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ABSTRACT: Site-directed mutagenesis has been used to replace alanine 305 with phenylalanine (A305F)
and serine (A305S) in the active site of cytochrome P450 3A4 (CYP3A4). Enzyme kinetics for diazepam,
erythromycin, nifedipine, and testosterone metabolism have been determined for both mutants and wild-
type CYP3A4. The A305F mutation abolished diazepam oxidase activity and reduc&g tred Vmax

for erythromycinN-demethylase activity from 17 to 1M and from 3.2 to 1.2 pmol product/min/pmol
P450, respectively. Théyax for testosteronefhydroxylase activity was also significantly reduced, from

2.3 to 0.6 pmol product/min/pmol P450, whereas $gincreased from 33 to 126M. The nifedipine
oxidase activity was diminished to a lesser extent, down from 6.5 to 4.9 pmol product/min/pmol P450,
whereas th&sg increased from 9 to 42M. The K for ketoconazole, a CYP3A4 selective inhibitor, was
increased more than 10-fold from 0.050 to 088, from 0.052 to 0.73:M, and from 0.043 to 2.ZM

by the A305F mutation when measured against erythromycin, nifedipine, and testosterone metabolism
activities, respectively. Similarly, the inhibition constants of the broader specificity inhibitors; clotrimazole,
econazole, and miconazole were increased 3- to 15-fold by the A305F mutation. In contrast, the A305S
mutation increased testosteroneiBydroxylase Vmax= 2.9 pmol product/min/pmol P450) and erythromycin
N-demethylase\max= 5.1 pmol product/min/pmol P450) activities, but reduced nifedipine oxidase activity
(Vmax = 4.6 pmol product/min/pmol P450K; values for ketoconazole and other azole inhibitors were
unchanged by the A305S mutation. It is proposed that in CYP3A4, the mutagenesis of alanine 305 to a
phenylalanine increases the steric hindrance of the catalytic center, thereby greatly reducing azole inhibitor
binding affinity, but maintaining monoogygenase activity.

The cytochromes P450 are a class of heme-thiolate investigation of enzymesubstrate interactions. To date, such
enzymes that catalyze the regio- and stereoselective oxidatiorstudies have concentrated upon the ability of the extensive
of a wide variety of xenobiotic and pharmaceutical com- CYP3A4 active site to accommodate more than one substrate
pounds. Cytochrome P450 3A4 (CYP3A4}s the most molecule simultaneously and the resultant activation/enhancer
abundant human liver cytochrome P450 isoform. It catalyzes effects. Amino acid residues in at least four different regions
the oxidation of a multitude of important drugs, ranging from of the primary sequence have been identified as contributing
the anaesthetic lidocaine, antibiotics such as erythromycin, to the enhancer effects exhibited @aynaphthoflavone, with
the cancer chemotherapeutics Taxol and ifosphamide, tosome concomitant alterations in steroid hydroxylase regi-
steroids such as testosterone and progestedgr. (In the oselectivity also reported3{-5).
absence of a crystal structure for CYP3A4, or any other The I-helix is a major structural element conserved
mammalian cytochrome P450, homology modeling and site- throughout cytochromes P450 that runs through the core of
directed mutagenesis approaches have been adopted for thihe enzyme, incorporating amino acids involved in heme

coordination and substrate binding and playing an essential
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glutamic acid 308 and threonine 309. Second, in CYP2D6,
aspartic acid 301 has the potential to form a charge
interaction that would assist in the binding of basic substrates.
This interaction localizes the positively charged part of a
substrate molecule within the active site, directing oxidation
to a position typically 5-7 A from the basic cented@, 14.

The replacement of aspartic acid 301 with a glutamic acid
resulted in the reduction of debrisoquine hydroxylase activity,
and it altered metoprolol oxidation regioselectivity. The
removal of the acidic function resulted in an almost complete
loss of CYP2D6 activity 15).

Alanine 305 is located between these two regions of the
I-helix in CYP3A4. Our molecular modeling studies, and
those of Szklarz and Halpert§), predicted alanine 305 to
be located close to the catalytic center with the potential to
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erythromycin, NEN Life Products. Enzymes for DNA
manipulation were obtained from Promega.

Expression of CYP3A4 and Cytochrome P450 Reductase
in Escherichia coliExpression experiments were carried out,
as described in Blake et aR1) and Pritchard et al2@,23,
using the expression vectors pB35 and pB2E2.coli
membranes containing CYP3A4 and human cytochrome
P450 reductase were prepared by the method of Blake et al.
(21) and resuspended in detergent-free TSE buffer (50
mM Tris Acetate, pH 7.6, 250 mM sucrose, 0.25 mM
EDTA). The cytochromes (horse heart, Sigma) reductase
activity was determined spectroscopically by the method of
Vermilion and Coon Z4), monitoring at 550 nm, with an
extinction coefficient change of 21 400 ™Mcm™. This
indicated P450 reductase concentrations to be greater than

make some contacts with bound substrate molecules. The3x that of CYP3A4. All of the experiments were carried

mutagenesis of alanine 305, therefore, raised the intriguing
possibility of using the I-helix as a relatively rigid scaffold
upon which to build new enzyme functionalities, by site-
directed mutagenesis. In this study, site-directed mutants of
CYP3A4 have been constructed in which alanine 305 has
been replaced with either a phenylalanine residue (A305F)
or a serine residue (A305S). These mutations alter the
character of the amino acid 305 side chain from a small
hydrophobic moiety to one with the potential for forming
new hydrophobic bonding interactions (A305F) or one in
which enzyme-substrate hydrogen bonds may be introduced
(A305S).

Compounds containing azole or pyridine moieties have
been found to be potent inhibitors of cytochromes P456-(

out in the absence of Cytochrorhe Mutagenesis reactions
were performed following the single-stranded method of
Kunkel 25). The reverse complementary primefsC85TG-
GTTTCATAGCCAAAAAAAATAAAGATAAT-3 ' and B-
CGTGGTTTCATAGCCAGAAAAAATAAAGATAAT-3' in-
troduced the A305F and A305S mutations, respectively.
Transformant clones were checked for mutagenesis by
manual dideoxy chain termination sequencing using the T7
Sequenase kit (Amersham).

Modification of the pB35-A305F Plasmid to Incorporate
a C-Terminal Hexa-Histidine Coding Sequend&otein
generated from the CYP3A4 expression plasmid pB83
(derived from pB35, in which the'3end of the cDNA
sequence had been modified to encode a protein whose

19). Although competitive inhibition has been examined C-términus included and hexa-histidine sequence) was used
between substrates, such as testosterone and erythromycirfor Spectroscopic studies of wild-type CYP3A4. To generate

the active-site features which favor enzyme inhibition by the
most potent class of CYP3A4 inhibiter&izole containing
hydrophobic compoundshave not been examined. The
ability of a compound to act as a ligand and form a direct
bonding interaction with the heme iron, in addition to making
charge or hydrophobic binding interactions within the active
site, is likely to increase the strength of ligand binding.
Clotrimazole, miconazole, and ketoconazole are all highly
potent competitive inhibitors of CYP3A4. Of these com-
pounds, ketoconazole is commonly used as a selective
CYP3A4 inhibitor in the presence of other human CYP
isoforms Q0), but the structural features of the inhibitor that
underlie the CYP3A4 selectivity are not clearly understood.

In this study, the effects of the A305F and A305S
mutations on a wide variety of prototypical CYP3A4
substrates, including a steroid (testosterone), a dihydropy-
ridine (nifedipine), a benzodiazepine (diazepam), and a
macrolide antibiotic (erythromycin) have been examined. The
inhibition potenciesk; values) of four potent and three weak
azole-containing inhibitors have also been determined. The
variety of substrate and inhibitor structures investigated has
enabled the general, as well as substrate/inhibitor specific,
effects of alanine 305 substitution to be assessed.

METHODS

the equivalent A305F construct, the plasmids pB35-A305F
and pB83 were digested witlscd, and the resulting
fragments were purified from an agarose gel. Ligation of
the minor pB83Scd fragment to the major pB35-A305F
fragment generated the histidine tagged form of A305F
(pB83-A305F). The transformant clones were screened to
ensure the correct insert orientation by plasmid preparation
followed by Hindlll restriction digest and agarose gel
electrophoresis. Enzyme solubilization and purification were
carried out as described by Pritchard et2&) (using a HiTrap
nickel-agarose chelating column (Pharmacia).

Diazepam, Nifedipine, and Testosterone Oxidation. Me-
tabolism Kinetics.Substrate and inhibitor stock solutions
were made up at 100 the final reaction concentration in
DMSO. Two microliters of substrate stock was added to each
reaction tube, followed by 17gL of E. coli membrane
solution. (The final incubation components were 50 mM
potassium HEPES, 20 mM magnesium chloride, pH 7.4, 1%
v/v DMSO, 35 pmol P450, and total volume 200.) The
assay mixtures were preincubated for 3 min at°’@7in a
thermostated heater block, and the reaction was started by
the addition of 2Q«L of 10 mM NADPH (freshly dissolved
in water and stored on ice). The reactions were quenched
after 3-5 min at 37°C (5 min for diazepam, 4 min for
testosterone, and 3 min for nifedipine) by the addition of 25

uL of 10% wi/v trichloroacetic acid followed by 50L of

All of the reagents and fine chemicals were obtained from
Sigma-Aldrich (Poole, Dorset) with the following excep-
tions: IPTG, GibcoBRL/Life Technologies; aprotinin, ampi-
cillin, and leupeptin, Boehringer MannheiiN:methyl[C]-

methanol. Quenched reactions were mixed by inversion and
chilled to —20 °C for at leas 1 h to maximize the protein
precipitation. Following centrifugation (15 min, 3500 rpm,
IEC Centra8R benchtop centrifuge), 160 of supernatant
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Table 1: High-Pressure Liquid Chromatography Conditions Used for Analysis of Diazepam, Nifedipine, and Testosterone Metabolism

detection mobile phase profiles elution
mobile flow rate wavelength  timepoint % solvent substrate/ time
substrate phases (mL/min) (nm) (min) A metabolite (min)
diazepam A: acetonitrile 15 257 0 27 oxazepam 4.0
B: 0.25% wiv 4 27 temazepam 55
ammonium acetate 7 65 nordiazepam 6.2
8.5 50 diazepam 7.8
nifedipine A: acetonitrile 15 218 0 30 oxidized nifedipine 4.9
B: 0.025% w/v 2 30 nifedipine 6.1
ammonium acetate
5 40
5.5 50
6 95
6.5 95
testosterone A: 95% acetonitrile, 15 254 0 15 p-Hgydroxytestosterone 5.4
5% methanol 12 72 JBhydroxytestosterone 7.4
B: 95% (0.025% w/v 15 80 [2-hydroxytestosterone 8.8
ammonium acetate), testosterone 13.9
5% methanol
was transferred to HP1100 HPLC vials for analysis. through a 10 mL Sephadex P10 gel filtration column

Ketoconazole InhibitionEnzyme assays were performed (Pharmacia) preequilibrated with spectroscopy buffer (100
at substrate concentrations equal to$gvalue determined MM potassium phosphate (pH 7.5), 0.1% w/v CHAPS, 20%
for each enzyme form. A178L portion of E. colimembranes/ ~ V/v glycerol, and 0.1 mM dithiothreitol). The resultant
substrate was added to /L of inhibitor. The enzyme  enzyme samples were found to-b80% homogeneous when
activities were then determined, as above, in the presenceanalyzed by SDSPAGE and gave absolute spectra with a
of 0.01 to 10uM ketoconazole. Soret maximum at 418 nm. Difference spectroscopy was

Erythromycin N-Demethylase Aditly DeterminationsThe perfo'rmed using a Shimadzu UV3000 spectrophotometer;
release of 1“C-radiolabeled formaldehyde was used to identical enzyme samples were added to matched sample
determine erythromyciN-demethylase activity. In each and reference cuvettes, and the baseline was set. Equal
assay, the concentration of labeled erythromycin was main-Volumes of azole compound solution and pure solvent
tained at 1uM, whereas the concentration of cold eryth- (DMSO) were added to the sample and the reference
romycin was varied between 0 and 58d. The incubations ~ cuvettes, respectively, and the difference spectra were
were carried out as for nifedipine and testosterone, with the recorded between 500 and 360 nm.
exception that the labeled erythromycin was added tdcthe Analytical MethodsAll analyses were carried out using
coli membrane solution at the outset. The reaction compo- reversed-phase high-pressure liquid chromatography, the
nents were 103L of E. coli membranes/labeled erythro-  conditions of which are shown in Table 1. A Hewlett-Packard
mycin, 2uL of cold erythromycin (106 stock solutions in  HP1100 system, equipped with binary pump, column ther-

DMSO), and 75l of water. A 6 min incubation at 37C mostat, variable-wavelength detector, and Waters symmetry
followed the preincubation and the reaction initiation. The shield RR (3.9 x 50 mm) analytical cartridge, was used
reactions were quenched by the addition ofi250f 10% throughout. The product generation was calibrated against

w/v trichloroacetic acid, and a solid-phase extraction was commercially available authentic standards.
carried out on the entire reaction mix, as described by Moody
et al £6). Liquid scintillation counting was used to determine

the amount of labeled formaldehyde released, with the
turnover rate calibrated against the radioactivity of a known
concentration of erythromycin corrected for background

radioactivity. The total activities were then calculated, based

upon the relative abundance of labeled and cold erythromycmthe inhibition data.K; values were calculated using the

n ea(.:hl .reactlon. ) i relationshipK; = ICso/(Ss0 + [S]), where [S] was the substrate
Inhibition experiments were carried out by the method of ., centration used in the ass&y, was the half-saturation
Moody et al @6), with the exception that an erythromycin g hqirate concentration andsi@vas the inhibitor concentra-
concentration of 1kM, 2_0 pmol PA450/reaction, _a”‘?' aN " tion required for half inhibition of enzyme activity.
incubation time of 6 min were used. Azole inhibitor

concentrations between 0.01 and AM were tested for  ResyULTS
ketoconazole, econazole, miconazole, and clotrimazole,

Data Treatment.A nonlinear regression analysis was
performed using the program WinNonlin (Standard Edition,
Version 1.1, Scientific Consulting, Inc.) with either a
Michaelis—-Menten or a Hill plot fitted to the substrate
saturation data, as appropriate to the enzyme/substrate
combination. A simple inhibition effect model was fitted to

whereas concentrations of 0.05 to &0 were used for the Enzyme Actiities. Both the wild type and the A305F
other, less potent, inhibitors. mutant exhibited sigmoidal kinetics for testosterone metabo-
Spectroscopic Obseation of Azole BindingSamples of lism (Figure 1) and MichaelisMenten hyperbolic kinetics

purified, histidine-tagged CYP3A4 and CYP3A4-A305F for erythromycinN-demethylase (Figure 2) and nifedipine
were desalted, and the imidazole was removed by passag®xidase (Figure 3) activities. The A305S mutant showed
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Ficure 3: Nifedipine oxidase kinetics. Plot of reaction rate (pmol
product/min/pmol P450) against substrate concentratid) for

T T T 1 CYP3A4 wild type (filled squares), A305F (filled circles), and
0 50 100 150 200 250 A305S (filled triangles). Values plotted are average of three

Testosterone Concentration (UM) determinations, with error bars showing one standard deviation.

Ficure 1: Testosterone/Bhydroxylase kinetics. Plot of reaction The A305F mutation reduced the activity of CYP3A4
rate (pmol product/min/pmol P450) against substrate concentrationigward all of the substrates investigated. However, the

(uM) for CYP3A4 wild type (filled squares), A305F (filled circles), . .
and A305S (filled triangles). Values plotted are average of three magnitude of this effect was strongly substrate dependent.

0.0

determinations, with error bars showing one standard deviation. FOr example, theVmay values for nifedipine oxidase and
Comparable EadieHoftsee plot inset (reaction rate plotted against erythromycinN-demethylase activities were 75% and 37%

reaction rate/testosterone concentration for the same data). of those of the wild type, respectively, whereas maximum
testosterone [Bhydroxylase activity was only 26% of the
wild type, and diazepam metabolism was not detectable at

1 all (Table 2). The activities of the A305S mutant were
A305S ( )

generally higher than those of the wild type, by 26% for
testosterone&hydroxylase, 20% for diazepahrdemethy-
lase, and 57% for erythromych-demethylase. Conversely,
maximal nifedipine oxidase and diazepam 3-hydroxylase
activities were 29% and 38% lower than those of the wild
type, respectively. These activity differences were less
striking than those caused by the A305F mutation.

Enzyme Regioseledily. In CYP3A4, the A305S mutation
reduced the regioselectivity of diazepam oxidation, relative
to the wild type (Table 3), although it slightly increased the
regioselectivity of the testosterone hydroxylase activity.
Testosterone hydroxylase regioselectivity appeared un-
A305F changed for the A305F mutant, although the total quantity
of the hydroxylated products generated was too low to allow
156-hydroxytestosterone quantitation. This retention of tes-

Wild Type

pmoles product/min/pmol P450

0 ' 160 ' 260 ' 360 ' 460 ' 5(')0 tosterone hydroxylase regioselectivity suggested that neither
. . mutation significantly altered the preferred orientation of the
Erythromycin Concentration (uWM) testosterone’s approach to the catalytic center. In contrast,

FiGURE 2: ErythromycinN-demethylase kinetics. Plot of reaction ~the A305F mutation abolished diazepam oxidase activity
rate (pmol product/min/pmol P450) against substrate concentrationcompletely, and the A305S mutation reduced the CYP3A4
(uM) for CYP3A4 wild type (filled squares), A305F (filled circles),  diazepam 3-hydroxylasd/demethylase ratio from 7 to 3.
S”d A305S (filled triangles). Values plotted are average of three 1 g ' the active-site region close to amino acid 305 clearly
eterminations, with error bars showing one standard deviation. . L . s

made an important contribution to diazepam binding and
sigmoidal kinetics for diazepam (Figure 4), nifedipine, and Metabolism, whereas the retention of CYP3A4 testosterone
testosterone metabolism but Michaelldenten hyperbolic ~ hydroxylase regioselectivity suggested that testosterone
kinetics for erythromycirN-demethylase activity. The muta-  interacted little with this residue in the active site.
tion of alanine 305 did not, therefore, alter the active site  Reduction of Ketoconazole Inhibition Potency by the
such as to prevent the simultaneous binding of the two A305F Mutation.The inhibition of testosterongéhydroxy-
testosterone/diazepam molecules required for allosteric au-ase activity for the wild type, A305F, and A305S forms of
toactivation (Figures 1 and 4), nor did it alter the character CYP3A4, carried out with substrate concentration equal to
of the erythromycinN-demethylase kinetics. the S50 for each enzyme, is shown in Figure 5. Tevalues
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A

those of the wild type, respectively (Table 4). The inhibition
constants of the A305S mutant were close to wild-type values
in all three determinations.

Reduction of Azole Compound Inhibition Potendyp
determine whether the A305F mutation had resulted in an
effect specific to ketoconazole, or whether reduction in
ketoconazole inhibition potency was a specific example of
a more general effect, the inhibition properties of a range of
azole-containing compounds were determine using the sensi-
tive erythromycin N-demethylase assay (Table 5). The
compounds tested included the high-affinity CYP3A4 inhibi-
tors; clotrimazole, miconazole, and econazole; and three
lower affinity 1-phenylimidazole derivatives (structures
shown in Figure 6). Th&; values that were obtained using
the wild-type CYP3A4 and the A305S mutant were similar
for all of these inhibitors, whereas those of the A305F mutant
g E———— were between 3- and 16-fold higher.

T amn ann ey Spectroscopic Obseation of Ketoconazole and Imidazole
200 300 400 500 Binding. The effect of the A305F mutation on azole
Diazepam Concentration (uM) compound binding has also been observed directly. The
spectroscopic characteristics of cytochrome P450 enzymes
with a variety of distal ligands are well establish@d); On
the displacement of water and the binding of an aromatic
nitrogen ligand, such as an azole or pyridine, a shift in the
Soret absorption band is seen frdmux = 418 to 422 nm.
The proportion of enzyme that had taken up the new heme
ligand could be determined using difference spectroscopy

2.0

Wild Type

1.57

1.0

Wild Type

0.54

A305S

pmoles product/min/pmol P450

0.008

0.0

e

T
0 100

o
[6)]
]

A305S

0.4 ; . ) i :
(Figure 7). Figure 8 shows the ligand saturation profiles of
the wild-type CYP3A4 and the A305F mutant, using

03 ketoconazole and imidazole as ligands. To achieve half-

saturation, the A305F mutant required a concentration of
ketoconazole of at least 10-fold higher than that required to
half-saturate the wild-type enzyme. Even imidazole, the
smallest possible azole ligand, required a 3-fold greater
concentration{1.3 vs~0.5 mM) to half-saturate the A305F

mutant than the wild-type CYP3A4. These spectroscopic
observations provided direct evidence that the reduced
sensitivity of the A305F mutant to ketoconazole inhibition

was associated with reduced heme binding affinity of the

azole moiety.

0 ' 100 ' 200 ' 300 400 500 The absolute concentration of ligand required for enzyme

. . saturation was noticeably higher in the spectroscopic assay
Diazepam Concentration (LM) than observed in the metabolism assays. This could have

FiIGURE 4: Diazepam oxidation kinetics. Plots of (A) diazepam been due to the amount of enzyme required to obtain clear

3'h3édr°t;<y|?‘5/e a”(lj é)%%')azepﬁi‘m‘tjembet?y'?se reac“‘z“ ;?&%SG(PW)' difference spectroscopy traces@.5 uM), which set the
product/min/pmo against substrate concentra or o . o L
CYP3A4 wild type (filed squares) and A305S (filled circles). lower limit for th_e_ dissociation constant doetermlnatlon to
Values plotted are average of three determinations, with error bars > 0.5 #M. In addition, the presence of 0.1% w/v CHAPS
showing one standard deviation. Comparable EaHieftsee plots may have altered the partitioning between the aqueous
inset (reaction rate plotted against reaction rate/diazepam concentrasolution and the enzyme active site.

tion for the same data).

Wild Type

0.2+

0.1+

et

pmoles product/min/pmol P450

00000 00005 00010 00015,

0.0

o DISCUSSION
for ketoconazole inhibition of testosterong-Bydroxylase

activity were 0.043, 2.2, and 0.02aM for the wild type, Metabolic Actrities. The investigations of Domanski et
A305F, and A305S, respectively (Table 4). The inhibition al. (3) have shown that, on mutation of alanine 305 to a
profile for the A305S mutant was almost identical to the glycine (A305G) or valine (A305V), the wild-type CYP3A4
wild type, whereas the testosterone hydroxylase activity of activities were generally maintained. The testosterone hy-
the A305F mutant was 50-fold less sensitive to ketoconazoledroxylase activity of the mutant enzymes was reduced by
inhibition. To eliminate the possibility of substrate-specific up to 40%, and a shift in the regioselectivity of testosterone
effects, ketoconazole inhibition potency was also determined hydroxylation was also observed, with the A305G mutant
using a further two assays, erythromydlrdemethylase and  showing reduced @ hydroxylase specificity, principally in
nifedipine oxidase activities. Herk; values for the A305F  favor of increased 2-hydroxylase activity. Similarly, both
mutant were found to be 11-fold and 15-fold higher than the A305G and the A305V mutants showed reduced proges-
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Table 2: Oxidation Kinetics for Prototypical CYP3A4 Substrates

CYP3A4 testosteronefBhydroxylase diazepam 3-hydroxylase diazepdwtemethylase erythromyc-demethylase nifedipine oxidase

enzyme So Vimax So Vimax So Vimax So V max So V max
wild type 33+ 2 2.3+0.1 176+ 33 2.4+ 0.3 217+ 52 0.5+ 0.1 17+1 3.2+ 0.1 9+4 6.5+0.5
A305F 125+ 31 0.6+ 0.1 ND ND ND ND 10+ 2 1.2+ 0.1 42+8 4.9+ 0.3
A305S 63+ 2 2.9+0.1 208+ 18 1.5+ 0.1 236+ 27 0.6+ 0.1 29+ 3 51+0.1 45+ 8 4.6+ 0.5

a|n this table,S5o values quoted are inM, and Vmax values are in pmol product/min/pmol P450. ND: not detected, no diazepam metabolism
detected for the A305F mutant. Detection limits: 3-hydroxylase activity 0.02 pmol product/min/pmol R4fnethylase activity 0.03 pmol

product/min/pmol P450.

Table 3: Regioselectivity of Testosterone and Diazepam Oxidation
Reactions. Activities Measured at Substrate Concentrations of 200
uM#

Table 4: Ketoconazole Inhibition Potenc; (Values,uM)
Measured against Various CYP3A4-Catalyzed Oxidation Reaétions

ratio ratio
testosterone hydroxylase to to
CYP3A4 activity diazepam substrate wild type A305F WT A305S WT
fom 68 15 28 3-hydroxylase N-demethylase testosterone 0.048 0.005 2.2£0.3 51 0.02k0.003 0.5
wild type 87+1 4+1 941 87+ 1 13+ 1 erythromycin 0.05G6t 0.014 0.55+0.05 11 0.06+ 0.02 1.2
A305S 92+1 1+1 7+1 75+ 1 25+1

aND: not detected.

Percent Control Activity

0 T
0.01

T T T

0.1 1 10
Ketoconazole Concentration (M)

Ficure 5: Ketoconazole inhibition of testosterong-Bydroxylase
activity. Percent control activity (no ketoconazole control activity
set to 100%) plotted against ketoconazole concentratitf) for
wild-type CYP3A4 (filled squares), A305F (filled circles), and
A305S (filled triangles). Average of three determinations and one
standard deviation shown.

terone hydroxylase activities, relative to the wild type, with
16a-hydroxylase activity affected to a greater extent than
66-hydroxylase activity by the A305V mutation. The A305V
substitution also modified the behaviorafaphthoflavone,

a Nifedipine oxidase and testosterong-Bydroxylase inhibition
experiments were carried out with substrate concentrations equal to
the S, for each CYP3A4 enzyme form. Erythromydiidemethylase
inhibition experiments were carried out using A8l N-methyI}C]-
erythromycin for all enzyme forms.

tions were all increased on mutation of alanine 305. The
substrate saturation profiles (Figures 1, 3, and 4) illustrate
that, for the two mutants, this was the result of quite different
effects. The A305F mutant appeared to have a lower affinity
for testosterone and nifedipine, resulting in saturation profiles
equivalent to the wild-type enzyme but shifted toward lower
turnover and higher substrate concentration. The A305S
mutant demonstrated enhanced autoactivation characteristics
(Figures 1 and 4) such that the main cause of the increased
So values recorded was the more sigmoidal character of the
saturation curves. Thus, the A305F mutation resulted in a
reduction in catalytic center accessibility for nifedipine and
testosterone, whereas the A305S mutation resulted in changes
in the autoactivation characteristics of the enzyme.

The apparents, values determined in this study are in
good agreement with those published by other laboratories,
for example, testosteron@g-hydroxylaseSso = 47 uM (28),
nifedipine oxidasess, = 15uM (29), and erythromycirgsg
= 18— 57uM (30). However, the reaction conditions chosen
for these studies resulted in turnover rates lower than those
that have been reported in some experimental systems.

The character of the erythromychrdemethylase satura-
tion profiles were somewhat different from the other
substrates that were studied (Figure 2). Here, all three enzyme
forms displayed hyperbolic kinetics, with the least-active
enzyme (A305F) saturated at the lowest erythromycin
concentration and the activity of the most active enzyme
(A305S) remaining incompletely saturated, even at 800

thus reducing steroid hydroxylase activity enhancement and€Tythromycin. It appeared that the A305F mutation had

increasing the degree of competitive inhibition.
This study builds upon the findings of Domanski et al.

increased the affinity of the CYP3A4 active site for
erythromycin resulting in reduced catalytic activity, whereas

(3) and has characterized the effects of alanine 305 mu-the reverse had occurred with the A305S mutation.

tagenesis in detail. The kinetics of diazepam, erythromycin,
nifedipine, and testosterone oxidation reactions, which
represent a wide variety of CYP3A4 activities, have been

The diazepam oxidation experiments were carried out with
substrate concentrations up to 508 due to solubility
limitations. This corresponded to-@ times theS;o concen-

presented. It was found that half-saturation concentrationstration, which, as found by Ono et aBY), yielded substrate
for testosterone, diazepam, and nifedipine metabolism reac-saturation data that did not approach ¥g.x asymptote.
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Table 5: ErythromycirN-Demethylase Inhibition PotencieK;(Values,uM) of Various Azole-Containing Compourtls

inhibitor wild type A305F ratio to WT A305S ratio to WT
ketoconazole 0.05& 0.014 0.55+ 0.05 11 0.059+ 0.015 12
clotrimazole <0.03 0.27+ 0.08 >9 <0.03 1.0
miconazole 0.0%: 0.02 0.16+ 0.02 3 0.07+ 0.02 14
econazole 0.04 0.01 0.6+ 0.1 15 0.0 0.02 1.8
1-phenylimidazole 2204 16+ 2 6 48+ 0.4 1.8
1-(2-trifluoromethyl)phenylimidazole 080.1 13+ 2 16 4.9+ 0.6 6.1
1-(3,4-dichloro)phenylimidazole 2404 12+ 4 6 3.0+ 0.7 14

a All inhibition experiments were carried out using M N-methyl4Clerythromycin.
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Ficure 7: Use of difference spectroscopy to measure ketoconazole . .
binding to CYP3A4. Overlaid difference traces of purified wild- Imidazole Concentration (mM)

type CYP3A4, recorded in duplicate, are shown with addition of g oc g: Binding of azole ligands to CYP3A4 measured by
0'2dt° 30uM Igegoconazolg*. Spectra were re_lcl:prézled between 500 gitference spectroscopy. Change in 425 nm absorption with ligand
and 360 nm with a range 6f0.015 to 0.025 milliadsorption units. ~ cncentration plotted as a percentage of maximal (saturating)
Growth of the 425 nm difference peak was used to assess percentaggbsorption change for (A) ketoconazojeM() and (B) imidazole

enzyme saturation. (mM). Sigmoidal curves have been fitted to the data. Wild-type
Here, the difference between fitting a rectangular hyperbola data is denoted by filled squares, A305F data by filled circles.

or a sigmoid curve to the data had a large effect onSjge  curve gave a better fit to the data, with lower residuals and
andVnax values that were determined (Table 6). A sigmoidal reduced estimated errors, especially in the low concentration
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Table 6: Comparison of Hyperbolic and Sigmoidal Substrate mu_tatior_]’ SUQQeSting that the _hydrOphObiCity of the _A305
Saturation Curve Fits Using Diazepam 3-hydroxylase Activity as an active-site region was largely irrelevant to azole inhibitor
Examplé binding. However, reduction of the active-site volume in this

CYP3A4form parameter hyperbolic data fit ~sigmoidal data fit ~ region had a very significant effect upon the azole compound
inhibition potency. Clotrimazole, the most potent inhibitor

wild type \an?ax ?gi (1)%70 1;& 893 studied, showed a 9-fold shift inK; value as a result of the
n 1.6+0.3 A305F mutation in the erythromyciN-demethylase inhibi-
A305S mutant Sso 9404+ 460 210+ 15 tion assay. TheX; values for ketoconazole, econazole, and
Xmax 41+15 2155i 8:‘11 1-(2-trifluoromethyl)phenylimidazole were increased more

than 10-fold above the corresponding wild-type values.
Surprisingly, theK; values for miconazole and econazole
were quite different in the A305F mutant. These two
compounds differ only by the presence of a chlorine atom
(<100uM) range, but resulted in much lowax and Sso (Figure 6) and exhibited identical inhibition potencies toward
estimates. both the wild type and the A305S mutant enzymes. An

The sensitivity of diazepam oxidase regioselectivity to the examination of miconazole derivatives may show whether
alanine 305— serine mutation and abolition of diazepam the unexpectedly high inhibition potency of miconazole is
oxidation activity by the A305F mutation suggested that part of a trend or an isolated resuilt.

diazepam binding in the active site of CYP3A4 occurred  ap enzyme modification that prevented the accommoda-
closer to the A305 region than the testosterone binding.  jon of jarge, hydrophobic inhibitors could do so by reducing
If @ method to generate crystals of CYP3A4 were e total enzyme active-site volume. The inhibition properties
available, it would be interesting to determine whether this ot small azole-containg compounds such as 1-phenylimida-
hypothesis is correctthat the sensitivity of a given CYP3A4 ;)6 \whose inhibition constants were around 10-fold higher
activity to the A305S and A305F mutations is dependent for the A305F mutant than for either the wild type or the
upon which part of the active site is most involved in  A3055 mutant, showed that the A305F mutation affected
substrate binding. These data also predict that nifedipine, 3ccommodation of the azole moiety at the catalytic center.
whose metabolic activity is least diminished by the A305F jpjike ketoconazole or clotrimazole, in which a change in
mutation, was less intimately associated with the A305 region g6 of many amino acidligand interactions could alter the
of the active site than diazepam or testosterone. The workpinging affinity, small azole inhibitors do not make sufficient

of Domanski et al. ) has shown that the-naphthoflavone  contacts in the extensive CYP3A4 active site for anything
interaction characteristics of CYP3A4 were modified by the ,iner than steric blocking of the catalytic center to reduce

A305V mutation, suggesting that this region of the active ligand-binding affinity.
site was also important far-naphthoflavone binding. Further
investigations will determine whethernaphthoflavone can

be used as an additional probe of the A305F and A305S
mutation effects on the CYP3A4 active site.

Azole Probing of Actibe Site.Modification of the active-
site environment by site-directed mutagenesis, which results
in a change in binding affinity for some azole ligand
structures but not others, is strong evidence for contact
between the mutagenized region of the active site and
features specific to the inhibitor. Active site modifications
which affect the binding affinity of all azole inhibitors
indicate the amino acid substitutions to affect accommodation
of a feature common to all the inhibitors examinedthe
azole moiety itself. CONCLUSIONS

Although this approach is useful for direct observations,
the amount of enzyme required for accurate difference This study has demonstrated that the A305F mutation
spectroscopy preventd¢,; determinations of values lower  dramatically reduces the CYP3A4 inhibition potency of
than 0.5uM. As the more potent azole inhibitors exhibited ketoconazole and other azole-containing compounds, while
Ki values well below this concentration, a more sensitive retaining metabolic activity toward nifedipine, erythromycin,
assay system was required. In this study, the radiometricand testosterone. The reduction of ketoconazole inhibition
erythromycinN-demethylase assay has been used to deter-potency was independent of the substrate oxidation assay
mine thekK; values for the azole inhibitors that were studied. system, as simila; values were generated for each enzyme

Modification of CYP3A4 Inhibition CharacteristicShe form using three very different substrates for the enzyme
substrate metabolism data indicated that the A305S mutationactivity assays. The reduction of heme binding affinity was
altered the character of one region of the CYP3A4 active confirmed as the physical basis of inhibition potency
site, whereas the A305F mutation caused steric blocking of reduction by direct spectroscopic observation, an experiment
that active site region. How does the azole inhibition data in which competition for the active site with a substrate was
fit such a hypothesis? not an issue. Moreover, these studies have shown that this

The inhibition experiments detailed in this study showed reduction in binding affinity was a result of the A305F
that the azole inhibitors tested were insensitive to the A305S mutation and appeared to be a phenomenon common to

@ S50 units areuM, Vimax units are pmol product/min/pmol P450is
the Hill coefficient.

A final demonstration that the A305F mutation results in
reduced azole inhibition potency was obtained using the
smallest available azole inhibitor, imidazole, in the direct
binding spectroscopic assay. As seen with ketoconazole, a
far higher imidazole concentration was required to saturate
the A305F mutant to the same extent as the wild type. Thus,
the A305F mutation affected a ligand molecule placed very
close to the heme iron. The reduction in imidazole binding
strength indicated that the affinity of the A305F enzyme
active site for binding of thazole moiety itselivas reduced,
causing a general, rather than ligand-specific, reduction in
azole containing inhibitor affinities.



4414 Biochemistry, Vol. 39, No. 15, 2000

Fowler et al.

azole-containing compounds, varying from the most potent 12. Vidakovic, M., Sligar, S. G., Li, H., and Poulos, T. L. (1998)
inhibitor clotrimazole to the least potent, imidazole.

Extension of the amino acid 305 side chain appeared to 13-
have caused partial steric blocking of the catalytic center
close to the heme. This region of the active site has been

shown to be universally important for the binding of azole-

containing heme ligands. These studies have also demon-

strated that it was critical to the binding and oxidation of

some CYP3A4 substrates, such as diazepam, but far less
important to others, such as nifedipine. The results of this
study have been explained in terms of an inflexible enzyme

model and partial steric blocking of the active site. As in all

cytochrome P450 mutagenesis studies, it is important to 17
consider the possible effects of the mutation upon the overall

enzyme structure and enzymsubstrate interactions. The
crystallography work of Poulos and Howa&Pj on P45Q,,

has shown that the I-helix can move to accommodate azole 19.
heme ligands. The effect of alanine 305 mutagenesis on

I-helix mobility and the distance the helix would have to be

could help to explain our findings.

Our findings have demonstrated the molecular-model 21.
prediction that alanine 305 made some substrate contacts in

a region of the CYP3A4 active site close to the catalytic

center. Further metabolic studies are being carried out to 22.
examine the effects of these A305 mutations on the auto-

activation and allosteric activation characteristics of CYP3A4.
The results of this study add to our knowledge of CYP3A4
structure-function relationships, which will increase the

quality of active site model-building studies in the future.
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