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Abstract

Cytochromes P450 represent a family of enzymes that are responsible for the oxidative
metabolism of a wide variety of xenobiotics. Although the mammalian P450s require interactions
with their redox partners in order to function, more recently, P450 system proteins have been
shown to exist as multi-protein aggregates that include the formation of P450¢P450 complexes.
Evidence has shown that the metabolism of some substrates by a given P450 can be influenced by
the specific interaction of the enzyme with other forms of P450. Detailed kinetic analysis of these
reactions in vitro has shown that the P450-P450 interactions can alter metabolism by changing the
ability of a P450 to bind to its cognate redox partner, NADPH-cytochrome P450 reductase; by
altering substrate binding to the affected P450; and/or by changing the rate of a catalytic step of
the reaction cycle. This review summarizes the known examples of P450-P450 interactions that
have been shown /in vitroto influence metabolism and categorizes them according to the
mechanism(s) causing the effects. P450-P450 interactions have the potential to cause major
changes in the metabolism and elimination of drugs /n7 vivo. Current research on the topic of P450-
P450 interactions is focused on elucidating the extent of the functional effects of these interactions
in vivo. This review also summarizes the evidence that the P450-P450 interactions influence
metabolism /n vivo and discusses the studies that will provide further insight into the extent of
these effects in the future.
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Introduction

The cytochromes P450 (P450 or CYP) constitute a superfamily of enzymes that are
expressed across species and are involved in the metabolism of both endogenous and
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exogenous compounds. The P450s from families 1, 2, and 3 are extremely important in the
phase | metabolism of most lipophilic xenobiotics including an estimated 75 to 90% of
prescribed drugs (Guengerich 2006;Lynch and Price 2007). These same P450s can also
activate many pro-toxins and pro-carcinogens to harmful, reactive products that initiate the
deleterious effects of being exposed to these compounds (Guengerich et al. 1996). Because
of these aspects of P450-mediated metabolism, there is intensive research to understand and
predict the roles they play in xenobiotic metabolism and disposition.

Mammalian P450s from families 1, 2, and 3 are typically expressed on the cytoplasmic side
of the smooth endoplasmic reticulum (ER). However, there have been reported instances of
expression in mitochondria and other membranes as well (Anandatheerthavarada et al.
1997;Dong et al. 2013;Genter et al. 2006;Robin et al. 1996). P450 function is inherently
dependent on protein-protein interactions. The mixed function oxygenation of substrates by
P450s depends on a complicated reaction scheme which uses two separate electron-delivery
steps that are mediated through protein interactions with specific membrane-bound redox
partners. These electrons are used to activate molecular oxygen to a reactive form that is
capable of substrate oxidation and form a molecule of water in the process (White and Coon
1980). In most cases, the primary electron needed for catalysis is delivered by the NADPH
cytochrome P450 reductase (CPR). The second electron can be delivered by either CPR or
cytochrome bs (bs) (Hildebrandt and Estabrook 1971). There have been reported instances
in which bs was able to deliver the first electron of the catalytic cycle (Yamazaki et al.
1996b), but examples of this process are rare. Interestingly, bs has been shown to
dramatically increase the rate of some P450-mediated reactions presumably by stimulating
the rate of second electron delivery (Gruenke et al. 1995;Jansson and Schenkman 1987).
However, stimulation of these reactions has also been attributed to allosteric effects resulting
from the interaction of P450s and bg — effects that do not require bg to P450 electron transfer
(Yamazaki et al. 1996a).

The utilization of molecular oxygen and extraneous electrons unfortunately leads to some
negative consequences of P450-mediated metabolism. The productive metabolism of
substrate can be aborted by loss of oxygen and reducing equivalents as either superoxide or
hydrogen peroxide depending on the stage that the reaction becomes “uncoupled”. In an
additional nonproductive mechanism, the activated oxygen that catalyzes oxidation of
substrate can be reduced with an extra pair of electrons and protonated to produce an extra
molecule of water (Loida and Sligar 1993).

In most tissues, the total concentration of P450 enzymes far exceeds that of CPR (Gomes et
al. 2009;Peterson et al. 1976;Reed et al. 2011) raising the interesting probability that P450-
mediated metabolism is limited by the interactions of the enzymes with the requisite redox
carriers in the membrane. Furthermore, it is now established that P450s carry out their
various roles, at least in part, as heteromeric and/or homomeric aggregates in the ER
(reviewed in (Davydov 2011;Kandel and Lampe 2014;Reed and Backes 2012)). In fact, the
limiting levels of redox carriers in the membranes are conducive to the formation and
stabilization of the P450-P450 aggregates (Gut et al. 1982). Thus, metabolism by the
enzymes relies on a complex interplay involving P450-P450 aggregation and the interaction
of aggregated P450s with the limiting supply of redox partners.
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Given the dynamics of protein-protein interactions involving the P450 monooxygenase
system in the ER, it would not be surprising for the catalytic activities of P450s to be
influenced by their physical interactions with one another. This is indeed the case as research
has now demonstrated that the catalytic activities of P450s are often stimulated or inhibited
by form-specific, physical interactions with other P450s (Davydov 2011;Reed & Backes
2012). Interestingly, these changes have been shown to be mediated by several mechanisms
including changes in the affinities of the interacting P450s for binding to CPR (Backes et al.
1998;Kelley et al. 2006) and changes in the catalytic potential of the enzymes, both with
regard to enzyme turnover (Davydov et al. 2015;Subramanian et al. 2009) and substrate
specificity (Kenaan et al. 2013;Subramanian, Low, Locuson, & Tracy 2009).

The study of P450 aggregation, in itself, would not necessarily be a topic of interest in
pharmacology unless the interactions of specific P450s influenced the rate and extent of
drug metabolism and disposition. Since our last review on this topic (Reed & Backes 2012),
the study of the physical interaction of P450s has shifted from an emphasis on proving that
they do affect P450 function to understanding the nature and extent of these functional
interactions as they occur in vivo in biological membranes. This review will focus on aspects
of P450-P450 interactions that are related to changes in P450 activities by describing in
detail, the specific P450 interactions that have been shown to alter P450-mediated
metabolism and the mechanisms attributed to these changes. The review will also summarize
the evidence showing that the functional interactions also occur in biological membranes.

Specific P450-P450 interactions and the underlying mechanisms that influence
metabolism

Most of the specifics about the effects of P450-P450 interactions on enzyme activities have
been derived from studies using purified, reconstituted P450 systems (Backes, Batie, &
Cawley 1998;Davydov et al. 2005;Hazai and Kupfer 2005;Kenaan, Shea, Lin, Zhang, Pratt-
Hyatt, & Hollenberg 2013;Reed et al. 2010;Subramanian, Low, Locuson, & Tracy
2009;Subramanian et al. 2010). These studies have been important in identifying which
P450s specifically interact to influence function, and also in defining the specific changes in
P450 activities that occur as a result of these interactions. Furthermore, because the relative
concentrations of proteins, substrates, and lipid can be controlled and systematically varied
in the preparation and use of the purified, reconstituted system, these types of studies have
been instrumental in elucidating the mechanisms by which the P450-P450 interactions
influence drug metabolism.

It is appropriate to begin the topic of the functional effects of P450-P450 interactions with
those involving CYP2B4-CYP1A2 because it has been the most significant in terms of
establishing that these types of interactions can influence metabolism. In addition to the
aforementioned Kinetic data suggesting that the two P450s interact, there have been at least
three lines of direct physical evidence demonstrating complex formation between CYP1A2
and CYP2B4. These include studies that 1) monitored changes in the hyperbaric sensitivity
of the P450s (Davydov et al. 1992;Davydov et al. 1995;Davydov et al. 2000b); 2) measured
fluorescence resonance energy transfer (FRET) when cysteine residues of the two P450s
were labeled with different fluorescent molecules (Davydov et al. 2001); and 3) used cross-
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linking/immunoprecipitation to show the P450s interacted when they were reconstituted in
the same lipid membranes but not when reconstituted in separate lipid vesicles that were
subsequently mixed (Reed, Eyer, & Backes 2010). The cross-linking/immunoprecipitation
study also was significant in showing that the changes in metabolism associated with the co-
reconstitution of the P450s were only associated with the physical interaction of the two
P450s (Reed, Eyer, & Backes 2010). The study also showed the interaction stimulated the
CYP1A2-mediated metabolism of a luciferin-methyl ester substrate used in a commercially
available PA50GLO ™ assay in addition to the previously reported effect on metabolism of
ethoxyresorufin (Backes, Batie, & Cawley 1998) and inhibited the CYP2B4-mediated
metabolism of 7-ethoxy-4-trifluoromethylcoumarin, 7-ethoxycoumarin, benzphetamine, and
p-nitroanisole in addition to the previously reported effect on metabolism of
pentoxyresorufin (Backes, Batie, & Cawley 1998;Cawley et al. 1995).

P450-P450 interactions that cause changes in CPR-binding

The first instance in which the mechanism was defined for the alteration of metabolism by a
P450-P450 interaction involved the interaction of rabbit CYP1A2 and CYP2B4 (Backes,
Batie, & Cawley 1998). This was accomplished by performing a detailed kinetic analysis of
the metabolism by each P450 as a function of the CPR concentration. The apparent affinities
of CYP2B4 and CYP1AZ2 for binding to CPR were approximately equal when determined
independently by measuring the P450-specific metabolism of pentoxyresorufin and
ethoxyresorufin, respectively. However, when reconstituted together, metabolism of
ethoxyresorufin by CYP1A2 was dramatically stimulated 100 to 400% and that of
pentoxyresorufin by CYP2B4 was inhibited 30 to 50% when the CPR concentration was
subsaturating. However, as the CPR concentration was increased to exceed the total P450
concentration, the rates of metabolism of the substrates by the mixed P450 system roughly
equaled the sum of the rates by the individual P450 systems. The data could be interpreted
as the CYP1A2-CYP2B4 interaction causing CYP1AZ2 to have a greater affinity for binding
to CPR when it was bound to CYP2B4. The higher level of binding with CYP1A2 caused
CPR to interact less with CYP2B4 resulting in inhibition of pentoxyresorufin O
dealkylation. Thus, the changes in the rates of metabolism caused by this interaction are
manifest only when the CPR concentration limits overall metabolism (as it does in vivo) and
are not readily apparent when present in excess of the P450s. As discussed below, a
subsequent study also demonstrated the interaction caused the CYP2B4- and CYP1A2-
mediated metabolism of toluene to be inhibited and activated, respectively (Reed et al.
2013). The study examining toluene metabolism also showed that the interaction of
CYP1A2 and CYP2B4 made the flow of electrons from CPR to the P450s more efficient as
metabolism by the mixed P450 system was characterized by a dramatic decrease in the
proportion of electrons being diverted towards the production of excess water (discussed in
detail below).

When purified P450s are reconstituted with CPR and lipid, the proteins are added from
concentrated stock solutions. Thus, when a mixed reconstituted system is prepared with two
P450s added at a 1:1 ratio, the P450s are not going to mix completely to form a
homogeneous suspension of mixed complexes. Instead, there will be an indeterminable
mixture of homomeric associations of P450s in addition to the desired heteromeric
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association that is being studied. Because of this limitation, only the trends of the effects of
P450-P450 interactions can be assessed in these types of studies and not the overall
magnitude of the changes. Recently, the effects of fine particle suspensions on P450-
mediated activities were determined (Reed et al. 2014). Various types of particle were
evaluated and all were found to inhibit CYP1A2- and CYP2B4-mediated activities by
competitive (Reed et al. 2015b) and noncompetitive (Reed et al. 2015a) mechanisms,
respectively. The different particle effects on each P450 enabled our lab to ascertain the
relative contributions of CYP1A2 and CYP2B4 to overall metabolism by the mixed P450
system (Reed, Dela Cruz, Lomnicki, & Backes 2015b). More specifically, the mechanism of
enzyme inhibition by the particles using the mixed CYP1A2-CYP2B4 system would be
predicted to be competitive if CYP1A2 was primarily responsible for metabolism but
noncompetitive or mixed if the CYP2B4 made a significant contribution to the reaction. The
CYP2B4-specific substrate, 7-ethoxy-4-trifluoromethylcoumarin was used to assess the
effects of particles on metabolism by the mixed P450 system. In order to favor the likelihood
that CYP2B4 formed a mixed complex with CYP1A2, the CYP1A2 concentration was
present in three-fold excess to CYP2B4. Under these conditions, the rate of 7-ethoxy-4-
trifluoromethylcoumarin metabolism was much lower (~1/10™) than that by the simple
reconstituted system of CYP2B4, and the mechanism of inhibition by the particles was
found to be purely competitive. As a result, the data suggest that CYP2B4 is actually
catalytically silent when in a complex with CYP1A2 (Figure 1) and not just inhibited 30 to
50% as suggested by previous studies (Reed, Eyer, & Backes 2010). This finding has
important implications about drug metabolism mediated by CYP2B enzymes when there is
also high expression of CYP1A2.

Having established that the CYP1A2-CYP2B4 interaction could influence metabolism by
changing the relative levels of CPR-binding to the interacting P450s, the same mechanism
was subsequently implicated in the stimulation of alkoxyresorufin metabolism caused by the
interaction of CYP1A2 and CYP2E1 (Kelley, Cheng, & Backes 2006). Although the
alkoxyresorufins tested (7-ethoxyresorufin and 7-pentoxyresorufin) were not selective
probes for CYP1AZ2, the metabolism of the CYP2E1-specific substrate, A-
nitrosodimethylamine, was not affected by the CYP1A2-CYP2E1 interaction. Thus, it may
be presumed that the P450-P450 interaction, as in the case involving the CYP1A2-CYP2B4
interaction, caused stimulation of CYP1A2-mediated metabolism of the alkoxyresorufins by
increasing its ability to bind CPR. The lack of an effect on metabolism of N~
nitrosodimethylamine by CYP2E1 may be a substrate-specific effect, and it is possible that
metabolism of other CYP2E1-specific substrates might be inhibited by the interaction of
CYP2E1 with CYP1A2. It is also possible that other untested mechanisms may also
influence the effects of the CYP1A2-CYP2EL1 interaction as observed with those involving
CYP1A2 and CYP2B4 (discussed below). At this point, the mechanism involving changes in
the abilities of the P450s to bind CPR is the only established mechanism for the observed
changes in metabolism that occurred as a result of the CYP2E1-CYP1A2 interaction.

P450-P450 interactions that affect specific steps of the P450 catalytic cycle

CYP2C9 has been shown to participate in several P450-P450 interactions that alter its
catalytic behavior. In the interaction of CYP2C9 with CYP2D6 (Subramanian, Low,
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Locuson, & Tracy 2009) and CYP3A4 (Subramanian, Zhang, & Tracy 2010), the CYP2C9-
mediated metabolism of S-flurbiprofen (in the presence of CYP2D6) and S-flurbiprofen and
diclofenac (in the presence of CYP3A4) was dramatically inhibited. In both cases, the
presence of CYP2C9 had no effect on metabolism by the other P450 (dextromethorphan by
CYP2D6 and testosterone by CYP3A4). Unlike the interactions mentioned above, the
functional effects of these other CYP2C9-P450 interactions also were observed at saturating
reductase concentrations (CPR:P450 = 3:1). Thus, the mechanism(s) by which these P450-
P450 interactions modify enzymatic activities involved a change in specific catalytic steps of
the P450 cycle and not necessarily in the affinities by which the P450s bind to CPR. A
kinetic analysis of the metabolism of S-flurbiprofen by CYP2C9 with and without CYP2D6
indicated that the interaction with CYP2D6 lowered the Vax Of the reaction yet had no
effect on the K, for S-flurbiprofen. However, when S-flurbiprofen binding to CYP2C9 was
analyzed directly by spectral changes of the P450 heme group, the presence of CYP2D6
perturbed the binding so that the dissociation constant for S-flurbiprofen and CYP2C9 was
increased 20-fold. The fact that Kluriprofen yyas dramatically altered but not the
Kpflurbiprofen syggests that the binding of CYP2D6 may destabilize the CYP2C9-
flurbiprofen complex (increasing Kqff) in addition to lowering the ke, Of the reaction (Figure
2).

Although the effects of the CYP2C9-CYP3A4 interaction are very similar to those
associated with the CYP2C9-CYP2D6 interaction (i.e. inhibition of CYP2C9-mediated
catalysis at saturating CPR, a lower Vax but unchanged K, for metabolism of both S-
flurbiprofen and naproxen, and no effect on metabolism by the P450 paired with CYP2C9),
the mechanism involving disrupted complex formation between CYP2C9 and its substrate
was not assessed for this P450-P450 interaction. However, it seems likely that the effects of
the CYP3A4-CYP2C9 interaction are driven by the same mechanism as that for CYP2C9
and CYP2D6. The CYP3A4-CYP2C9 study did go a step further to show a physical
interaction between the P450s by co-immunoprecipitation using a specific CYP2C9
antibody.

In an elegant, recent study, both CYP3A4 and CYP3A5 were shown to participate in
interactions with CYP2EL that influenced the latter’s metabolism of 7-methoxy-4-
trifluoromethylcoumarin (7MFC) (Davydov, Davydova, Sineva, & Halpert 2015). In other
experiments, the study also used labeled enzymes that were capable of luminescence
resonance energy transfer (LRET) upon interacting with one another. The LRET
experiments demonstrated that all three P450s physically interacted with one another when
incorporated in natural membranes. The interaction of either CYP3A4 or CYP3A5 with
CYP2EL1 resulted in the stimulation of 7MFC metabolism by CYP2E1. Metabolism by
CYP2E1 was measured as a function of the 7MFC concentration in the presence and
absence of CYP3A4 and CYP3AS. The interaction with either CYP3A4 or CYP3A5
increased the kg, Of the CYP2E1-supported reaction but also unexpectedly resulted in a
slight decrease in the binding affinity (increase in K,) for 7MFC. As metabolism of 7TMFC
by the interacting P450s was not rigorously examined as a function of the CPR
concentration, the direct effect on the Kp for the CPReCYP2E1 complex was not
determined. The activating effect of CYP3A proteins on metabolism by CYP2E1 was
diminished at higher CPR:P450 ratios which may indicate that the CYP3A-CYP2E1
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interaction also increased the binding affinity (or access) of CPR to the CYP2E1 moiety of
the CYP3A-CYP2E1 complex in addition to the k., Of the reaction. Although CYP3A
activated CYP2E1-mediated metabolism, there appeared to be no reciprocal effects of
CYP2E1 on CYP3A-mediated 7-benzyloxyquinoline metabolism. With respect to the
CYP3A4 and CYP3AG5 interaction, CYP3A5 may have slightly activated metabolism by
CYP3A4 by eliminating cooperativity of CYP3A4-mediated metabolism and in the process,
the activating effect of a-naphthoflavone (Davydov et al. 2013;Davydov, Davydova, Sineva,
& Halpert 2015).

P450-P450 interactions that affect both CPR binding affinity and catalytic steps

The bulk of studies on the mechanism of interaction of CYP1A2 and CYP2B4 focused on
the increase in the apparent binding affinity of CPR and the CYP1A2 moiety of the P450-
P450 complex. However, a subsequent study implicated an additional contributing
mechanism when the effects of the CYP1A2-CYP2B4 interaction were assessed using
toluene as a substrate (Reed, Cawley, & Backes 2013). This study was novel in that the
effect of the interaction on reaction coupling was assessed by measuring the rates of
NADPH oxidation and hydrogen peroxide generation. Toluene metabolism by these P450s
results in the generation of three metabolites. Benzyl alcohol and p-cresol are formed
specifically by CYP2B4, whereas o-cresol is formed exclusively by CYP1A2. Consistent
with the previously discussed effects of the CYP1A2-CYP2B4 interaction, CYP1A2-
mediated metabolism was dramatically activated and that by CYP2B4 was inhibited by the
P450-P450 interaction.

Previous studies have shown that the rate-limiting step of metabolism in most CYP1A2
reactions involves hydrogen abstraction from the substrate in the final step of catalysis
(Guengerich et al. 2004;Yun et al. 2000). As a result, the activated oxygen intermediate in
the CYP1AZ2 active site is present for an extended amount of time allowing for the delivery
of extra electrons by the CPR and in turn, the formation of excess water. This was indeed
shown to be the case in the CYP1A2-mediated metabolism of toluene as 83% of the
NADPH oxidized by a CYP1AZ2 reconstituted system was used in the formation of this
excess water ((Reed, Cawley, & Backes 2013) and Table 1). To evaluate the effects of the
P450-P450 interaction on reaction coupling by the enzymes, the rates of P450-specifc
product formation and NADPH oxidation by the individual reconstituted systems were
multiplied by the factors of change observed in the rates of substrate metabolism by the
mixed reconstituted system containing both P450s. For instance, CYP1A2-specific o-cresol
formation was stimulated 3.75-fold by interaction with CYP2B4. Therefore, if the coupling
of NADPH oxidation to metabolism was not altered by the P450-P450 interaction, the rates
of NADPH oxidation, hydrogen peroxide production, and excess water production would
also be stimulated by 3.75-fold. Analysis of the reaction coupling of CYP1A2-mediated
metabolism by the mixed system clearly indicated that the production of excess water by
CYP1A2 was dramatically decreased by the P450-P450 interaction making the reaction
much more efficient (only 52% of oxidized NADPH was used for excess water production
by the mixed system). The ironic aspect of this finding is that the tighter binding of CPR to
the CYP1A2-moiety of the mixed CYP1A2-CYP2B4 complex (as described above) might
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be expected to deliver excess electrons to the CYP1A2 active site and in turn, cause an
increase in excess water production at the expense of substrate hydroxylation.

The apparent contradiction could be rationalized if the changes in CYP1A2 reaction
coupling were mediated specifically through an increase in the rate of hydrogen abstraction
from the substrate by activated oxygen in the catalytic site of CYP1A2 (/.e Kcap).
Interestingly, peroxidative metabolism by CYP1A2 (which does not require electrons from
NADPH) showed the P450-P450 interaction did not result in a significant change in the rate
of P450-mediated metabolism relative to the individual P450 systems. Thus, the putative
change in kca resulting from the CYP1A2-CYP2B4 interaction seemed to be much smaller
than the effect of the interaction on CPR-binding by CYP1AZ2. Interestingly, peroxidative
metabolism by CYP1A2 was slightly activated by the physical presence of CPR /in the
absence of NADPH. This suggests CPR might play an effector role by binding to CYP1A2
in a way that causes electron flow to the CYP1AZ2 active site to be better regulated and
coordinated with the formation of activated oxygen bound to the heme group. The easiest
explanation, given the dramatic conformational changes that have been demonstrated for
CPR (reviewed in (Laursen et al. 2011)), is that the binding of partially oxidized CPR (with
interacting FAD and FMN groups) facilitates productive metabolism by CYP1A2, whereas
binding of the extended, reduced form of CPR (with the FMN group rotated away from the
FAD group) would negatively impact drug metabolism at the latter stage of the P450
catalytic cycle by favoring excess water production. An effector role for oxidized CPR has
been proposed for other P450-mediated reactions (Davydov et al. 2010;Reed and Hollenberg
2003). This putative effector role for CPR would explain why increased binding between
CPR and the CYP1A2 moiety of the mixed CYP2B4-CYP1A2 complex does not necessarily
lead to an increase in excess water formation. In fact, by causing increased binding between
CPR and CYP1A2, the CYP2B4-CYP1AZ2 interaction also contributes to the positive
effector role of CPR.

A physical interaction between CYP2C9 and CYP2C19 has also been reported to cause both
stimulation of CYP2C9-mediated metabolism of diclofenac and inhibition of CYP2C19-
mediated metabolism of both methoxychlor and S-mephenytoin (Hazai & Kupfer 2005). The
authors proposed that the P450-P450 interaction caused the CYP2C9 moiety of the complex
to have a higher affinity to bind CPR resulting in stimulation of this enzyme in the same
manner that CYP1A2 was affected by the interactions discussed above. By corollary, the
inhibition of the CYP2C19 reactions was attributed to the CYP2C9 moiety sequestering
CPR from binding to CYP2C19 moiety of the P450-P450 complex. Unfortunately, the data
in this study did not conclusively validate this proposed mechanism. The binding affinity of
CYP2C19 and CPR was very low in the absence of CYP2C9 (the enzyme was not saturated
even at a 9:1 CPR:P450 ratio). Therefore, without additional experiments, the inhibition of
CYP2C19 in the presence of CYP2C9 being the result of simple competition of independent
P450s for limiting CPR could not be excluded. The most compelling data in the study to
demonstrate a P450-P450 interaction showed that CYP2C9 activity was dramatically
stimulated by increasing CYP2C19 concentrations even as the total CPR:P450 ratio
decreased. However, in these experiments, the CPR concentration was saturating with
respect to CYP2C9 (3:1 CPR:P450). Thus, under these conditions, the level of binding
between CPR and the CYP2C9 would not be expected to increase by the addition of
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CYP2C19. The observed increase under the conditions of this experiment apparently
demonstrated that the P450-P450 interaction resulted in an increase in the rate of an
undetermined catalytic step of the CYP2C9 reaction. It is possible that a mechanism
involving increased binding affinity between CYP2C9 and CPR also contributed to the
observed effects. Therefore, this interaction is tentatively classified as one involving two
mechanisms by which P450-mediated metabolism is altered.

Interactions between CYP2E1 and CYP2B4 have also been reported (Kenaan, Shea, Lin,
Zhang, Pratt-Hyatt, & Hollenberg 2013). CYP2E1 was shown to inhibit benzphetamine
metabolism by CYP2B4 in a concentration dependent manner. When CYP2E1 was present
at lower concentrations than CYP2B4, benzphetamine metabolism was inhibited
competitively with respect to the CPR concentration when the reaction was initiated with
NADPH; however, the fert-butyl hydroperoxide-supported reaction was only marginally
affected. Interestingly, the Y422D CYP2E1 mutant that was shown to have an impaired
ability to bind CPR was shown to be a less effective inhibitor of CYP2B4 activities (Lin et
al. 2007). Conversely, the presence of CYP2B4 caused a decrease in the Kp of the CYP2E1
and CPR complex when the rate of the CYP2E1-mediated metabolism of p-nitrophenol was
measured as a function of the CPR concentration. These results are consistent with the P450-
P450 interaction causing the binding affinity of CYP2E1 and CPR to be increased and that
of CYP2B4 and CPR to be decreased. Thus, the effects of the interaction were similar to
those described above for the interaction of CYP2B4 and CYP1A2.

However, when the CYP2E1 concentration greatly exceeded that of CYP2B4 (=4-fold), the
inhibition of CYP2B4-mediated metabolism was noncompetitive with respect to the CPR
concentration, and it was shown that this inhibition was caused by a 30-fold increase in the
Ks for CYP2B4 and benzphetamine. Thus, at higher concentrations, the CYP2E1
presumably formed a higher order complex with CYP2B4 that interfered with substrate
binding and not CPR binding. In conjunction with the inhibition of CYP2B4, The CYP2E1
and CYP2B4 interaction resulted in dramatic stimulation in the k¢4 for the metabolism of o
nitrophenol by CYP2E1. Thus, the study showed that the interaction with CYP2B4 also
increased an undefined catalytic step in the CYP2E1-mediated reaction. These findings
show that the CYP2B4-CYP2EL interaction has functional effects that are caused by both
the mechanism involving altered CPR-binding affinities of the P450s and one involving
alterations in the rates of catalytic steps of the P450 reaction cycle (Figure 3).

P450-P450 interactions that influence metabolism by unknown mechanisms

Many of the earliest studies pertaining to P450-mediated metabolism simply reported
evidence of functional interactions without specifying the mechanisms causing the effects.
For instance, Kaminsky (Kaminsky et al. 1983;Kaminsky and Guengerich 1985) observed
general effects of P450-P450 interactions on metabolism of warfarin when comparing the
activity in rat liver microsomes and the sum of activities by eight different forms of purified
rat P450s after the rates were adjusted to account for the limiting supply of CPR in the
microsomes.

In one of the earliest studies to implicate that a specific P450-P450 interaction could modify
P450-mediated activity, metabolism and P450-P450 interactions using six different forms of
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purified P450s (CYP1AL, CYP1A2, CYP2C9, CYP2E1, CYP2D6, and CYP3A4) were
assessed (Yamazaki et al. 1997). The study demonstrated that the CYP3A4-mediated
hydroxylation of testosterone was stimulated by both CYP1A1 and CYP1AZ2. Interestingly,
an earlier study had confirmed a physical interaction between these P450s using chemical
cross-linking and immunoprecipitation (Alston et al. 1991). Although the study did not
attempt to determine the mechanism by which the CYP1AZ2 interaction caused stimulation
of CYP3AA4, the rates were determined at a relatively high 1:1 CPR:P450 ratio. Thus, the
effect probably involved a catalytic step of CYP3A-mediated metabolism although an effect
on the CPR-binding affinity of the CYP3A4 moiety could not be excluded. The interaction
with CYP3A4 did not have any reciprocal effects on metabolism of theophylline by
CYP1A2. Metabolism of specific probe substrates by most of the P450s examined in this
study (bufuralol-CYP2D6, tolbutamide and S-warfarin-CYP2C9, chloroxazone-CYP2E1)
was measured with all possible combinations of the other P450s to test for other P450-P450
interactions that had functional effects. No P450-P450 interactions were found to influence
metabolism of these substrates. The study did not examine the effects of these other P450s
on CYP1A-specific metabolism. Thus, it was not ascertained whether CYP2D6, CYP2EL, or
CYP2C9 influenced the metabolism of theophylline by CYP1A2.

As one of the early studies to demonstrate the functional effects of P450-P450 interactions,
the CYP3A4-CYP1AZ2 interaction was assessed with respect to two important aspects
necessary to interpret many subsequent studies of P450-P450 interactions (Yamazaki,
Gillam, Dong, Johnson, Guengerich, & Shimada 1997). First, the effects of the interaction
with CYP3A4 was also examined using CYP1A2 from different species (rabbit and rat), and
it was found that the forms from these other species also stimulated the metabolism of
testosterone by CYP3A4. This is an important finding in extending the findings regarding
interactions of P450s from animal species to those involving the orthologous forms in
human. Secondly, the study examined many different CYP1A2 mutants containing
modifications in the N-terminus. Many of the N-terminal mutants did not activate
testosterone 6pB-hydroxylation upon interaction with CYP3A4. One of the mutations that
was effective involved a widely-used substitution of an £. coli expression sequence for the
wild type N-terminal sequence of CYP1A2 (Dong et al. 1996a;Dong et al. 1996b). Addition
of a thrombin site in proximity to the N-terminus of the protein in a region that was exposed
to the cytosol stimulated CYP3A4-mediated metabolism after subsequent cleavage of this
protein by thrombin. Interestingly, the uncleaved form of this mutant did not stimulate
CYP3A4. When a thrombin site was inserted in a membrane-spanning region of the N-
terminal sequence, the mutant did not activate metabolism by CYP3A4 with or without
cleavage by thrombin. Thus, the results showed that some of these N-terminal mutants lose
their native abilities to interact with and affect the function of other P450 forms, and caution
must be used depending on the specific N-terminal mutation that is used. This part of the
study was significant because the N-terminally modified proteins are almost universally used
in current P450-P450 interaction studies (Davydov, Davydova, Sineva, & Halpert
2015;Kenaan, Shea, Lin, Zhang, Pratt-Hyatt, & Hollenberg 2013;Subramanian, Low,
Locuson, & Tracy 2009;Subramanian, Zhang, & Tracy 2010).
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Homomeric P450-P450 interactions that affect function

Homomeric P450 interactions are also associated with affecting P450 function. This was
reported for CYP1A2 where the metabolism of 7-pentoxyresorufin, 7-ethoxycoumarin, and
7-ethoxyresorufin by a simple reconstituted system with CYP1A2 as a function of the CPR
concentration was hyperbolic at low CYP1A2 concentrations, but became sigmoidal under
conditions where the proteins were more crowded in the membrane (Reed et al. 2012).
Interestingly, the sigmoidal curves could be converted to hyperbolic curves by increasing the
ionic strength of the buffer, conditions that would diminish the electrostatic
CYP1A2:CYP1A2 complexes. These data are consistent with an equilibrium between
CYP1A2.CYP1A2 complexes and CYP1A2 monomers where the monomers are more
active. The study proceeded to use chemical cross-linking of protein amino groups to
demonstrate that higher order aggregation of the enzyme was associated with conditions
leading to inhibition of the catalytic activities. Finally, the aggregation of CYP1A2 was
demonstrated in HEK 293T cells using BRET after co-expression of CYP1A2 cDNAs that
were linked with the cDNA for either luciferase or green fluorescent protein (GFP) on the C-
terminal end of the P450 sequence.

Interestingly, the study examining the homomeric interaction of CYP1A2 also showed the
same general kinetic profiles for rabbit CYP2E1-mediated metabolism of N-
dimethylInitrosamine as a function of the CPR concentration at different P450 concentrations
(high P450 concentrations above 0.1 uM were sigmoidal, whereas those at lower
concentrations were hyperbolic) (Reed, Connick, Cheng, Cawley, & Backes 2012). Thus, the
metabolism of this substrate by CYP2EL1 also appeared to be associated with a functional
(inhibitory) homomeric interaction of the P450.

These findings were consistent with a comprehensive kinetic analysis of the metabolism of
pnitrophenol by reconstituted systems of rabbit CYP2EL by Miller’s group (Jamakhandi et
al. 2007). First, the study used a Job plot to show that metabolism by the P450 could not be
explained by a simple 1:1 complex formation between CPR and CYP2E1. Instead, the data
suggested higher order aggregates of the enzymes were in equilibrium with the 1:1 complex.
The authors then compiled a comprehensive data set representing metabolism as a function
of variations in both CYP2E1 and CPR concentrations. These data were used to
mathematically discriminate between 32 possible mechanisms involving varying degrees of
CYP2E1 and CPR aggregation. The best fit for the data was derived from models that
included a P450 homodimer, a P450,:CPR> quaternary complex, and possibly a P450,:CPR
ternary complex in addition to the 1:1 P450:CPR complex. Interestingly, the best fit models
indicated that the 1:1 CPR:CYP2E1 complex was the only functional complex, and the other
two (or three depending on the model) complexes were catalytically silent (and thus
inhibitory).

In contrast to the compelling Kinetic data indicating CYP2E1 aggregation, studies using both
BiFC (Ozalp et al. 2005) and FRET (Szczesna-Skorupa et al. 2003) to monitor aggregation
failed to provide evidence of homomeric CYP2E1 interactions after co-expression of the
modified cDNAs in either COS1 or HEK293 cells. Thus, unlike the case for homomeric
functional interactions involving CYP1A2, the physical evidence supporting the case for
homomeric interactions of CYP2E1 has remained elusive.
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The presence of homomeric complexes affecting P450 function was not observed with all
P450s tested. Despite both CPR-CYP1A2 and CPR-CYP2E1 exhibiting a more exaggerated
sigmoidal responses in activity as a function of CPR as P450 crowding was increased,
CYP2B4 showed simple hyperbolic behavior consistent with monomeric CYP2B4
interacting with CPR. This does not necessarily mean that CYP2B4 does not form
homomeric complexes, as it is possible that CYP2B4+CYP2B4 are not kinetically distinct
from the monomer (Reed, Connick, Cheng, Cawley, & Backes 2012). Taken together, the
results show that P450s can form homomeric complexes; however, it is not certain that this
is a universal characteristic of all P450s.

Studies conducted by Davydov and co-workers have provided evidence for the positional
heterogeneity of homomeric P450 aggregates. Initially, the ferrous-CO complex of P450
2B4 was examined under hyperbaric conditions to find that 65 to 70% of the aggregated
P450 was sensitive to a particular pressure range as indicated by a spectral transition to P420
(Davydov, Knyushko, & Hoa 1992). When the P450 was solubilized with a detergent, the
entire population of CYP2B4 enzyme was subject to pressure-related inactivation indicating
that the aggregation of the enzyme actually protected a segment of the CYP2B4 population
from the hyperbaric conditions. These findings demonstrated the heterogeneous nature of the
homomeric CYP2B4 complex. When the ferric P450 was analyzed, the authors also found
that 65 to 70% of the aggregated ferric P450 was either not capable of or not responsive to
the binding of substrate as indicated by an induced low to high spin state transition. Written
another way, the ferrous-CO CYP2B4 moieties in the homomeric complex were arranged in
a manner that protected 30 to 35% of the P450 from hyperbaric sensitivity, and in the ferric
state, presumably the same 30 to 35% was responsive to substrate binding as indicated by a
low to high spin state change of the ferric heme. Subsequently, it was shown that aggregated
CYP1A2 was completely resistant to the pressure-induced inactivation over a comparable
range of pressure, and in the presence of excess CYP1A2, CYP2B4 no longer exhibited this
pressure-sensitive conversion of P420 (Davydov, Petushkova, Archakov, & Hoa 2000b). The
study demonstrated a difference in the physical characteristics of the two P450s when
present in homomeric aggregates and indicated the active site of a fraction of the total
CYP2B4 population was much more subject to hydration that prevented a substrate-induced
spin state change when in a homomeric aggregate than it was in an aggregate including
CYP1A2.

Davydov and co-workers have also provided evidence for positional heterogeneity by
examining the pre-steady state reduction of P450s by dithionite. Multi-phasic reduction
(biphasic or triphasic) of aggregated CYP2B4 (Davydov et al. 1985) or CYP3A4 (Davydov,
Fernando, Baas, Sligar, & Halpert 2005) was observed in solution or when the P450s were
incorporated in proteoliposomes. Interestingly, the study with CYP3A4 indicated three
phases of reduction of approximately equal amplitudes and showed that the low spin form of
P450 was exclusively reduced in the fast phase, whereas the slow phase mainly represented
reduction of the high spin form. This would indicate that the soluble reductant has better
access to the low spin active site probably as a result of a higher degree of hydration in
proximity to the heme group. Substrate binding increased the proportion of high spin
enzyme and quantitatively decreased the proportion of enzyme reduced in the fast phase.
The middle phase of reduction appeared to represent enzyme that was subject to a substrate-
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induced spin state change but unlike the high spin form reduced in the slow phase of
reduction, the spin shift did not affect the rate at which this population of CYP3A4 was
reduced by dithionite.

In a subsequent study, the kinetics of CYP3A4 reduction were measured through protein-
protein interactions involving a redox partner (Davydov, Sineva, Sistla, Davydova, Frank,
Sligar, & Halpert 2010). For these experiments, the soluble reductase domain of PA50BM3
(Davydov et al. 2000a;Sevrioukova et al. 1996) was used instead of the membrane-bound
CPR in order to simplify the interpretation of the kinetics. In contrast to the results observed
using dithionite as a reductant, the high spin form was reduced in the fast phase and low spin
form was reduced in the slow phase indicating that the high spin form within the P450
aggregate was better able to interact with the redox partner than the low spin form.

In both of the studies examining reduction of CYP3A4, physical evidence was provided to
show the multi-phasic reduction was attributable to oligomerization of the CYP3A4. First, it
was shown that the reduction process became mono-phasic upon solubilization with
detergent. Next, the authors assessed reduction of monomeric CYP3A4 using nanodiscs™
(Baas et al. 2004;Davydov, Sineva, Sistla, Davydova, Frank, Sligar, & Halpert 2010).
Nanodiscs utilize phospholipid and a membrane scaffolding protein that allows for the
stabilization of small, discoidal lipid-bilayer particles that contain monomeric enzyme when
mixed at appropriate relative concentrations. After incorporation of monomeric CYP3A4
into nanodiscs the reduction became biphasic (from triphasic) and the amplitudes of the
phases correlated with the proportions of high and low spin forms of the P450. Upon
addition of saturating concentrations of substrate, the enzyme totally converted to the high
spin form, and the reduction of CYP3A4 in the nanodiscs became monophasic in the process
indicating the functionality of the monomeric enzyme. Finally, the reduction Kinetics also
provided evidence that aggregated CYP3A4 dissociated into smaller aggregates (possibly
monomeric) as the lipid:P450 ratios of the liposomes into which it was incorporated
increased from 112:1 to 726:1. Because the lipid:protein ratio in microsomes is
approximately 23:1 (Depierre and Dallner 1975;Wibo et al. 1971), P450 enzymes would
probably be entirely aggregated /n vivo.

Physical evidence of aggregation was also demonstrated in this study with a FRET-based
assay (fluorescence energy resonance) using BODIPY iodoacetamide to label cysteine
residues in CYP3A4. Originally, a quadruple mutant of CYP3A4 was engineered in which
four cysteines were replaced with serine or alanine (Tsalkova et al. 2007). The selective re-
introduction of Cys back into the quadruple mutant then allowed for labeling with Cys-
reactive fluorescent probes and cross-linkers. These Cys mutants of CYP3A4 not only
provided evidence for CYP3A4 homomeric interactions but also established approximate
distances between cysteines in the interacting CYP3A4 units of homomeric oligomers
(Davydov, Davydova, Sineva, Kufareva, & Halpert 2013;Davydov, Davydova, Sineva, &
Halpert 2015;Tsalkova, Davydova, Halpert, & Davydov 2007).

In addition to correlating the kinetic changes with the P450 surface density in
proteoliposomes, Davydov et al. also provided physical evidence of a binding equilibrium
over the 100:1 to 726:1 range of lipid:P450 ratios by using time-resolved LRET
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(luminescence resonance energy transfer) of the CYS-labeled CYP3A4 mutants (discussed
in previous paragraph) that were labeled with cysteine-reactive probes (Davydov, Davydova,
Sineva, Kufareva, & Halpert 2013). One aspect of CYP3A4-mediated metabolism that has
been well studied is cooperativity with respect to substrate resulting in atypical, often
sigmoidal, enzyme kinetics (reviewed in (Davydov and Halpert 2008;Denisov and Sligar
2012)). These effects can be observed upon varying concentrations of a single substrate
(homotropic) or by the presence of different compounds (heterotropic). One heterotropic
activator of CYP3A4 is a-naphthoflavone (ANF). In the presence of this effector, sigmoidal
enzyme Kkinetics related to metabolism of some substrates is eliminated, resulting in enzyme
activation at limiting substrate concentrations. In large part, these effects are attributed to
multiple substrate binding sites within the active site of the P450 (Houston and Galetin
2005). However, Davydov and others (Davydov, Davydova, Sineva, Kufareva, & Halpert
2013) provided evidence using lipid dilution and LRET between the aforementioned
fluorescent-modified CYS mutants that ANF binding to CYP3A4 changed the aggregation
state of the P450. The altered aggregation state was shown to be associated with the ANF-
related changes in enzyme Kinetics for the metabolism of 7-benzyloxy-4-
trifluoromethylcoumarin. These findings indicate that some cases of homomeric and
heteromeric cooperativity may be attributable to substrate/effector binding causing changes
in P450 aggregation instead of changes in the way substrate binds within the active site.
With respect to ANF at least, it appears that its binding site may actually be outside the
active site of the enzyme (Davydov, Davydova, Sineva, Kufareva, & Halpert 2013).

Substrate specificity of the effects of P450-P450 interactions

In our description of the effects of P450-P450 interactions, we have been careful to state the
substrates with which these effects are observed. This is because the metabolism of some
substrates is not affected by the interaction of the same P450 pairs discussed above. For
instance, it appeared that the functional interaction of CYP1A and CYP2B that has been so
extensively characterized in the metabolism of a variety of substrates (discussed above) did
not affect metabolism of 3,4-benzo[a]pyrene by CYP1A2 (West and Lu 1972). Similarly,
there was no evidence of the interaction of CYP3A4 and CYP2C9 affecting metabolism of
S-warfarin and tolbutamide by the latter (Yamazaki, Gillam, Dong, Johnson, Guengerich, &
Shimada 1997) even though CYP2C9-mediated metabolism of naproxen was inhibited by
the interaction (Subramanian, Zhang, & Tracy 2010). In addition, the mutual effects
resulting from the interaction of CYP2B4 and CYP2EL in the metabolism of benzphetamine
and p-nitrophenol (Kenaan, Shea, Lin, Zhang, Pratt-Hyatt, & Hollenberg 2013), respectively,
were not observed for the metabolism of 7-ethoxyresorufin, 7-pentoxyresorufin, aniline, and
N-nitrosodimethylamine by the P450 pair (Kelley, Cheng, & Backes 2006). Consistency is
not even observed with respect to homomeric interactions as the CYP1A2-mediated
metabolism of 7-ethoxy-4-trifluoromethylcoumarin was clearly hyperbolic as a function of
CPR concentration even though metabolism of the structurally similar 7-ethoxycoumarin by
the enzyme was highly sigmoidal at high concentrations of the P450 (Reed, Connick,
Cheng, Cawley, & Backes 2012). Finally, homomeric interactions involving CYP2EL1 did
appear to have effects on metabolism of A~nitrosodimethylamine but not that of 7-ethoxy-4-
trifluoromethylcoumarin (Reed, Connick, Cheng, Cawley, & Backes 2012). It is interesting
that homomeric effects of the CYP2EL interaction were observed for metabolism of A-
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nitrosodimethylamine. However, no effects of the CYP1A2-CYP2EL interaction were
observed on the CYP2E1-mediated metabolism of the same substrate (Kelley, Cheng, &
Backes 2006). In some cases, these substrate differences were observed by the same
investigator; however, in others the differences were between different laboratories.
Consequently, some of the discrepancies may be the result of differences in reconstitution
conditions as noted by several investigators (Causey et al. 1990;Reed et al. 2006;Reed et al.
2008;Subramanian, Low, Locuson, & Tracy 2009).

Many of the screens of potential new drugs measure their metabolism in systems containing
single expressed human P450 enzymes. Although these systems provide information on
metabolism by human P450 enzymes, the potential for P450s to form complexes that
influence function can lead to discrepancies that make /n vitroto in vivo extrapolation more
difficult. An example of this problem was illustrated with a report by Hazai and Kupfer
(Hazai & Kupfer 2005) in the study of the CYP2C9-CYP2C19 interaction. This is made
more complex when considering that such effects may only be presented by some substrates.
Consequently, extrapolation of /n vitro metabolism of a new drug or foreign compound to
better predict the /n vivo condition may require measurement of substrate metabolism using
systems containing multiple P450 enzymes to account for P450 supramolecular complex
formation.

Studies to demonstrate that P450-P450 interactions influence metabolism in natural

membranes

A preponderance of the evidence for the functional effects of P450-P450 interactions stem
from work using purified, reconstituted systems, with most of these studies using the
synthetic lipid, DLPC, to reconstitute the P450 activity; however, there is ample evidence
that the P450-P450 interactions found with reconstituted systems also can be found in
cellular systems and /n vivo.

Some studies of P450-P450 interactions have better simulated the ER-membrane
environment by using labor-intensive methods to physically incorporate P450s into
monolamellar, bilayer vesicles (Davydov, Fernando, Baas, Sligar, & Halpert 2005;Reed,
Eyer, & Backes 2010). These types of studies also have the added benefit of being able to
use the physiologic lipid composition of the ER membrane. Recently, Davydov et al. have
developed methods to physically incorporate P450s in preformed bilayer vesicles (Davydov,
Sineva, Sistla, Davydova, Frank, Sligar, & Halpert 2010) or in the microsomal membranes
of insect cells (Supersomes™) (Davydov, Davydova, Sineva, & Halpert 2015). To get CPR
in the latter system, Supersomes from insect cells transfected with a CPR-expressing
construct were used as this protein will not readily incorporate in a preformed membrane.
Thus, the methods utilizing preformed vesicle incorporation are limited in the ability to
modulate CPR levels which is imperative when testing mechanisms that involve changes in
CPR-binding affinities. Although the method is relatively easy, it has only been used with
truncated, N-modified P450s. It is not clear if the wild type, full length P450 enzymes would
incorporate into the preformed membranes. Thus, the use of the method has the potential to
overlook P450-P450 interactions mediated by the wild type, N-terminal regions.
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Because of the limitations with purified, reconstituted P450 systems, it has been necessary to
confirm that P450-P450 interactions affect enzyme function /7 vivo. One approach in this
regard has been to demonstrate the functional effects in the microsomes from tissues. The
use of microsomes circumvents the doubts involving the lipid composition, the relative
concentrations of lipids and P450s, and the manner in which the P450s associate with the
lipid. In order to validate the relevance of the effects of the CYP1A2-CYP2B4 interaction
observed in purified, reconstituted systems (Backes, Batie, & Cawley 1998), rates of
substrate metabolism were compared using microsomes from rabbits treated with
phenobarbital, -naphthoflavone, and both compounds in order to induce expression of
CYP2B4, CYP1A2, and both P450s, respectively (Cawley et al. 2001). After quantifying the
amounts of both P450s and CPR in the microsomes from the different treatment groups, it
was shown that CYP1A-mediated metabolism was activated and that by CYP2B4 was
inhibited in the microsomes from rabbits treated with both inducers relative to the activities
observed in microsomes from animals treated with only one of the inducers. Thus, the
effects predicted from the studies with the purified, reconstituted systems were confirmed in
the experiments with microsomes.

A recent publication has used a hepatocyte model as a better simulation of /n vivo conditions
to provide evidence for the functional effects of the CYP3A4-CYP2C9 interaction (Ramsden
et al. 2014). The study used the HepatoPac™ culture system which has been shown to retain
the phenotypic enzymatic activities of fresh hepatocytes for several weeks. By virtue of the
prolonged metabolic capacity of this culture system, the researchers were able to examine
the effects of CYP3A4 on CYP2C9-mediated activity by modulating CYP3A4 expression
using small interference RNA (SiRNA) and a subsequent recovery phase after removal of the
siRNA. Consistent with the effects of the P450-P450 interaction in reconstituted systems
(Subramanian, Zhang, & Tracy 2010), higher CYP3A4 expression was associated with
lower CYP2C9 activity. In fact, the percentage decrease in CYP3A4 expression upon
treatment with the siRNA was approximately equal to the percentage increase in the rate of
the CYP2C9-mediated metabolism of diclofenac by the hepatocytes. In addition, removal of
the CYP3A4 siRNA resulted in a recovery of the pre-treatment expression levels and in turn,
inhibition of CYP2C9-mediated metabolism.

A recent study using immunoprecipitation followed by LC-MS protein identification
provided a sense of the extent and diversity of protein interactions with P450 /n vivo (Li et
al. 2011). Protein complexes involving rabbit CYP2C2 were identified in mouse liver after
infection of the mice with an adenovirus containing a Flag- and His-tagged recombinant
CYP2C2 cDNA. Immunoprecipitation of the Flag-tagged protein from liver microsomes
followed by purification of the precipitates on a nickel-agarose affinity column (by virtue of
the His-tag) resulted in co-isolation of 25 proteins. Interestingly, most of the proteins
associated with CYP2C2 utilized NADH/NADPH directly or indirectly through interactions
with redox partners. The sedimentation patterns of the complexes on a sucrose step gradient
suggested that the P450 participated in a variety of heterogeneous protein complexes with
masses ranging up to 600,000 Da. Many complexes of enzymes with the modified CYP2C2
were characteristic of a metabolon that could catalyze sequential phase | and phase Il
metabolism of drugs. Although the study did not assess the effects of protein interactions on
CYP2C2-mediated activity, the interactions of CYP2C2 with both CYP3A and CYP2D
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forms were detected, consistent with the P450-P450 interactions that were shown to
influence human CYP2C9-mediated activity in purified, reconstituted systems
(Subramanian, Low, Locuson, & Tracy 2009;Subramanian, Zhang, & Tracy 2010).

Another approach to demonstrate the effects of P450-P450 interactions in biological
membranes has been to express P450 chimeras that are capable of FRET or BRET upon
physically interacting with one another in cell culture systems. The Kemper lab pioneered
these types of studies with P450s by looking at various aspects of CYP2C2 interaction and
localization in the ER. These studies have contributed greatly to demonstrating that P450-
P450 interactions occur as a natural consequence of their expression in biological
membranes.

Initially, the fluorescence emitted by different amino acid segments of CYP2C2 fused to
green fluorescent protein (GFP) was measured after transient expression in COS1 cells
(Szczesna-Skorupa et al. 1998). Fluorescence imaging showed that both the N-terminal
sequence and the cytosolic domain of CYP2C2 conferred localization to the ER.
Photobleaching studies indicated that 80% to 90% of the different CYP2C2 domains were
laterally mobile within the membrane. Interestingly, the catalytic activity of CYP2C2-GFP
was only slightly less than that by the wild type CYP2C2 indicating that the addition of GFP
did not greatly alter protein function.

Later studies by Kemper’s group examined protein interactions by measuring FRET
following interactions involving CFP (cyan fluorescent protein)- and YFP (yellow
fluorescent protein)-labeled CYP2 family forms (CYP2C1, CYP2C2 and CYP2E1) and CPR
(Szczesna-Skorupa, Mallah, & Kemper 2003). This study demonstrated oligomerization of
CYP2C2 and the N-terminal domains of both CYP2C1 and CYP2C2 but not cytosolic
CYP2C2 in which the N-terminal region was truncated. Interestingly, in direct contradiction
to the conclusions of studies with purified CYP2E1 (Jamakhandi, Kuzmic, Sanders, &
Miller 2007;Kelley, Cheng, & Backes 2006;Kenaan, Shea, Lin, Zhang, Pratt-Hyatt, &
Hollenberg 2013) (discussed above), FRET was not detected for the interaction of CFP- and
YFP-labeled CYP2EL. Similarly, interaction of CYP2C2-CFP and CYP2E1-YFP was not
detected by FRET, although both of the CFP-labeled CYP forms were shown to interact with
YFP-labeled CPR (Jamakhandi, Kuzmic, Sanders, & Miller 2007;Kelley, Cheng, & Backes
2006;Kenaan, Shea, Lin, Zhang, Pratt-Hyatt, & Hollenberg 2013). Furthermore, only the
cytosolic domain of CYP2C2 was needed for complexation of the P450 with CPR.

A subsequent study used bimolecular fluorescence complementation (BiFC) to demonstrate
interactions of CYP2C2 (and its individual amino acid domains), CYP2E1, and CPR after
expression of chimeric forms in COS-1 cells (Ozalp, Szczesna-Skorupa, & Kemper 2005).
For these experiments the interaction of chimeric forms of P450s and/or CPR were detected
by transfecting a pair of chimeras in which the N-terminal ends were derived from one of the
proteins in the P450 system and the C-terminal ends of the two chimeras were either the C-
terminal or N-terminal ends of YFP. Interaction of the P450-related chimeras resulted in
reconstitution (and in turn, the fluorescence) of full length YFP after excitation with 425 nm
light.
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In agreement with the FRET study (described above), the homomeric interactions of
CYP2C2 and its N-terminal end sequence were demonstrated in addition to the interaction
of the N-terminal end with the full length CYP2C2. Consistent with their FRET
experiments, CYP2EL did not appear to form homomeric oligomers. However, the
heteromeric interaction of CYP2C2 and CYP2E1 was detected and was presumed to be
mediated by the cytoplasmic domains of the P450s, unlike the homomeric interaction of
CYP2C2. The BiFC study also showed that CPR formed homomeric complexes after
expression in COS-1 cells, and suggested that both the N-terminal and cytosolic domains of
CYP2C2 contributed to binding to CPR.

Taken together, the BiFC and FRET studies demonstrate the natural tendency of some P450
system proteins to interact after expression in the ER of cells, eliminating the doubts
inherent when preparing reconstituted systems from stock solutions of purified enzymes. It
was also shown that the catalytic activities of the expressed P450s could be measured using
the chimeric fusion proteins. Finally, the studies offer the ability to modulate the expression
levels of the proteins by varying the amount of cDNA transfected into the cells. These three
characteristics of the fluorescent studies will allow for mechanistic questions to be addressed
about the effects of the P450-P450 interactions.

Conclusion

The physical interaction of P450s can influence the rates of metabolism of specific
substrates by various P450 isoforms. This review has summarized studies pertaining to this
phenomenon and when possible has classified the P450-P450 interactions on the basis of the
mechanisms by which they affect metabolism. P450-P450 interactions can alter P450-
mediated metabolism by affecting the abilities of P450s in a complex to bind to CPR, to
bind to substrate, or by both types of mechanisms. Mechanisms have also been proposed that
involve changes in the rates of catalytic steps of the enzymatic cycle other than substrate
binding.

An important aspect of pharmacology concerns understanding the metabolism and
disposition of drugs in humans. Clearly, alterations in enzyme activities caused by the
physical interaction of P450s will limit the accuracy of these methods and indeed, there are
many examples in the literature where in vivo clearance of a drug is poorly predicted using
parameters obtained in vitro (Houston and Kenworthy 2000;Stringer et al. 2009). The
physical interactions of P450s can have profound effects on the metabolism of substrates and
can influence metabolism and disposition of xenobiotics. This fact has been evidenced by
the studies from the Kupfer lab showing that metabolism of the pesticide, methoxychlor, by
human liver microsomes did not involve CYP2C19 even though it was the major P450
implicated when comparing the rates of metabolism by various expression systems
containing only one P450 (Hu et al. 2004;Hu and Kupfer 2002). It is imperative to
understand the specific changes that result from the physical interactions of different P450s
so that we can better predict/anticipate outcomes resulting from exposure to drugs, toxins,
and carcinogens that are P450 substrates.
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Efforts are now focused on examining the extent to which P450-P450 interactions affect
metabolism /n vivo. Table 2 shows a summary of the studies pertaining to the effects of
P450-P450 interactions. The table also shows the P450-P450 interactions that have not been
tested for effects on P450 function. It is clear from the table that only a fraction of the full
scope of P450-P450 interactions has been tested for functional effects. As a result, we know
very little with regards to the extent to which this phenomenon affects drug metabolism /n
vivo. Studies utilizing BRET, FRET, or BiFC of appropriately labeled P450 chimeras have
the potential to assess the relative tendencies of different P450s to interact and to determine
the effects of specific P450 interactions on enzymatic function. This information will be
useful in making predictions about the levels of drug metabolism in animals/humans.
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Figure 1. Effects of a P450-P450 inter action on metabolism when the mechanism involves a
change in CPR-binding affinities of theinteracting P450s

Metabolism of alkoxyresorufin substrates (Backes, Batie, & Cawley 1998;Reed, Eyer, &
Backes 2010;Reed, Dela Cruz, Lomnicki, & Backes 2015b) by the mixed CYP1A2-
CYP2B4 complex is represented by arrows for electron transfer from CPR; substrate
binding; and oxygen activation/mono-oxygenation of substrate to form product. Larger
arrows indicate an increase in the rates of a step relative to that catalyzed by the homomeric
P450 complex. When the rate of a step is diminished by the P450-P450 interaction, a dashed
arrow is used. The regular arrows indicate the step is unchanged. The ability of CYP2B4 to
bind CPR is attenuated and possibly inhibited completely following interaction of the P450
with CYP1A2. Thus, an “X” is placed over the arrow for electron transfer, and a “?” is
placed next to the large arrow indicating decreased product formation by this P450.
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Figure 2. Effects of a P450-P450 inter action on metabolism when the mechanism involves a
changein therate(s) of a catalytic step(s) of the P450 reaction cycles

The diagram indicates the reported effects of the CYP2C9-CYP2D6 interaction on
metabolism of S-flurbiprofen and dextromethorphan, respectively (Subramanian, Low,
Locuson, & Tracy 2009). Arrows for the various steps of catalysis are described in Figure 1.
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Figure 3. Effects of a P450-P450 inter action on metabolism when the mechanismsinvolve both a
change in CPR-binding affinities and the rate(s) of a catalytic step(s) of the P450 reaction cycles

The diagram indicates the reported effects of the CYP2E1-CYP2B4 interaction on
metabolism of p-nitrophenol and benzphetamine, respectively (Kenaan, Shea, Lin, Zhang,
Pratt-Hyatt, & Hollenberg 2013). Arrows for the various steps of catalysis are described in
Figure 1.
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Table 1
Measured and predicted rates of P450-mediated NADPH oxidation, toluene metabolism,
and the production of uncoupled reaction products catalyzed by simple and mixed
reconstituted P450 systems

The rates of NADPH consumption and the production of hydrogen peroxide, toluene metabolites, and excess
water by P450 reconstituted systems were determined as described previously (Reed, Cawley, & Backes
2013). The rates are expressed as the average + the standard error of five separate determinations. The table
shows the rates of formation of the P450-specific toluene metabolites by the reconstituted systems containing

lipid, CPR, and CYP2B42, CYP1A2P, or a mixed system containing both P450sC. The theoretical rates of
NADPH oxidation and the production of uncoupled reaction products by the mixed systemd were based on the
relative rates of substrate oxidation in the simple and mixed systems. The theoretical rates are not merely the
summation of rates measured using the simple systems containing either CYP1A2 or CYP2B4. Instead, the
same proportionality factor relating the experimentally determined rates of CYP-specific substrate metabolism
by the simple and mixed systems is also assumed to relate the rates of formation of uncoupled reaction
products and NADPH oxidation by the simple and mixed systems. This assumption would be valid if only the
rate of overall P450-mediated metabolism (and not the efficiency by which the reaction occurred) was altered
by the P450-P450 interaction. Any significant deviation when comparing the “Experimental”® and
“Theoretical”d groups points to a change in catalytic efficiency as compared to that observed with the simple
systems. The results indicate that the mixed system consumes less NADPH and generates less “excess water”
than predicted, and are consistent with electron flow being more efficiently coupled in the mixed reconstituted

system. ®Excess water refers specifically to that formed by excess reduction of the high valent, perferryl
intermediate and not to the putative water molecule formed upon reduction, protonation, and heterolytic
scission of molecular oxygen at an earlier stage of the catalytic cycle. As a result, the production of each
molecule of excess water consumes two molecules of NADPH. This is why the rate of NADPH oxidation is
not equal to the sum of the rates of formation of the reaction products.

Product or Substrate | CYP2B4 system@ | CYP1A2 systemP | Mixed system (Experimental results)® | Mixed system (Theoretical)d
NADPH oxidized 12.7+0.38 7.21+0.23 14.14 £ 0.38 28.42
Toluene metabolites 2.61+0.28 0.01 +0.002 151+0.1 151
H,0, formed 2.01+0.63 1.20+£0.1 5.23+0.86 4.68
Excess H,O formed® 4.04+1.29 3.00+0.33 3.70+1.34 11.16
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