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Abstract  

Because of its exceptional substrate promiscuity, human P450 3A4 (CYP3A4) is arguably the most important 

drug-metabolizing enzyme. CYP3A4 also has the particularity of binding multiple ligands simultaneously, which is 

associated with heterotropic or homotropic, positive or negative, cooperativity or allostery. Solving the kinetics of such 

complex systems remains challenging, and so is identifying the binding pockets involved. Progesterone (PRG) is a known 

allosteric activator of CYP3A4-catalyzed 7-benzyloxy-4-trifluoromethylcoumarin (BFC) debenzylation. We report herein 

the use of bioconjugation as a successful strategy to identify this PRG allosteric site. A progesterone analogue (PGM) 

was covalently attached, separately at several locations, near a peripheral binding pocket previously proposed to be 

an allosteric site. Studies of BFC debenzylation in the presence of free PRG revealed that two of the bioconjugates 

successfully positioned the covalently attached PGM moiety in a way that mimcs the allosteric activation observed with 

free PRG. Interestingly, the PGM bioconjugate with the better fit yielded a higher permanent activation of the enzyme. 

 

Introduction  

Allostery is a key biological phenomenon and has remained a central research focus owing to its fundamental 

role in essential functions (e.g. cellular signaling) and in diseases.1,2 Cytochrome P450 enzymes (CYPs), which are heme-

dependent monooxygenases, are also known to be regulated by allosteric mechanisms. Drug metabolizing CYPs in 

particular, often have several known positive and/or negative allosteric effectors, which may lead to drug interactions. 

In humans, CYP3A4 is responsible for the metabolism of approximately 50% of all commercially available drugs.3 The 

unequalled substrate promiscuity of CYP3A4 is attributed to its large and flexible active site, which can bind ligands of 

different sizes and shapes, and can even bind multiple ligands simultaneously.4 Investigating the kinetics of CYP3A4 

remains difficult as the multiple ligands binding events lead to complex cooperative and allosteric effects. For instance, 

positive or negative homotropic cooperativity has been described with substrates such as testosterone, aflatoxin B1, 

17-estradiol, amitriptyline, and progesterone.5,6 Moreover, some substrates of CYP3A4 also act as effectors in the 

transformation of other substrates, a phenomenon described as heterotopic cooperativity. Progesterone (PRG) for 

instance is a known activator of CYP3A4-catalyzed 7-benzyloxy-4-trifluoromethylcoumarin (BFC) debenzylation7, while 

-naphthoflavone activates testosterone metabolism, and testosterone8 can increase the turnover of the anxiolytic 

drug midazolam.9  
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In an effort to explain the sigmoidal enzyme kinetics observed with various substrates and effectors, an 

allosteric mechanism was postulated for CYP3A4 35 years ago.10–12 This hypothesis was greatly reinforced when the 

first CYP3A4 crystal structure was published by William et al. in 2004, revealing an unexpected peripheral binding site 

for PRG, proposed to be an allosteric pocket (Figure 1).13 Since then, many publications14–25 have reported results that 

are consistent with this PRG binding site being an allosteric site, yet its exact location is still questioned as the identified 

PRG binding pocket may result from a crystallographic artifact. Several steroids are known to act as allosteric effectors 

of CYP3A4, often in a substrate-dependent manner.26 Since steroids are widely distributed in vivo, their impact on 

CYP3A4 can have serious implications for drug metabolism. 

 

Figure 1. Crystal structure of P450 3A4 with co-crystallized PRG in the putative allosteric site (PDB: 1W0F). The approximate 

locations of the allosteric site and the active site are represented by a blue and green box respectively.  

 

CYP3A4 hydroxylates BFC at the benzylic position, eventually leading to the formation of 7-hydroxy-4-

trifluoromethylcoumarin (HFC).27 This enzymatic reaction is accelerated with the addition of PRG to the mixture, likely 

via PRG binding to an allosteric pocket. We report here the use of bioconjugation to narrow down the location of this 

allosteric site. We have previously reported that the covalent attachment of a PRG analogue (PGM) at the peripheral 

binding site observed in the crystal structure of CYP3A4 leads to a large increase in the catalytic rate of the enzyme.28,29 

Herein, further studies with this bioconjugate and several new ones demonstrate that covalently linking PGM to 

CYP3A4 can efficiently mimic the allosteric effect of PRG and can also reveal other mechanisms of activation. 

 

Result and Discussion  

Design of CYP3A4 mutants  

Regioselective bioconjugation of CYP3A4 was achieved using maleimide-cysteine chemistry as previously 

reported.28,30 Therefore, mutants containing a single reactive cysteine were generated from a parent cysteine-depleted 

mutant (mut0)28 with only two remaining cysteines (Table 1). One of these cysteines (C442) is the heme iron ligand, 

while the other (C377) is buried and unreactive.30 The mutation sites were selected based on visual inspection of the  

CYP3A4 crystal structure with bound PRG (PDB:1W0F)13 to seek residues in proximity to the putative allosteric pocket 
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(Figure S1). The target residues were selected to be well distributed around the co-crystallized PRG in order to probe 

different binding locations and orientations for PGM (Figure 2). Of the 11 mutants designed to contain a single reactive 

cysteine, 9 were successfully expressed and purified (mut1 – mut9) and their activity towards BFC debenzylation was 

confirmed (Figure S2). 

 

Table 1. P450 3A4 mutants. Although Mut0 was generated from the truncated WT enzyme, residue numbering is in reference to 

the full-length P450 3A4 sequence 

 

Figure 2. Crystal structure of P450 3A4 with co-crystallized PRG in blue and heme in red (PDB: 1W0F). Highlighted in green are the 

residues that were mutated to cysteine in the single-cysteine mutants, and designed to be different attachment points of the PGM 

label. Mutated residues are located either around the active site or the putative allosteric pocket of CYP3A4, yet not on the protein 

surface, and with the expectation that the PGM label may reach the allosteric pocket. 

Accessibility of the newly introduced cysteine residues 
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To investigate the accessibility of the newly introduced cysteine residues for bioconjugation, we looked at their 

reactivity. Thus, mut1, mut2 and mut8 were separately bioconjugated to several different maleimide-containing 

reagents (Figures S3, S4), before proceeding with the ligand analogue of interest, PGM, and mut1-8 (Figure S5). As 

expected, the bioconjugation yield was found to depend on the position of the cysteine. Under identical conditions, a 

lower bioconjugation yield was interpreted as the maleimide reagent having poor accessibility to the cysteine residue, 

or not being able to adopt the required orientation for the reaction to take place. On the other hand, a higher 

bioconjugation yield suggests a better accessibility of the cysteine, and potentially higher affinity of the maleimide 

derivative for the pocket near the cysteine. The doubly-labeled mutants were attributed to the presence of denatured 

protein exposing C377 and/or C442. Therefore, all mutants with low bioconjugation yields (mut7 and mut8) were not 

pursued further. PGM-bioconjugated mut4 was produced in only 42% yield but was nevertheless kept for further 

studies because preliminary studies showed a significant impact of PGM-bioconjugation on its activity. In contrast, 

mut9 was not pursued because PGM bioconjugation inactivated the enzyme (results not shown). Furthermore, the 

absorbance spectra of mut1, mut2 and mut4, with and without PGM bioconjugation, were obtained to investigate how 

labeling affects the CYP3A4 spin state (Figure S6). 

 

Enzyme activity of bioconjugates towards BFC  

 

Michaelis-Menten kinetics data was obtained for mut1-6, with and without PGM bioconjugation (Figure 3, 

Table 2). Except for mut2 and mut5, all bioconjugates showed higher kcat than the corresponding unmodified mutants. 

Mut6 was the most activated (4.5 ×), followed by mut1 and mut3 (2 ×). In contrast, the kcat of mut2 and mut5 

decreased after PGM bioconjugation, suggesting that the PGM label might be oriented in an unnatural direction, and 

detrimental to catalysis. The KM values were decreased after PGM bioconjugation for all mutants, consistent with a 

higher affinity for BFC. Furthermore, the specificity constant, kcat/KM, was significantly enhanced for the bioconjugates 

of mut6 (8 ×), mut4 (4 ×), mut1 (3 ×) and mut3 (3 ×). The improvement observed with PGM bioconjugation on mut4 

is largely the result of a decreased KM. From these kinetic data, it appears that the enzyme is sensitive to the position 

of the PGM moiety. Although the newly introduced cysteine of mut2 (G481C) and of mut3 (L482C) are next to each 

other on a loop, PGM bioconjugation to either mutant affects kcat very differently, whereas PGM bioconjugation to 

mut2 (G481C) or mut5 (Q484C) has a similar effect. This data set further confirms that attaching PGM near the putative 

allosteric site of CYP3A4 can activate the enzyme and that the position and/or orientation of the PGM label can 

modulate enzyme activity. There may however be more than one allosteric pocket and from these results alone, it is 

not possible to confirm that the PGM moiety of these bioconjugates occupies the same allosteric site as free PRG does 

during the activation of CYP3A4 towards BFC debenzylation.7 To answer this question we next looked at the activation 

of our CYP3A4 variants and bioconjugates by free PRG. 

 

Impact of covalently-linked PGM on the activation of CYP3A4 by free PRG 

To verify if the PGM moiety of our bioconjugates occupies the same allosteric pocket as PRG, we investigated 

the BFC-debenzylation activity of our mutants and bioconjugates in the presence of free PRG. Enzyme-catalyzed BFC 

debenzylation was monitored directly by fluorescence, at a constant concentration of BFC, and at various amounts of 

PRG. As PRG is also a CYP3A4 substrate, the ratio of BFC to PRG had to be large enough to minimize PRG hydroxylation. 
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Consistent with previous studies,28 PRG was found to activate WT CYP3A4. The optimal PRG concentration range to 

observe this activation was found to be 0-25 M, at 50 µM BFC with 0.7 M enzyme (Figure S7). Next, PRG activation 

profiles were obtained for mut1-6 before and after PGM bioconjugation (Figures 4 and S8). For all the unlabeled 

mutants, the PRG activation was conserved suggesting that the allosteric site of these mutants remains intact.  

 

 

Figure 3. Michaelis-Menten kinetic assay comparison of PGM-labeled vs. unlabeled P450 3A4 mutants. The reactions contained 

0.7M P450, 0.7 M CPR, 0 – 100 M BFC and 1 mM NADPH. The dotted blue curves represent the PGM-labeled mutants and the 

solid curves the unlabeled mutants. Each data point is the average of triplicates with the standard error shown within error bars. 

The data points were curve fitted using the Hill equation (Figure S14). Refer to Figure S12 for Hill coefficients. 
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Table 2. BFC debenzylation kinetic data of P450 3A4 WT and PGM labeled and unlabeled mutants. Standard error is given. 

 

Bioconjugation of PGM to the mutants, however, gave rise to two different scenarios: 1) the PGM-bioconjugate mutant 

remained activated by PRG, as with mut3-5; or 2) PRG did not activate the bioconjugate anymore, as with  mut1,2 and 

6. In the latter case, as the concentration of activator is increased from 0 to 10 µM, the enzyme activity towards BFC 

remains unchanged (Figure 4), whereas it decreases at higher concentrations of PRG, as expected since PRG should 

start competing with BFC as the substrate. The absence of PRG activation for the bioconjugates of mut1, 2, and 6 is 

consistent with the PRG moiety of the PGM label residing in the allosteric pocket and therefore preventing free PRG 

from binding and further activating the enzyme. In the case of mut1 and mut6, the increase in activity of the 

bioconjugates compared to the unlabeled mutants suggests that the covalently attached PGM molecule may 

permanently activate the enzyme by binding to the PRG allosteric pocket. For the PGM-bioconjugate of mut2, the 

plateau observed at PRG concentrations below 10 M is consistent with the PGM moiety competing with free PRG, but 

the overall decrease in activity compared to that of the unmodified mutant suggest that although the position of PGM 

may prevent PRG binding at the allosteric site, its orientation or position in the pocket does not trigger activation. The 

fact that the PGM moiety is able to completely block activation by free PRG for mut1, mut2 and mut6 implies that only 

a single binding pocket exists for positive allosteric activation by PRG and that this allosteric pocket is located at a 

position that can be reached by the PGM labels of mut1, 2 and 6. On the other hand, the PGM-bioconjugates of mut3-

5 remained activated by free PRG, consistent with the PGM label not residing in the allosteric pocket. Interestingly, the 

PGM bioconjugates of mut3 and mut4 showed an increased turnover of BFC compared to the unlabeled mutants even 
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though the PGM moiety is not residing in the allosteric pocket. These results are interesting as they propose that other 

activation mechanisms may be involved. 

 

 

Figure 4. Progesterone activation assay comparison of PGM-labeled vs. unlabeled P450 3A4 mutants. The reaction mixtures 

consisted of 0.7 M P450, 0.7 M CPR, 50 M BFC, 0 – 25 M PRG and 1 mM NADPH. The dotted blue curves represent the PGM-

labeled mutants and the solid curves the unlabeled mutants. Each data point is the average of triplicates with the standard error 

shown with error bars. 

 

Location of the PRG allosteric site  

While kinetic data points to the PGM labels of mut1 and mut6 activating the enzyme, our PRG activation studies 

show that the label prevents free PRG from further activating the enzyme towards BFC debenzylation. Together this is 
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consistent with the PGM moiety of the bioconjugates occupying the allosteric site in a position and orientation 

conducive to activation. The PGM label in mut2 also prevents free PRG from binding the allosteric site but did not 

enhance BFC debenzylation. This suggests that the PGM moiety of the mut2 bioconjugate prevents free PRG from 

binding without mimicking allosteric activation. 

By building the PGM molecule directly into the PRG-CYP3A4 crystal structure (PDB: 1W0F), we evaluated, based 

on the PGM attachment point (cysteine), if the PGM moiety of the bioconjugates could align with the co-crystallized 

progesterone molecule. The objective was to assess if the PGM label in mut1, mut2, and mut6 could reach the putative 

allosteric pocket observed in the crystal structure of the PRG-CYP3A4 complex (Figure 5). Interestingly, for mut6 

(F215C), the most PGM-activated bioconjugate, the PGM can align almost perfectly with the co-crystallized PRG 

molecule. For the bioconjugate of mut1 (F108C), the second most activated, the PGM moiety can orient similarly, but 

not exactly like the PRG in the crystal structure. Indeed, F215 and F108 are located at the same end of the allosteric 

pocket, but on loops facing each other, the B/B’ and F/F’ loops. This implies that small changes in the binding geometry 

of PRG can alter the magnitude of the activation and shows that slightly different binding orientations of PRG in the 

allosteric pocket all leading to enzyme activation. Finally, the PGM moiety of the mut2 bioconjugate, which decreased 

BFC debenzylation compared to the unlabeled mut2, was only able to partially reach the putative allosteric site, possibly 

explaining its antagonistic behavior (i.e. bioconjugation leading to decreased kcat; Table 2, Figure 4).  

 

 

Figure 5. Possible binding orientation of the PGM label in mut6 (F215C), mut1 (F108C) and mut2 (G481C) bioconjugates. The figure 

shows the PGM label in green, the heme in red and the co-crystallized PRG in blue. The PGM groups were built directly in the PDB 

structure and positioned as much as possible to reach the same orientation as the co-crystallized PRG (PDB: 1W0F).   

 

The combination of our kinetic and PRG activation data, together with the proposed PGM-CYP3A4 structures 

(Figure 5), strongly suggest that the PGM labels of mut1 and mut6 lie in the same pocket as free PRG. Our data however 
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does not indicate the precise location of this pocket, and it may be different from that seen in the co-crystalized PRG 

in the CYP3A4 crystal structure. The PGM label could, for example, point inside the active site rather than in the 

allosteric pocket as shown in Figure 5. A recent paper by Hackett explored the different modes of binding of 

testosterone in CYP3A4 through computational studies.31 The authors identified a novel temporary binding site for 

testosterone away from the heme. Looking at their 3D structures of the enzyme, our mutation sites, and the geometry 

of PGM, it is unlikely that the PGM moiety of our mut1 and mut6 bioconjugates would sit in this temporary binding 

area in the proper orientation (Figure S9). This suggests that the reported transient testosterone binding site is different 

from the PRG allosteric pocket. 

Specificity of PRG activation  

Since the kinetics of CYP3A4-catalyzed BFC debenzylation exhibits positive cooperativity (in the absence of PRG, 

Figure S10), we expected that coumarin bioconjugation might also lead to enhancement of BFC debenzylation. In order 

to investigate this, we covalently attached coumarin-maleimides DACM and MDCC - which differ mostly by the 

presence of a 2-carbon linker between the coumarin and the maleimide group (Figure S3) – separately to mut1-5 

(Figure S11a-c). Bioconjugation of DACM had a detrimental effect on the activity of most mutants towards BFC. On the 

other hand, MDCC bioconjugation had little effect on mut1-3, but increased the activity of mut4-5 towards BFC (Figure 

S11d). These results suggest that the coumarin moiety of the mut4 and mut5 bioconjugates may reach the BFC allosteric 

site, although further studies are warranted to confirm this. Considering the location of residues V111 (Cys in mut4) 

and Q484 (Cys in mut5) in CYP3A4 (Figure 2) and the length of MDCC,  it is unlikely that the coumarin ring of MDCC 

would be able to occupy the PRG allosteric site, implying that the allosteric pockets of PRG and BFC may be different. 

This also suggests that the mechanism underlying BFC homotropic cooperativity most likely differs from the PRG-driven 

activation of CYP3A4 during BFC debenzylation. 

 

Conclusion  

We have demonstrated that bioconjugation of PGM at the allosteric site of CYP3A4 can mimic the allosteric 

activation of BFC debenzylation by free PRG. Among the different PGM bioconjugates reported here, those of mut1 

and mut6 were the only ones that replicated allosteric activation by PRG. By comparing the PRG activation profiles of 

different bioconjugates, we were able to show that the PGM groups of mut1 and mut6 both occupy the same pocket 

as free PRG. We can therefore narrow down the position of the PRG allosteric site. Moreover, the excellent overlap of 

the PGM labels with the co-crystallized PRG in CYP3A4 suggests that this PRG peripheral binding site may be an 

allosteric site. Interestingly, the activity of the PGM bioconjugate of mut2 was attenuated relative to the respective 

unmodified mutant, and was not activated by free PRG, implying that partial occupation of the allosteric site may 

antagonize with PRG allostery in this bioconjugate. Overall, the bioconjugation of a PRG analogue to CYP3A4 proved to 

be an effective approach for the investigation of heterotropic cooperativity and offers further opportunities to study 

other allosteric systems. 
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Supporting Information. Material and methods, mutants BFC activity, bioconjugation reaction yields, absorbtion 
spectra of PGM-bioconjugates, mutant sequence primers and supplemental figures described in the text. The 
Supporting Information is available free of charge on ACS Publications website. 
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