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NADPH-cytochrome P450 reductase delivers electrons
required by heme oxygenase, squalene monooxygenase, fatty
acid desaturase, and 48 human cytochrome P450 enzymes.
While conformational changes supporting reductase intra-
molecular electron transfer are well defined, intermolecular
interactions with these targets are poorly understood, in part
because of their transient association. Herein the reductase
FMN domain responsible for interacting with targets was fused
to the N-terminus of three drug-metabolizing and two ste-
roidogenic cytochrome P450 enzymes to increase the proba-
bility of interaction. These artificial fusion enzymes were
profiled for their ability to bind their respective substrates and
inhibitors and to perform catalysis supported by cumene hy-
droperoxide. Comparisons with the isolated P450 enzymes
revealed that even the oxidized FMN domain causes substantial
and diverse effects on P450 function. The FMN domain could
increase, decrease, or not affect total ligand binding and/or
dissociation constants depending on both P450 enzyme and
ligand. As examples, FMN domain fusion has no effect on in-
hibitor ketoconazole binding to CYP17A1 but substantially
altered CYP21A2 binding of the same compound. FMN
domain fusion to CYP21A2 resulted in differential effects
dependent on whether the ligand was 17α-hydroxyprogester-
one versus ketoconazole. Similar enzyme-specific effects were
observed on steady-state kinetics. These observations are most
consistent with FMN domain interacting with the proximal
P450 surface to allosterically impact P450 ligand binding and
metabolism separate from electron delivery. The variety of ef-
fects on different P450 enzymes and on the same P450 with
different ligands suggests intricate and differential allosteric
communication between the P450 active site and its proximal
reductase-binding surface.

Cytochrome P450 enzymes are a class of heme-containing
monooxygenases critical for diverse functions in the human
body. Most well known for their roles in xenobiotic meta-
bolism, many human P450 enzymes are also critical in various
endogenous biosynthetic pathways, including the biosynthesis
of steroid hormones, bile acids, eicosanoids, and vitamins.
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The dozen or so human xenobiotic P450 enzymes are
responsible for the metabolism of over 70% of drugs on the
market (1), with CYP1, CYP2, and CYP3 families largely
responsible for this activity. Indeed, CYP3A4 and CYP2D6
alone contribute to over 50% of CYP-related drug metabolism
(2). Other drug-metabolizing P450 enzymes are somewhat
more selective but still important for selected classes of drugs
or individual drugs. For example, the CYP2 family enzyme
CYP2A6 is only responsible for 3% of CYP-related drug
metabolism but is critically important for the metabolism and
clearance of nicotine and its metabolite cotinine (3).

In human steroidogenesis six different P450 enzymes
convert cholesterol into mineralocorticoids such as aldoste-
rone controlling blood pressure, into glucocorticoids such as
cortisol that modulate stress and immune responses, and into
androgenic and estrogenic sex steroids that control repro-
ductive development and fertility. Within this pathway
CYP17A1 and CYP21A2 occur at particularly critical junc-
tions. In the absence of CYP17A1 activity, the formation of
mineralocorticoids occurs but not that of glucocorticoids or
sex steroids. The CYP21A2 enzyme is similarly a committed
step in the generation of mineralocorticoids and glucocorti-
coids over the formation of androgens and estrogens.

Whether involved in drug metabolism or endogenous
pathways like steroidogenesis, cytochrome P450 enzymes
perform substrate oxidation using their heme prosthetic group
to activate molecular oxygen. To accomplish such catalysis
almost all human P450 enzymes require two electrons deliv-
ered from a redox partner protein. For 48 of the 57 human
P450 enzymes, this redox partner protein is NADPH-
cytochrome P450 reductase. This reductase abstracts a
hydride from NADPH, accepts both electrons via its FAD-
containing domain, then transfers them one at a time to its
FMN-containing domain, which can then pass electrons to the
P450 heme (4).

In order to accomplish this, the reductase FMN-containing
domain must release from its FAD-containing domain to
interact with the P450. Thus, there are large-scale conforma-
tional dynamics involved between domains. The reductase
FAD-to-FMN interdomain electron transfer occurs in a
“closed” conformation, for which there is a crystal structure
indicating that the distance between the two flavins is 3.5 Å
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Reductase allosteric modulation of P450 enzymes
(5). However, conformational changes in a hinge region be-
tween the two reductase flavin-containing domains are
thought to allow the two flavin domains to move apart from
each other to permit the FMN domain to bind the proximal
P450 surface. Several lines of evidence support this concept.
First, restricting conformational change by engineering a di-
sulfide bond between the two flavin domains markedly de-
creases P450 reduction (6). Second, mutations in the linker
affect electron transfer supporting P450 catalysis (7). Third,
modification of the linker between the two flavin domains
revealed a set of “open” conformations, in which the FMN
domain would be available for interaction with a P450 enzyme
(8). Finally, these domain motions are consistent with NMR
and X-ray scattering experiments (9). The FMN domain of
reductase must undergo these domain movements twice in
order to transfer both electrons required for P450 catalysis (4).
Unfortunately, relatively little is known about the details of this
transient interaction between the reductase FMN-containing
domain and any of the 48 relevant human P450 enzymes.

Both clinical and experimental data suggest that the in-
teractions between reductase and individual P450 enzymes
may vary. Clinically, some of the strongest evidence has
been seen in patients with Antley–Bixler syndrome. This
rare genetic disorder results in severe skeletal and devel-
opmental malformations (10, 11). Early studies attributed
the condition to mutations in the fibroblast growth factor
receptor 2 causing the observed skeletal malformations (12).
However, subsequent investigation of patients with Antley–
Bixler syndrome with developmental malformations con-
sisting of ambiguous or malformed genitalia revealed
abnormal steroid profiles (13). The steroidogenic P450 en-
zymes CYP17A1 and CYP21A2 had decreased activities, but
sequencing revealed no mutations in these enzymes (14–17).
Instead it was discovered that mutations in the NADPH-
cytochrome P450 reductase were the cause. Since this
reductase is also required by drug-metabolizing P450 en-
zymes, one would expect similar deficiencies in their cata-
lytic functions, but this was not uniformly the case. Instead,
reductase mutations can have quite varied effects on
different cytochrome P450 enzymes (18). For example, the
patient mutation Q153R in the reductase FMN domain
decreased both CYP17A1 hydroxylase and lyase activity by
�70% (17) but had less consistent effects on the activities of
drug-metabolizing P450 enzymes. While the catalysis of
CYP3A4, CYP2D6, and CYP1A2 was moderately increased
(�120%, �130%, and �140% of wildtype activity, respec-
tively), the activity of CYP2C19 was actually increased
dramatically, to �280% of wildtype activity (18–21). Another
A115V mutation supported CYP17A1 and CYP3A4 catalysis
at �70 to 85% of normal, but decimated CYP1A2 and
CYP2C19 catalysis (17, 19, 21). In general, activities can
increase, decrease, or remain unchanged depending on the
individual P450 enzyme (18). Further investigation of
different reductase mutants confirmed the enzyme-specific
effect and also revealed a substrate-dependent effect (20,
22). Not only are the catalytic activities of specific P450
enzymes differentially affected but the binding affinities and
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thermodynamic properties of the different reductase–P450
interactions also vary among P450 enzymes (23).

Altogether the above data suggest that the interaction be-
tween reductase and P450 is likely to be different for individual
human P450 enzymes. Unfortunately, this interaction is rather
poorly understood for any human P450 enzyme. Kinetic
studies suggest that the FMN domain of reductase only tran-
siently binds to P450 enzymes rather than forming a stable
complex (24, 25). Perhaps because this interaction is neces-
sarily transient, no structures are known of a mammalian
P450–reductase complex. While a recent cryo-EM structure of
the soluble, bacterial, natural P450/reductase fusion protein
CYP102A1 was recently solved supporting the conformational
changes of flavin domains relative to each other and the P450
enzyme (26), this protein functions as a homodimer and has
limited relevance to membrane-bound mammalian P450 en-
zymes with their redox partner.

While there are no structures of mammalian P450 enzymes
with reductase, there are now structures of individual human
P450 enzymes (27) and of reductase (5), including open con-
formations where the FMN domain would be available to
interact with a P450 enzyme (8). Thus attempts have been
made to dock the two proteins together (28–30). These
docking studies informed selective mutagenesis experiments
that implicated the proximal side of the P450, particularly the
C-helix, in interaction with the FMN domain of reductase
(30–32). This is further supported by biophysical techniques
such as chemical cross-linking and hydrogen–deuterium ex-
change (33–35). Lastly, evidence suggests that these P450–
reductase interactions are largely mediated by electrostatic
interactions (31, 32, 36) and/or hydrophobics (37, 38).

Similar mitochondrial P450 systems have been studied
recently and provide evidence of redox partners affecting P450
function. Mitochondrial P450 enzymes instead use soluble
adrenodoxin and membrane-bound adrenodoxin reductase for
electron delivery, with adrenodoxin acting as an electron
shuttle between the P450 and adrenodoxin reductase, func-
tionally similar to the reductase FMN domain. For these
mitochondrial P450 enzymes, evidence suggests that adreno-
doxin aids not only in this electron delivery but also in allo-
steric modulation of these P450 enzymes. Adrenodoxin
binding has been shown to modulate ligand binding to
CYP11B1, CYP11B2, and CYP24A1 and catalytic turnover of
both CYP11B enzymes (39–41). Furthermore, these results are
supported by studies that suggest adrenodoxin binding mod-
ulates positioning of substrate in the CYP11A1 active site
required for catalysis (42). In contrast, adrenodoxin binding
does not appear to have an allosteric effect on CYP27C1 (43).
Taken together, these results suggest that the adrenodoxin
redox partner not only can allosterically modulate P450 ac-
tivity but can also do so in an isoform-specific manner. From
this, one could imagine that microsomal P450 enzymes may
also experience allosteric modulation from their redox partner
protein NADPH cytochrome P450 reductase.

Herein the aim is to investigate the effects of the reductase
FMN domain on the function of individual microsomal cyto-
chrome P450 enzymes. Because the reductase FMN domain
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shuttles between its own FAD domain and the P450, and the
reductase–P450 interaction is transient, the strategy pursued
herein is to promote the FMN domain–P450 interaction by
generating artificial fusion proteins containing individual P450
enzymes linked to the FMN-containing domain of reductase.
Such fusion enzymes were generated for three human drug-
metabolizing P450 enzymes, CYP2A6, CYP2D6, and
CYP3A4, and for two human steroidogenic P450 enzymes,
CYP17A1 and CYP21A2. Comparison with the corresponding
individual P450 enzymes revealed various effects of the
reductase FMN domain on ligand binding and catalysis. These
experiments were performed without reduction of the FMN
domain so that allosteric modulation of the P450 function
could be distinguished from the effects of electron transfer.
Results

Rationale, generation, and characterization of recombinant
fusion P450 enzymes

There exist natural fusions of reductase with its redox
target, such as in the case of nitric oxide synthase (44) and the
bacterial CYP102/BM3 (45). There are also multiple examples
of artificial fusions of various mammalian catalytically active
P450 enzymes with rat reductase (46–49). Herein stabilization
of the interaction of the human reductase electron-delivering
FMN domain with human P450 enzymes was used to facili-
tate studying their interactions. To (1) avoid competition be-
tween the FMN domain interacting with either the P450 or
with its own FAD domain and to (2) sequester the P450 in
close local proximity of the reductase FMN domain, P450
enzymes and the reductase FMN domain were designed as a
single polypeptide with an intervening linker for flexibility. The
linker was designed using analysis of naturally occurring
linkers (50), a structural analysis of the distance required to
allow the N-terminal FMN domain to reach the proximal P450
surface, and successful design of such linkers for studying
P450–adrenodoxin interactions (39). A seven-amino-acid
linker AKKTSS has successfully been used to create a similar
artificial fusion protein consisting of the N-terminal redox
partner adrenodoxin and C-terminal CYP11B2 to generate a
crystallographic structure of this protein–protein complex,
although the linker is disordered in the electron density (40).
Finally, the linker employed herein was also used to artificially
link adrenodoxin and CYP11B2, and this construct also
demonstrated strong allosteric effects of adrenodoxin on
CYP11B2 ligand interactions (39).

The fusion enzymes used in these studies consist of the
human NADPH-cytochrome P450 reductase FMN-containing
domain (FMND) at the N terminus, followed by a short five-
amino-acid linker (TDGTS), then the P450 catalytic domain,
and a final C-terminal His-tag (Figs. 1A, S1 and S2). Herein
these artificial fusion proteins are denoted as FMND/P450—
for example, FMND/CYP2A6 for the CYP2A6 fusion. These
fusion proteins were expressed in Escherichia coli and highly
purified, and the integrity of the fusion proteins was assessed
by SDS-PAGE, with all five yielding the expected 75 to 77 kDa
molecular weight and only minor contaminants in some cases
(e.g., Figs. 1A and S1). The folding of the reductase FMN
domain and flavin incorporation is difficult to assess spectro-
scopically. While the extinction coefficient for FMN is much
lower and absorbance is overwhelmed by the absorbance of the
P450 heme, the reductase FMN domain has successfully been
expressed and purified independently and is quite stable (51).
The integrity of the P450 domain was analyzed by UV-visible
absorbance, as well as the reduced carbon monoxide difference
spectra. Each fusion displayed a typical Soret peak with
maximal absorbance at �418 nm (e.g., Fig. 1A), similar to the
isolated P450 enzymes (e.g., Fig. 1B) and consistent with
isolation of the water-bound heme iron. The reduced carbon
monoxide difference spectra for both isolated P450 enzymes
and the FMND/P450 fusion proteins primarily had maximal
absorbance at 450 nm, consistent with proper incorporation of
the heme prosthetic group (e.g., Fig. 1, A and B insets),
although steroidogenic proteins had some P420 species pre-
sent, particularly for the FMND/CYP17A1 fusion. Spectra and
gels for all proteins are shown in Fig. S3. In summary, all
fusion and nonfusion P450 enzymes appear to be pure and to
have correctly incorporated heme.
Effects of reductase FMN domain on ligand binding mode

Each protein pair consisting of an isolated P450 protein and
the corresponding FMND/P450 fusion protein was evaluated
for the ability to bind both a native substrate and an inhibitor.
Ligands were chosen that are known to be effective substrates
or inhibitors for the respective P450 enzyme and have low
background absorbance to enable assessment of binding using
a UV-visible binding assay. For the drug-metabolizing enzymes
CYP3A4, CYP2D6, and CYP2A6, the substrates were hydro-
cortisone, thioridazine, and coumarin, while the inhibitors
were clotrimazole, prinomastat, and pilocarpine, respectively.
For the steroidogenic CYP17A1 and CYP21A2 all major native
steroid substrates were evaluated (progesterone, pregnenolone
and their 17α-hydroxy versions for CYP17A1 and progester-
one and 17 α-hydroxyprogesterone for CYP21A2), along with
the shared inhibitor ketoconazole.

Cytochrome P450 ligand binding at the catalytic heme can
be monitored through shifts in the maximal absorbance of the
heme Soret peak, which is usually best observed as difference
spectra. While some compounds can bind to P450 enzymes
without causing a spectral shift, particularly if they bind far
from the active site, the presence of a spectral shift upon
addition of a small molecule is generally consistent with its
binding in the active site.

P450 enzyme substrates typically bind and displace the
heme-coordinated water molecule, resulting in a Soret peak
shift to a shorter wavelength, resulting in a type I difference
spectra (52) with a peak at �386 to 390 nm and trough at
�419 to 424 nm. The drug-metabolizing CYP3A4, CYP2D6,
and CYP2A6 bound their respective hydrocortisone, thiorid-
azine, and coumarin substrates, and all demonstrated this
expected type I spectral shift, as did the corresponding fusion
proteins (e.g., Figs. 2A and S4). The same type I shift was
observed for steroidogenic CYP21A2 binding its substrates
J. Biol. Chem. (2023) 299(9) 105112 3



Figure 1. Generation and characterization of representative FMND/P450 fusion enzyme compared with the corresponding isolated P450 enzyme.
A, fusion enzymes consisted of the reductase FMN domain plus a five-amino-acid linker plus the catalytic P450 domain with a histidine tag (top). This
resulted in purified protein with a water-bound Soret peak in the absolute spectrum (main image) and a typical reduced-carbon monoxide difference
spectrum (inset). The purified protein runs on an SDS-PAGE gel at the expected molecular weight of 75 to 77 kDa (right). B, the individual P450 enzymes that
the fusions were compared with consisted of only the catalytic P450 domain with a histidine tag (top). This resulted in purified protein with a water-bound
Soret peak in the absolute spectrum (main image) and a typical reduced-carbon monoxide difference spectrum (inset). The purified protein runs on an SDS-
PAGE gel at the expected molecular weight of 54 to 56 kDa (right). The specific examples shown are for (A) FMND/CYP2A6 and (B) CYP2A6. Fig. S3 shows
these data for all proteins, including repetition of FMND/CYP2A6 and CYP2A6 to facilitate comparisons.

Reductase allosteric modulation of P450 enzymes
progesterone and 17α-hydroxyprogesterone and for CYP17A1
binding its substrates progesterone, 17α-hydroxyprogesterone,
pregnenolone, and 17α-hydroxypregnenolone, whether or not
the FMN domain was fused (Fig. S5).

Inhibitors that bind in the P450 active site and directly co-
ordinate to the heme iron result in a shift of the Soret peak to
longer wavelengths. Such type II (52) difference spectra typi-
cally have a peak at �427 to 435 nm and trough at �407 to
414 nm and are common for P450 inhibitors with a lone pair-
containing nitrogen, such as in the azole- or pyridine-
containing inhibitors used herein. The drug-metabolizing
CYP3A4, CYP2D6, and CYP2A6 bound their respective clo-
trimazole, prinomastat, and pilocarpine inhibitors with the
expected type II shifts, as did the corresponding FMND/P450
fusion enzymes (e.g., Figs. 2B and S4). Whether or not the
FMN domain was fused, the same type II shifts were also
observed for steroidogenic CYP17A1 and CYP21A2 binding
4 J. Biol. Chem. (2023) 299(9) 105112
the common inhibitor ketoconazole (Fig. S5). Thus, the pres-
ence of the FMN domain did not change the binding mode for
any of these substrates or inhibitors.
Effects of reductase FMN domain on ligand binding by drug-
metabolizing P450 enzymes

Both type I and type II spectral shifts can be readily quan-
titated by measuring the difference between the peak and
trough (Δ absorbance) in the difference spectra (Fig. S4).
Plotting these absorbance changes throughout titration with a
ligand (e.g., Fig. 2C) allows the determination of both maximal
saturation (reported as ΔAmax) and the ligand affinity or
dissociation constant (Kd) (e.g., Fig. 2C and Table 1). The ratio
of ΔAmax/Kd is a measure of binding efficiency analogous to
kcat/Km for catalysis. Experiments for fusion and nonfusion
forms of P450 enzymes were performed identically; thus, the



Figure 2. Binding of substrates and inhibitors to drug-metabolizing P450 enzymes (red) compared with the corresponding FMND/P450 fusion
proteins (blue). Representative difference spectra for titrations of FMND/CYP3A4 binding its substrate hydrocortisone with a type I binding mode (A) and
inhibitor clotrimazole with a type II binding mode (B). C–H, plotting the changes in absorbance (peak–trough) from such difference spectra versus the
corresponding ligand concentration and fitting to a single-site binding equation allows comparison of the maximal absorbance (ΔAmax) and dissociation
constant (Kd) for the isolated P450 (red) and fusion (blue) proteins, as visualized in C. Ligand binding titrations are shown for CYP3A4 substrate hydro-
cortisone (C) and inhibitor clotrimazole (D), for CYP2D6 substrate thioridazine (E) and inhibitor prinomastat (F), and for CYP2A6 substrate coumarin (G) and
inhibitor pilocarpine (H). Each titration was completed in triplicate on different days with all data points shown. Fitted values and 95% confidence intervals
are shown in Table 1.

Reductase allosteric modulation of P450 enzymes
resulting differences in Kd or ΔAmax are logically due to the
presence of the FMN domain in the fusion protein. Herein all
titrations were performed with the FMN domain in the
oxidized state because the goal was to determine the effects of
protein–protein interactions separate from any effects due to
electron transfer. The effects of FMN domain fusion were
variable across the different drug-metabolizing enzymes
(Fig. 2, C–H and Table 1). Almost all of the isolated P450
enzymes and their corresponding fusion enzymes have binding
parameters with nonoverlapping 95% confidence intervals.
This is consistent with statistically significant effects. For the
major drug-metabolizing cytochrome P450 3A4, fusion of the
FMND reduced total binding of its hydrocortisone substrate
by 33% but simultaneously decreased the Kd by a similar
amount (30%). As a result the binding efficiency (ΔAmax/Kd)
for this substrate remained essentially unchanged. For the
inhibitor clotrimazole the FMND/CYP3A4 fusion results in a
58% reduction in final saturation and a 49% reduction in the
Kd value compared with CYP3A4. As a result the binding ef-
ficiency for this inhibitor similarly remained little changed.

For CYP2D6 (Table 1), fusion of the FMN domain had
similar effects on binding of the substrate thioridazine: a 28%
reduction in total binding at saturation but a 22% increase in
affinity such that the binding efficiency was quite similar to the
isolated CYP2D6. However, FMND/CYP2D6 binding of the
inhibitor pilocarpine had a 17% reduction in total binding but
caused a larger 37% increase in the affinity compared with
CYP2D6 alone. As a result, the ΔAmax/Kd binding efficiency
was increased 32% by fusion of the FMN domain. Thus for
CYP3A4 and CYP2D6, the presence of the reductase FMN
domain typically decreased total ligand binding but increased
affinities for both substrates and inhibitors.
J. Biol. Chem. (2023) 299(9) 105112 5



Table 1
Ligand binding data for drug-metabolizing P450 enzymes ± fusion with the reductase FMN-containing domain

The 95% confidence intervals are provided in gray.
a Substrates for CYP3A4, CYP2D6, and CYP2A6 were hydrocortisone, thioridazine, and coumarin, respectively. Kd units are μM except for hydrocortisone, which is mM.
b Inhibitors for CYP3A4, CYP2D6, and CYP2A6 were clotrimazole, prinomastat, and pilocarpine, respectively. Kd units are μM except for clotrimazole, which is nM.

Reductase allosteric modulation of P450 enzymes
Distinct results were observed for the drug-metabolizing
CYP2A6 enzyme. Fusion of the FMN domain resulted in
relatively little change in total ligand binding for its substrate
coumarin but a more than 2-fold increase in the Kd value.
Evaluation of inhibitor pilocarpine binding conversely
demonstrated no change in the affinity and a 30% decrease in
total binding. Thus for CYP2A6 the effects of the FMN
domain on ligand binding appear to be different from those for
CYP3A4 and CYP2D6 and more distinct for these two ligands.
Effects of reductase FMN domain on ligand binding by
steroidogenic P450 enzymes

Having observed the diversity of effects of the FMN domain
on the quite promiscuous drug-metabolizing P450 enzymes,
the question arose what the effects might be on more
substrate-selective cytochrome P450 enzymes. Human P450
enzymes CYP17A1 and CYP21A2 are much more selective for
steroidal substrates. CYP17A1 has four major, very structurally
similar substrates, and CYP21A2 has two such substrates, all of
which were examined alongside ketoconazole, a nonsteroidal
inhibitor of both enzymes.

Titrations of the steroidogenic P450 enzymes CYP17A1
and CYP21A2 with their native substrates and with the type
II inhibitor ketoconazole are shown in Fig. S5, with the
corresponding binding curves shown in Figure 3, and the
fitted values for total absorbance change (ΔAmax) and af-
finity (Kd) summarized in Table 2. A variety of effects are
observed. Fusion of the FMN domain increased overall
binding efficiency of CYP17A1 for progesterone (38%) and
17α-hydroxyprogesterone (86%). This occurred as a result of
a 15% increase in CYP17A1 total saturation by progesterone
and a 17% increase in affinity, whereas there was a smaller
increase in saturation by 17α-hydroxyprogesterone but a
43% increase in affinity (Fig. 3, A and B and Table 2). Both
parameters were increased for pregnenolone (Fig. 3C and
Table 2) such that the binding efficiency for pregnenolone
6 J. Biol. Chem. (2023) 299(9) 105112
was largely unchanged. Fusion of the FMN domain to
CYP17A1 had little effect on saturation by 17α-hydrox-
ypregnenolone but a 12% decrease in Kd (Fig. 3D) such that
the overall binding efficiency was only 16% higher (Table 2).
However, no significant changes in either saturation or af-
finity were observed for inhibitor ketoconazole (Fig. 3E and
Table 2).

Fusion of the FMN domain to CYP21A2 similarly had clear
ligand-specific results. Fusion resulted in a 31% decrease in
total absorbance change due to progesterone binding without
substantially altering the affinity, while for the 17α-hydrox-
yprogesterone substrate, the opposite was true. The Kd value is
decreased by �27% while the total absorbance change was
unmodified. Fusion of the FMN domain has effects on both
parameters for binding of the ketoconazole inhibitor. For this
ligand �30% decreases are observed for both the maximal
absorbance and the affinity, yielding an overall almost 50%
reduction in binding efficiency.

Thus fusion of the reductase FMN domain had very distinct
effects, even when the substrates are very similar (e.g.,
CYP21A2 with progesterone and 17α-hydroxyprogesterone)
and for the same ligand with different P450 isoforms (e.g.,
ketoconazole binding to CYP17A1 versus CYP21A2).
P450 metabolism using artificial reductant cumene
hydroperoxide

The cytochrome P450 catalytic cycle is initiated with sub-
strate entering the P450 active site, typically displacing water
from the heme iron, which in turn increases its redox potential
favoring acceptance of an electron from cytochrome P450
reductase. Molecular oxygen can then bind, followed by the
transfer of the second electron to form a peroxoanion inter-
mediate. Initial protonation forms a hydroperoxide interme-
diate while a second protonation results in the cleavage of the
oxygen–oxygen bond to form the catalytic oxyferryl
intermediate.



Figure 3. Binding of substrates and inhibitors to the steroidogenic CYP17A1 and CYP21A2 enzymes (red) compared with the corresponding fusion
proteins (blue). The changes in difference spectra absorbance (peak–trough) versus ligand concentration over the course of a titration are depicted for the
individual P450 enzyme (red) compared with the corresponding FMND/CYP fusion (blue) proteins. Ligand binding titrations are shown for CYP17A1 binding
its major native substrates progesterone (A), 17α-hydroxyprogesterone (B), pregnenolone (C), and 17α-hydroxy pregnenolone (D), as well as the inhibitor
ketoconazole (E). Titrations are also shown for the CYP21A2 inhibitor ketoconazole (F) and its major native substrates progesterone (G) and 17α-hydrox-
yprogesterone (H). Each titration was completed in duplicate or more with all data points shown. Fitted values and 95% confidence intervals are shown in
Table 2.

Reductase allosteric modulation of P450 enzymes
The artificial fusion enzymes used in the current experi-
ments lack the full-length reductase enzyme, having only the
reductase FMN domain fused to the N-terminal to the P450
enzyme. As the FAD domain is required to bind NADPH and
donate electrons to the FMN domain for P450 delivery, these
artificial fusion enzymes are not catalytically active on their
own with NADPH. While addition of free FAD domain can
allow for delivery of electrons to the FMN domain and ulti-
mately to the P450 (5, 8, 51), the FAD domain would also
compete with the P450 for binding of the reductase FMN
domain. Thus the strategy employed herein uses cumene hy-
droperoxide to drive metabolism. This artificial reductant uses
the “peroxide shunt” to directly form the hydroperoxo inter-
mediate, which subsequently only requires a single proton-
ation event to yield the catalytic oxyferryl active species. This
approach is commonly used to investigate P450 mechanism
and P450–redox partner interactions (53–56). Although P450
catalysis supported by artificial peroxide reductants is often
substantially slower (57, 58), this provides a method to
investigate the effect of the FMN domain on steps of the P450
catalytic cycle subsequent to substrate binding that does not
relate to electron transfer from the redox partner. Product
formation was measured. Michaelis–Menten curves were
determined for each cytochrome P450 in both fused and
nonfused forms (Fig. 4), and the resulting Km and kcat values
were determined (Table 3).

Again a variety of results were observed across the drug-
metabolizing and steroidogenic P450 enzymes. Addition of
the FMN domain to CYP3A4 decreased kcat by �21% and Km

by �30%, such that the overall kcat/Km efficiency was little
changed. Conversely, fusion of the reductase FMN domain to
CYP21A2 resulted in �17 to 19% increases in both kcat and
Km, thus similarly leaving the catalytic efficiency unchanged.
However, FMND/CYP2A6 fusion resulted in a 31% decrease in
J. Biol. Chem. (2023) 299(9) 105112 7



Table 2
Ligand binding data for steroidogenic P450 enzymes ± fusion with the reductase FMN-containing domain

The 95% confidence intervals are provided in gray.
a Kd units are μM.

Reductase allosteric modulation of P450 enzymes
the kcat with little effect on Km, and for CYP2D6 a 58%
decrease in Km was observed without a significant change in
kcat. Thus for these latter two enzymes, fusion of the FMN
domain decreased and increased catalytic efficiency, respec-
tively, although the CYP2D6 kinetic parameters were less well
defined. Unfortunately, progesterone 17α-hydroxylation by
CYP17A1 was so poorly supported by cumene hydroperoxide
that saturation could not be reached (Fig. 4E) and comparisons
between the CYP17A1 and FMND/CYP17A1 are poorly
defined, although it does appear that the trend was for the
FMN domain to increase kcat as well as Km.
Discussion

Rationale for comparative evaluation

Artificial FMN domain/P450 fusion proteins were designed
for three drug-metabolizing P450 enzymes, CYP3A4, CYP2D6,
and CYP2A6, and for the steroidogenic P450 enzymes
CYP17A1 and CYP21A2. While one cannot rule out nonspe-
cific contributions of the short five-amino-acid linker or
comment on what the effects of changes in linker length or
composition might be, there are several relevant pieces of in-
formation that suggest the TDGTS linker is reasonable. This
same linker has been previously used to artificially link mito-
chondrial CYP11B2 (C-terminal domain) with its native redox
8 J. Biol. Chem. (2023) 299(9) 105112
partner adrenodoxin (N-terminal domain), and this construct
displayed allosteric effects on CYP11B2 ligand binding similar
to titrations with high concentrations of free adrenodoxin. The
linker certainly restrains the two domains in the same vicinity
and likely therefore increases transient interactions and also
has the potential to stabilize this interaction. A similar-length
AKKTSS linker between adrenodoxin and CYP11A1 (59) and
CYP11B2 (40) facilitated the determination of structures of
these complexes with the adrenodoxin located as expected on
the proximal face of these P450 enzymes.

Thus, the artificial FMND/P450 fusion enzymes were
compared with the corresponding P450 enzyme to determine
the effects of the FMN domain presence on ligand binding and
catalysis. Since experiments for fusion and nonfusion forms
were performed identically, differences in binding or catalytic
parameters can be attributed to the presence of the FMN
domain. Experiments were all performed with the FMN
domain in its oxidized state to separate any effects of electron
transfer from protein–protein effects in P450 enzyme function.

Ligand binding characterization of drug-metabolizing P450
enzymes

P450 enzymes and their corresponding versions fused with
the reductase FMN domain were functionally characterized by
their ability to bind ligands, both a canonical substrate and an



Figure 4. Substrate metabolism for drug-metabolizing (CYP3A4, CYP2D6, CYP2A6) and steroidogenic (CYP17A1 and CYP21A2) P450 enzymes (red)
compared with the corresponding FMND/P450 fusion protein (blue).Metabolism of the respective substrates was supported by cumene hydroperoxide.
The effects of FMN domain fusion are shown for CYP3A4 hydrocortisone metabolism to 6β-hydroxycortisol (A), CYP2A6 coumarin metabolism to 7-
hydroxycoumarin (B), CYP2D6 metabolism of dextromethorphan to dextrorphan (C), CYP21A2 progesterone 21-hydroxylation (D), and CYP17A2 proges-
terone 17α-hydroxylation (E). Each reaction series was completed in duplicate or more on different days with all data points shown. Fitted values and 95%
confidence intervals are shown in Table 3.

Reductase allosteric modulation of P450 enzymes
inhibitor. Monitoring the amount of shift in the Soret peak is
typically taken to reflect the amount of ligand binding in the
active site immediately adjacent to the heme. Although there
are small molecules that can bind in the active site and are
metabolized that do not cause a spectral shift, substrates used
herein cause spectral shifts, and the same types of spectral
shifts, for both the isolated P450 enzymes and the corre-
sponding FMND/P450 fusion protein. The resulting binding
curves can be used to quantitate the binding affinity or
dissociation constant (Kd) and overall change in absorbance at
ligand saturation (ΔAmax).

The results herein revealed that the effects of reductase
FMN domain fusion to P450 ligand binding affinity are highly
variable with respect to both the P450 and the ligand. For
almost all of the drug-metabolizing enzymes there are signif-
icant effects observed on both ΔAmax and Kd values for both
substrates and inhibitors (Table 1). The only exceptions are
the Kd for CYP2A6 binding an inhibitor, which is unchanged,
and potentially the Kd for binding of the CYP2D6 substrate
and CYP3A4 substrate and inhibitor, for which the 95% con-
fidence intervals slightly overlap for the fused and isolated
proteins. However, the trend does appear to be that these Kd

values, as well as the Kd value for CYP2D6 with inhibitor,
generally decrease due to fusion of the FMN domain. Thus the
presence of the FMN domain increases affinity for these li-
gands. However, CYP2A6 demonstrates the opposite effect,
with fusion of the FMN domain resulting in a 2-fold increase
in the Kd value for substrate binding and no difference in Kd

value for inhibitor binding. Thus for CYP2A6 fusion of the
FMN domain has no effect on affinity for the inhibitor but
decreases affinity for the substrate, illustrating the ligand
dependence of this effect.

For the drug-metabolizing enzymes, the presence of the
FMN domain consistently decreased the overall absorbance
change/response for all ligands, from a 10% decrease in ΔAmax

for CYP2A6 binding substrate to 58% decrease for CYP3A4
binding inhibitor (Table 1). While affinity is relatively self-
explanatory, this magnitude of the absorbance change
(ΔAmax) likely reflects changes in the population of P450 en-
zymes competent to bind ligand in the active site near or
interacting with the heme iron to initiate a spectral change. In
several cases this decreased response was offset by increased
affinity (Kd) described above such that the overall binding ef-
ficiency (ΔAmax/Kd) was unchanged (CYP3A4 with both sub-
strate and inhibitor and CYP2D6 with substrate). In other
instances, the net effect was increased binding efficiency
(CYP2D6 inhibitor binding) or decreased binding efficiency
(CYP2A6 inhibitor and substrate binding).

Thus the ability of each of the major drug-metabolizing
cytochrome P450 enzymes to bind ligands was substantially
altered by the presence of the reductase FMN domain,
generally decreasing the total population of enzyme binding
J. Biol. Chem. (2023) 299(9) 105112 9



Table 3
Steady-state kinetic parameters for P450 enzymes ± fusion with the reductase FMN-containing domain

The CYP17A1 activity did not reach saturation, and thus the kcat and Km numbers are unreliable and not reported here.
The 95% confidence intervals are provided in gray.
a Km units are mM except for progesterone, which is μM.

Reductase allosteric modulation of P450 enzymes
ligand, but increasing, decreasing, or having no effect on the
affinity for those ligands. The variability of this effect is quite
remarkable.

Effect of the reductase FMN domain on steroidogenic
cytochrome P450 ligand binding

While drug-metabolizing P450 enzymes can bind and
metabolize many structurally diverse ligands, fewer ligands are
compatible with the active sites of P450 enzymes that act in
endogenous metabolic pathways such as steroidogenesis. This
appears to be related to the active site lability, with evidence
suggesting that drug-metabolizing P450 enzymes active sites
are much more flexible than those of P450 enzymes acting on
fewer, more structurally conserved substrates (27).

To determine if the P450- and ligand-dependent effects of
FMN domain fusion carried over to more selective P450 en-
zymes, two steroidogenic cytochrome P450 enzymes were
employed. CYP17A1 and CYP21A2 have in common two
major substrates, progesterone and 17α-hydroxyprogesterone,
while CYP17A1 has two additional closely related pregneno-
lone and 17α-hydroxypregnenolone substrates. Both are also
inhibited by the type II ligand ketoconazole. Thus these en-
zymes permit a closer inspection of both ligand- and P450-
dependent effects.

Overview of the effects of FMN domain fusion on the popu-
lation of steroidogenic P450 proteins binding ligand (ΔAmax)
yields some new information. Like the decreases observed in
overall ligand binding for the drug-metabolizing enzymes (Fig. 2
and Table 1), this same trend was observed in several instances
with steroidogenic P450 enzymes (30% decrease in CYP21A2
binding progesterone and inhibitor). However, FMN domain
fusion had little effect on ΔAmax for others (CYP17A1
10 J. Biol. Chem. (2023) 299(9) 105112
binding inhibitor, 17α-hydroxyprogesterone, and 17α-hydrox-
ypregnenolone and CYP21A2 binding 17α-hydroxyprogester-
one) and actually increasedmaximal ligand binding by 15 to 22%
for some (CYP17A1 with progesterone and pregnenolone).

The effects of FMN domain fusion on ligand affinity for
steroidogenic P450 enzymes are as diverse as those observed
for drug-metabolizing P450 enzymes. FMN domain fusion had
relatively little effect on the binding of some ligands; the
confidence intervals overlapped for the CYP17A1 and FMND/
CYP17A1 Kd values with all four substrates and the inhibitor
ketoconazole (Table 2). However, for CYP21A2 addition of the
FMN domain decreased the dissociation constant for 17α-
hydroxyprogesterone by 27% but increased it by 31% for the
inhibitor ketoconazole (Table 2). Thus, the FMN domain also
has P450-specific and ligand-specific effects on steroidogenic
cytochrome P450 enzymes.

Two comparisons are particularly notable in underscoring
the differential effects of the FMN domain. First, comparison
of the effects of FMN domain fusion on CYP21A2 binding of
17α-hydroxyprogesterone versus ketoconazole (Fig. 3H versus
Fig. 3F) illustrates the ligand dependency of the FMN domain
effect. Second, comparison of the effects on CYP17A1 and
CYP21A2 with the common inhibitor ketoconazole are
notable (Fig. 3E versus Fig. 3F). While essentially no effect is
observed for either ΔAmax or Kd for CYP17A1, for CYP21A2
concomitant decreases in ΔAmax and increases in the disso-
ciation constant Kd result in an overall �50% decrease in
binding efficiency.

Effects of FMN domain fusion on substrate metabolism

In the present experiments the FMN domain is oxidized to
separate effects of the protein–protein interaction from
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electron delivery and thus cannot reduce the P450 heme. As a
result, an artificial reductant was employed to support catal-
ysis. This artificial reductant was cumene hydroperoxide,
which provides both the electrons and oxygen atoms directly
to the cytochrome P450 heme active site (57, 58). Thus, as in
the ligand binding experiments, the FMN domain is oxidized
so the observed effects are expected to be related to the
FMND–P450 interaction.

Comparison between fusion and nonfusion forms of these
P450 enzymes again demonstrate variable effects on catalysis by
different P450 enzymes. Fusion of the FMN domain results in
Kcat values variably decreased 21 to 31% (CYP3A4andCYP2A6),
unchanged (CYP2D6), or increased by 17% (CYP21A2). Simi-
larly, Km values are increased by 19% (CYP21A2), unaffected
(CYP2A6), or decreased by 30 to 58% (CYP2D6 and CYP3A4).
The combination of these effects is to increase catalytic effi-
ciency (kcat/Km) as in the case ofCYP2D6 andCYP3A4, decrease
catalytic efficiency as occurs with CYP2A6, or compensate to
yield unchanged efficiency as occurs with CYP21A2.
Conclusions

Fusion of the reductase FMN domain to a P450 enzyme
could theoretically have three different impacts on P450
function. First, the FMN domain could extend freely from the
N terminus of the P450, not associating with the P450 catalytic
domain. In this instance, one would expect that both substrate
binding and peroxide-supported catalysis would remain un-
changed in comparison with the isolated P450 enzyme. The
results herein clearly demonstrate that fusion of the reductase
FMN domain to five different human cytochrome P450 en-
zymes causes substantial modifications to their ligand binding
and catalytic capabilities, suggesting this is not likely the case.
Second, the fused FMN domain could orient in such a way as
to impede substrate binding or catalysis. Indeed for the drug-
metabolizing P450 enzymes the FMN domain fusion consis-
tently decreased maximal binding, but this idea is at odds with
frequent observation of increased ligand binding affinity,
increased overall binding for some ligands of the steroidogenic
P450 enzymes evaluated, and substantially increased catalytic
efficiency for CYP2D6. Third, localization of the FMN domain
via fusion to the P450 could promote interaction between the
FMN-bound surface of the FMN domain and the proximal
cytochrome P450 surface. This is most consistent with the
current results if the FMN domain binds to the proximal P450
surface and allosterically impacts substrate binding and
metabolism quite apart from its ability to deliver electrons.
This type of interaction has recently been observed when the
redox partner adrenodoxin binds to this corresponding prox-
imal surface of mitochondrial P450 enzymes (39, 40).

The variety of effects that the FMN domain has on different
P450 enzymes and on the same P450 with different ligands
suggests intricate and differential allosteric communication
between the P450 active site and the proximal surface 15 to
20 Å away where the FMN domain binds. This concept is
consistent with several other lines of evidence. First, the same
reductase FMN domain interacts with and delivers electrons to
support the catalysis of 48 different human microsomal cyto-
chrome P450 enzymes, which are not identical on their
proximal, FMN domain-binding surface, as well as heme
oxygenase, squalene monooxygenase, and fatty acid desa-
turases. Second, some patient-identified reductase mutations
have differential effects on the catalysis by individual cyto-
chrome P450 enzymes (17–21). In addition, screening a
mutant reductase library revealed different sets of mutations
that promoted catalysis of CYP1A2, CYP2A6, or CYP3A4
while being neutral or detrimental to catalysis by the other
P450 enzymes (60). Such studies have indicated that FMN
domain mutants have substrate-specific effects on catalysis by
CYP1A2 (22) and have even been reported to affect the
regiospecificity of CYP1A2 caffeine metabolism (61). These
FMN domain mutants are not thought to impact the structure
of the FMN domain but are close to sites thought to be
involved in P450 binding. Rather they have been suggested to
differentially affect binding individual P450 enzymes in a
substrate-specific way, further corroborating close communi-
cation between the P450 FMN domain-binding surface and the
P450 active site and/or substrate entry.

While the importance of conformational changes essential
to NADPH-cytochrome P450 function has been discussed
previously, there is also substantial evidence that cytochrome
P450 enzymes are also dynamic. Many P450 structures have
been determined revealing a closed state with a buried, isolated
active site, but obviously channels must open to permit sub-
strate entry and product egress. Other structures have trapped
some P450 enzymes with various openings to the surface,
some of which are sufficient for the passage of small molecules.
Thus conformational change is usually required for substrate
binding. It is also possible that redox partner binding on the
proximal side of the P450 could allosterically modulate P450
dynamics related to ligand access and egress. This idea is
consistent with the studies herein and other reports. For
example, when the redox partner protein cytochrome b5 is
present, CYP17A1 conformational changes far from the
binding site in areas associated with substrate binding are
observed by solution NMR (62). NMR has also revealed sub-
stantial variations when the same cytochrome b5 protein in-
teracts with different drug-metabolizing and steroidogenic
human P450 enzymes (63). The same seems to be likely for the
single reductase protein interacting with multiple human P450
enzymes and other enzymes. Another literature report in-
dicates reductase perturbs CYP3A4 conformations as observed
by hydrogen–deuterium exchange (34). Methods like NMR
and hydrogen–deuterium exchange are advantageous to probe
these protein–protein interactions because they require little
or no modification of the system being used. However, other
methods employing more extensive labeling and cross-linking
are largely also consistent with reductase and cytochrome b5
binding on the proximal P450 surface, while silent on the
impacts on P450 function.

For some time there has been an emerging understanding of
the formation of protein–protein complexes (64). It is thought
that generation of the complex occurs first through formation
of an encounter complex consisting of two proteins generally
J. Biol. Chem. (2023) 299(9) 105112 11
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oriented with the productive surfaces facing each other, often
guided by electrostatic interactions (the 3D search) but with a
variety of relative orientations and potentially still solvated.
Encounter complexes can either resolve or evolve to a more
specific complex as short-range forces “lock in” a specific
complex (a 2D search). When it comes to redox proteins, it is
thought that formation of the encounter complex can be
enough for intermolecular electron tunneling to occur (65).
Thus encounter complexes might be sufficient for the reduc-
tase FMN domain to support catalysis of the many P450 and
other enzymes such as heme oxygenase (66) and could be
evolutionarily favorable considering their diverse binding
surfaces. However, it is less likely that formation of an
encounter complex alone would result in the type of
communication observed herein with the active site or the
ligand-dependent effects. This suggests more specific in-
teractions at the protein–protein interface, resulting in distinct
conformational changes across different P450 enzymes and
P450–ligand complexes.

Further understanding of the allosteric effects of reductase
binding and definition of differential interactions between
human P450 enzymes and the reductase FMN domain could
potentially be used to design P450-specific small molecule
disruptors as an orthogonal route to modulating specific P450
catalysis to treat disease or selectively impair xenobiotic
metabolism.

Experimental procedures

Protein expression

CYP3A4

Both construct and expression of CYP3A4 catalytic domain
omitting the N-terminal transmembrane helix were described
(67) (Fig. S1).

CYP2D6

The construct yielding CYP2D6 catalytic domain was
described (63) (Fig. S1). Expression was based on a previous
method (68) with modifications. E. coli strain DH5α cells
containing the pGro7 plasmid (Takara Bio) were transformed
with the CYP2D6 expression plasmid. All media contained
100 μg/ml carbenicillin and 20 μg/ml chloramphenicol to
select for the CYP2D6 and pGro7 plasmids, respectively. A
single colony from the transformation was grown in 5 ml of
lysogeny broth (LB) for 7 h at 37 �C with shaking at 250 rpm.
Subsequently, 200 μl of this culture was used to inoculate
200 ml of LB, which was grown for 16 h at 37 �C with shaking
at 250 rpm. Expression was performed using 1 l terrific broth
(TB) in three 2.8-l Fernbach flasks without baffling. Each flask
was inoculated with 10 ml of the starter culture and grown at
37 �C with shaking at 215 rpm until the absorbance (A600)
reached 0.3, at which time 1 mM of heme precursor δ-ami-
nolevulinic acid and 4 mg/ml of chaperone inducer L-arabi-
nose were added to the cultures and the temperature was
reduced to 28 �C. At A600 0.6 to 0.8, 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to initiate CYP2D6
expression, and shaking was reduced to 190 rpm. Cultures
12 J. Biol. Chem. (2023) 299(9) 105112
were allowed to grow for 24 h before harvesting and freezing
the cell pellets at −80 �C until use.

CYP2A6

The CYP2A6 catalytic domain construct was described (69,
70) (Fig. S1), and expression and purification protocols were
based on a method previously described (69) with modifica-
tions. E. coli strain DH5α cells containing the pGro7 plasmid
(Takara Bio) were transformed with the CYP2A6 expression
plasmid. All media contained 100 μg/ml carbenicillin and
20 μg/ml chloramphenicol to select for the CYP2A6 and
pGro7 plasmids, respectively. A single colony from the trans-
formation was grown in 5 ml of LB for 7 h at 37 �C with
shaking at 250 rpm. Subsequently, 200 μl of this culture was
used to inoculate 200 ml of LB, which was grown for 16 h at 37
�C with shaking at 250 rpm. Expression was performed using
14 1-l flasks with 250 ml of TB containing 2 mg/ml of chap-
erone inducer L-arabinose. Each flask was inoculated with
15 ml of the starter culture and grown at 37 �C with shaking at
200 rpm. At A600 of 0.6 to 0.8, 1 mM of heme precursor δ-
aminolevulinic acid and 1 mM IPTG were added to initiate
CYP2A6 expression. Temperature was reduced to 25 �C, and
shaking was reduced to 190 rpm. Cultures were allowed to
grow for 72 h before harvesting and freezing the cell pellets
at −80 �C until use.

CYP17A1

Construct (71) and expression of the catalytic domain were
described (72) (Fig. S1).

CYP21A2

Construct (73) and expression of the catalytic domain were
described (72) (Fig. S1).

Fusion proteins

Constructs of fusion proteins were generated and inserted
into the pCWori+ plasmid in between the Ndel and HindIII
restriction sites (GenScript). All constructs yielded a fusion
protein with an N-terminal human FMN domain (residues
62–244) followed by a five-amino-acid linker region corre-
sponding to the amino acids TDGTS followed by a C-terminal
human P450 identical to the constructs mentioned previously
for the nonfusion P450 enzymes and including a C-terminal
histidine tag (Fig. S1).

Plasmids for fusion proteins were transformed into DH5α
E. coli and were selected for using 100 μg/ml carbenicillin in all
media. Single colonies from transformation were inoculated
into 50 ml LB and grown for 6 h 37 �C with shaking at
250 rpm. This culture was subsequently used to inoculate
200 ml LB and then grown 16 h at 37 �C with shaking at
250 rpm. Alternatively, single colonies were directly inoculated
into the 200-ml culture. Expression was performed using
1 l TB in three 2.8-l Fernbach flasks without baffling. Each flask
was inoculated with 10 ml of the starter culture and grown at
37 �C with shaking at 220 rpm until the A600 reached 0.3, at
which time 1 mM of heme precursor δ-aminolevulinic acid
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was added. At A600 of 0.6 to 0.9, 1 mM IPTG was added to
initiate expression, and temperature and shaking were reduced
to 26 �C and 190 rpm, respectively. Cultures were allowed to
grow for 48 to 72 h before harvesting and freezing the cell
pellets at −80 �C until use.

Protein purification

CYP3A4

CYP3A4 was purified as described (63).

CYP2D6

CYP2D6 was purified as described (63).

CYP2A6

Harvested cells were thawed and spheroplasts were isolated
as described (69, 74), but with slight modifications to omit 2-
mercaptoethanol and increase the lysozyme concentration to
0.2 mg/ml. The cell pellet was then resuspended in buffer
(500 mM potassium phosphate pH 7.4, 300 mM sodium
chloride, 20% glycerol, 1 mM phenylmethylsulfonyl fluoride)
corresponding to 10% of culture volume using a Dounce ho-
mogenizer. Cells were lysed using a French Press at 10,000 psi
or by sonicating (Fisher Ultrasonic dismembrator D100, Horn:
Fisher 15-338-269) six times on ice at 30-s intervals at 10%
amplitude with rest on ice in between pulses. The sample was
then incubated with 4.8 mM Cymal-5 detergent (Anatrace
C325S) for 1 h at 4 �C to extract CYP2A6 from bacterial
membranes. The sample was clarified by 1-h ultracentrifuga-
tion at �119,000g at 4 �C. The supernatant was loaded onto a
30-ml nickel-nitrilotriacetic acid (Ni-NTA) Agarose (Qiagen)
column preequilibrated with buffer (100 mM potassium
phosphate pH 7.4, 200 mM sodium chloride, 20% glycerol,
4.8 mM Cymal-5). The column was washed with 6 column
volumes (CVs) of buffer, followed by 6 CVs of the same buffer
containing 8 mM histidine. The protein was washed further
with a linear gradient elution over 4 CVs to elution buffer
(10 mM potassium phosphate pH 7.4, 100 mM sodium chlo-
ride, 20% glycerol, 4.8 mM Cymal-5, 2 mM EDTA, 80 mM
histidine) and then eluted with additional 2 CVs of elution
buffer.

Fractions to pool for further purification were selected based
on their absorbance at 418 nm (heme). This was then diluted
5-fold into ion exchange buffer (5 mM potassium phosphate
pH 7.4, 20% glycerol, 1 mM EDTA) with 4.8 mM Cymal-5.
This was loaded onto two preequilibrated 5-ml carbox-
ymethyl columns (Cytiva) connected in series and washed with
10 CVs of ion exchange buffer. This was further washed with a
5-CV linear gradient up to the ion exchange elution buffer
(50 mM potassium phosphate pH 7.4, 500 mM sodium chlo-
ride, 20% glycerol, 1 mM EDTA) and was then further washed
with elution buffer until complete protein elution. Fractions
were again pooled based on heme absorbance, concentrated,
and loaded onto a 200-ml Superdex 200 (Cytiva) size exclusion
chromatography (SEC) column preequilibrated with ion ex-
change elution buffer.
CYP21A2

Protein was purified as described (72).

CYP17A1

Protein was purified as described (72).

FMND/CYP3A4

Harvested cells were thawed and resuspended in approxi-
mately 50 ml of buffer per liter of E. coli culture. The buffer
contained 500 mM potassium phosphate pH 7.4, 500 mM
sodium chloride, 20% glycerol, 0.67 mg/ml magnesium chlo-
ride, 0.67 mg/ml DNAase, 1.33 mg/ml lysozyme, and 200 μl
HALT protease inhibitors. This resuspension was homoge-
nized using a Dounce homogenizer prior to two passes of
microfluidization (Avestin) at 10,000 to 15,000 psi. The sample
was incubated with 14 mM 3-((3-cholamidopropyl) dimethy-
lammonio)-1-propanesulfonate (CHAPS) and 0.3 mg/ml
DNAase for 1 h at 4 �C to extract FMND/CYP3A4 from
bacterial membranes. The sample was clarified by 1-h ultra-
centrifugation at �119,000g at 4 �C. The supernatant was
loaded onto a 30-ml Ni-NTA Agarose (Qiagen) column pre-
equilibrated with buffer (100 mM potassium phosphate pH
7.4, 500 mM sodium chloride, 20% glycerol, 14 mM CHAPS).
The column was washed with 3 CVs of this buffer, followed by
5 CVs of the same buffer containing 10 mM histidine. The
protein was eluted with a similar buffer containing high his-
tidine concentrations (10 mM potassium phosphate pH 7.4,
200 mM sodium chloride, 80 mM histidine, 10 mM CHAPS,
20% glycerol).

Fractions to pool for further purification were selected based
on their absorbance at 418 nm (heme). This was then diluted
5-fold into ion exchange buffer (5 mM potassium phosphate
pH 7.4, 200 mM sodium chloride, 20% glycerol) containing
2 mM CHAPS. This was loaded onto a preequilibrated 5-ml
quaternary ammonium (Q) column (Cytiva) and washed
with 3 CVs of ion exchange buffer. The column was further
washed with a 20-CV linear gradient to the ion exchange
elution buffer (50 mM potassium phosphate pH 7.4, 500 mM
sodium chloride, 20% glycerol) and was then further washed
with elution buffer until complete protein elution. Fractions
were again pooled based on heme absorbance, concentrated,
and loaded onto an Superdex 200 increase (10/300) (Cytiva)
SEC column preequilibrated with ion exchange elution buffer.

FMND/CYP2D6

Harvested cells were thawed and resuspended in approxi-
mately 80 ml of buffer per liter E. coli culture. The buffer
contained 500 mM potassium phosphate pH 7.4, 500 mM
sodium chloride, 20% glycerol, and two SigmaFast protease
inhibitor tablets. This resuspension was homogenized using a
Dounce homogenizer. The sample was then divided into 50-ml
aliquots and sonicated (Fisher Ultrasonic dismembrator D100,
Horn: Fisher 15-338-269) six times on ice at 30-s intervals at
10% amplitude with rest on ice in between pulses. Lysozyme
was added to 0.3 mg/ml and samples were sonicated in the
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same way two more times. The lysate was incubated with
14 mM CHAPS and 0.3 mg/ml DNAase for 1 h at 4 �C to
extract FMND/CYP2D6 from bacterial membranes. The
sample was clarified by 1-h ultracentrifugation at �119,000g at
4 �C. The supernatant was loaded onto a 30-ml Ni-NTA
Agarose (Qiagen) column preequilibrated with buffer
(100 mM potassium phosphate pH 7.4, 500 mM sodium
chloride, 20% glycerol, 14 mM CHAPS). The column was
washed with 3 CVs of buffer, followed by a linear gradient over
5 CVs up to the same buffer containing 10 mM histidine. Then
after a 2-CV hold at 10 mM histidine, the protein was eluted
with the same buffer containing 80 mM histidine.

Fractions to pool for further purification were selected based
on their absorbance at 418 nm (heme). This was then diluted
5-fold into ion exchange buffer (5 mM potassium phosphate
pH 7.4, 100 mM sodium chloride, 20% glycerol) containing
2 mM CHAPS. This was loaded onto a preequilibrated 5-ml Q
column (Cytiva) and washed with 5 CVs of ion exchange
buffer. The column was further washed with a 20-CV linear
gradient up to the ion exchange elution buffer (50 mM po-
tassium phosphate pH 7.4, 500 mM sodium chloride, 20%
glycerol) and was then further washed with elution buffer until
complete protein elution. Fractions were again pooled based
on heme absorbance and were concentrated and loaded onto
an Superdex 200 increase (10/300) (Cytiva) SEC column pre-
equilibrated with ion exchange elution buffer.
FMND/CYP2A6

Harvested cells were thawed and resuspended in 50 to 80 ml
of buffer per liter E. coli culture. The buffer contained 500 mM
potassium phosphate pH 7.4, 500 mM sodium chloride, 20%
glycerol, two SigmaFast protease inhibitor tablets, and 0.3 mg/
ml lysozyme. This resuspension was homogenized using a
Dounce homogenizer. The sample was then lysed by micro-
fluidization (Avestin) at 10,000 to 15,000 psi or by sonication.
For sonication, the sample was divided into 50-ml aliquots and
sonicated (Fisher Ultrasonic dismembrator D100, Horn: Fisher
15-338-269) six times on ice at 30-s intervals at 10% amplitude
with rest on ice in between pulses. The lysate was incubated
with 4.8 mM Cymal-5 and 0.3 mg/ml DNAase for 1 h at 4 �C
to extract protein from membranes. The sample was clarified
by 1-h ultracentrifugation at �119,000g at 4 �C. The super-
natant was loaded onto a 30-ml Ni-NTA Agarose (Qiagen)
column preequilibrated with buffer (100 mM potassium
phosphate pH 7.4, 500 mM sodium chloride, 20% glycerol,
4.8 mM Cymal-5). The column was washed with 3 CVs of
buffer, followed by a linear gradient over 5 CVs up to the same
buffer containing 20 mM histidine. Then after a 2-CV hold at
20 mM histidine, the protein was eluted with the same buffer
containing 80 mM histidine.

Fractions to pool for further purification were selected based
on their absorbance at 418 nm (heme). This was then diluted
5-fold into ion exchange buffer (5 mM potassium phosphate
pH 7.4, 100 mM sodium chloride, 20% glycerol) containing
4.8 mM Cymal-5. This was loaded onto a preequilibrated 5-ml
Q column (Cytiva) or two 5-ml diethylaminoethyl (Cytiva)
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columns connected in series and washed with 5 CVs of ion
exchange buffer. This was further washed with a 20-CV linear
gradient to the ion exchange elution buffer (50 mM potassium
phosphate pH 7.4, 500 mM sodium chloride, 20% glycerol) and
was then further washed with elution buffer until complete
protein elution. Fractions were again pooled based on heme,
concentrated, and loaded onto an Superdex 200 increase (10/
300) (Cytiva) SEC column preequilibrated with ion exchange
elution buffer.

FMND/CYP17A1

Harvested cells were thawed and resuspended in 100 ml of
buffer per liter E. coli culture. The buffer contained 500 mM
potassium phosphate pH 7.4, 500 mM sodium chloride, 20%
glycerol, and two SigmaFast protease inhibitor tablets. In some
cases, 0.3 mg/ml lysozyme, and 0.1 mg/ml DNAase and
magnesium chloride were added. The resuspension was ho-
mogenized using a Dounce homogenizer. The sample was then
lysed using either sonication or microfluidization. For soni-
cation, the sample was divided into 50-ml aliquots and soni-
cated (Fisher Ultrasonic dismembrator D100, Horn: Fisher
15-338-269) six times on ice at 30-s intervals at 10% amplitude
with rest on ice in between pulses. For microfluidization, the
sample was run through a microfluidizer (Avestin) for two
passes at 10,000 to 15,000 psi. FMND/CYP17A1 was then
extracted from bacterial membranes with a 1-h incubation
with 1% Emulgen 913 (Desert Biologicals) at 4 �C, and the
sample was clarified by 1-h ultracentrifugation at �119,000g at
4 �C. The supernatant was loaded onto a 30-ml Ni-NTA
Agarose (Qiagen) column preequilibrated with buffer
(100 mM potassium phosphate pH 7.4, 500 mM sodium
chloride, 0.2% Emulgen 913, 20% glycerol). The column was
washed with 2 CVs of buffer, followed by a 2-CV linear
gradient wash to the same buffer containing 10 mM histidine.
Then after a 4-CV hold at 10 mM histidine, the protein is
eluted in a high histidine buffer (10 mM potassium phosphate
pH 7.4, 200 mM sodium chloride, 0.2% Emulgen 913, 20%
glycerol, 80 mM histidine).

Fractions to pool for further purification were selected based
on their absorbance at 418 nm (heme). This solution was then
diluted 5-fold into ion exchange buffer (5 mM potassium
phosphate pH 7.4, 100 mM sodium chloride, 20% glycerol)
containing 0.2% Emulgen 913. This was loaded onto a pre-
equilibrated 5-ml Q column (Cytiva) and washed with 5 CVs
of ion exchange buffer. This was further washed with a 20-CV
linear gradient to 60% of the ion exchange elution buffer
(50 mM potassium phosphate pH 7.4, 500 mM sodium chlo-
ride, 20% glycerol) and was then washed with 100% elution
buffer until complete protein elution. Fractions were again
pooled based on heme absorbance, concentrated, and loaded
onto an Superdex 200 increase (10/300) (Cytiva) SEC column
preequilibrated with ion exchange elution buffer.

FMND/CYP21A2

Harvested cells were thawed and resuspended in 50 to
100 ml of buffer per liter E. coli culture. The buffer contained
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500 mM potassium phosphate pH 7.4, 500 mM sodium
chloride, 20% glycerol, 0.3 mg/ml lysozyme, 0.3 mg/ml
DNAase, 0.3 mg/ml magnesium chloride, and two SigmaFast
protease inhibitor tablets. The resuspension was homogenized
using a Dounce homogenizer prior to two passes of micro-
fluidization (Avestin) at 10,000 to 15,000 psi. FMND/
CYP21A2 was then extracted from bacterial membranes with a
1-h incubation with 1% Emulgen 913 (Desert Biologicals) at 4
�C, and the sample was clarified by 1-h ultracentrifugation at
�119,000g at 4 �C. The supernatant was loaded onto a 30-ml
Ni-NTA Agarose (Qiagen) column preequilibrated with buffer
(100 mM potassium phosphate pH 7.4, 500 mM sodium
chloride, 20% glycerol, 0.2% Emulgen 913). The column was
then washed with 5 CVs of buffer, followed by a 5-CV linear
gradient wash to the same buffer containing 10 mM histidine.
Then after a 2- to 5-CV hold at 10 mM histidine, the protein
was eluted in a high histidine buffer (10 mM potassium
phosphate pH 7.4, 200 mM sodium chloride, 20% glycerol,
0.2% Emulgen 913, 80 mM histidine). Fractions to pool for
further purification were selected based on their absorbance at
418 nm (heme). This was then diluted 5-fold into ion exchange
buffer (5 mM potassium phosphate pH 7.4, 100 mM sodium
chloride, 20% glycerol) containing 0.2% Emulgen 913. This was
loaded onto a preequilibrated 5-ml Q column (Cytiva) or two
5-ml diethylaminoethyl columns and washed with 5 CVs of ion
exchange buffer. The Q column (Cytiva) or diethylaminoethyl
(Cytiva) columns were then washed with a 20-CV (Q column)
or 40-CV (diethylaminoethyl column) linear gradient to the
ion exchange elution buffer (50 mM potassium phosphate pH
7.4, 500 mM sodium chloride, 20% glycerol). The fractions
were again pooled based on heme, concentrated, and loaded
onto an Superdex 200 increase (10/300) (Cytiva) SEC column
with ion exchange elution buffer.

P450 quality assessment

The quality and quantity of P450 proteins were analyzed by
UV-visible spectrum, SDS-PAGE, and reduced carbon mon-
oxide difference spectrum. Then proteins were flash frozen in
liquid nitrogen in the SEC buffer and stored until use in assays.

Ligand binding assays

Ligand binding assays were performed to measure spectral
absorbance changes resulting from ligand binding to P450
heme to determine the dissociation constant (Kd) and the
maximal absorbance at saturation (Amax) for substrates and
inhibitors. Assay conditions for each P450 were identical to
those of its respective fusion FMND/P450 enzyme. Most ex-
periments were performed by preparing 1 μM P450 in 100 mM
potassium phosphate pH 7.4, 20% glycerol and transferring
1 ml of sample to each of two quartz cuvettes with path lengths
of 1 cm. P450 concentration was quantitated based on Soret
absorbance as described (75).

The UV-visible spectrophotometer was used to baseline the
reference and sample cuvettes between 300 and 500 nm.
Ligand stocks dissolved in solvent were added into the sample
cuvette, while an equal volume of solvent was added into a
reference cuvette. For most experiments, cuvettes were incu-
bated for 8 min at room temperature and the difference
spectra were collected over 300 to 500 nm. The difference
between the apex wavelength for the peak and the trough of
the difference spectrum was plotted against the ligand con-
centration, and these data were fitted to the one site specific
binding equation in GraphPad Prism.

Some differences in experimental conditions occurred for
specific P450/ligand assays. The stability of FMND/CYP3A4
required the addition of 100 mM sodium chloride in the
buffer, and the tight binding of clotrimazole required a lower
protein concentration of 0.05 μM, which dictated the use of 5-
cm-pathlength quartz cuvettes with 5 ml of sample in each.
The stability of FMND/CYP21A2 required the reduction of the
incubation time to 1 min and the addition of 200 mM sodium
chloride and 0.2% Emulgen 913 for binding assays with pro-
gesterone and ketoconazole.

Lastly, the stability of CYP2D6 with thioridazine also
required the reduction of incubation time to 1 min. In addi-
tion, the spectral properties of thioridazine required the use of
tandem cuvettes in order to control for the inherent absor-
bance on this ligand. The tandem cuvettes have two chambers
of 1-cm pathlength each. In each cuvette, one chamber holds
protein as described above and the other chamber holds buffer.
In the sample cuvette, ligand is added to the chamber con-
taining protein, while an equal volume of dimethyl sulfoxide is
added to the chamber with buffer. In the reference cuvette, the
ligand is instead added to the chamber without protein and
dimethyl sulfoxide is added to the chamber with protein. The
experiment is otherwise carried out as described previously.
Metabolism assays

General

Catalytic assays were performed to measure product pro-
duction from each P450 and FMND/P450 from its respective
substrate. Assay conditions for each P450 were identical to
those of its respective fusion FMND/P450 enzyme. P450 was
incubated in 300 μl of potassium phosphate buffer (CYP2D6,
CYP3A4, and CYP17A1: 50 mM potassium phosphate pH 7.4,
50 mM sodium chloride; CYP2A6: 50 mM potassium phos-
phate pH 7.4, 50 mM sodium chloride, 1% glycerol; CYP21A2:
100 mM potassium phosphate pH 7.4, 20% glycerol). The
amounts of P450 or fusion FMND/P450 were 200 pmol
(CYP2A6 and CYP17A1) and 400 pmol (CYP2D6, CYP3A4,
and CYP21A2). P450 and FMND/P450 were quantitated based
on their reduced carbon monoxide difference spectra
measuring absorbance at 450 nm with the extinction coeffi-
cient 91 mM−1 cm−1 (76).

Substrate was added with varied concentration ranges:
(CYP2A6 coumarin, 0–3 mM; CYP2D6 dextromethorphan,
0–1.5 mM; CYP3A4 hydrocortisone, 0–5 mM; CYP17A1
progesterone, 0–0.75 mM; CYP21A2 progesterone 0–1 mM).
Samples were preincubated at 37 �C for 3 min (CYP2A6,
CYP3A4, CYP17A1, and CYP21A2) or 5 min (CYP2D6). Re-
actions were initiated by addition of an artificial reductant,
cumene hydroperoxide (CYP2D6, 0.05 mM; CYP3A4, 0.1 mM;
J. Biol. Chem. (2023) 299(9) 105112 15
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CYP2A6, 0.2 mM; CYP17A1 and CYP21A2, 1 mM) and pro-
ceeded for 40 min (CYP2A6 and CYP2D6) or 1 h (CYP3A4,
CYP17A1, and CYP21A2). Reactions were then terminated by
addition of 150 μl of 40% trichloroacetic acid. Internal stan-
dards appropriate for each reaction were spiked into the
samples, and then samples were centrifuged at 5000g for
10 min prior to injection onto a Luna C18 column (5 μm,
250 × 4.60 mM, Phenomenex).

For all catalytic assays, analytes were quantitated using a
calibration curve of authentic standards prepared in the same
manner as the samples. For samples and standards, quantita-
tion was performed using the ratio of product peak over the
internal standard peak. Data were fit to the Michaelis–Menten
equation using GraphPad Prism.

CYP2A6 coumarin metabolism assay

For CYP2A6 enzymes, the substrate coumarin was
separated from its 7-hydroxycoumarin product and 4-
hydroxycoumarin internal standard using 50% 20 mM
potassium phosphate pH 2.8 and 50% methanol for 15 min at
37 �C. Analytes were detected by absorbance at 330 nm.

CYP2D6 dextromethorphan metabolism assay

For CYP2D6 enzymes, the substrate dextromethorphan
was separated from its dextrorphan product and 10-ketodex-
tromethorphan internal standard using aqueous phase
(10 mM potassium phosphate pH 3.5) and organic phase
(27.8% acetonitrile, 44.4% methanol, 27.8% water). The column
was run at 37 �C using 30% organic phase for 6 min followed
by a linear gradient over 14 min to 80% organic phase. The
column was held at 80% organic phase for 4 min. Between
samples, the column was washed with 100% organic phase for
6 min and then reequilibrated at 30% organic phase for 5 min.
Analytes were detected by absorbance at 280 nm.

CYP3A4 hydrocortisone metabolism assay

For CYP3A4 enzymes, the substrate hydrocortisone was
separated from its 6β-hydroxycortisol product from its estra-
diol internal standard using aqueous phase (water) and organic
phase (acetonitrile). The column was run at 40 �C using 15%
organic phase for 3 min, followed by a linear gradient over
22 min to 70% organic phase. Between samples, the column
was washed with 100% organic phase for 5 min and then
reequilibrated at 15% organic phase for 5 min. Analytes were
detected by absorbance at 240 nm.

CYP17A1 and CYP21A2 progesterone metabolism assay

For CYP17A1 and CYP21A2 enzymes, 17α-hydrox-
yprogesterone served as the internal standard for 21-hydroxypro-
gesterone quantitation and 21-hydroxyprogesterone was used as
the internal standard for 17α-hydroxyprogesterone quantitation.
The substrate progesterone was separated from 17α-hydrox-
yprogesterone and 21-hydroxyprogesterone using aqueous phase
(0.2% acetic acid in water) and organic phase (acetonitrile). The
column was run at 40 �C using 60% organic phase for 6 min
followedbya linear gradientover9min to 80%organicphase.The
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column was then held at 80% organic phase for 5 min. Between
samples, the column was washed with 100% organic phase for
5 min and then reequilibrated at 15% organic phase for 5 min.
Analytes were detected by absorbance at 240 nm.
Data availability

All of the data are included in this article or the supple-
mental information.
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