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ABSTRACT: CYP3A4 exhibits unusual kinetic characteristics that result from the metabolism of multiple
substrate including endogenous steroids and some drugs that coexist at the active site. To clarify the
mechanism of the effect of endogenous steroids on the drug metabolism, the interaction between substrates,
nevirapine (NVP) and carbamazepine (CBZ), and endogenous steroids was investigated by theoretical
calculations. When the activities of NVP 2-hydroxylation and CBZ 10,11-epoxidation by expressed
CYP3A4 were measured in the presence of steroids, NVP 2-hydroxylation was found to be remarkably
increased by aldosterone and inhibited by estradiol. CBZ 10,11-epoxidation was increased by andros-
tenedione. Three-dimensional computer modeling has shown that the active site of CYP3A4 is especially
large, permitting access of two substrate molecules. The interactions between NVP and aldosterone and
between CBZ and androstenedione were estimated by theoretical calculations assuming the substrate and
steroids to be present in the active site at the same time. It was shown that NVP or CBZ would be stably
fixed close to the oxygen atom at the sixth ligand of heme by interaction with steroids, suggesting that
NVP and CBZ may be hydroxylated more easily due to the interaction with steroids. Estradiol was also
expected to interact with NVP via a/x interaction between a benzene ring, in which the NVP
hydroxylation site is located, and a benzene ring of estradiol, suggested to inhibit the reaction. From
these results, interactions between the substrate and endogenous steroids in the active site may change
the activity of CYP3A4.

The cytochrome P450 (CYPEnzymes play a clinically  enzymes identified so far are associated with oxidation by
important role in drug metabolism. CYP3A4 is known to be the CYP3A enzymes. The unusual kinetic characteristics of
expressed at the highest level in human liverg) and is the CYP3A enzymes include four categories: activation,
the most important enzyme involved in the metabolism of autoactivation, partial inhibition, and substrate inhibition.
pharmaceuticals3j. CYP3A4 is also capable of metabolizing  Activation is an increased reaction velocity in the presence
endogenous steroids such as cortigh)| (estosterones], of another compound( 10). Sigmoidal saturation kinetics
17p-estradiol ), and progesteroner), A previous report is considered to be caused by autoactivation because the
has shown that some kinds of endogenous steroids activateactivator is the substrate itself1, 12). For partial inhibition,
and/or inhibit CYP3A4-mediated drug metabolism by human saturating concentrations of inhibition do not completely
liver microsomes §). As these endogenous steroids are inhibit substrate metabolism. Substrate inhibition occurs
always present in vivo, it is important to clarify the when an increase in substrate concentration beyond a certain
mechanism of the activation and inhibition of CYP3A4- value results in a decrease in the rate of metabolism. To
mediated drug metabolism by endogenous steroids. explain the unusual kinetics, some analytical models have

Most CYP oxidations show hyperbolic saturation kinetics advanced the hypothesis of two substrates coexisting in the
and competitive inhibition between substrates. Therefore, active site of CYP3A4, demonstrating cooperativity. CYP3A4
some pharmacokinetic properties can be predicted by stanshows homotropic cooperativity toward a number of sub-
dard Michaelis-Menten kinetic analysis. However, some strates {0, 12—14) and heterotropic cooperativity, which
CYP reactions show unusual enzyme kinetics, and most suchshows activation upon the addition of a second compound,

such as flavonoids or steroid hormone} 12, 15—-19).
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Especially, the structure of the active site of CYP3A4 was A r2op R T
modeled by that of P450eryF because the substrate for 2 "N
P450eryF was large2p). Actually, crystal structures of (A\)\ & — ﬁ\f\ [
P450eryF contained two molecules of androstenedione or 2 A wo! N
9-aminophenanthrene in the active s@8)( Thus, a homol- NVP 2-hydroxy-NVP

ogy model of CYP3A421) suggested that the active site of 0 11

the enzyme is very large and probably capable of accom- B

modating more than one substrate at a time. The simultaneous — dfb
presence of two different substrates in the active site has 7 Lonm Sonre
been used to explain the partial competitive inhibition of cBz CBZ 10,11- epoxide

testosterone metabolism caused by erythromy&4). Stud- c o GHOH D omoH E CHs
ies using flavonoids as heterotropic stimulators of polycyclic Ho KEE §=° e
aromatic hydrocarbon metabolism have suggested that the cus .
effector and substrate are probably both present in the active ea Ho o >

o YA EST AND

site at the same time2).

A better understanding of the variability associated with Ficure 1: Metabolic pathway of nevirapine and carbamazepine
CYP3A both in vitro and in vivo is required to fully —and structures of endogeneous steroids. (A) Hydroxylation of

i ; nevirapine (NVP) by CYP3A4. (B) Carbamazepine (CBZ) 10,11-
_understatl:]d the rolt?[ of C\QT?A |r]1 drug gett.aboélsm andt tgus epoxidation by CYP3A4. (C) Aldosterone (ALD). (D) Estradiol
Improve the current capabiliies for predicting drug metabo- EST). (E) Androstenedione (AND). Arrows show the major

lism by this enzyme. However, the current understanding of hydroxylation point by CYP3A4.

this enzyme is considered insufficient to predict interactions

among substrates, effectors, and CYP3A4, because theprotein concentration was determined according to the
demonstrated kinetic models for cooperativity require unestab-method of Lowry et al. §0) using bovine serum albumin as
lished assumptions to calculag andVimax To explainthe  the standard.

inconsistencies in clarifying the interactions among sub- Assay of NVP Hydroxylase Actiity and CBZ 1Q11-
strates, effectors, and CYP3A4, we suggested anotherEpoxidase Actity. The major metabolites by CYP3A4 are
possibility, a direct interaction between substrates and shown in Figure 1A,B. Analysis of both NVP 2-hydroxy-
substrates/effectors in the active site of CYP3A4 using lation and CBZ 10,11-epoxide was carried out according to
nevirapine (NVP) and carbamazepine (CBZ) as substratesthe method described previousl§, (31). The incubation

and endogenous steroids as effectors in this study. mixture consisted of 10 pmol of microsomal CYP3A4
protein, 100 mM potassium phosphate buffer (pH 7.4), 0.1
EXPERIMENTAL PROCEDURES mM EDTA, an NADPH-generating system (0.33 mM

NADP*, 8 mM glucose 6-phosphate, 0.1 unit of glucose

ChemicalsCBZ and CBZ lO,ll-epOXide were generous 6-phosphate dehydrogenaSE, 6 mM N@Qubstrate (100
gifts from Novartis Pharma Co. (Tokyo, Japan). NVP and M), and a steroid (10@M) as an effector in a final volume
2-hydoroxy-NVP were synthesized by Boehringer Ingelheim of 500 4L.
Pharma Co. (Ingelheim, Germany). Pregnenolone sulfate (5-  Mathematical Deriation and AnalysisKinetic parameters
pregnen-B-ol-20-one sulfate)d-aldosterone (4-pregnen-18-  for NVP 2-hydroxylation were determined from the Michae-
al-115,21-diol-3,20-dione), DHEA (5-androsters-®l-17- lis—Menten equation. Parameters for CBZ 10,11-epoxidation
one), androstenedione (4-androstene-3,17-dione), testosterongere determined by the modified two-site equativfh:
(4-androsten-17-ol-3-one), estrone [1,3,5(10)-estrarien-3- — 0) 15 32 V = (VmacHKmKm)/(1 + FKm +
ol-17-one], angs-estradiol [1,3,5(10)-estratriene-3/diol] S/KmiKma). In this model, the binding of substrate to site 1
were purchased from Sigma Chemical Co. (St. Louis, MO). facilitates binding to site 2, the sole site responsible for
All other chemicals used were of the highest grade com- product formation. The values were adjusted by iteration of
mercially available. the calculation until the best data fit was obtained using the

CYP3A4 Expression in Baculious. The full-length cD- Levenberg-Marquardt 83) nonlinear least-squares algorithm
NAs encoding human CYP3A4 and P450 reductase wereby the Pro Fit program version 5.5 (QuantumSoft, Zurich,
isolated from a human adult liver cDNA librar®). The Switzerland).
entire coding region of each cDNA was inserted into  Theoretical Calculations(1l) Construction of the Model
baculovirus shuttle vectors, p2Bdggiwl/Notl for CYP3A4 for Calculation.The three-dimensional structure of CYP3A4
and BanHI/HindlIII for P450 reductase), and then cotrans- was constructed by Szklarz and Halp&1); The structure
fected into SF-9 cells with viral DNA. Recombinant virus was modeled on the basis of the crystallographic coordinates
was constructed according to the instructions provided by of four bacterial P450s: P45BM-3, P450cam, P450terp,
the manufacturer (GIBCO, Gaithersburg, MD). The TN-5 and P450eryF. The coordinates of the model were then
cells were infected with the recombinant viruses in the calculated using a consensus strategy, and the final structure
presence of hemin (2g/mL). After 2—3 days, TN-5 cells ~ was optimized in the presence of water. This structure was
were harvested, and microsomes were prepared by twoused for our investigation. The model for molecular mechan-
centrifugations 27). The CYP3A4 content was determined ics (MM) calculations was constructed as follows: (1)
from the CO difference spectrun2g), and the levels of  Substrate and steroid were placed into the active site of
CYP3A4 and P450 reductase enzymes were about 100 pmolCYP3A4. In constructing the ternary complexes, we con-
mg of microsomal protein. The reductase activity was sidered that the oxidation site of substrate must interact with
measured by the method of Phillips and Langd®9).(The the oxygen atom of heme. (2) Water model molecules (TIP3P
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model) B4) were generated around the enzyme by the Monte
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NVP 2- Hydroxylation (nmol/nmol CYP/min)

Carlo method 85). The thickness of the water molecules 0 25 5.0 7.5
was 11 A, and there were about 6000 water molecules in contro! EERRIEF REFE v A
the model. After MM calculations, the interaction between pregnenolone-S ]
substrate and steroid was first investigated, and the interaction aldosterone ]
between substrate/steroid and amino acids in CYP3A4 was T 7| —
secondarily investigated. androstenedione ¥

(2) Computational DetailsThe computational program testosterone : !
package used for MM calculations was AMBER3®). An
all-atom force field was applied to the model structu8@)( :;:;Z‘I’; ?

Point charges on heme, substrates, and steroids for use in

MM calculations were determined by the RESP program
including AMBER 6. Electrostatic potentials and coordinates
for use of the input of RESP were determined by quantum

| | | |
chemical calculations at the ab initio Hartreleock level. °°""°'_; B
The basis set used was 6-31G**, The program package used ~ Pregnenolone-sl—J
for calculations was Gaussian 983. For point charges on aldosterone :l
the other residues, the standard AMBER residue database DHEA : |
was utilized. For vdW parameters, the AMBER force field androstenedione ]
parameter file (parm94. dat) was utilized. The model of the testosterone { ]
substrate-steroid-enzyme ternary complex described in the estrone ]
previous section was fully minimized under the conditions estradiol 7.

o1 2 3 4 5 6 7 8 9

CBZ 10,11-Epoxidation (nmol/nmol CYP/min)
10

shown above. The minimized structures are shown in Figures

4—6.
. . . and CBZ 10,11-epoxidation by expressed CYP3A4. (A) 2-Hy-
Density functional theory (DFT) calculations were also droxylation of NVP. (B) CBZ 10,11-epoxidation. Both reactions

performed to estimate stabilization energies on substrate were measured in the presence of added P450 reductase and
steroid interaction. The basis set used was 6-31G**. The cytochromebs as described in Experimental Procedures. Control

exchange functional was Becke’s three-parameter functionalmeans the addition of only organic solvent without endogenous

(39), and the correlation functional was the Leéang— steroid with the total concentration of solvent less than 2% (v/v).

' . The concentration of steroids and substrates used in this experiment
Parr formula 40). The models for calculations were con- ;o5 100 uM. Each value represents the mean of duplicate
structed as follows. Substrate and steroid were extracted fromdeterminations.

the energy-minimized structure described above, and three

models were made from the extracted structure: i.e., a We observed three kinds endogenous steroids: aldosterone
substrate-steroid complex model, a substrate model, and a which was the strongest activator of NVP 2-hydroxylation,
steroid model. Potential energy calculations were performed androstenedione which was the strongest activator of CBZ
for these models, and stabilization energiész, were  10,11-epoxidation, and estradiol which was the strongest
calculated from the equation: inhibitor of NVP 2-hydroxylation. Then, the dose effect of
aldosterone, androstenedione, and estradiol was determined
in order to compare the effects of these steroids on both
activities (Figure 3). Aldosterone increased and estradiol
decreased the NVP 2-hydroxylase activity in a dose-
where PE (substratesteroid), PE (substrate), and PE (ste- dependent manner up to 2@01. Androstenedione did not
roid) are potential energies for the substragteroid complex, have a strong effect on this activity, while it increased the
substrate, and steroid, respectively. The values are showrformation of CBZ 10,11-epoxide. An especially low dose

in Figures 4-6. The program package used was Gaussian of androstenedione~50 M) had a strong effect. Aldos-

98 (39). terone and estradiol did not affect CBZ 10,11-epoxidation
at any concentration.

Kinetic Analysis of the Endogenous Steroid Effect on NVP
Effect of Endogenous Steroids on NV#Mgdroxylation ~ 2-Hydroxylation and CBZ 101-Epoxidation by Expressed
and CBZ 1Q11-Epoxidation by Expressed CYP3A%o CYP3A4.The kinetics of the effects of aldosterone, andros-
investigate the effects of endogenous steroids on drugtenedione, and estradiol on NVP 2-hydroxylation and CBZ
metabolism by expressed CYP3A4, various kinds of steroids 10,11-epoxidation were analyzed in order to elucidate the
were added to the reaction mixture. Figure 2 shows the effectmechanisms of the steroid-induced stimulation or suppression

of endogenous steroids on NVP 2-hydroxylase and CBZ of CYP3A4 activities. They andVmax for NVP 2-hydroxy-
10,11-epoxidase activities. The activity of NVP 2-hydroxy- lation calculated by the MichaetidMenten equation in-
lase was activated 1.8-fold by the addition of aldosterone creased in the presence of aldosterone, an¥/{hgK., was
and inhibited 50% and 74% by estradiol and estrone, 2.6-fold higher than in the control (Table 1). In contrast, the
respectively. The activity of CBZ 10,11-epoxidase was VmadlKm was 36% of the control in the presence of estradiol
activated 3.0-, 2.3-, and 1.8-fold by androstenedione, DHEA, because of an increase in thg. The presence of andros-
and testosterone, respectively. Pregnenolone sulfate decreasdédnedione increased both thg andVmax resulting in almost
the activity by 30% from the control level. the sameéVna/Kn as the control.

Ficure 2: Effect of steroids on the activities of NVP hydroxylation

AE = PE (substrate}- PE (steroid)—
PE (substratesteroid)

RESULTS
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Ficure 3: Concentration dependence of the effect of aldosterone,
androstenedione, and estradiol on NVP hydroxylation and CBZ
epoxidation by expressed CYP3A4. (A) 2-Hydroxylation of NVP.
(B) CBZ 10,11-epoxidation. Both reactions were measured in the
presence of extra added P450 reductase and cytochbgras
described in Experimental Procedures. Aldosterone (ALD), estradiol

(EST), and androstenedione (AND) were added at the concentra-

tions specified in the figure. Control activity of NVP 2-hydroxy-
lation was 4.6 nmol (nmol of CYP} min~1. Control activity of
CBZ 10,11-epoxidation was 1.4 nmol (nmol of CYP)min-1,
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Table 2: Kinetic Parameters of CBZ 10,11-Epoxidation by
Expressed CYP3/&4

Km Vmax Vma)/Km
CBZ only 259.7 7.2 0.02
+aldosterone 3866 8.9 0.02
+androstenedione 132.8 13.C¢ 0.1¢
+estradiol 230.8 6.3 0.03

2 The reactions were performed in the absence or presence of 100
uM steroids. Units are as followsm, #M; Vimax, nmol (nmol of CYP)!
min~L. ® Analyzed by the modified two-site equatioviyax: = 0). Vimax
= (VinaxdHKmiKm2)/(1 + K1 + F/KmiKm2) (15). K andVmaxin the
table were fitted toKmz and Vmaxz in the equation, respectively.
¢ Analyzed by the MichaelisMenten equationV = Vina/[1 + (Ki/9)].

of steroids could also be calculated by the Michadenten
equation, andK,, andVmax Were found to be almost the same
asKm andVmaxeWhen calculated using the two-site equation.
Androstenedione decreased to 46%Kaf and increased to
more than three times the value 9fa/Km (VmaxdKm2),
indicating that efficiency of CBZ metabolism is increased
by the presence of androstenedione. Thg/Kn was not
changed by the presence of aldosterone or estradiol, although
the pattern of the reaction curve was changed.

Direct Interaction between NVP and Steroids in the Aeti
Site of CYP3A4The structures of aldosterone (Figure 1C),
estradiol (Figure 1D), and androstenedione (Figure 1E) are
quite similar, but they have different effects on CYP3A4.
Furthermore, the reason these steroids change the patterns
of the reaction curves cannot be fully explained by kinetic
analysis. Therefore, the reaction mechanism in the presence
of steroids was investigated by using the three-dimensional
structure of CYP3A4.

As an active site of CYP3A4 is large as estimated by
computer modelingql), it was expected that more than two
substrates could access the site simultaneously. Therefore,

Control means the addition of only organic solvent without the possibility for a direct interaction between substrates and
endogenous steroid with the total concentration of solvent less thansteroids in the active site of CYP3A4 was investigated by
2% (V/V). The concentration of substrates used in this eXpel"iment theore“cal Calculatlons An energy_m|n|m|zed structure Of
\évats 1(-)0*,[‘-'\/" Each value represents the mean of duplicate \/p ang aldosterone-bound CYP3A4 is shown in Figure
eterminations. 4A. The hydroxyl group of Ser312 in CYP3A4 interacts with
aldosterone through a hydrogen bond and with the carbonyl

Table 1: Kinetic Parameters of NVP 2-Hydroxylation by Expressed

CYP3A& group and hydroxyl group of the D-ring of aldosterone binds
K., Vo VodKor to a peptide group in NVP through hydrogen bonds. From
these interactions, NVP is stably held by aldosterone, and
Nvfa?gééterone 33'1?8 ‘11‘51_2 0‘01_%9 this might make NVP easier to hydroxylate.
+androstenedione 121.0 14.5 0.12 When NVP and androstenedione were present at the same
+estradiol 112.2 4.3 0.04

time, Ser312 could bind androstenedione in the same way
a2The reactions were performed in the absence or presence of 100aS aldosterone. However, androstenedione dose not stabilize
uM steroids. Units are as followsKm, #M; Vimax, NMol (nmol of CYP)! NVP as in the case of aldosterone. Although estradiol also
min~*. interacts with Ser312, a benzene ring in estradiol interacts
with a benzene ring (A-ring in Figure 1A) in NVP; i.e., this
As is well-known, the kinetic character of CBZ 10,11- is considered to be@/x interaction. Then, site 2 of NVP is
epoxidation was shown to be sigmoid in the absence of possibly blocked to hydroxylate.
steroids, judging from EadieHofstee plots (data not shown). Next, the difference in the potential energy between the
The sigmoidal curve changes to a Michaelidenten-type nonbinding and binding states of substrate and steroid was
curve by the addition of aldosterone, androstenedione, orcalculated as stabilization energy by the density functional
estradiol. When the kinetic parameters were calculated bytheory (Figure 4). The stabilization energy of NVP plus
the Michaelis-Menten equation and the modified two-site aldosterone is the largest of all combinations. This indicates
equation as shown in Table 2, the valueKafi decreased  that the formation of a complex of NVP and aldosterone
markedly in the presence of these sterolds;(was 2.3, 8.6, may be more stable during NVP 2-hydroxylation in the active
and 1.1u4M in the presence of aldosterone, androstenedione, site compared with other combinations or in the absence of
and estradiol, respectively). The parameters in the presenceéhe complex.
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FIGURE 4: Proposed interaction between NVP and steroids in the FIGURE 5: Proposed interaction between CBZ and steroids in the
active site of a CYP3A4 model. NVP docked into the active site active site of a CYP3A4 model. CBZ docked into the active site
of CYP3A4 in an orientation conducive to its 2.hydr0xy|ati0n_ (A) of CYP3A4|n an orientation conducive to its 10,11-epOX|datlon.
Interaction between NVP and aldosterone (ALD). (B) Interaction (A) Interaction between CBZ and aldosterone (ALD). (B) Inter-
between NVP and androstenedione (AND). (C) Interaction between action between CBZ and androstenedione (AND). (C) Interaction
NVP and estradiol (EST). The heme group is shown in red. NVP between CBZ and estradiol (EST). The heme group is shown in
is shown in ye”ow_ AND, ALD, and EST are shown in blue. red. NVP is shown in ye"OW. AND, ALD, and EST are shown in

Phe304 and Ser312 are shown in green. blue. Phe304 and Ser312 are shown in green.

easier by keeping the interaction between the oxygen atom
Direct Interaction between CBZ and Steroids in the #&ti  in heme and the epoxidation site of CBZ.

Site of CYP3A4The effects of steroids on CBZ were also When CBZ and aldosterone are present in the site at the
analyzed by molecular mechanics and the density functionalsame time, the distance between Ser312 and aldosterone is
theory (Figure 5). If it is assumed that CBZ and androstene- almost the same as in the case of androstenedione, but the
dione are present at the same time in CYP3A4, the hydroxyl interaction between oxygen in the heme and the epoxidation
group of Ser312 interacts with the carbonyl group in the site of CBZ might be weak because the side chain of the
A-ring of androstenedione through a hydrogen bond, and theD-ring is long. In the case of the interaction between CBZ
carbamoyl group of CBZ binds the carbonyl group in the and estradiol, the interaction might become weak because
D-ring through a hydrogen bond. In this case, CBZ is stably estradiol is not stably held by Ser312, resulting in estradiol
fixed in the active site, and the epoxidation can be made becoming easily movable in the site. The stabilization energy
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FiIGURe 7: Proposedn/z interactions between substrates and
estradiol. The distances between the A-ring of estradiol and the
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interaction between estradiol and NVP was based on the model D
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Ficure 6: Proposed interaction between CBZ and CBZ in the active : : : :
site of 4 CYP3A4 model. CBZ docked into the active site of of Tsuzuki et al. 41). The /7 interaction between estradiol and

CYP3A4 in an orientation conducive to its 10,11-epoxidation. The CBZ was based on the model 1.
heme group is shown in red. NVP is shown in yellow. Phe304 and of steroids in the active site of the mutant, the distances
Ser312 are shown in green. between substrates and the O atom was changed in the range

of CBZ plus androstenedione is larger than that of CBZ plus from —0.07 t0 0.40 A. These distances between substrates

aldosterone or estradiol. From these results, androstenedion@nd the O atom are not a big difference of the distances

may work as an activator of CBZ 10,11-epoxidation. between the wild type and the mutant. o
Finally, the interaction between two CBZ molecules was The z/7 interaction between substrates and estradiol in

calculated in the same way. Figure 6 shows that two CBZ the active site of the mutant was also calculated (Figure 9).
molecules are fixed stably by the interaction of their The distance of the/x interaction was almost the same as

carbamoyl groups produced through a hydrogen bond,that in the wild type. From these results, it is expected that
indicating that CBZ is stabilized in the active site of the the mutant does not stably maintain the complex of substrates

enzyme due to intermolecular interaction. and endogenous steroids.
mi/z Interaction between Substrates and Steroids in the
Active Site of CYP3A4The A-ring of estradiol is a benzene DISCUSSION
ring. The A- and C-rings of NVP and CBZ are also benzene It was clarified that some kinds of endogenous steroids
rings (Figure 1). Then, we expected that there couldrixe affect CBZ 10,11-epoxidation by expressed CYP3A4. Our
interaction between the A-ring of estradiol and the A- or previous report showed that endogenous steroids also have
C-rings of substrates, and the proposed interactions betweeralmost the same effects on the activity using human liver
the A-ring of estradiol and the A-rings of NVP or CBZ microsomes as the enzyme sour8g Although the ratio of
showed ther/r interactions (Figures 4C and 5C). To clarify activation and inhibition by steroids in the system using
the strength of the/x interactions, we measured the distance expressed CYP3A4 was somewhat lower than that observed
between indicated atoms using the Tsuzukis modd) (  in the system using human microsomes, it is possible that
(Figure 7). the steroids work on the enzyme more directly because the
The proposedr/x interaction was the edge-to-face type, same results were obtained in an assay system containing a
which is considered to be one of the most stable interactionssingle enzyme.
in all kinds of 7/ interactions. The distance between NVP  There are special characteristics common to the structures
and estradiol was shorter than that between CBZ andof NVP and CBZ (Figure 1A,B). Both have three connected

estradiol. rings, including benzene rings and arNHCO— group
Interaction among Substrates, Endogenous Steroids, and(peptide bound in NVP and carbamoyl group in CBZ).
Amino Acid in the Actie Site in Mutant CYP3AZ.o clarify Endogenous steroids also have structures quite similar to one

whether Ser312 dominates substrate selectivity or turnoveranother. However, different steroids showed different effects
properties, the theoretical calculation with a mutant that the on the activities of NVP 2-hydroxylation and CBZ 10,11-
312th of serine was changed to alanine was carried outepoxidation by CYP3A4. From these data, it seemed difficult
(Figure 8). The three-dimensional structure of the mutant to arrive at a rule for the reactions catalyzed by CYP3A4. It
was almost the same with the wild type, and the I-helix was is known that CYP3A4 has an open space that contains the
also maintained in the mutant. The hydrogen bond disap- active site 21). We then compared NVP hydroxylation,
peared between three kinds of steroids (aldosterone, androswhich shows MichaelisMenten-type kinetics, with CBZ
tenedione, and estradiol) and the 312th amino acid becausepoxidation, which shows non-MichaeliMenten-type ki-

of Ala312 of the mutant. In addition, a hydrogen bond netics, by pharmacokinetic analysis and theoretical calcula-
between endogenous steroids and another amino acid of theion.

I-helix is not also observed. Although it is shown that  The kinetics of NVP 2-hydroxylation were calculated by
substrates (NVP and CBZ) still interacted with three kinds the Michaelis-Menten equation with and without steroids.
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Ala312

Ala312

Ala312

C Phe304 F X
Phe304

CBZ
NVP E Ala312 Ala312

Ficure 8: Proposed interaction between NVP/CBZ and steroids in the active site of a CYP3A4 mutant model. Ser312 of CYP3A4 was
changed to Ala312 in the mutant model. NVP docked into the active site of the mutant CYP3A4 in an orientation conducive to its
2-hydroxylation. CBZ docked into the active site of the CYP3A4 mutant in an orientation conducive to its 10,11-epoxidation. (A) Interaction
between NVP and aldosterone (ALD). (B) Interaction between NVP and androstenedione (AND). (C) Interaction between NVP and estradiol
(EST). (D) Interaction between CBZ and ALD. (E) Interaction between CBZ and AND. (F) Interaction between CBZ and EST. The heme
group is shown in red. NVP and CBZ are shown in yellow. AND, ALD, and EST are shown in blue. Phe304 and Ala312 are shown in
green.

Aldosterone stimulated the activity by a slight decrease in tenedione lies in the side chains derived from the D-ring.
the affinity but a great increase in the reaction velocity. On They contribute to the hydrogen bond with NVP. The size
the other hand, estradiol inhibited by decreasing both affinity of the side chain in aldosterone is suggested to be suitable
and reaction velocity and androstenedione showed no effectto form a complex between NVP and aldosterone that fits
on theVna/Km value despite changing both thg, andVmax. well in the active site. NVP in this complex is, therefore,
Why do these steroids, which have similar structures, showassumed to fit stably. This may explain why thgx
different effects? An investigation of the direct interaction increases even though tKg increases a little in the presence
between substrates and endogenous steroids by moleculaof aldosterone. On the other hand, the D-ring of androstene-
mechanics and the density functional theory gave a possibledione includes a ketone. This oxygen in the ketone group
answer to this question. The three kinds of steroids associatecould also contribute to the formation of a hydrogen bond
with Ser312 in CYP3A4 and can interact with NVP. The with NVP, but an interaction with only one oxygen atom is
difference between the structures of aldosterone and androseonsidered to be too weak to retain NVP. Thus, it is
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MNVP-EST
distance (A )

EST

Ficure 9: Proposedn/z interactions between substrates and
estradiol in the active site of the mutant CYP3A4. The distances
between the A-ring of estradiol and the A-rings of NVP (A) or
CBZ (B) were also shown. The/r interaction between estradiol
and NVP was based on the model D of Tsuzuki et 41).(The

Biochemistry, Vol. 42, No. 51, 20035075

form a hydrogen bond, the epoxidation site is suggested to
be stably maintained close to the oxygen in heme. Although
aldosterone forms a hydrogen bond, the epoxidation site is
far from the oxygen because the side chain is too long for
binding.

It has been reported that P450eryF has an enlarged active
site compared with the other bacterial enzymes according
to the X-ray crystal structure of the P450ery6~deoxy-
erythronolide B complex. Then, the three-dimensional struc-
ture of P450eryF was used for the structure of the active
site for CYP3A4 modeling. Recently, the X-ray crystal
structure of P450eryF containing two molecules of andros-
tenedione in the active site was reporté&tB)( The two
androstenedione molecules interacted with some kinds of
amino acid and also had interactions with one another. The
majority of the protein-steroid interactions occur with the

il interaction between estradiol and CBZ was based on the modela_ g B-rings, whereas the closest sterestieroid inter-

F (42).

actions occur between the C- and D-rings of each andros-

considered that the interaction between androstenedione andenedione. In the present study, it was shown that two
NVP is weak compared with the case of aldosterone and compounds were also present in the active site at the same

NVP, and androstenedione could not stably maintain NVP.
This may be a reason the valuel&f, for NVP 2-hydroxy-

time. Furthermore, the A-ring and D-ring of androstenedione
were demonstrated to interact with amino acid (Ser312) and

lation was increased in the presence of androstenedionesubstrates, respectively.

Furthermore, if the affinity is weak, the velocity to release
NVP from the androstenedion®VP complex might be
increased. That is, the value ®f,. increased (Table 1).

Our results also showed that NVP or CBZ interacted with
estradiol bysz/mr interaction in the active site of CYP3A4.
The proposed/x interaction was the edge-to-face type. The

Taken together, it is possible to assume that androstenedion&tomic distance between NVP and estradiol was about 3.89
shows no effect on NVP 2-hydroxylation due to the increase A (Figure 7), and this is almost the same distance of model
of both K, and Vs at the same time. D reported by Tsuzuki et al4Q). From these data, it is

As CBZ 10,11-epoxidation in the absence of the steroids considered that ther/w interaction between NVP and
shows a sigmoid curve, kinetic analysis was done using theestradiol was stable. But, because the hydroxylation site was
two-binding-site model. Why does CBZ 10,11-epoxidation present in the A-ring of NVP, NVP 2-hydroxylation was
show a sigmoid curve while NVP hydroxylation does not? inhibited by thes/z interaction. On the other hand, atomic
A previous report explained the sigmoid kinetic curve of distance between CBZ and estradiol was longer than the
CBZ 10,11-epoxidation by the two-binding-site model as distance of the Tsuzukis model F. Then, it is likely that the
follows. The binding of CBZ to site 1 facilitates substrate /7 interaction between CBZ and estradiol was weak,
binding to site 2, the sole site responsible for product resulting in noninhibition of CBZ epoxidation by estradiol.
formation, following a conformational change in the enzyme  Although the CBZ-CBZ homodimer showed the large
(homotropic cooperativity) 10, 12—14). Our theoretical stabilization energy, it is not assumed that the CEBZ
study clarifies that CBZ forms a dimer by a hydrogen bond homodimer existed in the assay system used in the present
in the active site (Figure 6), while NVP does not (unpublished study. There are two reasons why we consider that the-€BZ
data). It is expected that the frequency of the CBZ interaction steroid heterodimer is present more than the EBBZ
may accompany an increase in CBZ concentration, causinghomodimer in the assay. (1) The CBZ 10,11-epoxidation in
an increase in the amount of dimer. Moreover, the epoxi- the absence of steroids shows a sigmoid curve. The slant of
dation site of CBZ may be stabilized at high concentrations the substratevelocity curve changed from low to high over
of CBZ. This might be one of the reasons that CBZ 100uM CBZ concentration as shown previouslZ2j. We
epoxidation shows a sigmoid curve. used 10Q«M CBZ and 10QuM steroids in this study. Then,

In the presence of steroids, thH€,; value decreases itis reasonable to assume that CBZ would not tend to make
violently and kinetic analysis can be done by the Michaelis the homodimer at this concentration. (2) The affinity of
Menten equation. At this time, thn, values are almost  steroids is higher than that of CBZ. For exampig, of
the same as thi€, values, suggesting that the sigmoid curve androstenedione was 10Q:8/ in the absence of CBZ and
is converted to a MichaelisMenten-type curve. This can 97.8uM in the presence of CBZ (unpublished data). The
be explained by the two-binding-site model as site 1 being Ky, of CBZ was 259.7%M in the absence of androstenedione
occupied by steroids because the affinities of these steroids(Table 2). From these data, it is expected that androstene-
is much higher than that of CBZ and the affinity of CBZ for dione may enter the active site faster than CBZ when both
site 2 is probably increased by an allosteric effect. All three 100uM CBZ and androstenedione are present at the same
kinds of steroids change the kinetic pattern from a sigmoid time.
curve to a MichaelisMenten-type curve; however, andros- Molecular modeling of CYP3A4 shows that the core
tenedione increases CBZ epoxidation while aldosterone andstructure includes a very highly conserved element in the
estradiol do not. Why then does only androstenedione induceneighborhood of heme, such as the central and C-terminal
an increase in the affinity of CBZ for site 2? Because the end of the I-helix 21). The I-helix contains S312, and amino
carbamoyl group in CBZ and the ketone in androstenedione acids having a hydroxy group (serine, threonine, and tyrosine)
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line up at both sides of S312. The hydroxy group of Thr309, 4.
Ser312, and Ser315 may face the heme because these amino
acids lie on thex-helix. Then, it was expected that Thr309 g
or Ser315 may maintain the endogenous steroids instead of
Ser312 when Ser312 was changed to Ala312 as a mutant.
However, any amino acid did not maintain the endogenous
steroids in the active site of the CYP3A4 mutant. It has been g
reported that Thr309 is present in the distanté & (21)
and plays an important role in determining regioselectivity
of diazepam43) or midazolam oxidation by the experiments
using mutants44). When another substrate, triazolam, was
used in the theoretical calculations, the complex of triazolam
and an endogenous steroid was shown to be maintained by
the interaction between the steroid and Ser315 of the enzyme
(unpublished data). Thus, although Thr309, Ser315, or other
amino acids having a hydroxy group may access to maintain
the endogenous steroids, it is likely that the endogenous
steroids predominantly interact with Ser312 in the cases of
NVP and CBZ. glucocorti
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