos; Value did not change at sub-equimolar
substrate concentrations but increased proportionally when the CYP3A4:BEC ratio
exceeded unity. This was consistent with a three step binding model proposed earlier based
on the fluorescence studies.32 According to this model, BEC binds first outside at the
peripheral site without perturbing the heme spectrum and then translocates into the catalytic
cavity. A similar non-hyperbolic dependence of the binding rate constant vs. ligand
concentration was observed for the inhibitor ritonavir.33 The fact that the break in the V-
shaped plot of Agag; Vs. [ritonavir] was also observed when the CYP3A4:BEC ratio reached
unity led us to hypothesize that the large and highly hydrophobic ritonavir molecule also
binds first at the peripheral docking area and, after it becomes saturated, enters the active
site.

The x-ray structure of the CYP3A4-progesterone complex! provides a glimpse at what this
peripheral docking site may look like. In this crystal structure, progesterone is bound in a
surface cleft above the phenylalanine cluster, a unique feature of CYP3A4 (Fig. 3A). The
substrate molecule is well ordered, has low B-factors (indicative of low thermal motion),
and forms stacking interactions with Phe219 and a hydrogen bond with Asp214.
Furthermore, it is positioned close to Leu211 and Phe213 which together with Asp214 are
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implicated in progesterone-dependent cooperativity. Such a mode of interaction implies that
the progesterone binding site is not a crystallization artifact but rather represents a docking
area where this and other molecules could bind prior to translocation into the catalytic
cavity.1’

A fluorescence resonance energy transfer (FRET) technique was utilized to more precisely
locate the peripheral ligand binding site in CYP3A4.34 Differences in the binding affinity of
a model substrate, Fluorol-7GA, were measured by FRET from a thiol-reactive fluorescent
probe, pyrene iodoacetamide, position of which was varied via specific attachment to native
and genetically introduced surface cysteine residues. Data analysis suggested that (i)
CYP3A4 has at least two widely separated binding sites for Fluorol-7GA, (ii) the first
substrate binding event takes place outside of the active site pocket, and (iii) the high
affinity peripheral site is located near residues 217-220 (Fig. 3B). Since association of
Fluorol-7GA with the peripheral site is accompanied by a high spin shift, the identified area
is postulated to represent a putative allosteric site, binding to which leads to a
conformational change necessary for the substrate binding in the active site.

The fact that the progesterone and Fluorol-7GA binding sites overlap (compare Figs. 3A and
B) does not necessarily mean that this surface area represents a specific substrate/effector
binding site. The 214-220 stretch comprising the F’ helix is part of the F-G region predicted
to be embedded into the membrane in native CYP3A4 (Fig. 3C). 3536 According to
molecular dynamics simulations, large-scale movements in the F-F’-G’-G helices occur
upon interaction with the lipid bilayer.36 These movements allow opening and closing of the
substrate access channel which, in turn, is necessary for substrate binding and product
release. Such conformational dynamics and low substrate specificity of CYP3A4 argue
against the possibility that the 214-220 fragment serves as a specific site designed to interact
with a limited number of substrate or effector molecules. It is more likely that this area
nonspecifically associates with and helps to direct hydrophobic compounds (that may or
may not be metabolized by the enzyme) from the membrane into the active site, which
would enable CYP3A4 to effectively sample and, when possible, oxidize and neutralize
toxins to which the organism has been exposed. Such complexity may simply be the
consequence of the requirement that CYP3A4 be a promiscuous enzyme with a larger and
flexible active site that enables interactions with substrates far from the heme. Alternatively,
functional cooperativity without specific molecular recognition could provide a
detoxification advantage.3” At low to moderate substrate concentrations of a toxic substrate,
homotropic allosteric control ensures a slow production of toxic products, whereas at high
concentrations a more rapid turnover eliminates the toxic substrate more rapidly. This, of
course, comes at the cost of more toxic product but is basically the best the organism can do
when presented with large amounts of a toxic substrate.

It also should be mentioned that based on a comparative analysis of all available crystal
structures of CYPs, it was suggested that the acquisition of the F’-G” insertion by eukaryotic
P450s and their incorporation into the membrane led to selective repositioning of the beta-
domain.36 Compared to the soluble bacterial counterparts, the beta-domain in eukaryotic
CYPs is shifted toward the heme plane and, as a result, the heme A propionate side chain
orients towards the proximal side of the heme plane (Fig. 4). This extends the volume of the
catalytic cavity and opens a substrate access/product escape channel directly connected to
the lipid bilayer.

3. Crystal structures of CYP3A4 with substrates bound to the active site

In addition to the CYP3A4-progesterone complex!’ discussed above, two more crystal
structures of CYP3A4 have been determined where a substrate is bound to the active site.
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The x-ray model of the CYP3A4-erythromycin complex was determined to 2.75 A
resolution (2JOD).38 Erythromycin is a macrolide antibiotic and a weak type I ligand of
CYP3A4 (Kq = 125 uM, Fig. 5A) that induces <20% of a high spin shift.2439 The drug is
metabolized by N-demethylation of the D-desosamine group, which is positioned 17 A from
the heme in the crystal structure (Fig. 5B). This implies that erythromycin is bound to
CYP3A4 in a non-productive orientation. There are no specific polar interactions between
the erythromycin molecule and the protein, but a close proximity of four phenylalanine side
chains suggests that the complex is partially stabilized via hydrophobic interactions.
Residual electron density observed in the active site was considered as an indication of
different binding modes for erythromycin.38 The low affinity and loose binding may in part
explain why erythromycin was absent in the active site of the second CYP3A4 molecule in
the 2JOD asymmetric unit3® and in the 1TQN structure.16

Besides low affinity (Kq for typical CYP3A4 substrates is within the 5-150 uM range), poor
aqueous solubility is another factor that impedes crystallization of the functional enzyme-
substrate complexes. We conducted trials with a number of substrates but succeeded only in
co-crystallization of CYP3A4 with BEC. BEC is an ergot alkaloid that consists of lysergic
acid and a proline-containing cyclic tripeptide connected via an amide bond (Fig. 5C). The
drug acts as a dopamine receptor agonist and binds to CYP3A4 with a high affinity (Kq of
0.4 pM) causing a near complete low-to-high spin shift. The most important feature of the
crystallographic CYP3A4-BEC complex, determined to 2.15 A resolution,3! is that BEC is
oriented in a productive mode. The 8” and 9’ carbons of the proline ring, the primary and
secondary sites of oxidation, are closest to the heme and only 3.7-4.1 A away from the iron
(Fig. 5D). The tripeptide group establishes multiple van der Waals contacts and is next to
Arg212, which shifts aside to allow access to the heme. The lysergic moiety is sandwiched
between the side chains of Arg106 and Phe215 and hydrogen bonded to Thr224 viathe N1
atom. Side directed mutagenesis showed that both Arg212 and Thr224 define affinity and
facilitate BEC binding,3! which further proves the biological relevance of the x-ray model.
Based on the structural and experimental data, it was hypothesized that interaction of the
lysergic group with Thr224 directs the tripeptide moiety toward the heme, while the
following conformational readjustments in Arg212 modulate spin equilibrium.

Despite the large size (655 Da) and complex chemical structure (Fig. 5C), BEC fits into the
active site without significant structural perturbations. This is in contrast to the CYP3A4-
erythromycin complex, where conformational rearrangements in the F-F’-G’-G helix-loop
region, I-helix and the C-terminal loop take place.38 Such dissimilarity might be due to an
elongated shape and a higher conformational flexibility of the BEC molecule. The amide
bond allows rotational movements of the lysergic and tripeptide groups, giving rise to a
number of BEC conformers that can enter the active site. As the x-ray structure
demonstrated (Fig. 5D), one of the conformers binds to CYP3A4 tightly and in a mode
suitable for oxidation.

The CYP3A4-BEC structure supports the resonance Raman spectroscopy data obtained on a
nanodisk-incorporated CYP3A4.40 The low frequency resonance Raman spectra of ferric
substrate-free CYP3A4 exhibit several features associated with the ‘propionate bending” and
‘vinyl bending’ modes in the heme prosthetic group. BEC binding causes spectral changes
consistent with the out-of-plane macrocycle distortion and heme peripheral group
disposition. A comparison of the ligand-free and BEC-bound structures showed that, indeed,
association of BEC with CYP3A4 leads to distortions in the heme plane and vinyl group
conformation.3!
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4. Interaction of CYP3A4 with inhibitors

Chemicals that inhibit P450 catalysis are usually type Il ligands that cause a red shift in the
Soret band (from ~416 to 420-424 nm) upon direct ligation to the heme iron v/a nitrogen
provided by imidazole, pyridine or primary amino groups. Such interaction lowers the redox
potential of P450 and prevents both an electron flow from a redox partner and oxygen
binding. Comparison of the absorbance spectra of substrate-free and ligand-bound P450 can
provide some insights into the manner of the type Il ligand binding (e.g., estimate
dissociation constants and the percentage of a low spin shift). While the absolute P450
spectra mostly depend on the electronic properties of the nitrogen ligand, the difference
spectra were shown to be more sensitive to the steric properties of the ligand.!

Many commonly used drugs can act as moderate-to-potent inhibitors of CYP3A4 but not
necessarily through nitrogen ligation. For example, CYP3A4 can be inhibited by macrolide
antibiotics, antidepressants, steroids and several other types of drugs via reversible or
irreversible binding and mechanism-based inhibition.*2 CYP3A4 inactivation frequently
causes unfavorable drug-drug interactions and might lead to altered drug disposition,
efficacy or toxicity. Here we will primarily focus on the mechanism of CYP3A4 interaction
with two most potent inhibitors, ketoconazole and ritonavir.

4.1 Ketoconazole

Ketoconazole is a widely used antifungal drug (Fig. 6A) that ligates to the P450 heme via
the azole nitrogen. Ketoconazole is not highly selective and in addition to CYP3A4 inhibits
several other isoforms from the 1B, 2B and 2C family.*3 The crystal structure of the
ketoconazole-bound CYP3A4 has been determined to 2.8 A resolution (2VOM).38 The most
interesting feature of this structure is the presence of two drug molecules bound to the active
site in an antiparallel tandem configuration (Fig. 6B). To accommodate two large
ketoconazole molecules, the protein undergoes a significant conformational change,
especially in the F-G region and around the Phe-cluster (residues 213, 215, 219, 220, 241
and 304). Positioning of the I-helix and the C-terminal loop are also altered. The
crystallographic complex is stabilized through hydrogen bonding between the keto groups of
both ketoconazole molecules and the Ser119 and Arg372 side chains, as well as viaT-
stacking interactions between the chlorobenzyl ring of the ligated drug molecule and the
Phe-304 ring (Fig. 6B).

The 2VOM structure raised questions regarding the plausibility of the observed
ketoconazole binding mode and the chain of events that could lead to such an orientation.
Recent biochemical and molecular dynamics (MD) simulation studies addressed these
problems and clarified the mechanism of drug association. A surface plasmon resonance
analysis®* resolved two kinetically different binding events for ketoconazole, likely
reflecting association in a slowly dissociating inhibitory mode (the ligating azole group in)
and a catalytically productive mode (the non-ligating group in). The pre-steady state kinetics
of ketoconazole binding to CYP3AA4, in turn, showed that this process is complex, displays
cooperativity (ny = 1.4), involves at least three consecutive steps, and likely starts with an
association to a peripheral site.*> Although the latter kinetic data were consistent with the
presence of a single molecule in the active site, the possibility of the multiple ligand binding
could not be ruled out. To explore the physicochemical origin for the positive cooperativity
in ketoconazole binding, MD simulations in conjunction with free-energy calculations have
been conducted.® The computational study established that shape complementarity through
nonpolar van der Waals interactions is the main driving force for the ketoconazole binding,
and that association of the first drug molecule increases affinity for the binding of the second
molecule by 5 kJ mol-1, which explains the experimentally observed cooperativity. Each
simulated CYP3A4 system (ligand-free, ketoconazole 1- or ketoconazole 2-bound) was
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capable of binding the inhibitor in only a few selected conformations, thereby supporting the
conformational selection mechanism. Further, although electrostatic interactions disfavor the
overall binding process, CYP3A4 might be electrostatically preorganized to bind
ketoconazole in a heme-ligating position regardless of the occupancy of the active site,
which could contribute to the tight binding. Taken together, the experimental and theoretical
studies suggest that the CYP3A4-ketoconazole structure is not a crystallization artifact but
reflects a biologically relevant enzyme-inhibitor complex.

Ritonavir (Fig. 7A) is a peptidomimetic drug originally designed as an HIV protease
inhibitor,” but it can also act as a potent and specific inactivator of the CYP3A subfamily*®
and, in particular, CYP3A4.4% Owing to its strong CYP3A4 inhibiting ability, ritonavir is
currently administered as a booster for enhancement of pharmacokinetics of other HIV
protease inhibitors that otherwise are quickly metabolized by CYP3A4.48

Until recently, ritonavir was thought to be a mechanism-based inhibitor of CYP3A449:50 or
act as a competitive, noncompetitive or mixed competitive-noncompetitive inactivator. 51-53
In our study on recombinant CYP3A4,>* we showed that ritonavir is a type Il ligand that
inhibits catalysis via strong, irreversible thiazole nitrogen ligation and by lowering the heme
redox potential which, in turn, precludes an electron flux from a redox partner, cytochrome
P450 reductase (CPR). Owing to the tight binding, the drug can easily replace other
molecules (substrates and inhibitors) bound to the active site.3354 The kinetics of CYP3A4-
ritonavir association was later reexamined using a wider range of inhibitor:CYP3A4
ratios.33 As mentioned in section 2, the V-shaped dependence of g, vs. ritonavir
concentration was attributed to the association of ritonavir with a peripheral binding site
prior to translocating into the active site pocket. This type of interaction may contribute to
the biphasicity of the CYP3A4-ritonavir binding reaction and explain a large difference
between the equilibrium and kinetic dissociation constants observed previously (50 and 840
m, respectively).>

The x-ray structure of the CYP3A4-ritonavir complex was solved to 2.0 A, the highest
resolution for a ligand-bound CYP3A4 reported thus far.5* The drug fits well into the active
site pocket, establishes extensive hydrophobic and van der Waals interactions with the K-f3
loop region and Phe-cluster viathe side groups, and is fully sequestered from solvent (Fig.
7E). In addition, ritonavir is anchored to the active site v/aa direct hydrogen bond with
Ser119 and a water-mediated bridge between the terminal isopropyl thiazole group and polar
‘umbrella’ (residues Tyr53, Asp61, Asp36, Argl06, Arg372, and Glu374). The ritonavir-
bound structure is most similar to the CYP3A4-ketoconazole complex, in that it has a
similar bending in the 1-helix and the F-F’ loop conformation, with Arg212 facing outside.38
In the CYP3A4-ritonavir complex, however, the F-F’ loop conformation is stabilized by a
hydrogen bond between the Arg212 guanidinium group and the carbonyl oxygen of Lys208.
Site-directed mutagenesis showed that the R212A mutation has no significant effect on the
affinity or amplitude of spectral changes induced by ritonavir but decreases the limiting
binding rate by 20%.33 This suggests that Arg212 is not critical for the inhibitor association
but may assist the binding process by stabilizing the optimal conformer.

4.3 Ritonavir analogs

To elucidate the relative importance of non-bonded interactions during ritonavir association,
we investigated CYP3A4 interaction with two analogs, deaza-ritonavir and
desthiazolylmethyloxycarbonyl ritonavir (DTMCR), that lack the thiazole nitrogen and the
entire thiazole group, respectively (Fig. 7B and C).33 Comparative analyses showed that
elimination of the heme-ligating nitrogen converts ritonavir to a type I ligand and prevents
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co-crystallization with CYP3A4. DTMCR, on the other hand, ligates to the heme viathe
terminal primary amino group with a 70-fold lower affinity than ritonavir but is retained in
the active site during crystallization. The 2.25 A crystal structure of the CYP3A4-DTMCR
complex revealed that, in order to optimize interactions with the protein and place the
phenyl rings into hydrophobic pockets, DTMCR rotates by 180° (Fig. 7F). It was concluded,
therefore, that association of ritonavir-like molecules is driven by heme coordination,
whereas hydrophobic interactions provided by the side groups define the binding mode.
Furthermore, comparison of the ritonavir- and DTMCR-bound structures showed (Fig. 7F)
that the fit of ritonavir to the CYP3A4 active site can be further improved. In particular,
replacement of the phenyl ring closest to Ala370 with a smaller hydrophobic moiety would
eliminate steric clashing and strengthen the N-Fe bond and, consequently, could increase the
inhibitory potency of the drug.

One highly undesirable side effect of prolonged use of ritonavir is development of drug
resistance in HIV. Cobicistat is a new pharmacoenhancer that does not have such an adverse
effect.>> This ritonavir-like compound lacks the hydroxyl group required for the HIV
protease binding and has a morpholine ring instead of the valine side group (Fig. 7D). As a
result, cobicistat is devoid of any anti-HIV activity but can selectively and potently inhibit
CYP3A4 (K; of 0.9 uM in hepatic microsomes vs. 0.3 uM for ritonavir). Other advantages
of the new drug are reduced capability for adverse drug interactions, improved tolerability,
and higher aqueous solubility.%®

4.4 Seco-pancratistatin analogs

Derivatives of amaryllidaceae alkaloids represent a novel class of CYP3A4 inhibitors.>®
Since some amaryllidaceae constituents possess the CYP3A4 inhibitory activity while others
do not, it was possible to identify the pharmacophore responsible for the interaction with
CYP3A4 and, through structure-activity studies, synthesize compounds that inhibit CYP3A4
as potently as ketoconazole and ritonavir.57-58 Notably, neither of the two most potent seco-
pancratistatin analogs (Kj of 30-70 nM for recombinant CYP3A4) has a nitrogen atom that
can ligate to the heme (Fig. 8). It is of great interest, therefore, to elucidate the inhibitory
mechanism and the interaction mode of these compounds.

Considering recent advances in structure/function studies on CYP3A4, it is highly possible
that ritonavir analogs and other types of inhibitors with a more favorable balance of
physicochemical and pharmacochemical properties could be developed.

5. Computational studies on CYP3A4

Determination of the CYP3A4 x-ray structures triggered a number of theoretical studies that
provided deeper insights into the catalytic mechanism and substrate/inhibitor binding, and
made possible a more accurate prediction of small-molecule association to CYP3A4.59-68
The first MD simulations were conducted by Park et al.>° to clarify the roles of solvent
dynamics and the active site loops in the ligand binding process and heme iron coordination.
They showed that the malleability of the F-F’ loop (residues 211-218) defines the broad
substrate specificity of CYP3A4, and that its complex with the inhibitor metyrapone is
stabilized not only via direct coordination to the heme iron but also through a hydrogen bond
between the metyrapone carbonyl oxygen and the Ser119 hydroxyl. The latter interaction is
not observed in the crystal structure of metyrapone-bound CYP3A4 (1WOG)1’ but quickly
forms (within 10 ps) and remains stable during the entire simulation course. The side chain
of Ser119 also is predicted to form an H-bonding interaction with the carbonyl oxygen
(020) of progesterone. The computational studies, thus, identify Ser119 as an important
active site residue that can stabilize the inhibitor and substrate binding v/a a hydrogen bond
formation.
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Fishelovitch et al.52 performed MD simulations to understand factors that determine
cooperative binding and carbon abstraction in diazepam. Cooperative binding of diazepam
could be observed in the 1WOE but not 1TQN conformer because of a different positioning
of Arg212. It was suggested that when Arg212 faces the active site (LTQN structure) it may
strongly interact with and lower accessibility of Phe304, predicted to play a key role in
cooperative binding. According to the simulations, addition of the effector molecule
decreases the flexibility of Phe304 and its surroundings, and shortens the distance between
the site of hydrogen abstraction and the oxygen atom of the catalytic oxyferryl species
(compound 1). In the following study, the same group explored features of compound | using
quantum mechanics (QM)/ molecular mechanics calculations on CYP3A4 models
containing one or two diazepam molecules in the active site.1 The major finding was that in
the absence of a substrate compound | is destabilized, in that it has an elongated Fe-S bond
and the radical localizes on sulfur, which disfavors substrate oxidation. In contrast, when the
effector molecule is present, it positions the substrate close to compound I, which stabilizes
the Fe-S bond and prevents the sulfur radical formation, thereby giving preference to
substrate oxidation. Again, the compound | stabilization by the effector molecule was
observed only in the 1WOE conformer.

Several investigations were aimed at identifying preferred solvent and substrate access/exit
channels in CYP3A4 and associated gating mechanisms. Using MD and steered MD
simulations, Fishelovitch et al.%3 identified six egress pathways for two small product
molecules, temazepam and testosterone-6BOH, and concluded that the product shape and
orientation determine the preferred exit channel. The two investigated products, for instance,
preferably exit through the channel formed by the B-C loop rather than a putative substrate
channel, the largest channel located between the F-F’ loop and the 1 sheet (channels 2e and
2a, respectively, according to classification of Cojocaru et al).59 Notably, in most of the
identified channels, the gate keepers are one or two m-stacked phenylalanine residues, whose
hydrophobic interactions need to be broken to allow the product to pass the gate.
Metyrapone also exits from the CYP3A4 active site viachannel 2e, as it requires only a
small rupture force and small displacement of residues.’? Ketoconazole molecules, on the
other hand, can use both 2a and 2e channels as egress routes, with Ser119 being a critical
bottleneck residue.5°

MD simulations also clarified the role of CPR in activating water channels in CYP3A4.54
Passing of water molecules via the channel located on the proximal side of the heme was
found to be gated by Arg375, a conserved residue forming a salt bridge with one of the
heme propionates. This channel region overlaps with the CPR binding site. MD simulations
showed that the presence of the FMN domain, the electron donating moiety of CPR,
promotes expulsion of water molecules from the active site and assists the substrate binding.
The CPR-mediated control of the proximal solvent channel is thought to be adopted by other
P450 isoforms as well, because such a mechanism could regulate the proton delivery and
productivity of the catalytic cycle.

Computer simulation and modeling studies have also been undertaken to predict and analyze
sites of oxidation in a number of CYP3A4 substrates. Shahrokh et al.58 used QM
calculations and MD simulations with improved heme parameters to probe the reactivity of
4-hydroxy-tamoxifen (4OHT), a primary metabolite of the anti-cancer drug tamoxifen, for
dehydrogenation and to generate representative CYP3A4 and substrate configurations. This
approach helped to identify the 4OHT binding modes consistent with the in vitro
metabolism. Since the R212A mutant produced half of the dehydrogenated product as wild
type, Arg212 was proposed to be a key residue that affects 4OHT dehydrogenation by
imposing both steric and electrostatic inhibition of the rebound process, but only when it is
oriented toward the active site. Thus, the 1TQN but not IWOE conformer could produce the
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catalytically productive mode favoring the 4OHT dehydrogenation. Another requirement for
the 40HT dehydrogenation reaction was the opening of solvent channel 4, formed by the F-
G loop, which is closed in the starting 17TQN model.

In contrast, the IWOE ligand-free model was more useful for predicting the sites of
metabolism in raloxifene,%6 whereas the ritonavir-bound 3NXU structure was the only one
suitable for docking of a large anti-obesity drug dirlotapide in a catalytically relevant
orientation.”? According to the latter study, the ligand-induced conformational change is a
determining factor for prediction of sites of metabolism and molecular interactions during
structure-based lead optimization. It was concluded also that the binding configuration and
chemical reactivity are equally important for catalysis of bigger molecules, and that
enthalpic and entropic energies of the substrate-bound complexes can influence the
flexibility of the P450 active site.

To more accurately predict small molecule-binding to CYP3AA4, Lill et al.50 developed a
computational model that combines flexible docking with multidimensional quantitative
structure—activity relationship (QSAR) technique. An inhibitory potential for 48 structurally
diverse compounds was evaluated based on the scoring functions that included the terms for
hydrophobicity, hydrogen-bonding, topological adaptation, and entropy change. Analysis of
the energetic contributions suggested that in addition to hydrophobic interactions, which
dominated for most of the investigated compounds, induced protein fit and water-bridged
protein-ligand contacts were also essential for small-molecule binding. The developed
method allows screening various compounds not only for the CYP3A4 binding probability
but also for possible toxic metabolites and drug-drug interactions, which is critical for the
drug development process. Finally, it was reported recently that the inhibitor binding to
CYP3A4 can be predicted fairly well based on the total binding free energies calculated for
the inhibitor-heme model complexes.8”

6. Concluding remarks

Determination of the first x-ray structures of CYP3A4 was a major breakthrough in
understanding the enzyme’s function. These structures provided the first insights into the
architecture of the active site, identified flexible elements, and gave clues on how the ligand
binding and allosteric regulation may occur. The more recent, higher resolution
crystallographic data gave a clearer picture of the ligand-associated CYP3A4 and revealed
the first productive mode for the substrate binding. Utilization of advanced biophysical
techniques has expanded our views on the mechanism of homotropic and heterotropic
cooperativity, and raised the possibility that substrate association and catalysis can be
regulated both from within and outside of the active site. Advances in theoretical studies, in
turn, helped to create better models for computational calculations and develop techniques
for predicting the binding ability and inhibitory potency of known and hypothetical drugs.

However, the mechanistic basis for the atypical kinetics of substrate oxidation by CYP3A4
is still a matter of debate. Currently, there is experimental evidence supporting both the
ligand-induced cooperativity and conformational selection mechanisms. While more
attention is now being paid to the peripheral ligand binding site(s), it remains unclear
whether this is a putative effector binding site or a nonspecific ligand-docking area, from
which hydrophobic molecules could be transported into the active site for possible
metabolism. The exact location of the effector binding site(s) within the catalytic cavity also
remains unknown, and the co-substrate-activator structures of CYP3A4 are yet to be
determined. Another remaining question is the relative role of hydrophilic and polar
interactions in the ligand binding. Although the dominance of hydrophobic forces in the
CYP3A4-substrate/inhibitor association has been well documented and is widely accepted,
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recent studies suggest that polar contacts provided by Ser119, Arg212, and Thr224 may also

be

crucial. This field needs to be further explored to unravel and fully understand all

mechanisms controlling the substrate and inhibitor binding in CYP3A4, which is vital for
rationalization and more accurate prediction of protein-drug and drug-drug interactions.
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Figure 1.
Cytochrome P450 catalytic cycle.
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Figure 2.

CYP3A4 residues experimentally shown to influence substrate binding, cooperativity and
regioselectivity of metabolism. All residues except Leu211 are located in the active site or
the substrate access channel (indicated by an arrow). Leu211 is a surface residue adjacent to
the Phe-cluster.
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Figure3.

Peripheral ligand binding site in CYP3A4. A, A progesterone binding site identified in the
1WOF crystal structure.1” The progesterone molecule (shown in yellow) is located above
the Phe-cluster (side chains are displayed) and forms a hydrogen bond with the amide
nitrogen of Asp214 (depicted as a dotted line) and hydrophobic interactions with Leu211,
Phe213 and Phe219 (shown in green). B, A high affinity binding site for Fluorol-7GA
identified with FRET34 is located on the surface near residues 217-220 (shown in cyan) and
overlaps with the progesterone binding site. C, A cartoon diagram of CYP3A4 with two
possible levels of incorporation into the membrane bilayer.3538 The heme is shown in red
sticks, progesterone in yellow, and the progesterone/Fluorol-7GA binding site in cyan.
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P450cam () CYP3A4 F’

Figure4.

Comparison of the x-ray structures of soluble bacterial CYP101 (P450cam, PDB ID 1DZ4)
and human CYP3A4 (1TQN). The beta-domain is depicted in orange, the B-B’ loop and B’
helix in magenta, the F, F’, G” and G helices and connecting loops in light blue, the C-
terminal loop in green, and the heme cofactor in red sticks. Dashed lines pass through the
heme plane and the center of the beta-domain. The F’-G’ helix/loop insertion in membrane-
bound mammalian CYPs shifts the beta-domain toward the heme plane3® (compare angles
between the dashed lines), which opens a channel located between the B-B’ loop and the 31
and B3 sheets of the beta-domain (shown by an arrow). In contrast, in CYP101 and other
soluble P450s substrates access the active site primarily through a channel formed by the F-
G loop and B’ helix (indicated by an arrow).
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Figure5.

A, Chemical structure of erythromycin. B, Erythromycin bound to the active site of
CYP3A4 (2J0OD).38 The heme is in pink and residues within the van der Waals distance are
in green. Erythromycin is bound in a non-productive mode because its demethylation site
(indicated by an arrow) is 17 A away from the heme. C, Chemical structure of BEC. D, BEC
bound to the active site of CYP3A4 in a productive mode (3UAL1 structure).3! The tripeptide
moiety of BEC approaches the heme, with the two primary oxidations sites (indicated by
arrows) being ~ 4 A away from the heme iron. To allow BEC to access the heme, Arg212
adopts a different conformer. The lysergic group is sandwiched between the side chains of
Arg106 and Phe215, and is hydrogen bonded to Thr224.
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Figure6.
A, Chemical structure of ketoconazole. The nitrogen atom through which ketoconazole

ligates to the heme is shown in red. B, Two ketoconazole molecules bound to the active of
CYP3AA4 in an antiparallel tandem fashion (2VOM structure).38 The ligating ketoconazole
(yellow) is hydrogen bonded to Arg372 and forms m-stacking interactions with Phe304. The
non-ligating ketoconazole (orange) is hydrogen bonded to Ser119.
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Figure7.

A-D, Chemical structures of ritonavir, deaza-ritonavir, DTMCR, and cobicistat,
respectively. The heme-ligating primary amino group and thiazole nitrogens are shown in
red. £, Ritonavir (magenta) bound to the active site of CYP3A4 (3NXU structure).>
Phenylalanine residues surrounding ritonavir are in green, whereas residues comprising the
polar ‘umbrella’, a cluster of charged residues connected to the isopropyl moiety viaa water
molecule (cyan sphere), and the H-bond forming Ser119 are in yellow. £, Superposition of
the ritonavir-(magenta, pink and gray) and DTMCR-bound (cyan, light cyan and yellow;
3TJS)33 structures of CYP3A4. To optimize hydrophobic interactions via phenyl side
groups, DTMCR rotates by 180° relative to ritonavir. Since DTMCR is shorter than
ritonavir, it cannot interact with the polar ‘umbrella’ and F-F’ loop. As a result, the F-F’
loop becomes disordered and the active site is solvent accessible in the DTMCR-bound
structure. Also, DTMCR has differently oriented phenyl groups and does not clash with the
369-370 peptide. This is in contrast to the CYP3A4-ritonavir complex, where the heme
shifts downwards and the Fe-N bond is slightly elongated because of steric hindrance with
the 369-370 peptide.
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Figure8.
Seco-pancrastatin analogs. Compounds A and B inhibit CYP3A4 in vitro with K; of 30 and
70 nM, respectively,>”®8 viaan unknown mechanism.
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