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Abstract

Cytochrome P450 3A4 (CYP3A4) is the major and most important drug-metabolizing enzyme in 

humans that oxidizes and clears over a half of all administered pharmaceuticals. This is possible 

because CYP3A4 is promiscuous with respect to substrate binding and has the ability to catalyze 

diverse oxidative chemistries in addition to traditional hydroxylation reactions. Furthermore, 

CYP3A4 binds and oxidizes a number of substrates in a cooperative manner and can be both 

induced and inactivated by drugs. In vivo, CYP3A4 inhibition could lead to undesired drug-drug 

interactions and drug toxicity, a major reason for late-stage clinical failures and withdrawal of 

marketed pharmaceuticals. Owing to its central role in drug metabolism, many aspects of CYP3A4 

catalysis have been extensively studied by various techniques. Here, we give an overview of 

experimental and theoretical methods currently used for investigation and prediction of CYP3A4-

ligand interactions, a defining factor in drug metabolism, with an emphasis on the problems 

addressed and conclusions derived from the studies.
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3.1 Introduction

Cytochrome P450 3A4 (CYP3A41) is one of many human cytochrome P450 (P450) 

enzymes that plays a central role in drug metabolism.2 While some P450s specialize in 

catalyzing very specific reactions (e.g. synthesis of cholesterol or fatty acid oxidation), 

CYP3A4 biotransforms a wide range of endogenous and exogenous compounds including 

Correspondence to: Irina F. Sevrioukova, sevrioui@uci.edu.
1Abbreviations: ANF α-naphthoflavone, BEC bromoergocryptine, BFC 7-benzyloxy-4-trifluoromethylcoumarin, BQ 7-
benzyloxyquinoline, b5 cytochrome b5, CPR NADPH-cytochrome P450 oxidoreductase, CYP or P450 cytochrome P450.
2A review of this scope cannot include all the references pertaining to the subject matter.
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drugs, toxins and pollutants. This is possible due to a large and malleable active site of 

CYP3A4 (Fig. 3.1), capable of accommodating substrates varying in size and chemical 

nature, as well as its ability to catalyze diverse chemical reactions such as alkyl carbon and 

aromatic ring hydroxylation, O- and N-dealkylation, and epoxidation [1].

CYP3A4 is also known for atypical (sigmoidal, non-Michaelis-Menten) enzyme kinetics and 

complex ligand-binding behavior resulting from homotropic and heterotropic cooperativity 

of some of its substrates. Different categories of atypical kinetic profiles and underlying 

mechanisms were discussed in detail previously [2–7]. In short, cooperative effects in 

CYP3A4 are thought to occur when the second (or third) substrate molecule of the same or 

different nature binds remotely or within the active-site pocket and increases turnover by 

promoting the productive orientation of the first substrate, which can occur with or without a 

conformational change in CYP3A4.

Despite substrate promiscuity and a highly plastic active site cavity, CYP3A4 with many 

substrates displays considerable regio- and stereoselectivity in product formation, indicating 

that structural features of substrates and/or the active site result in selective substrate binding 

modes. Another important aspect of CYP3A4-drug interactions is that some drugs as well as 

natural compounds consumed with food can act as CYP3A4 inhibitors. In vivo, this may 

lead to drug-drug interactions, perturbed pharmacokinetics and toxicity. There has been a 

continuous effort to unravel and better understand the CYP3A4 inhibitory mechanisms, the 

full knowledge of which could help medicinal chemists to develop safer drugs.

Here, we give an overview of experimental and theoretical approaches that have been used 

for investigation and prediction of CYP3A4-ligand interactions, including absorbance, 

fluorescence, nuclear magnetic and electron paramagnetic resonance (EPR) spectroscopy, 

X-ray crystallography, various computational and other techniques. Both soluble and 

membrane-bound forms of CYP3A4 (liver and insect microsomes, proteoliposomes, lipid 

bilayer nanodiscs, etc.) have been investigated. Preparation of the protein forms is not 

discussed in this review but the type of model system used in the experimental work will be 

specified when necessary.

3.2 Experimental Approaches

3.2.1 Absorbance Spectroscopy

All P450s contain the heme cofactor, whose absorption wavelength (λmax) and amplitude 

depend on the heme iron oxidation-reduction (redox) and coordination state [8, 9]. The 

oxidized and reduced ligand-free forms absorb at 415–418 nm and 407–409 nm, 

respectively. Upon binding in the active site, substrates displace a coordinated water ligand 

and shift the Soret band to 385–395 nm (type I spectral changes; low- to high-spin shift). 

Depending on the substrate affinity and spatial fit, the spectral change can be partial or 

complete. In contrast, molecules that contain unhindered nitrogen atoms can ligate to the 

heme iron directly or via the axial water molecule, shifting the Soret band to 420–425 nm 

(type II spectral changes). These compounds usually act as inhibitors but, in some cases, can 

be metabolized by P450. Finally, the ferrous ligand-free and ligand-bound species can react 

with carbon monoxide and form a long-lived CO-adduct absorbing at ∼450 nm. Such 
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spectral properties enable researchers to monitor formation and measure affinity of the 

P450-substrate/inhibitor complexes using conventional and stopped-flow 

spectrophotometers.

3.2.1.1 Equilibrium Titrations—One parameter reflecting ligand affinity, a spectral 

dissociation constant (Ks), can be determined from a plot of absorbance changes observed 

during equilibrium titrations of P450 with a substrate or inhibitor vs. ligand concentration. A 

hyperbolic fitting is usually satisfactory for weaker ligands, whereas quadratic nonlinear 

regression is used for strong binders. Two such examples, binding of bromoergocryptine 

(BEC) and ritonavir to CYP3A4 (Ks of 0.3 µM and 50 nM, respectively), are shown in Fig. 

3.2.

Equilibrium titrations could also provide evidence for multiple ligand binding to CYP3A4. 

If several molecules enter the active site and affect the iron spin equilibrium, then the best fit 

to the absorbance change vs. [ligand] plot will be a two-site binding (or higher order) 

hyperbolic equation. The sigmoidal shape of a titration curve, in turn, would be indicative of 

two cooperative ligand interaction sites. Testosterone is one of the substrates shown to 

cooperatively bind to two sites in CYP3A4 with the Hill coefficient (nH) of 1.3 [10, 11]. 

Positive cooperativity was also detected in the binding of aflatoxin B1 (nH of 2.3) [12], α-

naphthoflavone (ANF; nH of 1.2–1.7) [11, 13], and Nile Red [NR] (nH of 1.6) [14]. 

Acetaminophen and midazolam bind to CYP3A4 with a negative cooperativity [15, 16], 

whereas progesterone and 7-benzyloxyquinoline (BQ) display both positive and negative 

cooperativity [10, 17]. Structures of these substrates are shown in Fig. 3.3.

A variation of equilibrium titrations is mixed titrations, when two substrates are added 

simultaneously at fixed molar ratios. These types of experiments were conducted with 

testosterone, ANF and nanodisc-incorporated CYP3A4, where the spin shifts caused by the 

substrates added separately or in mixtures were analyzed [18]. Based on the properties of the 

two-dimensional spin shift surfaces, it was possible to separate specific heterotropic 

cooperative interactions from the additive affinities of the two substrates and conclude that 

the apparent positive heterotropic effect of ANF on testosterone binding is due to an additive 

spin shift caused by ANF rather than specific favorable ANF-testosterone interactions.

No cooperativity in testosterone and ANF binding was detected using global analysis of 

equilibrium substrate binding, steady-state NADPH consumption and product formation by 

nanodisc-incorporated CYP3A4 [19, 20]. Considering the individual testosterone and ANF 

dissociation constants and fractional contributions of the binding intermediates to the overall 

enzyme behavior, it was suggested that (1) up to three molecules of each substrate could 

simultaneously bind to CYP3A4 with little or no cooperativity; (2) the first binding event 

does not lead to a notable spin-state transition and product formation but accelerates 

NADPH consumption due to uncoupling; (3) spin shift, product formation and NADPH 

consumption rates reach maximum when the second substrate molecule binds; (4) 

association of the third substrate improves coupling efficiency but does not affect turnover 

rate; and (5) functional cooperativity between substrate molecules underlies cooperativity in 

testosterone and ANF metabolism observed during steady-state kinetics.
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If ligands strongly influence heme absorption, normalized instead of simple absorbance 

difference spectroscopy can be used [13, 21]. In this case, the absorbance amplitude of the 

low- or high-spin forms of P450 is normalized before changes in other absorption bands are 

measured. A value related to the equilibrium constant between the high and low spin (Kspin) 

is then determined by subtracting the normalized absorbance of ligand-bound P450 from 

that of the ligand-free form.

3.2.1.2 Job’s Titration and Titration by Dilution—Intensity of light during titration 

experiments may change with an increase in ligand concentrations (internal filter effect). 

Job’s method of continuous variations and a titration by dilution approach allow one to 

overcome this problem. Job’s method involves absorbance measurements in a series of 

solutions with a constant total molarity but different protein-ligand ratios. In the titration by 

dilution experiments, the light path of the sample increases simultaneously with dilution. 

Both methods were utilized for determination of binding affinity for various CYP3A4 

substrates [22–24].

3.2.1.3 Quantitative Spectral Analysis—The principal component analysis technique, 

also known as bilinear factor analysis and singular value decomposition analysis, was 

applied for monitoring spin equilibrium in microsomal CYP3A4 at different temperatures 

and BEC concentrations [25]. Thermodynamic parameters for BEC binding (dissociation 

constant, ΔH, ΔS and ΔG) and spin transitions in CYP3A4 were evaluated using spectral 

standards for the high-spin, low-spin and cytochrome P420 (P420) states, leading to a 

conclusion that the substrate causes profound changes in the protein-heme interactions that 

favor dissociation of the fifth heme ligand and a low- to high-spin transition.

3.2.1.4 Ligand Binding Kinetics—Individual steps in the ligand-binding reaction can be 

resolved by stopped-flow spectrophotometry where multi- or single-wavelength kinetic data 

is collected after rapid mixing of protein and ligand solutions. The CYP3A4-ligand 

association is usually a complex process that proceeds in several steps [26–31]. The kinetic 

dissociation constant (Kd) for the CYP3A4-ligand complex can be estimated from a plot of 

the observed rate constant for the ligand binding reaction (kobs or kon) vs. ligand 

concentration. In most cases, the Ks and Kd values are close. However, for the CYP3A4-

ritonavir complex, the Kd was found to be 17-fold higher than the Ks [28]. To better 

understand why there was such a big difference between the two related parameters, kinetics 

of ritonavir binding was reexamined using a wider range of ligand concentrations to include 

both supra- and sub-equimolar protein:ligand ratios. Under these conditions, the kobs vs. 

[ritonavir] plot was V-shaped, with a minimum at a protein:ligand ratio of ∼1.0 [30], which 

could arise from ritonavir docking to a peripheral site prior to moving into the active-site 

cavity.

3.2.1.5 Heme Reduction Kinetics—The P450 heme iron can accept electrons delivered 

by chemical compounds (e.g. sodium dithionite) or by NADPH via an associated redox 

partner, NADPH-cytochrome P450 oxidoreductase (CPR). When CO is present in the 

reaction mixture, heme reduction can be conveniently monitored by following heme-CO 

adduct formation. Using this approach, it was shown that the electron transfer rate from CPR 
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to purified CYP3A4 is enhanced in the presence of testosterone, Mg2+ and cytochrome b5 

(b5), but neither of these additives was required for optimal electron transfer in the presence 

of ethylmorphine (90 % low-spin state) [32]. Differences in the CYP3A4 reduction kinetics 

measured in human liver microsomes, baculovirus membranes (CPR:3A4 ≈ 8), E. coli 

membranes (CPR:CYP3A4 ≈ 1), a reconstituted system with phospholipids (CPR:3A4 ≈ 2) 

and a CYP3A4-CPR fusion protein suggested that one regulatory factor may be CYP3A4 

clustering/aggregation, as it could create protein pools differing in the electron accepting 

ability due to spatial or conformational effects [33].

That two types of CYP3A4 oligomers, substrate-sensitive and substrate-insensitive, co-exist 

under equilibrium was demonstrated by measuring the dithionite-driven reduction of low- 

and high-spin forms of soluble, nanodisc- and liposome-incorporated CYP3A4 [34]. 

Another evidence for functional heterogeneity in CYP3A4 was obtained when the flavin 

domain of cytochrome P450 BM3 was utilized as a redox partner. Only partial heme 

reduction was observed in soluble CYP3A4 aggregates [35] but complete heme reduction 

occurred in nanodisc- or liposome-incorporated CYP3A4 monomers [36].

3.2.1.6 CO Rebinding Kinetics—Flash photolysis allows measuring CO recombination 

kinetics after the CO-Fe bond is disrupted by a laser flash. The CO rebinding kinetics 

reflects the rate of CO diffusion through the protein matrix and depends on the protein 

conformation, heme environment and a substrate binding mode. The higher the protein 

flexibility and the wider the ligand access channel, the higher the CO binding rate. With this 

methodical approach, it was shown that different CYP3A4 conformers exist [37], and that 

substrates can accelerate or reduce the CO binding rate by modulating the protein 

conformation and dynamics [38]. Flavonoids such as ANF, for instance, are thought to 

enhance the CYP3A4 activity by binding and activating a subpopulation that otherwise is 

metabolically inactive [39].

3.2.1.7 Heme Depletion Kinetics—Conformation-dependent changes in accessibility of 

the active site can be analyzed using a heme depletion assay. P450 heme absorbance starts 

decaying upon addition of an excess of H2O2 and can be followed spectroscopically over 

time. The heme depletion in CYP3A4 is multiphasic, which may result from conformational 

heterogeneity [40]. Since the rate of the Soret band bleaching depends on the presence of b5, 

the assay can also be utilized for investigating CYP3A4-redox partner interactions.

3.2.1.8 High Pressure Spectroscopy—High-pressure spectroscopy can be applied for 

studying conformational heterogeneity and allosteric mechanisms in CYP3A4 as well [41, 

42]. High hydrostatic pressure induces a low-spin shift and a P450-to-P420 conversion in a 

manner that depends on protein-protein and protein-ligand interactions. Both isolated and 

microsomal CYP3A4 display barotropic heterogeneity, with no interconversion between the 

distinct conformers [41]. However, there is no pressure-induced spin shift in microsomal 

CYP3A4, possibly due to a stabilizing effect of the membrane environment and/or CPR and 

b5 that could limit the water access to the active site. In a separate study, a notable difference 

in the pressure-induced transitions was observed in the presence of allosteric (testosterone 

and 1-pyrenebutanol) and non-allosteric (BEC) substrates regardless of whether CYP3A4 

was in solution or incorporated into a nanodisc. The high- to low-spin shift was complete in 
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the BEC-bound form and partial in the testosterone-and 1-pyrenebutanol-bound P450 [42]. 

The allosteric substrates were suggested to induce conformational changes that decrease the 

water flux into the heme pocket and stabilize the high-spin state.

3.2.2 Isothermal Titration Calorimetry (ITC)

ITC titrations, allowing determination of binding stoichiometry based on heat changes, were 

carried out to estimate how many molecules of BEC and the inhibitor clotrimazol bind to 

CYP3A4 [26, 27]. Both binding reactions were found to be exothermic, with saturation at an 

equimolar ligand:CYP3A4 ratio. During ITC titrations, the ligand is usually added to the 

protein solution. However, owing to limited solubility of BEC and clotrimazol, these 

compounds were placed into the ITC cell and titrated with CYP3A4.

3.2.3 Equilibrium Dialysis

Ligand binding to CYP3A4 can also be examined by equilibrium dialysis. To determine the 

stoichiometry of CYP3A4-BEC binding [26], the ligand solution was placed into two cells 

separated by a dialysis membrane, and CYP3A4 was added to one of the cells. After 

equilibration, the protein was precipitated and the ligand concentration in both cells was 

estimated fluorimetrically. The [BECfree] vs. [BECbound] plot reached a plateau at equal 

concentrations of BEC and CYP3A4, implying a 1:1 binding stoichiometry.

3.2.4 Inhibitor-Induced Cooperativity

Substrate stoichiometry in CYP3A4 can be estimated based on steady-state kinetics 

measured in the presence of large inhibitors. Large molecules compete with a substrate 

which, in turn, affects the Hill coefficient. The nH value for the BQ debenzylation reaction 

increased from 1.74 to 2.1–3.7 when bulky troleandomycin, erythromycin, ketoconazole, 

cyclosporine A or BEC, but not smaller midazolam and testosterone, were present in the 

reaction mixture, meaning that up to four molecules of BQ can be simultaneously bound to 

CYP3A4 [43]. The obtained nH values are still thought to reflect the lower limits of the 

number of substrate molecules that can enter the CYP3A4 active site.

3.2.5 Fluorescence Spectroscopy

Fluorescent properties of tryptophan residues, substrates, inhibitors and other fluorescent 

compounds were exploited to investigate protein-ligand interactions, multiple ligand binding 

sites, and cooperativity in CYP3A4 [14, 26, 27, 44, 45].

3.2.5.1 Fluorescent Substrates—α-Naphthoflavone (ANF) (Fig. 3.3) fluoresces with 

an excitation wavelength (λex) of 320 nm and emission wavelength (λem) of 440 nm. The 

fluorescence yield decreases upon ANF ligation to CYP3A4 and, therefore, it was possible 

to fluorimetrically determine the binding affinity and contribution of ANF to CYP3A4 

conformational heterogeneity and substrate cooperativity [23, 26, 46].

The fluorescent properties of bromoergocryptine (BEC) (λex = 320 nm; λem = 440 nm; Fig. 

3.4) were utilized to resolve a multi-step ligand binding process. Comparison of BEC-

dependent fluorescence and absorbance changes observed during interaction with CYP3A4 
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enabled the detection of an ‘absorbance-silent’ step, attributed to substrate association to a 

peripheral site prior to translocation into the active-site cavity [26].

The fluorescent properties of NR (λex = 550 nm; λem = 620 nm; Fig. 3.3) helped identify 

two-site binding to CYP3A4 [45] and probe allostery and sequential metabolism [14, 47]. 

Similar to testosterone and ANF [13, 21], NR has a minor effect on the heme spin-state 

equilibrium when it binds to a high-affinity site (Kd of 0.3 µM), whereas its association to a 

low-affinity site (Kd of 2.2 µM) leads to the majority of the ligand-induced spin shift [45].

Based on differences in the fluorescence emission of monomers and dimers of pyrene (λex = 

295 nm; λem
monomer = 370–390 nm; λem

dimer = 480 nm; Fig. 3.4), it was shown that two 

pyrene molecules bind simultaneously in the CYP3A4 active site and that a π-π stacked 

pyrene-pyrene complex rather than a single monomer undergoes oxidation [44].

3.2.5.2 Fluorescent Products—7-Hydroxy-4-trifluoromethylcoumarin (λex = 410 nm; 

λem = 538 nm) is formed upon CYP3A4-dependent debenzylation of 7-benzyloxy-4-

trifluoromethylcoumarin (BFC). BFC is widely used for rapid fluorimetric measurements of 

CYP3A4 activity and detection of drug-drug interactions in conventional and high-

throughput screening assays.

7-Hydroxyquinoline (λex = 410 nm; λem = 538 nm) is the product formed upon BQ 

debenzylation. In the inhibitory assays, BQ was shown to be a less sensitive fluorimetric 

probe than BFC [48].

3.2.5.3 Fluorescent Inhibitors—Several fluorescent inhibitors specific for CYP3A4 

have been synthesized by attaching a dansyl, deazaflavin or pyrene group to the C6 atom of 

testosterone [49]. Fluorescence of steroid derivatives is quenched upon reaction with the 

heme but can be restored when the activesite-bound fluorophore is displaced by another 

compound, which makes possible fluorimetric determination of relative affinities of various 

compounds and monitoring of drug-drug interactions.

3.2.5.4 Fluorescent Probes—2-p-Toluidinylnaphthalene-6-sulfonic acid (TNS) (λex = 

320 nm; λem = 440 nm) is non-fluorescent in aqueous solutions but emits light in a 

hydrophobic environment, such as the protein interior. Upon binding to CYP3A4, TNS 

induces type II spectral changes and fluoresces with a high quantum yield [50]. Based on 

changes in steady-state and time-resolved TNS fluorescence, it was suggested that a remote, 

high-affinity binding site for TNS exists, occupation of which could affect the active-site 

environment.

6-(Bromoacetyl)-2-(dimethylamino)naphthalene (BADAN; λex = 387 nm, λem = 520 nm), 7-

(diethylamino)-3-(4′-maleimidylphenyl)-4-methylcoumarin (CPM; λex = 405 nm, λem = 530 

nm) and monobromobimane (mBBr; λex = 395 nm, λem = 490 nm) are environment-

sensitive thiol-reactive fluorescent probes used for studying the interaction between 

cysteine-depleted CYP3A4 (only Cys58 and/or Cys64 left) and several substrates that do or 

do not display binding cooperativity [51]. Analysis of the substrate- and probe-dependent 

fluorescence changes and H2O2-induced heme destruction kinetics provided evidence for a 
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distinct low-affinity ANF binding site, association to which is not accompanied by a heme 

spin shift. BADAN-labeled CYP3A4 was also used for investigating the effects of reduced 

glutathione (GSH) on BFC and BQ oxidation [52]. GSH eliminates homotropic 

cooperativity of BFC and BQ but amplifies the activating effect of ANF on BFC oxidation, 

and is suggested to have two binding modes, one of which is direct coordination to the heme 

iron via the SH-group.

3.2.5.5 Single Molecule Fluorescence Spectroscopy—Single molecule 

fluorescence studies were conducted on nanodisc-incorporated CYP3A4 where the 

evanescent NR excitation, generated using internal reflection fluorescent microscopy, was 

followed by measurements of residence times in the low-occupancy NR-bound complexes 

[47]. The observed biphasic dwell-time distribution is thought to reflect two phases of the 

NR dissociation reaction: a fast off-rate from the nanodisc lipid bilayer and a slow off-rate 

from the protein (30 and 1.5 s−1, respectively). Based on a fivefold ANF-induced decrease 

in the slow phase of NR dissociation, it was concluded that the CYP3A4 effectors could 

modulate the substrate off-rates by altering structure/dynamics of monomeric CYP3A4.

3.2.6 Fluorescence Resonance Energy Transfer (FRET)

FRET is a mechanism through which energy is transferred between two closely positioned 

fluorophores. If the distance is short enough, an excited donor can transfer energy to an 

acceptor through nonradiative dipole-dipole coupling. FRET efficiency, therefore, can serve 

as a measure of a distance between two fluorophores. FRET between BEC, 1-

pyrenemethylamine (λex = 340 nm; λem = 380 nm) or PB (λex = 331 nm; λem = 380 nm) and 

the CYP3A4 heme was utilized in combination with absorbance spectroscopy to monitor 

individual ligand-binding events [22–24]. Unlike BEC and 1-pyrenemethylamine that bind 

to a single site in CYP3A4, association of 1-pyrenebutanol was consistent with a two-step 

sequential model, where the spin transition takes place upon 1-pyrenebutanol binding to a 

low-affinity site [22]. In the F213W, F304W and L211F/D214E mutants, however, 

cooperativity in 1-pyrenebutanol binding was altered and a partial spin shift was observed in 

the binary rather than ternary enzyme-substrate complex [24]. In another study, substrate-

dependent conformational transitions in CYP3A4 were analyzed by measuring FRET from 

the BADAN and CPM labels to the heme, and from tryptophan residues to BADAN [51]. 

Finally, a FRET-based assay employing N-(4,4-difluoro-5,7-dimethyl-4-bora-3α,4α-diaza-s-

indacene-3-yl)methyliodacetamide (BODIPY-FL iodoacetamide) was utilized for testing 

how the surface density of liposome-bound CYP3A4 affects spin equilibrium and heme 

reduction kinetics [36].

3.2.7 Luminescence Resonance Energy Transfer (LRET)

LRET uses the long-lived triplet state of a phosphorescent probe as an energy donor. Its 

advantage over FRET is the longer distance at which the energy can be transferred and the 

longer donor life-time, which makes LRET measurements more accurate and orientation 

independent. Using an LRET-based method, the relation between the concentration of 

membrane-bound CYP3A4 and its oligomeric state was examined [46]. Cysteine-depleted 

CYP3A4 was labeled with either erythrosine 5′-iodacetamide (ERIA) or DY-731 maleimide 

(DYM), serving as a LRET donor and acceptor, respectively. Addition of CYP3A4-DYM to 

Sevrioukova and Poulos Page 8

Adv Exp Med Biol. Author manuscript; available in PMC 2015 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CYP3A4-ERIA-containing liposomes led to a drastic decrease in the donor emission and 

delayed fluorescence of the acceptor. The sigmoidal dependence of the LREP amplitude on 

the surface density of liposomal CYP3A4 became hyperbolic in the presence of ANF. This 

finding and a correlation between the oligomerization state of CYP3A4 and its susceptibility 

to activation by ANF support the hypothesis that protein-protein interactions can play a role 

in the allosteric mechanism.

3.2.8 Photoaffinity Labeling

Protein labeling with photoaffinity probes can provide information on the substrate 

recognition sites without carrying out the enzymatic reaction. The method utilizes a labeling 

reagent that upon photolysis converts to an extremely reactive intermediate and covalently 

binds to the activesite residues. Chromene-like molecules act as photoaffinity ligands for 

CYP3A4 [53, 54]. Upon UV light irradiation, these compounds rearrange into conjugated 

tricyclic structures with different life-times. Plant benzochromene, lapachenole, serves as a 

substrate and a competitive inhibitor of CYP3A4 but when photoactivated, it becomes an 

irreversible inactivator and fluorescently modifies thiol groups of cysteine residues (Fig. 3.5) 

[53]. Analysis of the lapachenole-linked protein identified Cys98 and Cys468 as the primary 

modification sites [54]. The functional role of the surface Cys468 remains unclear, whereas 

Cys98 is part of the substrate access channel and, hence, could affect substrate recognition 

and catalysis.

3.2.9 Circular Dichroism (CD) Spectroscopy

CD spectroscopy allows rapid determination of the secondary structure and folding 

properties of proteins and, in conjunction with other methods, was used for investigation of 

CYP3A4 inhibition by Cu2+ and Zn2+ ions [55, 56]. One of the inhibitory effects of Cu2+ on 

testosterone hydroxylation was induction of a conformational change in CYP3A4 (7 % 

decrease in the α-helix content) [55]. Zn2+, on the other hand, had not only a more 

pronounced effect on CYP3A4 secondary structure (11 % decrease in α-helix content) but 

also prevented the stimulatory action of b5 on testosterone metabolism [56]. Thus, the 

cytosol metal ion balance could be one of the factors regulating CYP3A4 activity in vivo.

3.2.10 Linear Dichroism (LD) Spectroscopy

LD is observed when plane-polarized light is absorbed by samples that are oriented 

intrinsically or by external forces. With this spectroscopic technique, information on the 

orientation of a chromophore or structures within molecules can be obtained. LD 

measurements were performed to characterize the heme tilt angle in nanodisc-incorporated 

CYP3A4 [57]. A low deviation between experimental values (average of 59.7 ± 4.1°) 

indicated that CYP3A4 is specifically orientated relative to the lipid bilayer.

3.2.11 Surface Plasmon Resonance (SPR)

SPR on metallic surfaces is a powerful optic sensing method for monitoring label-free 

bimolecular interactions. SPR analysis was utilized to investigate CYP3A4 binding to 

antifungal azoles, itraconazole and ketoconazole [58]. Based on the binding kinetics, 

absorbance spectroscopy and catalytic studies, two orientation modes for both drugs were 
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identified: a catalytically productive mode and a slowly dissociating inhibitory mode. In 

combination with other methods, the SPR technique was used to determine the off-rates for 

structurally related quinolone carboxamide compounds acting as type I and type II ligands of 

CYP3A4, and helped to clarify the kinetic mechanism for their metabolism [59].

A related method, SPR in nanometer-sized structures or localized SPR (LSPR) that also 

depends on the refractive index of the surrounding media, was developed for detection of 

CYP3A4-drug interactions [60]. Nanodisc-bound CYP3A4 was covalently immobilized on 

the surfaces of silver nanoparticles and the drug binding was monitored by measuring the 

resonant coupling between the nanoparticles and the CYP3A4 heme. Ligand-induced 

changes in position and amplitude of the LSPR spectrum maxima correlated well with the 

spectral changes observed in solution.

3.2.12 Nuclear Magnetic Resonance (NMR)

NMR T1 paramagnetic relaxation studies provided the first physicochemical evidence for the 

allosteric substrate binding in the CYP3A4 active site [15, 61, 62]. T1 relaxation 

experiments are suited for analyzing CYP3A4 allosterism because they allow determination 

of distances from a paramagnetic center (the heme iron) to the protons of multiple substrates 

and, hence, can detect changes in their relative orientation. One NMR study investigated 

heterotropic cooperativity between midazolam and two effectors, testosterone and ANF 

[61]. Midazolam is hydroxylated at C1′ and C4′ positions, and the ratio between metabolite 

formation rates depends on midazolam concentration and the presence of testosterone or 

ANF. Owing to negative homotropic cooperativity, the 1′-hydroxyproduct is preferably 

formed at low midazolam concentrations, whereas the 4′-hydroxylation rate increases at 

higher substrate concentrations [16]. The midazolam protons-heme distances measured in 

the absence and presence of the effectors suggest that midazolam can rotate within the active 

site or slide parallel to the heme plane [61]. The NMR data also indicate that ANF and 

testosterone exert their allosteric effects through direct binding in the vicinity of the heme 

and by reorienting midazolam, to bring the C1′ or C4′ atoms closer to the heme, which 

explains the kinetics of activation and preferable formation of 1′-hydroxy- and 4′-

hydroxymidazolam in the presence of ANF and testosterone, respectively.

In combination with the molecular docking technique, T1 longitudinal NMR relaxation was 

applied to probe the cooperativity of midazolam metabolism with carbamazepine serving as 

a heterotropic effector [62]. Similar to testosterone, carbamazepine inhibits formation of 1′-

hydroxymidazolam and, as this study revealed, assumes a stacked configuration with 

midazolam and brings its C4′ atom closer to the heme. Stacking of two midazolam 

molecules gives the same result, whereas a single midazolam docks with the C1′ atom 

closest to the heme. Since many CYP3A4 substrates have a planar aromatic structure, ligand 

cooperativity through direct stacking interactions was proposed to be one of the possible 

allosteric mechanisms.

Using NMR T1 paramagnetic relaxation, positioning of two other substrates, acetaminophen 

and caffeine, in the CYP3A4 active site was investigated [15]. CYP3A4-dependent 

acetaminophen oxidation exhibits negative homotropic cooperativity (nH = 0.7) but follows 

Michaelis-Menten kinetics in the presence of caffeine. The calculated distances were 
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consistent with acetaminophen coordination to the heme through the amide group. Upon 

entering the active site, caffeine is thought to disrupt the weak Fe-N coordination, thereby 

promoting acetaminophen oxidation. However, it remains unclear whether caffeine, more 

remote from the heme than acetaminophen, directly interacts with acetaminophen and 

precludes its coordination or affects the active-site conformation leading to acetaminophen 

reorientation.

A magic-angle spinning solid-state NMR (MAS SSNMR) spectroscopic study on 13C, 15N-

enriched nanodisc-incorporated CYP3A4 demonstrated its structural integrity and proper 

folding [63]. Analysis of the BEC binding reaction showed that CYP3A4 remains fully 

active after precipitation with polyethylene glycol, required for SSNMR measurements. 

Despite good quality, 2D MAS SSNMR spectra were not sufficient for determining site-

specific assignments.

3.2.13 Electron Paramagnetic Resonance (EPR) Spectroscopy

Testosterone-dependent spin state equilibrium in CYP3A4 was compared by EPR and 

optical spectroscopic titrations [21]. To quantify and characterize the single and double 

occupancy testosterone binding sites, the protein concentration in two sets of experiments 

either exceeded or was below the Kd for testosterone. Using this combined approach, it was 

possible to construct a free energy landscape for multiple ligand binding, which suggested 

that the first testosterone binds with a higher affinity to a ‘non-productive’ site, whereas the 

second testosterone displaces the bound water and drives the heme to the high-spin state 

more efficiently than the first.

EPR and UV-vis spectroscopy were also used to examine heterotropic cooperativity and 

individual binding events for ANF and testosterone [13]. Two types of binding sites for both 

substrates were identified: high-affinity spinstate insensitive (peripheral) and lower-affinity 

spin-state sensitive (proximal, near the heme). Based on the thermodynamic analysis of the 

testosterone- and ANF-induced spin shifts, testosterone was proposed to bind to CYP3A4 

sequentially and occupy the proximal site after the peripheral site is saturated. It was 

speculated also that testosterone affinity for the proximal site increases upon a 

conformational change caused by ANF association to the peripheral site.

A combination of conventional continuouswave and pulsed EPR (hyperfine sublevel 

correlation spectroscopy (HYSCORE)) techniques helped to investigate and compare the 

binding mechanism of 1,2,3-triazole and 17α-(2H-2,3,4-triazolyl)estradiol [64]. Although 

both compounds are type II ligands of CYP3A4, they induce different perturbations in the 

EPR g values and, as the HYSCORE analysis showed, the 1,2,3-triazole moiety does not 

displace the axial water molecule when incorporated into the 17α-estradiol scaffold. Instead, 

17α-(2H-2,3,4-triazolyl)estradiol hydrogen-bonds to the coordinated water ligand and, by 

altering its field strength, causes the spin-state change. This study raises concerns on 

interpreting the P450-ligand structure based on optical spectra, as some ligands that produce 

type II spectral changes are not always directly ligated to the heme.
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3.2.14 Resonance Raman (RR) Spectroscopy

RR spectroscopy was applied to identify substrate- and redox-dependent structural changes 

in nanodisc-incorporated CYP3A4 [65]. Analysis of the high and low frequency RR spectra 

of ligand-free and BEC-, testosterone- or erythromycin-bound CYP3A4 led to a conclusion 

that the size and number of substrate molecules bound have no significant effect on the 

ferric heme structure but greatly influence the conformation of gas ligands (CO and O2) and 

the ferrous heme structure. In particular, BEC and testosterone induce changes in the low 

frequency RR spectrum associated with the heme peripheral group dispositions or out-of-

plane macrocycle distortion, which could have an impact on the reactivity of intermediates 

and CYP3A4 function.

3.2.15 Isotope Fractionation (Kinetic Isotope Effect)

Deuterium-containing substrate analogs were used for examining the mechanism of 

CYP3A4-dependent ezlopitant dehydrogenation and testosterone hydroxylation [66, 67]. 

Ezlopitant is metabolized to a benzyl alcohol and a benzyl alkene, where the latter is formed 

directly rather than via sequential dehydration of the benzyl alcohol. When deuterium was 

incorporated into the benzylic position, a low isotope effect (ratio between the reaction rate 

constant of the light and heavy isotope) was observed for both products, indicating that 

benzylic hydrogen abstraction is obligatory in the formation of both metabolites and there is 

no metabolic switching (change in regional specificity of ezlopitant metabolism). However, 

placement of deuterium atoms at adjacent positions led to a small inverse isotope effect on 

benzyl alcohol but not alkene formation. This suggested that formation of the alkene 

requires benzylic hydrogen abstraction and that the benzylic radical partitions between the 

formation of the two metabolites.

Analysis of metabolites of 2H- and 3H-labeled forms of testosterone showed that the 

testosterone 6β-hydroxylation reaction is stereoselective, as CYP3A4 abstracts hydrogen and 

rebounds oxygen only at the β-face [67]. A high intrinsic isotope effect (Dk of 15) for the 

labeled testosterone 6β-hydroxylation was consistent with the initial hydrogen atom 

abstraction. In non-competitive reactions, some metabolic switching occurred and the Dk 

value was attenuated (<3). Because considerable attenuation in Dk was also observed for BQ 

O-debenzylation, the C-H bond breaking reaction is unlikely to be rate-limiting.

3.2.16 Isotope Dilution Analysis

Sequential NR metabolism and heterotropic allosteric activation by ANF were investigated 

by isotope dilution analysis to quantitatively measure the relative flux of a reactive cycle 

intermediate [68]. NR is metabolized by CYP3A4 to monodesethyl-NR (M1), which is 

sequentially oxidized to didesethyl-NR (M2) (Fig. 3.6). Comparison of metabolites 

produced by effector-free and ANF-bound CYP3A4 upon incubation with a mixture of 

deuterated NR and unlabeled M1 suggested that ANF increases the velocity of M1 and M2 

production, and modulates the branching kcat/koff ratio in favor of M2 by affecting the 

substrate off-rate.
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3.2.17 Electrochemistry

Replacement of the natural electron delivery system, a CPR/NADPH redox pair, by an 

electromotive force is one of the approaches for developing biosensors for rapid monitoring 

of CYP3A4-mediated drug metabolism. Purified CYP3A4 was immobilized on gold 

electrodes coated with 3-mercapto-1-propenesulfonic acid [69], carbon nanofibers [70] and 

glassy carbon electrodes modified with poly(diallyldimethy-lammonium chloride [71] or 

Nafio-cobalt (III) sepulchrate [72], whereas CYP3A4-containing 

didodecyldimethylammonium bromide vesicles were attached to a platinum disc electrode 

[73]. Thiolate-coated gold electrodes, in turn, were used for immobilization of hepatic 

microsomes [74]. Using these systems, it was possible to monitor CYP3A4-drug 

interactions, drug metabolism and inhibition reactions.

Cyclic voltammograms of immobilized CYP3A4 have two peaks attributed to the Fe+3/Fe2+ 

redox couple. When a substrate and oxygen are present, heme reduction is coupled to 

substrate oxidation, manifested as an increase in the cathodic peak current. The surface 

concentration of an electro-active enzyme (n) is estimated based on the Faraday’s Law: Q = 

nF, where F is the Faraday’s constant and Q is the total charge transferred upon reduction of 

CYP3A4. Q is calculated from the integration of the reduction peak recorded under 

anaerobic conditions, whereas the enzyme turnover is estimated based on n and the 

substrate-dependent catalytic current measured by chronoamperometry.

Electrode-immobilized CYP3A4 metabolizes drugs similar to the microsomal protein, with 

comparable product formation rates and small contribution of H2O2 to the catalytic cycle 

[69]. The electrochemically-driven CYP3A4 reactions are sensitive to the substrate 

concentration and can be inhibited by ketoconazole, cimetidine and diclofenac [69, 71], 

which enables estimation of the kcat and Km values for the substrate turnover and IC50 for 

the inactivators (a concentration of an inhibitor that reduces substrate metabolism by 50 %). 

Some biosensors were reported to have a rapid response time and ability to detect very low 

concentrations of drugs and pollutants and, hence, could be utilized for electrochemical 

detection in biological samples [72, 73].

3.2.18 Chemical Auxiliary Approach

A chemical auxiliary was utilized to control the selectivity of CYP3A4 reactions [75]. By 

linking substrates to inexpensive, achiral, cell-permeable theobromine, it was possible to 

achieve predictable stereo- and chemoselective hydroxylation and epoxidation at the fourth 

carbon from the auxiliary (Fig. 3.7). The method is limited to substrates that are not larger 

than theobromine, but the advantage is that it does not yield overoxidation products and is 

tolerant to various functional groups.

3.2.19 X-ray Crystallography

X-ray crystallography provides direct insights into the protein structure and protein-ligand 

interactions. Recombinant mammalian P450s can be crystallized upon deletion of the 

membrane-binding fragment and, in some cases, modification of the N-terminus [76]. 

Multiple CYP3A4 crystal structures have been solved recently but mostly with type II 

inhibitors bound [28–31, 77–80]. Obtaining co-crystals of CYP3A4 with substrates is 
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challenging because they dissociate from the active site during crystallization. Thus far, only 

BEC- and erythromycin-bound structures are available, where only BEC is bound in a 

productive mode [29, 79].

Inhibitors co-crystallized with CYP3A4 include metyrapone, ketoconazole, ritonavir, 

desthiazolylmethyloxycarbonyl ritonavir and seven desoxyritonavir analogs (GS2-GS8) that 

widely vary in Kd (22 nM–4 µM) [28–31, 77, 79, 80]. Interestingly, the ketoconazole-, GS4- 

and GS5-bound structures contain two inhibitor molecules bound to the active site: 

ketoconazole1 and ketoconazole2 associate in an antiparallel tandem fashion, GS5-1 and 

GS5-1 in an intertwined parallel mode, and GS4-1 and GS4-2 in a perpendicular mode (Fig. 

3.8). Thus, X-ray data proves that multiple molecules differing in size and chemical nature 

can simultaneously bind to CYP3A4. Comparison of the binding affinity, IC50 and 

orientation modes of ritonavir-like compounds (reviewed elsewhere [81]) helped to better 

understand the inhibitory mechanism and derive a pharmacophore for a CYP3A4-specific 

inactivator that could guide structure-based inhibitor design (Fig. 3.9).

Another interesting finding was a peripheral sterol binding site in the CYP3A4-progesterone 

structure [77]. Instead of associating to the active site, progesterone was found to dock 17Å 

away from the heme in a surface hydrophobic pocket comprised by the F′-G′-loop residues. 

Since progesterone displays both negative and positive binding cooperativity [10, 17], it was 

hypothesized that the progesterone-binding pocket represents a peripheral site where 

hydrophobic substrates associate before moving into the active-site cavity.

When all available X-ray models of CYP3A4 are superimposed, it becomes evident that 

very little structural change is needed to accommodate bulky and structurally diverse 

compounds, even two at a time. Conformational changes take place primarily in the F-G- 

and C-terminal loop regions, the I-helix adjacent to the heme, and the 369–371 peptide (Fig. 

3.10). Such local and minor rearrangements argue against the conformational-heterogeneity-

driven allostery in CYP3A4 and rather support the multiple substrate binding mechanism 

without major conformational changes, as proposed for P450eryF [82].

3.3 Computational Approaches

Because X-ray crystallography has its limitations and co-crystallization of CYP3A4 with the 

compound(s) of interest is not always possible, theoretical studies are more frequently used 

these days to investigate the dynamics of ligand binding and catalytic mechanism, predict 

ligand association modes, and identify substrate and solvent channels. Moreover, computer 

modeling techniques are indispensible for prediction of CYP3A4-mediated drug metabolism 

and drugdrug interactions, some of which will be briefly described in this section.

3.3.1 Molecular Dynamics (MD) Simulations

One of the principal tools to theoretically study biological molecules is MD simulations that 

derive time-dependent dynamic behavior and give a view of the atomic motions. In 

combination with other approaches, MD simulations were conducted on CYP3A4 in a 

number of studies, which (1) suggested that the F-F′-loop (residues 211–218) defines the 

promiscuity and broad substrate selectivity of CYP3A4 [83], and Ser119, Phe205, Arg212, 
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Phe213 and Phe304 are key residues that help orient substrates in the active site [47, 83–86]; 

(2) identified preferred substrate access/egress and solvent channels [87–90]; (3) clarified 

the mechanism of cooperative binding of diazepam and ketoconazole [84, 91] and the role of 

CPR in activating water channels [92]; and (4) characterized the membrane-bound state of 

CYP3A4 [57, 93, 94].

In steered MD (SMD), a harmonic restraining potential is applied to a protein or ligand in 

order to manipulate the ligand by pulling it along desired degrees of freedom. SMD with 

adaptive direction adjustments is an improved method that could accelerate MD simulations, 

find optimal pathways for ligand dissociation, and bypass a barrier along the failed direction. 

This method was used to investigate dissociation of the CYP3A4-bound inhibitor 

metyrapone and led to the discovery of a pathway with a lower energy barrier, shorter 

dissociation time and shorter motion trajectory compared to those predicted by conventional 

SMD [95, 96].

3.3.2 Quantum Mechanics/Molecular Mechanics (QM/MM) and Density Functional Theory 
(DFT) Calculations

A hybrid QM/MM approach is a molecular simulation method for studying chemical 

processes in solution and in proteins, whereas DFT is a quantum mechanical modeling 

method for electronic structure calculation by using functionals of the spatially dependent 

electron density. Theoretical calculations were applied to CYP3A4 to estimate the activation 

energy of the intermediate formation and predict the binding modes for indapamide and 4-

aminopiperidine [85, 86], investigate interaction between nevirapine, carbamazepine and 

endogenous steroids [97], explore features of the catalytic oxyferryl species (compound I) 

[98], model the regioselectivity preference of testosterone hydroxylation [99], and test the 

reactivity of various sites on flunitrazepam and progesterone [100].

Reaction dynamic calculations for the testosterone 6β-hydrogen/deuterium abstraction were 

performed at the level of canonical variational transition state theory with a 

multiconfigurational MM technique, allowing the construction of a semiglobal full-

dimensional potential energy surface, to gain deeper insights into the quantum tunneling in 

testosterone hydroxylation by CYP3A4 [101]. In agreement with the experimental results 

[67], the calculated multidimensional tunneling coefficients indicated substantial 

contributions by quantum tunneling which, however, only modestly contributed to the 

kinetic isotope effects. The use of a gas-phase model without considering the protein-solvent 

interactions was suggested to be one of the reasons for the discrepancy between the 

theoretical and experimental results.

Gas phase DFT calculations were also conducted to examine the binding of unsubstituted 

imidazole, 1,2,4- and 1,2,3-triazole to a model Fe3+ heme in an attempt to understand 

underrepresentation of the latter functional group among P450 inhibitors [64]. It was found 

that 1,2,3-triazole interacts with the heme weaker than other azoles, ligates to heme iron 

with either N1 or N2 atoms, and forms a longer Fe3+-N bond due to lower basicity.

The binding free energies of 16 structurally diverse CYP3A4 inhibitors to the iron porphyrin 

model, calculated using DFT and the implicit solvation methods in water, were shown to be 
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a good descriptor in interpreting the CYP3A4-inhibitor interaction [102]. The relative free 

energies in the gas phase were mainly responsible for the total binding free energies in 

water, although desolvation could affect the inhibitor affinity.

3.3.3 In Silico Drug Metabolism Prediction

Computational techniques are indispensable and increasingly used in early drug design 

along with in vitro methods to predict substrate affinity, liability and metabolic pathways. 

Before the X-ray structure of CYP3A4 became available, homology modeling, quantitative 

structure-activity relationship (QSAR) modeling and building a 3D-pharmacophore were 

utilized for drug metabolism prediction [103]. Pharmacophore modeling requires a large and 

rigid template to identify structural determinants (conformation, shape and electronic 

properties) of substrates, inhibitors or metabolites critical for catalytic specificity, which 

could indirectly provide information on the protein active site. QSAR modeling, in turn, is 

applied to large datasets of molecules and molecular descriptors to derive 3D-features of 

substrates and inhibitors that can interact with a specific enzyme. Both approaches generated 

useful information about CYP3A4. In particular, they helped develop pharmacophores for 

substrates and inhibitors [104–109] and suggested that hydrophobicity and hydrogen 

bonding are dominant factors guiding ligand binding [104, 107, 110]. Semi-empirical AM1 

molecular orbital calculations of the energy of hydrogen radical abstraction is another 

modeling approach that can predict likely sites of CYP3A4-mediated metabolism by relying 

solely on the electronics and inter-molecular sterics of drug-like molecules [111].

QSAR modeling is still used in the pharmaceutical industry to analyze very large high-

throughput screening sets and to predict CYP3A4 inhibition and substrate potential. Owing 

to recent structural and computer modeling advances, QSAR methodology was utilized in 

combination with the multiple pharmacophore hypothesis approach [112], advanced docking 

techniques (MetSite, GLUE, AutoDock and other) [113–116], GALAS (Global Adjusted 

Locally According to Similarity) method [117, 118], structure-based comparative molecular 

field analysis [119], and NMR spectroscopy data [120]. Gaussian kernel weighted k-nearest 

neighbor models were also used for in silico prediction of CYP3A4 inhibitors [121]. 

Accuracy, sensitivity and specificity of some of the modeling methods were recently 

compared [118, 122, 123]. The modern and most powerful approach for predicting drug 

metabolism and drug-drug interactions is a combination of structure-based docking, MD and 

quantum chemical calculations, which is reviewed elsewhere [124].

3.4 Conclusions

Owing to a central role of CYP3A4 in drug metabolism, it is crucial to fully understand the 

mechanism of CYP3A4-ligand interactions. In this review, we summarized methodical 

approaches currently used in the CYP3A4 research, highlighting the problems addressed and 

conclusions made in relevant studies. Although utilization of a wide array of biochemical, 

biophysical, structural and computational techniques led to breakthroughs in our 

understanding of how CYP3A4 functions, some of the processes, such as substrate 

cooperativity and the mechanism of drug-drug interactions, still need to be clarified. Future 
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development and employment of new methodologies to the CYP3A4 research could lead to 

new discoveries that may help resolve these issues.
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Fig. 3.1. 
Crystal structure of ligand-free CYP3A4 (Protein Data Base ID 1TQN). A cross-section of 

solvent-accessible surface is shown to display the active-site cavity. Helices, strands and 

loops are in cyan, magenta and beige, respectively, and the heme is red
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Fig. 3.2. 
Spectral changes induced by BEC and ritonavir in CYP3A4. (a) Upon binding, BEC causes 

a blue shift in the Soret band, whereas ritonavir induces a red shift (type I and type II 

spectral changes, respectively). (b, c) Difference absorbance spectra recorded during BEC 

binding and a plot of absorbance changes vs. ligand concentration, respectively. (d, e) 

Difference absorbance spectra recorded during ritonavir binding and a plot of absorbance 

changes vs. ligand concentration, respectively. Spectral dissociation constants (Ks) 

calculated from titration plots are indicated
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Fig. 3.3. 
CYP3A4 substrates that display binding cooperativity. Sites of metabolism in testosterone 

(C6) and midazolam (C4 and C1′) are indicated
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Fig. 3.4. 
Fluorescent substrates of CYP3A4
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Fig. 3.5. 
CYP3A4 labeling by photoactivated lapachenole [54]
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Fig. 3.6. 
Sequential demethylation of Nile Red catalyzed by CYP3A4 [68]
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Fig. 3.7. 
Theobromine auxiliary for controllable oxidations by CYP3A4 [75]
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Fig. 3.8. 
Crystal structures of CYP3A4 with two inhibitors bound in the active site. (a) Ketoconazole 

molecules bind in a parallel tandem fashion (2VOM structure) [79]. (b, c) Ritonavir analogs 

GS4 and GS5 associate in a perpendicular and intertwined parallel mode, respectively (PDB 

ID 4K9T and 4K9U) [80]. Disordered parts of GS5 that are not seen in the X-ray structure 

are shown as thin lines. Heme is in pink and the heme-bound ligands are in cyan
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Fig. 3.9. 
Pharmacophore for a potent CYP3A4 inhibitor. Pharmacophoric features were derived based 

on studies with ritonavir analogs [28, 30, 31, 80] and include: (a) strong heme-ligating 

nitrogen donor; (b) flexible backbone; (c) aromatic group; (d) hydrophobic group; (e) 

hydrogen donor/acceptor, and (f) polyfunctional end-group
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Fig. 3.10. 
Superposition of all available structures of CYP3A4. (a) A general view showing that 

ligand-induced rearrangement occurs mainly in helices F and G, and the F-F′ - and C-

terminal loops. The superimposed structures are: 1TQN, 1WOE, 1WOF, 1WOG, 2JOD, 

2VOM, 3NXU, 3TJS, 3UA1, 4I3Q, 4I4G, 4I4H, 4K9T, 4K9U, 4K9V, 4K9W and 4K9X. To 

simplify viewing, all ligands were excluded from the active site. (b) A closer view at the F-F

′-G′-G-helical region that serves as a binding site for progesterone (shown in cpk 

representation). The hydrophobic pocket is thought to represent a peripheral docking site 

involved in effector/substrate recognition and could play a role in modulating cooperativity 

[77]
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