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ABSTRACT: Human cytochrome P450 3A4 (CYP3A4) is responsible for the metabolism of the majority of drugs. As
such, it is implicated in many adverse drug-drug and food-drug interactions, and is of significant interest to the
pharmaceutical industry. This enzyme is known to simultaneously bind multiple ligands and display atypical enzyme
kinetics, suggestive of allostery and cooperativity. As well, evidence of a postulated peripheral allosteric binding site has
provoked debate around its significance and location. We report the use of bioconjugation to study the significance of
substrate binding at the proposed allosteric site and its effect on CYP3A4 activity. CYP3A4 mutants were created and
covalently modified with various small molecules including progesterone. The labeled mutants displayed enhanced kinetic
stability and improved activity in testosterone and 7-benzyloxy-(4-trifluoromethyl)coumarin oxidation assays. Our work
applies a new strategy to study cytochrome P450 allostery and supports the hypothesis that substrate binding at the
postulated allosteric site of CYP3A4 may induce functional cooperativity.

Cytochrome P450 enzymes (P450s) are a large family
of heme-dependent monooxygenase enzymes found
throughout all domains of life. They are involved in the
biosynthesis of a large variety of molecules such as
steroid hormones, cofactors, and antibiotics, as well as in
the metabolism of xenobiotics.! Human cytochrome P450
3A4 (CYP3A4) is responsible for the metabolism of over
50% of existing drugs and is implicated in many drug-
drug, food-drug and natural health product-drug
interactions.':2

Allosteric

Figure 1. A modified X-ray crystal structure image showing progesterone-
maleimide (Pg-M) conjugated to Cys215. Pg-M is shown in green
superimposed on the existing, co-crystallized progesterone in blue. Pg-M was
built into the allosteric site using the USCF Chimera package®, PDB structure
1WOF* and the Persistence of Vision ™ Raytracer.

CYP3A4 has a large, flexible active site allowing it to
bind substrates varying greatly in size, or to bind multiple
smaller substrates simultaneously. In the case of
testosterone, it is thought that CYP3A4 can bind up to 3
molecules concurrently, at least two of which may bind at
the active site, as suggested by spectroscopic binding
studies.’ The ability of CYP3A4 to bind multiple
substrates at once may explain, at least in part, the
atypical kinetics observed for some of its reactions, as
evident in Michaelis-Menten plots.*”

CYP3A4 can also show homotropic and heterotropic
cooperativity, a phenomenon with clinical importance due
to its implication in drug metabolism and drug
interactions.> ! Substrate binding to CYP3A4 is typically
spectrally observed due to associated changes in the heme
spin state. Since for most ligands the first binding event
cannot be observed spectroscopically, it is considered
“spin state silent”, and away from the heme. The presence
of true functional cooperativity is therefore debated and
may be the result of a “silent” artifact.’ Ligand
interactions with CYP3A4> 1?7 remain challenging to
investigate and new approaches are required.

An X-ray crystallography structure of CYP3A4
showing a co-crystallized progesterone molecule in a
region far from the heme reactive center has alluded to
the possibility of a peripheral binding site responsible for
allosteric effects (Figure 1).*® However, the significance
of the co-crystallized progesterone and the peripheral site
remain contentious due to progesterone binding at the
interface of a non-naturally existing protein dimer.?® Still,
residues in this region have also been implicated in
CYP3A4 cooperativity via site-directed mutagenesis.'% 2"
22 As well, Forster resonance energy transfer studies have
shown that binding of a substrate in this region may be
involved in a ligand-induced allosteric transition.?



The work presented herein demonstrates the utility of
site-selective bioconjugation to confirm the relevance of
the allosteric binding pocket to CYP3A4 activity. This
approach has previously been used to locate new, and
study the effects of existing, allosteric sites on select
enzymes, but has never before been applied to a P450
enzyme.’® A progesterone analogue was covalently
attached to the postulated allosteric site in different
orientations (Figure 1) and the modified enzyme was
studied for its activity towards 7-benzyloxy-(4-
trifluoromethyl)coumarin (BFC) and testosterone. We
report here the modulation of CYP3A4 activity in the
presence of progesterone covalently bound to the
allosteric site and discuss the significance of these
findings.

Our first attempt at bioconjugation to CYP3A4
involved the use of unnatural amino acid o-propargyl
tyrosine and the copper catalyzed azide-alkyne
cyclization reaction, never before reported with CYP3A4.
Unfortunately the reaction conditions proved to be
harmful to the enzyme (see section S6). We next used
cysteine mutants combined with maleimide derivatives
based on previous success reported for this
bioconjugation strategy.’” 3 A cysteine-depleted mutant
(Mutant 1) was generated as the starting point for a series
of six mutants in which selected allosteric site amino
acids were separately replaced with a cysteine (L211C,
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Figure 2. Fluorophore bioconjugation using cysteine-maleimide chemistry. A)
SDS-PAGE segments showing bands corresponding to CYP3A4.
Fluorophores are abbreviated: AF — AlexaFluor 488, F — Fluorescein, DL —
DyLight550 and C — Coumarin. Blue bands correspond to AlexaFluor 488 and
fluorescein, orange/yellow bands to DyLight550, green bands to unlabeled
proteins or proteins labeled with coumarin. B) Sample Tricine-SDS-PAGE
results for bioconjugation of AlexaFluor 488 to each CNBr digested CYP3A4
mutant. Green bands are due to peptides labeled with the fluorophore, while
red bands correspond to the unlabeled protein ladder. See supplemental
information for remaining fluorophores (Figures S7-S9) C) Sample
deconvoluted HPLC-MS-QToF spectrum showing results for mutant D217C
labeled by AlexaFluor 488. See supplemental information for remaining
fluorophores (Section S4)

F213C, D214C, F215C, D217C, and V240C, Table S1).
Mutant 1 included the mutation of all accessible cysteines,
with only 2 native cysteines remaining, the buried C377%
and the proximal heme iron ligand C442. Three of the six
allosteric site CYP3A4 cysteine mutants oxidized
testosterone with total turnovers about twice as high as

that of the wildtype enzyme suggesting higher stability,
and only mutant 1 and mutant F213C showed improved
initial rates of BFC transformation (Figure S1).
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Scheme 1. Synthesis of maleimide-containing progesterone derivative Pg-M.

In order to rapidly establish the synthetic methodology,
mutants F213C, F215C and D217C were reacted with the
maleimide derivatives of four different fluorophores:
AlexaFluor 488, fluorescein, DyLight 550 and N-7-
dimethylamino-4-methylcoumarin (abbreviated as
coumarin). All four fluorophores were successfully
conjugated as confirmed by SDS-PAGE (Figure 2A, S2-
S4) and the reaction yield was determined using HPLC-
MS-QToF (Figure 2C and S5) In all cases, the mutants
were primarily labeled with only one fluorophore
molecule, with the presence of little unlabeled or doubly
labeled enzyme. Di-labeled enzyme likely resulted from
the reaction at C442 of the denatured enzyme, as
suggested by the SDS-PAGE of the cyanogen bromide-
digested protein (vide infra). The yield of mono-labeled
protein ranged from 45-88%, and the degree of labeling
seemed to improve slightly with smaller, less charged and
more aromatic molecules. Control reactions where the
maleimide moiety of the fluorophores was quenched
using dithiothreitol (DTT) before reaction with the
cysteine mutants suggest that conjugation does not occur
in absence of a functional maleimide moiety and that the
free fluorophores are fully washed out in the process
(Figure S6).

To verify the regioselectivity of the bioconjugation,
the enzyme samples were subjected to digestion using
cyanogen bromide, followed by analysis of the peptides
using tricine-SDS-PAGE, as previously established by
our group.’” All results are consistent with the introduced
cysteine being the major site of bioconjugation, with a
smaller portion of labeling at the heme proximal cysteine
(C442) (Figures 1B and S7-S9). Labeling at C442 implies
that some enzyme was denatured during the conjugation
reaction, which is to be expected for CYP3A4 due to its
low stability. The characterization above suggests this
denatured protein species to be a minor component,
which should not interfere with the analysis of enzyme
activity since it is inactivated and likely aggregates and
precipitates out of solution.

The effects of the conjugated fluorophores on
CYP3A4 turnover and initial rates of reaction were
studied with the substrates testosterone and BFC
respectively. It was clear that all labeled mutants
performed comparably to the unlabeled controls for the
testosterone assay, except for the coumarin conjugate of



the F213C mutant, which showed improved turnover
(Figure S10A). This agrees with previous reports showing
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Figure 3. Effect of conjugated Pg-M on the initial rate of CYP3A4 mutants. A)
Effect of conjugated Pg-M on BFC transformation by CYP3A4 mutants.
Activity data for each mutant compares the initial rate of BFC transformation
and is normalized to the initial rate of the corresponding unlabeled mutant.
The reaction consisted of 0.4 pM CYP3A4, 0.8 uM CPR, 33 pM BFC and 1.1
mM NADPH in a 100 pL volume. Each data point is the average of three
experiments with standard error shown with error bars. B) Effect of conjugated
Pg-M on testosterone hydroxylation by CYP3A4 mutants. Comparison of the
initial rate of testosterone transformation by the bioconjugated mutant
normalized to the initial rate of the corresponding unlabelled mutant. The
reaction consisted of 0.8 pM CYP3A4, 0.8 uM CPR, 80 pM testosterone and
1 mM NADPH in a 100 pL volume. Each data point is the average of three
experiments with standard deviation shown with error bars.

that coumarin derivatives can have a stimulating effect on
testosterone metabolism by CYP3A4.!51° It was expected
that the orientation of the coumarin in the pocket would
matter, and this is supported by the absence of a positive
effect on the enzyme rate observed for the F215C and
D217C mutants. Interestingly, the rate of BFC
transformation to HFC was reduced from 20-60% with
bioconjugation for all but the coumarin bioconjugates
(Figure S10B). A slight increase in initial rate was
observed for the coumarin-labeled CYP3A4, however for
mutants F215C instead of F213C. This supports previous
reports that CYP3A4 allostery may be substrate- and
effector-dependent.'> *°

Due to its implication in both homotropic and
heterotropic cooperativity, we were interested in studying
the effect of a known CYP3A4 substrate and postulated

Effect of Progesterone Conjugation on BFC Oxidation

by Mutant F215C
a
35
3
=25
b3
2,
Q =—pg-M Labeled F215C
a5 Unlabeled F215C
1
05
0
0 50 100 150 200
Time (min)

Figure 4. Effect of conjugated Pg-M on the kinetic stability of Mutant F215C.
The enzyme activity was measured using the BFC assay. All samples were
exposed to bioconjugation conditions as detailed in Section 2.6 of the
Supporting Information. The reaction consisted of 0.4 uM CYP3A4, 0.8 uM
CPR, 33 pM BFC and 10 mM NADPH in a 100 pL volume. Results are
shown as the average of three experiments.

allosteric site ligand, progesterone, on enzyme activity.
Using manual fitting, an artificially conjugated maleimide
containing progesterone analogue Pg-M with a 2 carbon
linker allowed for superimposition of the progesterone
moiety on the existing co-crystallized progesterone
(Figure 1). Thus, Pg-M was rationally designed and
synthesized starting from commercially available 17f3-
testosterone carboxylic acid (Scheme 1). Using the same
reaction conditions as used for the fluorophores, Pg-M
was conjugated to each of the three mutants. Each mutant
was primarily mono-labeled (>80%) with small amounts
of unlabeled (<10%) and doubly-labeled (<15%) species
observed (Figure S11). After conjugation and extensive
removal of excess Pg-M, some enzyme was found in the
high spin state (estimated to <25 %). This may be due to
the high flexibility of CYP3A4 and the partial
translocation of conjugated Pg-M from the allosteric site
to the active site. The effect of progesterone conjugation
on CYP3A4 was investigated and overall the presence of
progesterone had a positive effect on the initial rate of
substrate oxidation by CYP3A4 towards both testosterone
and BFC (Figure 3). This was seen for two out of the
three mutants, but was most pronounced for mutant
F215C. These results support our hypothesis that
progesterone conjugation may mimic the allosteric effect
that it has in the transformation of other substrates,
whether through allosteric site binding or partial
reorientation in the active site (<25%).% 1016 19 21, 22, 40-48
As expected, the orientation of the molecule in the pocket
(as simulated here using different mutants) influences
allostery.



Since the F215C mutation resulted in a decrease in
enzyme activity relative to the parent mutant 1 (especially
with BFC, see Figure S1) we investigated whether the
conjugation of Pg-M was compensating for the removal
of F215. This was achieved by conjugating the smaller N-
methylmaleimide (MM) as a Phe mimic. The F215C-MM

Table 1. Kinetic parameters for BFC and testosterone transformation by
mutant F215C

BFC TST
Sample
Km (uM) keat (min™) kear (min™)

Wildtype CYP3A4 1.2£0.5 0.0011 + 0.5+0.2

0.0001
F215C-Unlabeled 9+4 0.0036 + 0.11+0.04

0.0005
F215C-PgM 27+7 0.11+0.01 0.45+0.06

conjugate displayed initial rate of BFC transformation
that was significantly less than that of the F215C-Pg-M
conjugate (Figure S12), suggesting that Pg-M is more
than just compensating for the removed Phe residue.
Furthermore, Michaelis-Menten analysis of mutant
F215C for BFC transformation, before and after
bioconjugation to Pg-M, showed marked differences in
the kinetic parameters (Table 1 and Figure S13). The kca
for the reaction with BFC was greater for the Pg-M
labeled mutant, implying that conjugation of progesterone
improves the initial rates of BFC transformation. The
increase in Ky also aligns with the assumption that the
multiple binding events occur with differing binding
affinities.*” Our results suggest that the first binding event
may bind with higher affinity (as proposed by others),*
and once blocked due to conjugation, the apparent Ky is
expected to increase. Conjugation of progesterone also
improves the initial rates of testosterone hydroxylation.
Due to issues with substrate precipitation in buffer,* low
enzyme activity and protein aggregation,”® 3! we were
unable to obtain reliable Ky for testosterone (Figure S14).

The positive effect of progesterone was also evident
when studying the kinetic stability of mutant F215C
during BFC transformation (Figure 4). Conjugation of
progesterone at this site not only improved the initial rate
of BFC transformation, but it also stabilized the enzyme
during catalysis such that the activity plateaued at a later
time. These results suggest for the first time that
progesterone binding at an allosteric pocket may also
have a stabilizing effect on CYP3A4 in addition to
improving its activity.

In summary, we have demonstrated how substrate
bioconjugation can be used to investigate the presence of
a proposed allosteric binding site. To our knowledge, this
methodology has not been applied to study the complex

behavior of P450 enzymes. Interestingly, the strategic
attachment of a coumarin derivative or of progesterone to
CYP3A4 proved to be a successful strategy to reproduce
the allosteric effect observed with these ligands. As such,
the bioconjugates reported herein, and possibly other
variants, ought to greatly simplify further studies of the
complex cooperative and allosteric behavior of CYP3A4.

In light of the role of CYP3A4 in human metabolism,
the bioconjugates reported here can also find use in the
study of drug metabolism and drug interactions. CYP3A4
is not only the major actor in drug metabolism but also an
unequalled catalyst, made so by its ability to bind a large
variety of ligands and selectively catalyze many reactions,
such as hydroxylations at unactivated C-H bonds, a
reaction that remains mostly inaccessible to chemical
catalysis. The enzyme activation and improved kinetic
stability observed with the bioconjugates may be
harnessed to realize new biocatalytic applications of this
enzyme.
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